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• Effects of backwater inundation on river
hydrodynamics upstream from dam
reservoir were investigated.

• Hydraulic modelling of flood flows in
backwater and control reaches and
with/without backwater inundation
was performed.

• Backwater inundation increases water
depth and decreases velocity and bed
shear stress of the channel and flood-
plain flows.

• Backwater-induced morphological river
changes additionally modify river hy-
drodynamics.

• Conceptual model of hydrodynamics–
morphology adjustments downstream
and upstream of a dam reservoir was
presented.
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Upstream from a dam reservoir, river hydrodynamics may be directly changed by temporary inundation driven
by the reservoir. This triggers morphological river changes which may additionally modify the initial hydrody-
namics, even at the timewhen backwater inundation does not occur (indirect effects of backwater). We verified
these hypotheses, applying two-dimensional hydraulic modelling of flood flows to a section of the mountainous
DunajecRiver upstream from theCzorsztynReservoir. Themodellingwas performed for small,mediumand large
floods, and hydraulic conditions were compared between the scenarios with lacking and maximum backwater
inundation and between the river reaches subjected to backwater inundation and unaffected by backwater fluc-
tuations. Direct effects of reservoir levelfluctuationswere limited to the reach subjected to backwater inundation
during floods and comprised: significantly increased water depth and decreased flow velocity and bed shear
stress in the channel and on the floodplain, as well as a re-established hydrological connectivity between the
channel and floodplain during small andmedium floods. Indirect effects of backwater inundation reflected chan-
nel widening and bed aggradation that triggered a positive feedback with changes in hydrodynamics, mostly by
reducing the velocity of flood flows in the channel zone. These latter changes occurred on a longer distance up-
stream from the reservoir than the backwater reach itself, and theymodified the river hydrodynamics evenwhen
backwater inundation did not occur. We propose a conceptual model which indicates that changes of mountain
rivers upstream from dam reservoirs are driven bymodified hydrodynamics and lead to differentmorphological
adjustments than those induced by waters underloaded with sediment downstream from dams. Changes in

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.140555&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.140555
mailto:liro@iop.krakow.pl
https://doi.org/10.1016/j.scitotenv.2020.140555
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 M. Liro et al. / Science of the Total Environment 744 (2020) 140555
hydrodynamics and the associatedmorphological and sedimentary adjustments ofmountain rivers recorded up-
stream from dam reservoirs may locally mitigate impacts of channelization and channel incision on riverine and
riparian ecosystems of these rivers.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Naturalflow regime is a key factor shaping abiotic and biotic compo-
nents of river ecosystems and human life in riverine landscapes (Poff
et al., 1997). Large dam reservoirs profoundly disturb this regime
(Dynesius and Nilsson, 1994; Best, 2019; Grill et al., 2019), affecting
river functioning downstream (Williams and Wolman, 1984; Petts
andGurnell, 2005; Graf, 2006; Grant, 2012; Kondolf et al., 2019) andup-
stream from them (Xu and Shi, 1997; Liro, 2014, 2017, 2019; Bao et al.,
2015; Volke et al., 2015, 2019; Hanks, 2020). Despite an increasing body
of literature on dam effects on rivers, upstream effects are much less
recognized than downstream ones (Liro, 2014, 2019; Volke et al.,
2019). This gap in knowledge may result from the relatively small spa-
tial extent of the upstream impacts of dams along the rivers (typically
from a few to tens of kilometres; cf. Williams and Wolman, 1984;
Brandt, 2000). Nevertheless, 57,985 large dams functioning worldwide
(ICOLD, 2019) justify asking questions concerning the direction, magni-
tude and extent of changes in river hydrodynamics occurring upstream
from a dam reservoir. Answering these questions is challenging, but it
would give a more holistic view of dam impacts on rivers and the func-
tioning of Anthropocene rivers in general.

Upstream from a dam reservoir, the natural flow regime of a reser-
voir tributary is disturbed by so-called backwater fluctuations (BF),
that is changes in the extent and magnitude of the river valley inunda-
tion connected with the operation of the downstream reservoir (Liro,
2019). In mountain rivers, which typically transport coarse bed sedi-
ments only during floods (Grant, 2012), BF-induced disturbance in hy-
drodynamics may be particularly important for their functioning
because it may induce intensive in-channel sedimentation and related
morphological changes (Leopold et al., 1964; Knighton, 1998; Książek,
2006; Łajczak, 2006; Evans et al., 2007; Wiejaczka et al., 2014; Xiao
et al., 2015; Liro, 2016; Luo et al., 2018; Masselli et al., 2018; Li et al.,
2019), which may additionally influence river hydrodynamics, flood
hazard and river ecology, even in the periods when BF do not occur
(Liro, 2016, 2019). In-channel sedimentation and morphological chan-
nel changes in the backwater zone of dam reservoirs were previously
documented by remote sensing and hydraulic modelling (cf. Liro,
2016; Luo et al., 2018). To date, few studies have used numericalmodel-
ling to quantify hydraulic, sedimentary andmorphological effects of res-
ervoir backwater fluctuations (Luo et al., 2018; Hosseiny and Smith,
2019). Notably, none of the studies has examined feedbacks between
backwater-induced morphological changes and river hydrodynamics
in the periods when backwater inundation does not occur. In this
work, we aim to fill this gap using the example of the gravel-bed
Dunajec River upstream from the Czorsztyn Reservoir (south Poland)
completed in 1997, for which a database of daily river discharges and
reservoir stages as well as detailed morphological and sedimentological
observations are available (Liro, 2015, 2016).

With extensive literature on river adjustments downstream from
dam reservoirs, major patterns of such adjustments are nowwell recog-
nized. They include the disequilibrium between the energy of flows re-
leased from dams and their sediment load as a principal driver of the
adjustments (Kondolf, 1997) and channel incision and narrowing as
their morphological effects (e.g., Brandt, 2000; Grant, 2012), down-
stream propagation of the adjustments (Williams and Wolman, 1984)
and their relatively large extent along rivers (e.g., Graf, 2006; Petts
and Gurnell, 2005). The analysis of changes in the river hydrodynamics
upstream from theCzorsztyn Reservoir presented in this study, together
with results of other works on morphological, sedimentary and
hydraulic changes of mountain rivers upstream from dam reservoirs
(Liro, 2014, 2019; Luo et al., 2018), provide an opportunity to compare
major patterns of the adjustments occurring downstream andupstream
from dam reservoirs.

During the twentieth century most mountain rivers in Europe
experienced two types of morphological changes: channel narrowing
and incision (Rinaldi et al., 2013) in response to widespread human im-
pacts on channels (Wohl, 2006) and alterations in sediment fluxes
(e.g., Liébault and Piégay, 2002). These channel changes caused substan-
tial degradation of hydromorphological integrity of mountain rivers
(Muhar and Jungwirth, 1998; Hajdukiewicz et al., 2019)—including
simplification of flow patterns and a reduction of habitat heterogeneity,
increase inflowvelocities anddisconnectionoffloodplains from the chan-
nels—that was reflected in adverse changes of riverine and riparian eco-
systems (Malmqvist and Rundle, 2002). It is interesting to consider
whether these negative hydromorphological alterations of mountain riv-
ers can bemitigated, even if only in short river reaches, by changes in hy-
drodynamics and associatedmorphological and sedimentary adjustments
induced by backwater fluctuation upstream from dam reservoirs.

This study aims to quantify the scale and spatial extent of changes in
water depth, flow velocity and bed shear stress caused by the presence
of backwater during low (1-year), medium (2-year) and high (20-year)
floods. We hypothesize that the backwater statistically significantly in-
creases water depth and decreases flow velocity and bed shear stress in
the reach of the Dunajec River immediately upstream from the
Czorsztyn Reservoir (direct effects of backwater; Hypothesis 1). We
also hypothesize that channel widening and the formation of large
bars documented in this reach (Liro, 2016) modify the river hydrody-
namics even in the periods when backwater effects do not occur (indi-
rect effects of backwater; Hypothesis 2). Additionally, the study aims to
demonstrate a conceptualmodel summarizingmajor patterns of the ad-
justments of mountain rivers downstream and upstream of dam reser-
voirs, and to discuss the implications of reservoir-backwater induced
changes in the river hydrodynamics for riverine and riparian
ecosystems.

2. Study area

2.1. Dunajec River

The analysis was conducted for a 4.5-km-long section of the gravel-
bed Dunajec River upstream from the Czorsztyn Reservoir in southern
Poland (Fig. 1). The river catchment upstream from the Czorsztyn Res-
ervoir has an area of 796 km2 and elevations range from 528 to
2301 m a.s.l. (Fig. 1). The catchment is underlain by metamorphic
rocks, granites, limestones, dolomites, and flysch complexes
(Zawiejska and Krzemień, 2004). The flow regime of the river is deter-
mined by the high-mountain part of the catchment (Kundzewicz
et al., 2014) with average annual precipitation totals reaching up to
1700 mm (Niedźwiedź and Obrębska-Starklowa, 1991). Flow maxima
of the river typically occur during late spring and summer
(Kundzewicz et al., 2014), and the average for maximum annual dis-
charges (1970–2012) at the Kowaniec water-gauge station located ca.
13.5 km upstream from the Czorsztyn Reservoir equals 251.5 m3 s−1.
The Dunajec River was heavily channelized in the past 100 years
(Krzemień, 1981; Zawiejska and Krzemień, 2004; Wyżga et al., 2012),
which resulted in significant channel narrowing and incision, and the
change of the multi-thread channel pattern to a single-thread pattern
(Zawiejska and Wyżga, 2010). This change in channel pattern was



Fig. 1. Study section of the Dunajec River upstream from the Czorsztyn Reservoir (A) and its location in the Polish Carpathians (B). The orthophoto was taken at the water stage in the
reservoir that does not affect the river flow in the backwater reach.
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also facilitated by a reduction in sediment supply to the river resulting
from environmental and land use changes in the catchment (Wyżga
et al., 2012, 2016a).

Two reaches were delimited within the study section for the evalu-
ation of reservoir backwater effects on the river hydrodynamics. A
lower reach, called backwater reach, extends between 0 and 1.5 km
from the reservoir (Fig. 1A) and its upper limit coincideswith the extent
of backwater defined by the intersection of themaximumwater level in
the reservoir (532.35m a.s.l. recorded in 2010) and the elevation of the
river bed measured on a Digital Elevation Model from 2019. In this
reach, the river runs from 532.35 to 527 m of altitude. In the upper
reach, called control reach, the river flows from 545 to 538.5 m of alti-
tude at a distance of 3.15–4.5 km from the reservoir (Fig. 1A). The loca-
tion of this reach was selected to fulfil two criteria: (i) it is beyond a
backwater influence on the river morphodynamics (Liro, 2016), and
(ii) in the pre-dam period it was typified by the same channel
morphodynamics and human impacts as the current backwater reach
(Liro, 2015, 2016). The location of the control reach is the same as in
previous studies dealing with the impacts of reservoir backwater on
channel processes and channel evolution of the Dunajec River (cf. Liro,
2015, 2016).

In the study section, the Dunajec receives no significant tributaries.
Immediately before the construction of the Czorsztyn Reservoir
(1997), the river in both reaches flowed in a single-thread, regulated
channel with the width of 60–90 m and very gentle channel bends.
Such channel planform was an effect of channelization works carried
out in the 1920s–1930s and again in the 1960s–1970s (Zawiejska and
Krzemień, 2004). While before the reservoir construction both reaches
were typified by similar trajectories of channel width, bank erosion
and bar area changes (Liro, 2015, 2016), the reservoir operation caused
the lower, backwater-affected part of the study section to be subjected
to intense in-channel sediment deposition and bank erosion (Liro,
2016).

In the control reach, channel slope is 0.0053 m m−1. The river is
60–90 m wide and its bankfull depth amounts to 3–3.5 m. The channel
almost lacks gravel bars, except a single point bar in the upper part of
the reach (Figs. 1A, 2A); however, this does not reflect in-channel gravel
mining but rather unfavourable conditions for their formation in the
narrow, regulated channel. Surface bed sediments in the reach consist
of pebble to cobble material with median grain size (D50) varying be-
tween 77 and 127 mm in low-flow channels (with the average of
99 mm) and between 77 and 85 mm on gravel bars (81 mm on aver-
age). Channel banks are composed of a 2–2.5 m thick layer of gravels
covered by fine-grained overbank deposits 0.5–1 m thick. The banks
are overgrown with mature riparian forest (Fig. 2A) dominated by
willows and spruce with no signs of clearance.

In the backwater reach, on a distance of 1.25 km upstream from the
reservoir, the valley floor is confined to the width of 0.2–0.3 km by a
flood embankment on the right side and by a valley side on the left.
Channel slope decreases from 0.004 m m−1 in the higher part of the
reach to 0.00085 m m−1 in its lowest 0.65 km, which indicates recent
adjustment of the longitudinal river profile to a new base level after
the river impoundment. The river flows in a multi-thread channel
with wide mid-channel and lateral bars and occasional wooded islands
and its width changes from about 250 m in the proximal part of the
reach to 100 m in its distal part (Figs. 1A, 2C). Since 2017 gravel exploi-
tation from the channel has been conducted in order to obtain aggregate
from the material that otherwise would form a delta in the reservoir;
however, during floods the removed parts of channel bars are re-
established by the river. In this reach, surface bed material also consists
of pebble to cobble grades and its median grain size varies between 51
and 85 mm (with the average of 69 mm) in low-flow channels and be-
tween 49 and 78 mm on gravel bars (71 mm on average). Bankfull
channel depth amounts to 2.5–3 m. Channel banks are composed of a
2-m-thick layer of gravels covered by 0.5–1.5 m of fine-grained
overbank deposits. Only in the vicinity of the reservoir, the layer of
overbank fines is up to 2.5 m thick and gravelly material does not
occur in thebankprofile. Thefloodplain on the right river side is covered
with riparian forest dominated by willows, which is periodically
cleared, whereas the valley side along the left river bank is overgrown
with mature spruce forest (Fig. 2C).

The rise of base level caused by the reservoir construction induced
in-channel deposition of gravelly bed material and the resultant bank
erosion upstream from the river mouth to the reservoir (Liro, 2016).
These processes have not been limited to the reach with a direct influ-
ence of reservoir backwater, but they gradually moved backward as



Fig. 2. Oblique aerial views of the Dunajec River in the study section. (A) Downstream
view of the control reach. (B) Part of the study section immediately upstream from the
backwater reach. The yellow line indicates the beginning of the backwater reach.
(C) Downstream view of the backwater reach. The arrows indicate flow direction.
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the river bed in the backwater reach aggraded. In 2012 the zone of in-
tensive in-channel deposition and bank erosion reached 2.2 km up-
stream from the reservoir (Liro, 2016). Currently, the widest channel
(250–300 m) occurs just upstream of the backwater reach and bank
erosion is particularly intensive at a distance of 1.4–2.4 km upstream
from the reservoir (Figs. 1A, 2B), where the riparian forest is less
dense and the valley floor is wider and unconfined (Liro, 2016). How-
ever, in this studywe intend to analyse combined direct and indirect ef-
fects of the reservoir backwater on the river hydrodynamics, and thus
the backwater reach is limited to the river reach with a direct influence
of backwater fluctuations.

2.2. Czorsztyn reservoir and its backwater

The Czorsztyn Reservoir has an area of 13.35 km2 andwas created by
a 60-m-high dam in 1997. The main purposes of the reservoir are flood
control and electricity generation (Sroczyński, 2004). Between mid-
May and the end of August, when large floods usually occur on the
Dunajec, relatively large flood reserve of the reservoir is maintained to
accommodate potential inflow of floodwater (Wyżga et al., 2018); dur-
ing that time, mean water level of the reservoir in the years 1997–2014
was 527.6 m a.s.l. (Fig. 3). This reservoir stage does not affect the river
flow in the backwater reach (Fig. 1A). Using information on daily
water stages of the reservoir from the years 1997–2014 and the eleva-
tion of the lowest point of successive river cross-sections delimited in
the study reach of the Dunajec (see Section 3.1), we determined that
the backwater reach was inundated by the reservoir water from
0.8 day per year (0.2% of the time) in its uppermost part to 227 days
per year (62.1% of the time) in its lowest part. Regarding the duration
of backwater inundation, the studied backwater reach may be divided
into two parts: lower (0–0.95 km from the reservoir), where backwater
inundation occurs during 143.6 days per year on average (39.3% of the
time), and upper (0.95–1.5 km from the reservoir) with backwater in-
undation occurring during 3.7 days per year on average (1% of the
time). This marked difference in the average duration of backwater in-
undation between both parts of the reach reflects a substantial decrease
in channel gradient close to the reservoir. It is important to note that the
discharge of a 2-year flood (205 m3 s−1), able to entrain bed material
and erode channel banks in the backwater reach of the Dunajec, coin-
cides with full backwater inundation of the lower and upper parts of
this reach during 1.7 and 0.33 days per year on average (0.47% and
0.09% of the time), respectively.

3. Methods

3.1. Study design

To evaluate changes in river hydrodynamics resulting from the influ-
ence of backwater fluctuations of the reservoir, we analysed the hydro-
dynamics in the backwater and control reaches of the Dunajec, with the
former being affected by both direct and indirect impacts of the reser-
voir backwater and the latter devoid of these impacts.Wedefined 6 sce-
narios with three steady inlet discharges with the recurrence intervals
of 1 year (43 m3 s−1, referred here as a small flood), 2 years
(205 m3 s−1; medium flood) and 20 years (604 m3 s−1; large flood)
and two reservoir levels: 527.5 m a.s.l. (no inundation of the backwater
reach by the reservoir water) and 532.35 m a.s.l. (maximum backwater
effect) as outlet boundary conditions (Fig. 3). The two-dimensional nu-
merical model Iber (Bladé et al., 2014), which solves the full depth-
averaged shallow water equations with a non-structured finite volume
method explicit in time, was used to compute water depth and eleva-
tion, flow velocity and bed shear stress for each scenario. Output raster
files for each parameter were then analysed with a GIS software (Quan-
tum GIS) using automatic measurements along 90 cross-sections
delimited at 50 m intervals in the whole study section. The cross-
sectionswere divided into channel and floodplain zones, which allowed
for separate measurements of the hydraulic parameters in these zones.
For a given floodmagnitude, average values of an analysed parameter in
every cross-section of a given reach constituted statistical samples,
which were compared between different reservoir stages to test Hy-
pothesis 1, and between backwater and control reaches to test Hypoth-
esis 2.

During dam operations or during a flood event, the river discharges
and water levels in the reservoir are changing. However, to analyse im-
pacts of the reservoir backwater on the river hydrodynamics, we de-
signed the modelling scenarios assuming three flood magnitudes and
two water levels of the reservoir. Such an approach was chosen to eval-
uate effects of flood magnitude on changes in the river hydrodynamics
in the backwater reach, to verify whether morphological river changes
induced by long-term backwater fluctuations influence river hydrody-
namics even in the periods when backwater inundation does not
occur, and to identify the largest longitudinal extent of disturbed hydro-
dynamics along the river profile.



Fig. 3.Maximum daily discharges of the Dunajec River at the Kowaniec gauging station and maximum daily stages of the Czorsztyn Reservoir between 1997 and 2014. The three flood
magnitudes and two water stages of the reservoir indicated by dashed lines are used to define the scenarios for hydraulic modelling.
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3.2. DEM generation and mesh construction

The Iber model performs calculations for a non-structured mesh
consisting of triangular or quadrilateral elements (Bladé et al., 2014).
A drone survey performed in 2018 and ‘Structure-from-Motion’ photo-
grammetry (Westboy et al., 2012) were applied to produce a Digital El-
evation Model (DEM) which was subsequently used to obtain a
computational mesh representing the geometry of the study river sec-
tion ~4.5 km in length. The DEM and an orthophoto of the study section
were generated using the Agisoft Photoscan software (cf. Rusnák et al.,
2018) from 1247 photos taken by a DJI Phantom 4 Advanced Drone
on 3 September 2018 at base-flow conditions in the river and with no
backwater inundation of the study section (Fig. 1A). The photos were
taken from the height of 80–100 m. Their georeferencing was done on
the basis of 63 ground control points and 32 checkpoints verifying accu-
racy assessment, whichwere evenly distributed in the active river chan-
nel and on the floodplain. The position of these points was measured
with an RTK GPS receiver (Fig. S1A in the Supplementary material)
with horizontal accuracy of 1–2 cm and vertical accuracy of 2.5–3 cm.
The automatically generated DEM well reproduced most of the sub-
merged morphology of the river bed because at the base-flow condi-
tions water in low-flow channel(s) was clear and relatively shallow
(cf. Javernick et al., 2014). However, where water depth exceeded
~0.5 m (in the lowermost part of the study section and in the central
parts of pools on channel bends), the automatically generated DEM in-
dicated the elevation of water surface and elevations of the river bed
had to be corrected. At the same hydrological conditions during a few
days after the drone flight, water depth was surveyed with a level at
1 m intervals along the 90 river cross-sections running 50 m apart
(see Section 3.1), and results of these surveys were subsequently used
to manually interpolate bed elevation in the deep parts of low-flow
channel(s). The areas with manually corrected elevations constituted
ca. 15% of the total area of low-flow channels and less than 10% of the
total area of the active river channel in the study river section.

A comparison of xyz coordinates of the DEM with ground control
points measured in the field using an RTK GPS receiver indicated that
its accuracy ranged from 5.5 to 9.9 cm. The DEM and the orthophoto
had a resolution of 9 cm and 4.5 cm, respectively. However, to reduce
the computational time of the hydraulicmodel, theDEMwas resampled
to 1 m resolution. This resulted in the calculation mesh consisting of
970,935 triangular elements.

3.3. Model calibration

Roughness coefficients were assigned to 5 roughness homoge-
nous units (RHU) delineated in the river and on the floodplain
(Table 1; Fig. S2). Each RHU was digitized using a GIS software
(ArcGIS) from the orthophoto produced from aerial photos taken
by the drone. A possible range of Manning roughness values was
then assigned to particular RHU following the criteria of Chow
(1959) and applying different empirical equations (Strickler,
1923; Meyer-Peter and Müller, 1948; Bray, 1979) to the size of sur-
face bed material measured in nine channel transects delimited
within the entire study section. Three of these transects were lo-
cated in the control reach, three in the backwater reach and three
between these reaches. The grain size of surface bed material
within low-flow channels was sampled at 1 m intervals across the
low-flow channels, with 15 particles measured at each sampling
point. The surface bed material on gravel bars was sampled using
the transect pebble-count method (Wolman, 1954), with 400 par-
ticles measured across all bars in a transect (Fig. S1B). Median
(D50) and D90 grain size of the gravel-bar and low-flow channel
samples in each transect was determined from their grain-size dis-
tribution and used in the above indicated empirical equations.

Following the initial assignment of roughness coefficients for partic-
ular RHU, the model was calibrated in terms of roughness values using
the information collected during a survey performed after the flood of
July 2018. The flood had a peak discharge of 432 m3 s−1 with a 7.3-
year recurrence interval. During the post-flood survey, the horizontal
extent of the flood was determined at several places on the right river
margin or floodplain and we found 43 high-water marks (e.g. mud
lines (Fig. S1C), trash lines), which are typically used as evidence of
peak flood stage (Bodoque et al., 2015) and hence can be applied in cal-
ibration of roughness values for a hydraulic model (e.g. Radecki-Pawlik
et al., 2016; Wyżga et al., 2020). The position of the high-water marks
was thus measured with an RTK GPS receiver (Fig. S3) and 26 of them



Table 1
Description of roughness homogeneous units (RHU) and the values of Manning's n coefficient (in m1/2 s−1) used in the model calibration and final hydraulic simulations.

Roughness homogenous unit Roughness coefficient

Name Description Minimum Maximum Final

Low-flow channel Gravelly riverbed submerged at base flow 0.02 0.08 0.03
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 vegetation Cleared land with some tree stumps 0.07 0.10 0.09
Agricultural land Grassland and crops 0.01 0.04 0.02
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were used in the model calibration. Final roughness values for all RHU
(rather than for each RHU separately; Table 1) were fitted running dif-
ferentManning's n coefficients for thedischarge of 432m3 s−1 and com-
paring model results with the observed flood extent and the field
measurements of water elevation. The calibration results showed that
the flooded area was generally well reproduced (Fig. S3) and that
modelled values well fitted the observed ones, with a mean error in
thewater elevation amounting to 22 cm(median=18 cmand standard
deviation = 16 cm) and a mean Nash–Sutcliffe efficiency (Nash and
Sutcliffe, 1970) equal to 0.97 (median= 0.99 and standard deviation=
0.088). Meanmodelled water depth in the study section equalled 1.4 m
and the maximum one was 4.6 m (Fig. S3). The final values of Manning
roughness coefficient for the active river channel ranged from 0.03 to
0.06 and those for the floodplain area from 0.02 to 0.12 (Table 1).

3.4. Data analysis

To evaluate direct effects of backwater fluctuation on river hy-
drodynamics (Hypothesis 1), differences in water depth, flow ve-
locity and bed shear stress in the backwater reach between the
scenarios without backwater inundation and with maximum back-
water inundation were examined with a non-parametric Wilcoxon
signed-rank test. In turn, to evaluate the effect exerted on river hy-
drodynamics by morphological changes that had occurred in the
Fig. 4. Comparison ofmeanwater depth in channel and floodplain zones of the Dunajec River in
maximumbackwater inundation (BI) during small (1-year), medium (2-year) and large (20-ye
study cross-sections from this reach and points show the means. Percentage differences of
significance determined with a Wilcoxon test is shown. p-values b 0.05 are indicated in bold.
backwater reach since the river impoundment by the dam reservoir
(indirect effect of backwater fluctuations; Hypothesis 2), differ-
ences in the analysed hydraulic parameters between the backwater
reach not affected by backwater inundation and the control reach
were examined using a non-parametric Mann–Whitney test. Dif-
ferences were tested for each of the three flood magnitudes
considered.

The longitudinal extent of direct and indirect effects of backwater
fluctuation on the hydrodynamics of the Dunajec River was determined
with a Pettit test (cf. Leviandier et al., 2012). For a given flood magni-
tude, the values of a given hydraulic parameter under conditions with
(H1) and without backwater inundation (H2) calculated for 90 consec-
utive river cross-sections represented a data series which was analysed
with the test to identify the location of a change disrupting its homoge-
neity. This approach allowed for automatic detection of the location of a
change in river hydrodynamics along the longitudinal river profile. This
test had been previously used to detect river sections homogeneous
with regard to active channel width (Toone et al., 2014), morphological
channel changes (Liro, 2015) and in-channel sedimentation (Liro,
2016).

Statistical analyses were performed with Statistica software and
iki.dataclim package (Orlowsky, 2014) of R software (R Core Team,
2019). Analysed differences and breaks in data series homogeneity
were considered statistically significant if p-value b 0.05.
the backwater reach between conditionswithout backwater inundation (NO BI) andwith
ar) floods. Whiskers indicateminimum andmaximum values of the parameter among the
the parameter between the two hydraulic situations are indicated and their statistical
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4. Results

4.1. Direct effects of backwater fluctuation

A comparison of hydraulic parameters in the backwater reach of the
Dunajec between the conditions with its maximum inundation by res-
ervoir water and without inundation indicated that the modelled
mean water depth changed significantly as a result of the fluctuation
of reservoir level during floods of all considered magnitudes (Fig. 4).
During the small flood scenario (43 m3 s−1), mean modelled water
depth in the channel zone of 30 analysed river cross-sections was
0.69 m without backwater inundation, while it equalled 2.43 m during
the maximum inundation by reservoir water, differing between these
two contrasting scenarios by 255% (Wilcoxon test, p=0.000002). Back-
water fluctuation changed the range of variation inmeanwater depth in
this zone among the analysed cross-sections from 0.45–0.96 mwithout
backwater inundation to 0.50–4.21 m at the maximum inundation
(Fig. 4). The significant increase in mean water depth was associated
with significant reductions in mean flow velocity and bed shear stress
in the channel zone. For the small flood scenario, we observed that the
maximum backwater inundation decreased the average modelled
value of mean flow velocity in this zone from 0.68 to 0.19 m s−1—i.e.
by 72% (p = 0.000002)—in comparison to conditions without backwa-
ter inundation, whereas the variation of this parameter among the 30
river cross-sections changed from 0.36–1.16 m s−1 to 0.01–0.92 m s−1

(Fig. 5). With maximum backwater inundation, average value of
modelled bed shear stress in the channel zone was 68% lower (p =
0.000002) than without backwater inundation (5 N m−2 versus
14 N m−2), and this parameter varied among the cross-sections be-
tween 0.5 and 52 N m−2 during the former scenario and between 4
and 52 N m−2 during the latter one (Fig. 6).

Without backwater inundation, the small flood did not cause
floodplain submergence (Figs. 4–6) according to the modelling re-
sults. With maximum backwater inundation, modelled mean water
depth on the floodplain equalled 1.55 m for the 30 analysed cross-
sections and varied between 0.36 and 2.37 m among individual
cross-sections (Fig. 4). Mean velocity of the floodplain flow in the
30 cross-sections equalled 0.14 m s−1, with the variation of the
Fig. 5. Comparison ofmean flowvelocity in channel andfloodplain zones of the Dunajec River in
maximumbackwater inundation (BI) during small (1-year), medium (2-year) and large (20-ye
study cross-sections from this reach and points show the means. Percentage differences of
significance determined with a Wilcoxon test is shown. p-values b 0.05 are indicated in bold.
parameter among individual cross-sections between 0.01 and
1.14 m s−1 (Fig. 5). In turn, modelled bed shear stress in the flood-
plain zone amounted to 2 N m−2 on average, varying among the
cross-sections between 0 and 32 N m−2 (Fig. 6).

At a medium flood (205 m3 s−1), mean water depth in the channel
zone of the backwater reach equalled 1.38 m without its inundation
by reservoir water and 3.77mwith itsmaximum inundation by the res-
ervoir, changing by 173% (p = 0.000002) between these scenarios.
Backwater fluctuation also considerably changed the range of variation
in mean water depth in the channel zone among 30 analysed cross-
sections from 0.72–1.80 m without backwater inundation to
0.92–5.64m at themaximum inundation (Fig. 4).Withmaximum inun-
dation of the backwater reach by reservoir water, the average value of
modelled mean velocity of the channel flow for the 30 cross-sections
was 64% lower (0.45 m s−1 versus 1.26 m s−1; p = 0.000002) than
without backwater inundation, and the parameter variation among
the cross-sections was reduced to 0.27–0.89 m s−1 in comparison to
0.73–1.97 m s−1 without backwater inundation (Fig. 5). Notably, as
backwater inundation particularly increased submergence of shallow
parts of the channel (gravel bars), the highest cross-sectional mean of
flow velocity during the medium flood was even lower than during
the small flood associated with backwater inundation conditions
(0.92 m s−1) (Fig. 5). Maximum backwater inundation at the medium
flood was also reflected in 80% lower average value of bed shear stress
in the channel zone (p=0.000002) thanwithout backwater inundation
(7Nm−2 versus 35Nm−2), and this parameter varied among the cross-
sections between 0.5 and 60 Nm−2 during the former scenario and be-
tween 11 and 69 N m−2 during the latter one (Fig. 6).

Without backwater inundation, amodelled scenario for themedium
flood did not produce floodplain submergence in the entire backwater
reach (Figs. 4–6). With maximum backwater inundation, mean depth
of the floodplain flow in the 30 cross-sections equalled 2.39 m, with
the depth varying among individual cross-sections between 0.94 and
3.59 m (Fig. 4). Mean velocity of the floodplain flow in the 30 cross-
sections was 0.24 m s−1 and the velocity varied among individual
cross-sections between 0.07 and 0.92 m s−1 (Fig. 5). Modelled bed
shear stress on the floodplain equalled 3 N m−2 on average and varied
between 1 and 28 N m−2 among individual cross-sections (Fig. 6).
the backwater reach between conditionswithout backwater inundation (NO BI) andwith
ar) floods. Whiskers indicateminimum andmaximum values of the parameter among the
the parameter between the two hydraulic situations are indicated and their statistical



Fig. 6. Comparison of mean bed shear stress in channel and floodplain zones of the Dunajec River in the backwater reach between conditions without backwater inundation (NO BI) and
withmaximumbackwater inundation (BI) during small (1-year),medium(2-year) and large (20-year) floods.Whiskers indicateminimumandmaximumvalues of the parameter among
the study cross-sections from this reach and points show the means. Percentage differences of the parameter between the two hydraulic situations are indicated and their statistical
significance determined with a Wilcoxon test is shown. p-values b 0.05 are indicated in bold.
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During a large flood (604 m3 s−1), modelled mean depth of the
channel flow in the backwater reach equalled 2.53 m without backwa-
ter inundation and 4.62 m with its maximum inundation by reservoir
water, differing by 83% (p= 0.000002) between these scenarios. Back-
water fluctuation changed the range of variation in modelled mean
water depth in the channel zone among 30 analysed cross-sections
from 1.61–3.23 m without backwater inundation to 1.8–6.39 m at the
maximum backwater inundation, but the relative scale of this change
was smaller than during the small and medium floods (Fig. 4). With
maximumbackwater inundation, the average value ofmean flow veloc-
ity in the channel zonewas 48% lower (p=0.000002) in comparison to
conditions without backwater inundation (0.99 m s−1 versus
1.90 m s−1), and the range of variation of this parameter among the
30 cross-sections changed from 1.26–2.96 m s−1 to 0.67–1.46 m s−1

(Fig. 5). Backwater fluctuation reduced the average value of modelled
bed shear stress in the channel zone from 67 Nm−2 without backwater
inundation to 22 N m−2 at the maximum backwater inundation, i.e. by
68% (p = 0.000002), whereas the range of variation of the parameter
changed from 31 to 114 Nm−2 to 3–61 Nm−2 between these two con-
trasting scenarios (Fig. 6).

At the peak discharge of the large flood, changes in modelled mean
depth of the floodplain flow caused by backwater fluctuation were
greater than those in the channel flow—without backwater inundation,
mean water depth on the floodplain was 1.25 m, whereas with maxi-
mum backwater inundation it was 126% greater (p = 0.000003),
amounting to 2.83 m. At the same time, the range of variation in the
meandepth of thefloodplain flowamong 30 analysed cross-sections in-
creased from 0.56–2.14 m without backwater inundation to
0.58–4.24m at themaximum backwater inundation (Fig. 4). The signif-
icant increase in mean depth of the floodplain flowwas associated with
significant reductions in mean velocity and bed shear stress on the
floodplain, according to themodelling results. Withmaximumbackwa-
ter inundation, the average value ofmean velocity of thefloodplainflow
for the 30 cross-sections was 41% lower (p = 0.000002) than without
backwater inundation (0.42 m s−1 versus 0.72 m s−1). Backwater fluc-
tuation changed the range of variation of the parameter among the
analysed cross-sections from 0.24–1.24m s−1 without backwater inun-
dation to 0.l9–0.62 m s−1 at the maximum backwater inundation
(Fig. 5). Notably, during the large flood the highest cross-sectional
mean of flow velocity on the floodplain was lower than during the me-
dium (0.92 m s−1) and the small (1.14 m s−1) floods associated with
maximum backwater inundation (Fig. 5); this reflected rapid spreading
of water on the floodplain and a substantial increase in the cross-
sectional area of floodplain flow with increasing flood magnitude. In
turn, the average value of bed shear stress on the floodplain was 69%
lower (p=0.000002)withmaximumbackwater inundation thanwith-
out backwater inundation (9 Nm−2 versus 28 Nm−2), and the range of
variation of the parameter among the cross-sections was reduced to
2–20 N m−2 in comparison to 3–56 N m−2 without backwater inunda-
tion (Fig. 6).
4.2. Indirect effects of backwater fluctuation

To determine howmorphological changes in the backwater reach of
the Dunajec induced by the fluctuation of reservoir backwater influence
the river hydrodynamics (indirect effects of backwater fluctuation), hy-
draulic conditions for the three scenarioswithout backwater inundation
were compared between the control and backwater reaches. Mean
water depth in the channel zone did not differ significantly between
the reaches at anyof the consideredfloodmagnitude scenarios.Without
backwater inundation, the floodplain in both reaches was submerged
only during the large flood, when mean depth of the floodplain flow
in the backwater reach was 32% larger than in the control reach
(Mann–Whitney test, p = 0.01) (Table 2; Fig. S4A–C). Morphological
changes in the backwater reach had the most pronounced influence
on mean velocities of flood flows conveyed in the channel zone. At all
considered flood magnitudes, these velocities were significantly lower
than in the control reach, with the relative difference between the
reaches ranging from 30% for the large flood (p = 0.000001) to 34%
for the small flood (p=0.000004). However, both reaches did not differ
significantly in mean velocity of the floodplain flow during the large
flood (Table 2; Fig. S5A–C). During the small andmedium floods, no sig-
nificant differences in bed shear stress in the channel zone were ob-
served between both reaches. During the large flood, this parameter in
the backwater reach was significantly lower than in the control reach
(p = 0.03), differing from the latter by 25%. However, modelled bed
shear stress associated with the flow of the large flood in the floodplain



Table 2
Mean values of water depth, flow velocity and bed shear stress in channel and floodplain zones of the control and backwater reaches of the Dunajec River during small (43 m3 s−1), me-
dium (205 m3 s−1) and large floods (604 m3 s−1) and without backwater inundation by reservoir water, and results of a Mann–Whitney test for the significance of difference of these
parameters between both reaches. Statistically significant differences are indicated in bold.

Parameter Flood
magnitude

Channel flow Floodplain flow

Control
reach

Backwater
reach

Relative change Significance Control
reach

Backwater
reach

Relative change Significance

Water depth
(m)

Small 0.77 0.69 −11% 0.47 – – – –
Medium 1.51 1.38 −9% 0.17 – – – –
Large 2.52 2.53 0.3% 0.92 0.95 1.25 32% 0.01

Flow velocity
(m s−1)

Small 1.03 0.68 −34% 0.000004 – – – –
Medium 1.89 1.26 −34% 0.000001 – – – –
Large 2.71 1.90 −30% 0.000001 0.96 0.72 −25% 0.65

Bed shear stress
(N m−2)

Small 19.7 14.4 −27% 0.48 – – – –
Medium 48.4 35.1 −27% 0.18 – – – –
Large 89.1 66.9 −25% 0.03 31.3 27.7 −12% 0.85
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zone did not differ significantly between both reaches (Table 2;
Fig. S6A–C).
4.3. Longitudinal extent of backwater effects

Homogeneity of the longitudinal series of hydraulic parameters sim-
ulated for the conditions with maximum backwater inundation and
without backwater inundation was examined with a Pettit test to iden-
tify a longitudinal extent of changes in the river hydrodynamics caused
by direct and indirect effects of reservoir backwater, respectively. A di-
rect effect of backwater on mean water depth in the channel zone ex-
tended to 1.3–1.35 km upstream from the reservoir at all considered
flood magnitudes (p b 0.01; Figs. 7D–F, S4D–F). The same longitudinal
extent was also found for a direct backwater effect on mean depth of
the floodplain flow of the large flood (p b 0.01; Figs. 7F, S4F). In turn,
an indirect effect on mean water depth was found only for the scenario
with the large flood, when it extended to 2.5 km from the reservoir for
the channel flow (p b 0.05) and to 1.35 km from the reservoir for the
floodplain flow (p b 0.01) (Figs. 7C, S4C). However, no threshold in ho-
mogeneity of the series of mean water depth along the study reach was
detected for the scenarios simulating indirect effects of backwater dur-
ing the small and medium floods (Figs. 7A–B, S4 A–B).

An indirect effect of backwater onmean flow velocity in the channel
zone reached to 2.05–2.15 km upstream from the reservoir (p b 0.01;
Figs. 8A–C, S5A–C). Surprisingly, the threshold in homogeneity of the
series of mean velocity of the channel flow duringmaximumbackwater
inundation had the same position (p b 0.01; Figs. 8D–F, S5D–F), hence
being located more than 0.5 kmupstream from the extent of backwater
inundation. The floodplain zone in the study river section was sub-
merged only during the scenarios with the large flood, but no threshold
in the values of mean velocity of the floodplain flow could be detected
along the section for the scenarios simulating direct (Figs. 7F, S5F) and
indirect effects (Figs. 8C, S5C) of reservoir backwater.

A direct effect of backwater on bed shear stress in the channel zone
extended to 1.4–1.45 km from the reservoir at all consideredfloodmag-
nitudes (p b 0.01; Figs. 9D–F, S6D–F). The threshold in homogeneity of
the series of bed shear stress in the floodplain zone during maximum
backwater inundation was detected only for the large flood, when it
was positioned 2.85 km upstream from the reservoir (p b 0.01;
Figs. 9F, S6F), again far upstream from the extent of backwater inunda-
tion. An indirect effect of backwater on bed shear stress was detected
only in the channel zone for the large flood scenario, extending to
0.85 km from the reservoir (p b 0.05; Figs. 9C, S6C), whereas no thresh-
old in the series homogeneity was found for the scenarios representing
indirect effects of backwater on bed shear stress in the channel zone
during the small and medium floods (Figs. 9A–B, S6A–B) and on bed
shear stress in the floodplain zone during the large flood (Figs. 9C, S6C).
5. Discussion

5.1. General pattern of backwater-caused changes in the river
hydrodynamics

Using the example of the gravel-bed Dunajec River upstream from
the Czorsztyn Reservoir, this study shed light on how dam reservoirs
modify the hydrodynamics ofmountain rivers upstream from these res-
ervoirs. The simulation of different flood conditions with a two-
dimensional hydraulic model allowed us to identify changes in key hy-
draulic parameters (i.e., water depth, flow velocity, bed shear stress) in
the channel and floodplain zones of the study river. The study demon-
strated that backwater inundation significantly increased water depth
and decreased flow velocity and bed shear stress in the channel zone
of the backwater reach. However, the relative changes in water depth
and flow velocity caused by backwater inundation diminished with in-
creasing flood magnitude (Figs. 4, 5). This reflected a progressively
lower impact exerted by backwater inundation on the cross-sectional
area of flood flows with increasing flood discharge. In contrast, we ob-
served no consistent change of backwater inundation-caused decrease
in bed shear stress in the channel zonewith increasing floodmagnitude
(Fig. 6). This seems to reflect the opposite effects of backwater inunda-
tion onwater depth and energy gradient of flood flows—the inundation
increasedwater depth and decreased the energy gradient of flood flows
in the backwater reach, but both these impacts decreased in importance
with increasing flood discharge.

In the floodplain zone of the backwater reach, the most important
change resulting from backwater inundation took place during the
small and medium floods, turning the emerged floodplain surface into
a submerged one. Because of the incised nature of the Dunajec River,
overbank flow would not occur during these floods (Wyżga et al.,
2016b) unless the backwater effect of the reservoir occurred. Floodplain
inundation by reservoir backwater thus re-established hydrological
connectivity between the river channel and floodplain during such
floods. During the large flood, backwater inundation significantly in-
creased modelled mean water depth and decreased modelled flow ve-
locity and bed shear stress on the floodplain.

The obtained results indicated that inundation of the backwater
river reach driven by reservoir water increases channel–floodplain con-
nectivity and remarkably decreases transport capacity of flood flows
(because of reduced flow velocity) and their potential for sedimentmo-
bilization (because of reduced bed shear stress), hence stimulating ac-
cumulation of sediment in the channel and on the floodplain.
According to the Hjulström–Sundborg diagram (Sundborg, 1956), set-
tling velocity separating transport and depositional conditions for the
particles with 70 mm diameter—the median grain size of surface bed
material in the reach—is 0.82 m s−1. During the medium flood, for in-
stance, mean velocity of the channel flow would exceed this value in



Fig. 7. Spatial pattern of water depth in the channel and on the floodplain in the study section of the Dunajec River during small (A, D), medium (B, E) and large (C, F) floods without
backwater inundation (A–C) and with maximum backwater inundation (D–F). d-values indicate the length of the river reach upstream of the Czorsztyn Reservoir with significantly dif-
ferentmeandepth of channel and floodplainflows than in the upstreampart of the study section not affected bydirect and indirect effects of reservoir backwater. Location of the threshold
between the two parts of the study river section with homogenous longitudinal distributions of the mean depth of channel and floodplain flows, indicated by the Pettit test, is shown. p-
values indicate significance of the Pettit test.
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28 out of 30 study cross-sections without backwater inundation of the
reach, but only in 2 cross-sectionswith itsmaximumbackwater inunda-
tion.With a standard value of the Shields parameter (θ=0.056; Shields,
1936), shear stress of 63.5 Nm−2 is needed to entrain particles with the
median grain size in the reach. However, during the medium flood
mean bed shear stress in the reach would represent 55% of the critical
shear stress without backwater effect and only 11% with maximum
backwater inundation. The changes in the hydrodynamics identified



Fig. 8. Spatial pattern of flow velocity in the channel and on the floodplain in the study section of the Dunajec River during small (A, D), medium (B, E) and large (C, F) floods without
backwater inundation (A–C) and with maximum backwater inundation (D–F). d-values indicate the length of the river reach upstream of the Czorsztyn Reservoir with significantly dif-
ferentmean velocity of channel andfloodplainflows than in the upstreampart of the study section not affected by direct and indirect effects of reservoir backwater. Location of the thresh-
old between the twoparts of the study river sectionwith homogenous longitudinal distributions of themean velocity of channel and floodplain flows, indicated by the Pettit test, is shown.
p-values indicate significance of the Pettit test.
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upstream from the Czorsztyn Reservoir are thus opposite to those com-
monly observed downstream from dam reservoirs, where they result in
increased erosional potential of flood flows, bed degradation and
floodplain disconnection from the channel (cf. Petts, 1979; Brandt,
2000; Graf, 2006; Grant, 2012; Hanks, 2020; Kondolf et al., 2019). This
aspect is further discussed in the following section.



Fig. 9. Spatial pattern of bed shear stress in the channel and on the floodplain in the study section of the Dunajec River during small (A, D), medium (B, E) and large (C, F) floods without
backwater inundation (A–C) and with maximum backwater inundation (D–F). d-values indicate the length of the river reach upstream of the Czorsztyn Reservoir with significantly dif-
ferentmeanbed shear stress in the channel and on thefloodplain than in theupstreampart of the study sectionnot affectedbydirect and indirect effects of reservoir backwater. Location of
the threshold between the two parts of the study river sectionwith homogenous longitudinal distributions of themean bed shear stress in the channel and on the floodplain, indicated by
the Pettit test, is shown. p-values indicate significance of the Pettit test.
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Considerable channel widening and the development of large gravel
bars induced by intense in-channel sedimentation after the reservoir
construction were documented in the backwater reach and along a
few hundred metres of channel length upstream from it (Liro, 2015,
2016). Hydraulic simulations performed in the present study demon-
strated that these morphological changes induced by backwater effect
trigger a positive feedbackwith changes in hydrodynamics, significantly
decreasing mean velocity in the channel zone of the backwater reach at
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all considered floodmagnitudes, and during the large flood significantly
decreasing bed shear stress in the channel zone and increasing mean
water depth on the floodplain of that reach in comparison to the control
reach (Table 2).

Changes in the river hydrodynamics caused by the indirect and di-
rect influence of reservoir backwater differed with respect to their lon-
gitudinal extent and longitudinal variation of hydraulic parameters.
Changes of flood flows in the channel zone caused by the indirect influ-
ence of backwater typically reached farther upstream than the maxi-
mum extent of backwater inundation. They mostly referred to mean
flow velocity which showed no longitudinal tendency of the modified
values (Fig. S5A–C). In the lowest part of the backwater reach, the re-
duction inflow velocitywas driven by a considerable reduction in chan-
nel gradient, whereas farther upstream it must have reflected a
considerable increase in channel width after the reservoir construction
(Liro, 2016) and increased resistance to flow of the channel with nu-
merous mid-channel and lateral bars (cf. Bathurst, 1982). In turn, the
observed variation in channel width upstream from the reservoir
(Fig. 2B, C) reflects differences in the thickness of fine sediments on
the floodplain and in the degree of valley-floor confinement at different
distances from the reservoir (Liro, 2016). Close to the reservoir, the river
banks are composed of fine-grained, cohesive sediments, which makes
them relatively resistant to erosion and inhibits channel widening (cf.
Xu, 1990, 2001a, 2001b). Farther upstream, presence of only a thin
layer of fine sediments on the floodplain and the lack of valley confine-
ment facilitate bank erosion and channel widening (Liro, 2016).

The direct effects of reservoir backwater on water depth and bed
shear stress in the channel zone extended nearly to the beginning of
the backwater reach. Under the conditions of maximum backwater in-
undation, clear longitudinal tendencies of the parameter values were
observed, with mean water depth progressively increasing (Fig. S4D–
F) and bed shear stress decreasing (Fig. S6D–F) towards the dam reser-
voir. A similar longitudinal extent typified also the direct impact of res-
ervoir backwater on mean depth of the floodplain flow during the large
flood, with its values increasing towards the reservoir (Fig. S4D–F). The
Pettit test also indicated that with maximum backwater inundation, re-
duced values ofmeanflow velocity in the channel zone at all considered
flood magnitudes and of bed shear stress on the floodplain during the
large flood extended far upstream from the beginning of the backwater
reach. However, it could be noticed that the reduced values of the pa-
rameters could be grouped into two subseries: onewith the values pro-
gressively decreasing downstream along the backwater reach, and
another without such a tendency upstream from this reach
(Figs. S5D–F, S6F). The Pettit test apparently separated values of these
parameters modified as a result of direct and indirect impacts of reser-
voir backwater from unmodified parameter values upstream. The
above observations indicate that the occurrence of a longitudinal ten-
dency in a hydraulic parameter upstream fromadam reservoir is a diag-
nostic feature of direct effects of backwater because the influence of
backwater inundation on the cross-sectional area of flood flows pro-
gressively changes with increasing distance from the reservoir. In the
case of indirect effects of backwater, no longitudinal tendency of param-
eter values is observed.

5.2. River adjustments downstream and upstream from dam reservoirs

Reservoir backwater-induced changes in the mountain river hydro-
dynamics revealed by the present study, together with morphological
and sedimentary changes of mountain rivers upstream from dam reser-
voirs described in previous works (Liro, 2015, 2016; Luo et al., 2018;
Masselli et al., 2018; Hosseiny and Smith, 2019), differ from river adjust-
ments occurring downstream from dams, for which extensive literature
exists (e.g., Petts and Gurnell, 2005; Grant, 2012). We summarize these
differences in a conceptual model (Fig. 10).

Although dam reservoirs typically reduce peak discharges of flood
waves (Graf, 2006), the most important driver of river changes in the
downstream reaches is the release of waters underloaded with sedi-
ment (Fig. 10), particularly bedload (Kondolf, 1997; Kondolf et al.,
2019). For instance, deep dam reservoirs constructed on Polish
Carpathian rivers trap all the bedload and most of the suspended-
sediment load delivered from the upstream (Łajczak, 1996). To re-
establish the equilibrium between their transport capacity and sedi-
ment load, rivers mobilize bed material and transfer it downstream,
but its loss is not compensated for by transport from the upstream
(hungry water effect; Kondolf, 1997). This leads to channel incision
(Fig. 10) which in gravel-bed rivers continues until the coarsening of
bedmaterial and the development of bed armourwill radically decrease
sediment mobility (Gaeuman et al., 2005; Grant, 2012). Up to 7.5 m of
channel incision was documented immediately below dams, and the
amount of incision gradually decreases downstream on a distance
reaching up to 100–140 km from dams (Williams and Wolman, 1984;
Grant, 2012). Flow concentration in the deepening channel decreases
the frequency of disturbance of marginal parts of the former active
channel, which leads to their stabilization by vegetation and the
narrowing of active channel (Fig. 10); downstream from dams, channel
narrowing up to about half of the pre-dam width was observed (Graf,
2006). Incision and the associated channel narrowing increase flow ve-
locity and unit stream power at given flood discharges, which activates
a positive feedback increasing sediment deficit and retarding the re-
establishment of equilibrium conditions (Fig. 10; Wyżga, 1993). This
feedback is particularly intense during large floods, as their peak dis-
charges are typically less reduced by upstream dam reservoir than
those of small and medium floods (Petts and Gurnell, 205). Flushing
out of bed material from the reach located immediately below a reser-
voir temporarily maintains equilibrium conditions downstream, but
once the sedimentflux declines, sediment deficit is shifted downstream.
Over time, this results in downstream propagation of river adjustments,
including channel incision and narrowing, on a distance that ranges
from several to hundreds of kilometres, depending on river size and
the possibility of sediment replenishment through bank erosion and
input by tributaries (Fig. 10; Petts, 1979, 1980; Williams and Wolman,
1984; Brandt, 2000; Petts and Gurnell, 2005; Grant, 2012; Skalak et al.,
2013). However, the relative scale of these adjustments decreases
with an increasing distance from a dam as the scale of disturbance to
the sediment balance and the natural flow regime of the river caused
by dam reservoir diminishes (Fig. 10; Williams and Wolman, 1984).

Upstream from a dam reservoir, a primary driver of changes is inun-
dation of the river valley by reservoir water (Liro, 2019). The backwater
effect reduces flow velocity and bed shear stress in the channel and on
thefloodplain (Fig. 10),which leads to in-channel deposition of bedload
(Leopold et al., 1964; Łajczak, 2006; Skalak et al., 2013; Liro, 2016; Volke
et al., 2019) and settling of fine particles transported in suspension on
the floodplain (Klimek et al., 1990; Xu and Shi, 1997; Skalak et al.,
2013; Volke et al., 2019). These sediment surplus conditions cause ag-
gradation of the channel bed and the floodplain surface (Fig. 10;
Skalak et al., 2013; Volke et al., 2019), with aggradation in the channel
being more intense and hence resulting in shallowing of the channel
(Luo et al., 2018). Intense formation of channel bars shifts a thalweg to-
wards one (in case of lateral bars) or both channel banks (in case ofmid-
channel bars), which stimulates bank erosion and channel widening
(Fig. 10; Liro, 2016). The depositional and morphological changes are
initiated at the downstream end of the backwater reach—where the
largest increase in water depth caused by backwater inundation leads
to the largest decreases in flow velocity and bed shear stress at flood
flows—and gradually propagate in the upstream direction (Leopold
et al., 1964; Łajczak, 1996; Liro, 2015, 2016). Inmountain rivers, a longi-
tudinal extent of direct changes induced by backwater effect is relatively
small because of steep channel gradient limiting backwater inundation
to a short river reach (Fig. 10; Liro, 2014). However, channel widening
and the reduction in channel gradient caused by bed aggradation addi-
tionally reduce velocities of channel flows even without inundation of
the backwater reach by reservoir water and cause that indirect changes



Fig. 10. Conceptual model comparing the sequence of causal factors (with black arrows indicating direct effects of dam reservoir and colour, curved arrows depicting indirect effects),
changes in river morphology, and the relative scale of changes and the spatial extent of their propagation upstream and downstream from a dam reservoir on a mountain river.
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in the river hydrodynamicsmay propagate backward behind the begin-
ning of the backwater reach (Fig. 10; Leopold et al., 1964; Liro, 2016).

5.3. Implications of reservoir backwater-induced changes in the river hy-
drodynamics for the riverine and riparian ecosystems

Changes in the river hydrodynamics caused by direct and indirect
impacts of reservoir backwater may have important implications for
hydromorphological quality and the condition of riverine and riparian
communities of channelized gravel-bed rivers such as the Dunajec. In
most European mountain rivers, their high ecological potential, mainly
conditioned by a braided channel pattern and the associated diverse
hydromorphological characteristics (Tockner et al., 2006; Hauer et al.,
2016), was lost in the last century or so as a result of channelization
and related channel incision (e.g. Wyżga et al., 2012; Hajdukiewicz
et al., 2019). Channel narrowing increased velocities of flood flows
and simplification of the flow pattern of the rivers eliminated flow
refugia that previously allowed fish and benthic invertebrates to escape
high shear forces during floods (Wyżga et al., 2009, 2011). Floods may
cause severemortality orflushing out to downstream reaches of benthic
invertebrates and juvenile fishes (Augustyn et al., 2006; Death, 2008;
Hajdukiewicz et al., 2018). Channelization and incision of mountain riv-
ers must have increased detrimental effects of floods on riverine biota
and this—together with reduced complexity of habitats at base-flow
conditions—was reflected in significant decreases in the abundance
and taxonomic richness of riverine communities in human-modified
river reaches (Wyżga et al., 2009, 2011).

As a result of backwater inundation and morphological river adjust-
ments induced by backwater fluctuations, during floods the river reach
located immediately upstream from a dam reservoir is typified by rela-
tively low values of flow velocity and bed shear stress in the channel, fa-
cilitating persistence of riverine biota (cf. Negishi et al., 2002). With
significantly increased water depth, gravel bars are here submerged
even during small floods and become the zones of especially low flow
velocity and bed shear stress, hence providing flow refugia for biota
(cf. Rempel et al., 1999). All that might make the channel reach imme-
diately upstream from a reservoir a large flow refugium during floods.
It seems to be especially crucial for benthic invertebrates which need
a stable gravelly substrate to hide during floods (Brunke and Gonser,
1997; Effenberger et al., 2006). Reduced transport capacity of flood
flows in the backwater reach facilitates deposition of fine sediments
on the channel bed. It may cause clogging of gravel interstices that pre-
vents spawning of lithophilic fish and reduces available habitat for
rheophilic benthic invertebrates (Wood and Armitage, 1997). However,
it may also increase heterogeneity of substrate types, providing suitable
conditions for eurytopic and limnophilic invertebrate taxa and thus in-
creasing the diversity of benthic invertebrate communities (e.g.
Wyżga et al., 2011).

River channelization and incision disconnect floodplain from the
channel, as it is visible in the control reach of the Dunajec, where the
floodplain is not submerged during small and medium floods. Discon-
nection decreases diversity of invertebrate (Skalski et al., 2016) and
plant communities (Cordes et al., 1997; Škarpich et al., 2016) in the ri-
parian and floodplain areas, with vegetation in these areas suffering
from reduced frequency of erosional and depositional disturbances
(Hupp and Bornette, 2003), reduced delivery of seeds by hydrochory
(Cordes et al., 1997) and reduced water availability in the ground
(Scott et al., 1999).
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Morphological, hydraulic and sedimentary changes recorded in the
backwater reach of the Dunajec reduce the floodplain disconnection
and may mitigate its negative impacts on riparian and floodplain com-
munities. Backwater-induced aggradation of the channel bed reduces
a relative elevation of the floodplain (Fig. 10). This, together with epi-
sodes of floodplain inundation by reservoir water, increases soil water
availability for floodplain vegetation, whichmay improve the condition
and growth rates offloodplain trees (cf. Allen et al., 2016). The increased
frequency and spatial extent of floodplain submergence resulting from
fluctuations of reservoir level may improve conditions for the delivery
and dispersal of seeds of herbal and tree species by floodwaters (cf.
Hayashi et al., 2012). Finally, a thick cover of overbank sediments
formed on the floodplain of the backwater reach providesmore suitable
conditions for plant growth (cf. Bätz et al., 2014) than a relatively thin
layer of such sediments overlying gravels on the floodplain along the
regulated, incised river channel.

Bed aggradation and considerable channel widening immediately
upstream from the beginning of the backwater reach enhance develop-
ment of highly elevated bars, the surface ofwhich is relatively rarely dis-
turbed by flood flows and may provide edaphic conditions for plant
growth (Francis et al., 2009; Bätz et al., 2014). Consequently, wooded
islands establish and develop on these bars (Fig. 2B) similarly as in pas-
sively restored mountain rivers (Mikuś et al., 2019).

6. Conclusions

This study has demonstrated direct and indirect changes in the hy-
drodynamics of the Dunajec River upstream from the Czorsztyn Reser-
voir that were induced by fluctuations of the reservoir backwater.
Direct changes of hydraulic parameters of flood flows were limited to
a relatively short river reach influenced by backwater inundation during
floods and comprised a significant increase in water depth and signifi-
cant decreases in flow velocity and bed shear stress in the channel and
on the floodplain. The modified values of water depth gradually in-
creased and those of flow velocity and bed shear stress decreased to-
wards the reservoir. Moreover, backwater inundation re-established
hydrological connectivity between the channel and floodplain during
small and medium floods, that was previously disrupted by channel in-
cision. Indirect changes in the river hydrodynamics reflected adjust-
ments in river morphology induced by backwater fluctuations since
the beginning of reservoir operation. They comprised significant
changes in only some of themodelled hydraulic parameters—mostly re-
duced velocity offloodflows in the channel zone—butwere observed on
a longer distance upstream from the reservoir than the backwater reach
itself. Such changes influence river hydrodynamics evenwhen backwa-
ter inundation does not occur; they must operate, for instance, in early
phases of the flood waves entering the reservoir with a large flood re-
serve and, hence, a relatively low water level.

Changes in river morphology, the sequence of causal factors of envi-
ronmental changes upstream from dam reservoirs on mountain rivers,
and the relative scale and spatial extent of propagation of these changes
differ from those occurringdownstream from such reservoirs. Upstream
fromdamreservoirs, environmental changes are driven bymodified hy-
drodynamics and they result in channel widening and bed aggradation.
These changes propagate upstream, but their impact is limited to a rel-
atively short river reach.

Changes in hydromorphological characteristics of mountain rivers
recorded upstream from dam reservoirs maymitigate negative impacts
that riverine and riparian ecosystems of these rivers experienced as a
result of channelization and channel incision. These changes include
considerably reduced flow velocity and bed shear stress during floods,
facilitating finding of flow refugia by riverine biota, better conditions
for seeds dispersal and growth of vegetation on the floodplain, and de-
velopment ofwooded islandswithin the active river zone. However, en-
hanced deposition of fine sediments on the channel bed may increase
the heterogeneity of habitat conditions for benthic invertebrates on
one hand and worsen spawning conditions for lithophilic fish on the
other hand.

About 14% of dam reservoirs in the world were constructed on
mountain rivers (ICOLD, 2019) andfindings from this studymay be use-
ful for their management.
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