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Abstract: Our research introduces the river regulation effects on three sections of the upper and
middle Odra River (south-western Poland), with differently channelized parts. In the upper and
lower reaches, the river was straightened, narrowed, and trained with groins, whereas in the middle
section, it was also impounded by numerous barrages. The discharge duration (DD) and water
stage duration (WSD) curves for water-gauge stations from these river sections were analyzed to
recognize changes in river flows and channel morphology since the mid-20th century. This analysis is
supplemented by an examination of repeated surveys of the gauge cross sections of the river, annual
precipitation totals in its catchment, and their relationship to the variation of the North Atlantic
Oscillation (NAO) index. Our findings provide new hydrological insights for the region. The three
river sections exhibited different patterns of the adjustment of the channel morphology to the river
channelization: upper section was typified by channel incision, middle section by channel stability,
and lower section by channel incision in its upper part and vertical stability of the channel bed in the
lower part. Barrages in the middle section stabilized water stages in a wide range of hydrological
conditions. Annual precipitation totals and river run-off did not change systematically over the study
period. The variation in precipitation totals was inversely related to annual values of the NAO index.
The study confirms the usefulness of DD/WSD curves to analyze changes in river run-off and the
vertical position of the channel bed.

Keywords: discharge duration curve; water stage duration curve; river channelization; channel
morphology; channel incision; NAO index

1. Introduction

River morphodynamics is a complex issue because rivers are characterized by a
continuous variation in physical conditions along their length, accompanied by complexity
and fluctuations of conditions in the catchment. Any direct or indirect human influence,
such as channel regulation or land use change, may potentially induce adjustment of the
river morphology. Although mostly predictable, river responses to a variety of overlapping
long-term affecting factors are usually delayed, making the explanation of changes in river
morphodynamics a challenging task [1-3].

In the Anthropocene, channel regulation seems to have had a decisive impact on the
functioning of rivers. To choose the most efficient method of future river management,
active fluvial processes and consequences of any engineering works need to be known
and understood in detail [4]. Water stage duration/discharge duration (WSD/DD) curves
are a useful tool for evaluating the hydrological characteristics of the river regime and
flow variability [5-7]. These curves show the link between streamflow and the respective
exceedance frequencies, but their use and reliability depend on the availability of measured
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data [8]. WSD/DD curves can also provide information about the catchment response
to rainfall events, ranging from low-volume events to events of flood magnitude, and
are particularly useful for low-flow regime characterization [9-12]. A WSD/DD curve
represents the relationship between the magnitude and frequency of daily, weekly, and
monthly (or any other time interval) streamflow for a particular river basin, providing an
estimate of the proportion of the time a given water stage or discharge was equaled or
exceeded in a given record period [5,13,14]. These curves are useful tools for appraising
the geological characteristics of drainage basins, with the lower end of a flow duration
curve giving valuable information about the effect of geology on groundwater run-off into
ariver [5]. The shapes of flow duration curves for low-water stages provide information
on the hydrological behavior of a river and the vertical movement of a channel bed [15].

Bed degradation and channel incision result from the loss of the geomorphic equilib-
rium of a river. In general, incision remodels the channel from a wide and shallow one to
a narrow and deep one. It is typical of Anthropocene landscapes [16]; such river channel
evolution was documented for numerous rivers worldwide, e.g., [17-22]. Channel incision
may be induced by numerous factors reducing sediment supply—such as in-channel gravel
mining [23-27], river impoundment by a dam [28-30], and catchment reforestation [31]—or
increasing river transport capacity as a result of channelization [4,32-36]. Such changes
induce an imbalance between a river’s transport capacity and the amount of material
available for fluvial transport [27,37]. The effects of channel incision are visible as under-
mined embankment structures, bridges, and pipelines, as well as exposed banks and water
intakes. Incision-caused lowering of a channel bed entails a decrease in water stages both
within the channel and on the floodplain [22] and may eventually cause disconnection
of the channel from its floodplain. Incision often leads to lateral channel instability in
formerly stable reaches [27,35,38,39] because of facilitated undermining of excessively high
banks [34,40] and increased channel slope [41,42]. A lowering of the channel bed of a
stem river decreases the base level of tributaries, increasing their slope and triggering
upstream-progressing erosion [27].

The evolution of a river channel is influenced by numerous direct and indirect factors
operating on local, catchment, regional, and/or global scales, the continuously changing
mosaic of which induces different hydrological and morphological responses. In our
study, we considered the North Atlantic Oscillation (NAO) because [43] demonstrated its
strong influence on the run-off volume of Polish rivers, with above-average annual run-off
occurring at a negative NAO phase and below-average run-off occurring at a positive
phase. This approach allows us to distinguish between global and local influences on the
channel geometry of the Odra River and the position of water stages in the channel.

In this study, we explore the implications of river engineering works for the hy-
drological and morphological discontinuity of the Odra River, also considering climatic
fluctuations as an additional factor affecting the river dynamics. The study has two main
aims: (i) to demonstrate river adjustments to engineering works and (ii) to identify periods
with differing amounts of river run-off driven by climate variability.

2. Materials and Methods
2.1. Study Area

The Odra is mostly a lowland river, with a nival-pluvial-groundwater hydrological
regime [44] and a catchment comprising ca. 33% of the area of Poland. As the Odra River
is 854 km long (with 742 km in Poland; Figure 1), its mean annual discharge changes
downstream from 41 m® s~! in the upper course to 535 m® s~ ! at the river mouth. The
channel slope decreases from 0.7% near the Czech-Polish border through 0.38% in the
middle course and 0.25% in the lower course to 0.04% at the mouth [45]. The catchment of
the upper and middle Odra River comprises four physiogeographic regions: the Carpathian
Mountains, the Sudety Mountains, the Sudety Piedmont, and the Silesian Lowland. In
its upper course, the Odra is a sand-gravel-bed river, while in the lower course, sand is
the dominating bed material. The left-bank tributaries of the Odra River flowing out from
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the Sudety Mountains are mountain rivers in their upper courses and submontane ones
in the lower courses, whereas the right-bank tributaries are lowland rivers [46,47]. The
highest floods with the largest spatial extent in the catchment are generated by advective
rainfall of moderate intensity, lasting at least 2-3 days, whereas convective rainfall of high
intensity and a duration of a few to several hours results in local flash floods [48]. Due to
channelization of the Odra River in Section 2 (Figure 1), here the river flows to change more
rapidly in response to rainfall events in the catchment. Over large parts of the catchment of
the upper and middle Odra River, the melting of the snow cover may be rapid. All these
factors facilitate the occurrence of relatively rapid, large floods in the upper and middle
river course, which can modify the relief of the valley floor. In the lower part of the Odra
River catchment, floods mostly occur in spring as a result of the simultaneous melting of
the snow cover over extensive lowland areas [47].

Odra catchment

O precipitation statiof

0

~—+~—barrages

-~ groin sections g
~X. water - gauge station
—> analysed cross-sections

Figure 1. Location of Poland (A), the study sections of the upper and middle Odra River in
south-western Poland, water-gauge sections and analyzed gauge cross sections in these river
sections (C) and location of analyzed precipitation stations within the catchment of the upper and
middle Odra River (B).

Prior to extensive human impacts on its channel, the Odra was a meandering river.
The first weirs impounding water for watermills were built in the 12th century [45]. Local
bank revetments preventing channel migration have been constructed since Medieval times.
A large-scale regulation of the Odra River channel began in 1746 [45]. Its early phase, which
lasted until the early 19th century, consisted of channel straightening through meander
cut-offs. In total, 34 artificial meander cut-offs were made between Kozle and the mouth of
the Nysa Klodzka River, resulting in the shortening of the river course by 14.7% [45]. The
adaptation of the Odra River channel for navigation purposes started with the signing of the
Bogumin Protocol in 1819. This initiated the second phase of intense channelization works
that aimed at river regulation with groins to attain the minimum depth of the waterway
of 1 m at low discharges [49]. However, the bed material flushed out from the narrowed
channel upstream caused shallowing of the channel downstream, and in the late 19th
century, it became evident that additional technical measures were necessary to obtain the
required depth of the waterway. In the 1890s-1900s, 26 barrages were built on the river
between Kozle and Wroctaw (Figure 1), with 12 of them constructed between Kozle and
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the mouth of the Nysa Ktodzka River and 14 downstream of this tributary [45]. In the
late 1950s, construction of a barrage at Brzeg Dolny, 25 km downstream from Wroclaw,
completed the channelization of the middle Odra River.

An increase in the size of barges used on the river caused in the 20th century a required
depth of the waterway to increase to 1.8 m. However, in many places, particularly in the
upper course of the Odra River, such depth is impossible to achieve because of water
shortage. The drainage basin of the Odra River is a water-poor area; the long-term mean
annual precipitation in the basin amounts to only 592 mm, being below the national average
of 618 mm [50].

Despite their limited effectiveness in creating a navigable waterway, various man-
made constructions developed within the channel and the floodplain of the Odra River
dramatically influenced the morphological river evolution. As a result of these river
modifications, up to 3.5 m of bed degradation has occurred to date, and this process was
most rapid in the 18th century [51]. In this study, we analyzed the adjustments of the
Odra River between the Czech—Polish border and the Nietkéw water-gauge cross section
(Figure 1) using records of daily water stage and discharge in the years 1901-2018 in
16 water-gauge stations. We divided the analyzed part of the river course into three study
sections differing with respect to a dominant type of river channelization:

a. In Section 1 between the Czech—Polish border and the barrage at Kozle (Figure 1),
the river course was shortened by meander cut-offs, although a meandering channel pattern
has remained in its uppermost, 7-km-long reach [52]. In the straightened part of the section,
the river was trained by groins. As a result of these interventions, the riverbed degraded
by up to 3.5 m and the channel width reduced by one-third to three-fourths of the original
value [51]. Currently, the average channel width in the section is 61 m and the river has an
average sinuosity of 1.25.

b. Section 2 extending between the barrages at Kozle and Brzeg Dolny is entirely
channelized, and except groins, 23 barrages accompanied by hydropower plants partition
the river course there (Figure 1). The average channel width is 80 m.

c. In Section 3 extending downstream from the barrage at Brzeg Dolny to the Nietkow
water-gauge station (Figure 1), the average channel width is 130 m. Although the riverbanks
are fixed and arrays of groins train the river along the entire section, it is termed “freely
flowing Odra” because of lacking river impoundment by barrages. Only at Malczyce, a
new barrage started to operate in 2018.

2.2. Methods

Data about daily water stages and discharges at 16 water-gauge stations on the upper
and middle Odra River and annual precipitation totals at 9 precipitation-monitoring stations
from the Odra River catchment (Figure 1) were retrieved from the Institute of Meteorology
and Water Management—National Research Institute (IMWM-NRI) acting as the National
Hydrological and Meteorological Service (NHMS) in Poland. Data about the North Atlantic
Oscillation (NAO) index were downloaded from the website of the U.S. National Oceanic
and Atmospheric Administration [53].

For each of the analyzed water-gauge stations, decadal WSD/DD curves were calcu-
lated based on daily data in the period 1901-2020. The collected data for a given station
were grouped to determine a frequency distribution [5]. For this, all observations were
divided into 10-year periods. Within each period, the observations were ordered from
the highest to the lowest, regardless of any particular observation being made within the
given decade. The data were then split into intervals of 10 cm (water stage) or 10 m® s~!
(discharge). The number of data in each water stage/discharge interval was termed a
“frequency index”: fy(h) for water stage and gy (h) for discharge, where y denotes a 10-year
interval and h is the height (10 cm or 10 m® s~1). A cumulative frequency of interval y in a
given year was calculated using the formula:

Fy(h) = ) fy(k) ©)

k>h
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where k is the summation index. The corresponding distribution was then calculated using
the formula:

Licen fy (k)
Dy(h) = —/———~ 2
In the same way, a frequency distribution was calculated:
fy(h)
h) = —2" _100% 3)
() La fy (k)

The frequency distribution tables were then presented as duration curves in diagrams.

The frequency index Fy(h) shows how often in the analyzed period water stages reach
or exceed the lowest stage in a particular interval. Calculated duration curves characterize
the percentage of time, during which water stages or discharges are likely to equal or
exceed some specified value of an interest in a river [5,15].

The WSD /DD curves created for succeeding decades enabled us to determine temporal
trends in the water stage and discharge in each station under analysis and to compare
them among the stations. The increase in the cumulative percentage of the water stage
or discharge for a given period indicates that the stages/discharges mostly fell below the
averages calculated for the whole record period, indicating the occurrence of a dry period.
If both WSD/DD curves follow the same trends, climatic factors may be involved. If a
change in the cumulative percentage of the water stage occurs when the discharge duration
curve does not change or changes in the opposite direction, a modification of channel
geometry can be indicated.

With a lack of data about river discharges in Section 2 of the Odra River, we used
annual precipitation totals at 9 precipitation-monitoring stations from the upper and middle
parts of its catchment and an average value of the annual precipitation at these stations
as substitute information about the variation in river run-off over the past few decades.
The occurrence of a systematic change in the annual precipitation totals at the stations and
of the catchment-average precipitation totals during the study period was subsequently
tested with linear regression models. To verify the influence of the NAO index on the
variation of precipitation in the upper and middle Odra River catchment, the significance
of possible relationships between the annual precipitation totals at the 9 stations and the
catchment-average annual precipitation totals on the one hand and the annual values of the
NAOQO index on the other hand was estimated with linear regression models. The regression
relationships analyzed in the study were considered statistically significant if the p-value
was <0.05.

Data from successive surveys of water-gauge cross-sections of the Odra River per-
formed during the past few decades were retrieved from the Institute of Meteorology
and Water Management—National Research Institute. They were subsequently used to
reconstruct changes in vertical and lateral positions of the river channel in the gauge
cross-sections over the past few decades.

3. Results
3.1. Changes in Water-Stage and Discharge Duration Curves

Three water-gauge stations are located in Section 1: Chatupki, Krzyzanowice, and
Raciborz-Miedonia (Figure 1). The DD curves for the stations indicate the occurrence of
relatively high run-off in the 1970s in the entire spectrum of conditions and in the 1960s
during wet and moderately wet conditions (0—40% of the duration). In contrast, the 1950s,
1980s, and 2010s were typified by relatively low run-off, particularly during wet and
moderately wet conditions (Figures 2B,D,F and S1). These differences in discharges were
generally mimicked by WSD curves, with the curves for the 1970s and 1960s positioned
higher than those for the 1980s and 2010s. However, a relatively high position of WSD
curves for the 1950s and 1940s indicates the occurrence of channel incision at the gauge
cross sections after the mid-20th century (Figures 2A,C,E and S1). The incision must
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have been particularly intense in the Chatupki gauge cross section, as indicated by the
largest difference between the oldest and the youngest WSD curves observed at this
station (Figures 2A and S1).
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Figure 2. Water-stage (A,C,E) and discharge (B,D,F) duration curves for water-gauge stations from
Section 1 of the Odra River. Note that the DD curves do not comprise the highest discharges
(maximum discharges recorded at the Chatupki, Krzyzanowice, and Racibérz-Miedonia stations
were 1820, 2620, and 2800 m3 s~1, respectively), and thus discharges in the right panels do not
correspond to water stages in the left panels. At the Chatupki station, the oldest DD curve is available
for the years 1951-1960 and at Krzyzanowice for the years 1956-1960.
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Six water-gauge stations are located in Section 2 of the Odra River: KoZle, Krapkowice,
Opole, Brzeg Most, Otawa Most, and Trestno (Figure 1). In this section, the operation of
barrages has been the most significant human disturbance to hydrological conditions. Due
to it, quite different discharges can be associated with the same water stage upstream of
a barrage, depending on the degree to which the barrage gates are opened, and thus no
discharges and DD curves were available for the gauging stations. The control exerted by
the barrages on water stages in this river section is reflected in a flattened shape of WSD
curves, with similar stages maintained over a wide range of moderately dry, moderate,
and moderately wet conditions, as illustrated by the WSD curves for the Krapkowice
and Trestno stations in the upstream and downstream parts of the section, respectively
(Figures 3 and S2). Only during wet conditions generating flood flows and dry conditions
causing droughts, water stages in the section could not be effectively controlled by the
barrages (Figures 3 and S2).
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Figure 3. Water—stage duration curves for the Krapkowice (A) and Trestno (B) water—gauge stations
from Section 2 of the Odra River.

Hydrological observations in Section 3 are conducted at seven gauging stations: Brzeg
Dolny, Malczyce, Scinawa, Glogéw, Nowa S¢l, Cigacice, and Nietkow (Figure 1). Similar
to Section 1, the river morphology in Section 3 has been heavily influenced by channel
regulation with groins, but here, morphological and hydrological conditions have also been
influenced by the river impoundment by numerous barrages in Section 2. Immediately
downstream of the series of shallow reservoirs of Section 2, their regulating impact on
river flows is clearly visible: at Malczyce, the parts of DD curves representing dry, moder-
ately dry, and moderate hydrological conditions during different decades are positioned
close to each other, and the curves become clearly differentiated only for moderately wet
and wet conditions (Figures 4B and S3). The exception to this situation is the DD curve
for the extremely wet 1970s, which indicates higher run-off over the entire time range
(Figures 4B and S3). Farther downstream of Section 3, DD curves for different decades
become differentiated over the entire range of hydrological conditions, as the regulating
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effect of the shallow reservoirs from Section 2 diminishes with water inflow from tributaries
and the curves are more influenced by differences in the amount and timing of run-off
from the catchment between particular decades. This is illustrated by the DD curves for
the Cigacice station from the downstream part of Section 3, which indicate relatively high
run-off during the 1970s, a moderate one between the 1980s and 2000s, and a relatively low
one during the 2010s (Figures 4D and S3).
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Figure 4. Water—stage (A,C) and discharge (B,D) duration curves for the Malczyce (A,B) and Cigacice
(C,D) water—gauge stations from Section 3 of the Odra River. Note that the DD curves do not comprise
the highest discharges (maximum discharges recorded at the Malczyce and Cigacice stations were
3020 and 2970 m3 s~ 1, respectively), and thus discharges in the right panels do not correspond to
water stages in the left panels.

A remarkable decrease in WSD curves over the past few decades was observed at the
gauging stations from the upper part of Section 3. It was most pronounced at Malczyce,
where the WSD curve for the 2010s is positioned 2.2-2.5 m lower than that for the 1970s
(Figures 4A and S3). Although a small proportion of the decrease in water stages reflects
lower river discharges after the exceptionally wet 1970s, most of it should be attributed
to channel incision progressing below the regulated river section downstream from the
last barrage. Farther downstream from Section 2, a decrease in WSD curves recorded over
the past few decades progressively diminishes; at Cigacice, it attains a value of ~0.8 m
(Figures 4C and S3), a value that can be mostly, if not completely, explained by the concomi-
tant decrease in DD curves (Figures 4D and S3).

3.2. Precipitation Variability as a Driver of Hydrological Changes

Changes in the run-off from the Odra River catchment revealed by DD curves for
successive decades must have been driven by changes in precipitation, and thus, we ana-
lyzed the variation in annual precipitation totals recorded at nine precipitation-monitoring
stations from the upper and middle parts of the catchment and in the average for these
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stations, further called catchment-average precipitation (Figure 5A). The analysis indicated
the occurrence of a relatively wet period between 1974 and 1981, explaining the high run-off
during the 1970s, and relatively dry periods between 1982 and 1992 and between 2011 and
2020, which were responsible for the low run-off during the 1980s and 2010s, respectively.
During the wet period, 3 of the 5 years with the highest annual precipitation totals in the
study period occurred (Figure 5) and a large flood—considered to be the largest flood in
the region since 1903—took place in August 1977 [54]. In turn, each of the two dry periods
included 2 of the 5 years with the lowest annual precipitation totals in the study period
(Figure 5). The remaining parts of the study period either were typified by moderate values
of annual precipitation, as in the years 1993-2002, or included the years with the lowest and
highest annual precipitation totals, such as the period of 2003-2010 (Figure 5)—and both
these situations explain the moderate river run-off recorded during the 1990s and 2000s.
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R . i |LA
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N ! .
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1: ——— 2
¥ —== 3
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Figure 5. (A) Annual precipitation totals at 9 precipitation-gauging stations from the upper and
middle Odra River catchment and average annual precipitation for these stations. (B) Annual average
of the NAO index. Dashed lines indicate 5 years with the highest average precipitation at the nine
stations and dotted lines 5 years with the lowest average precipitation. Precipitation-gauging stations:
1-Racibérz; 2-Opole; 3-Klodzko; 4-Jelenia Gora; 5-Wroctaw; 6-Leszno; 7-Legnica; 8-Zielona Goéra;
9-Stubice; 10-average value of annual precipitation at the nine stations.

Notably, no significant trend of changes in annual precipitation totals over the past
55 years was found for the catchment-average precipitation (p = 0.26) and seven of the
nine analyzed stations (p-value between 0.06 and 0.94; Table 1). Weak decreasing trends
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in annual precipitation totals typified only two stations from the lowland parts of the
catchment: the Racibérz station (R? = 0.07, p = 0.04) located in Section 1 of the Odra River,
close to the marginal zone of the Silesian Upland, and the Opole station (R? = 0.12, p = 0.01)
in the upper part of Section 2 (Table 1).

Table 1. Results from linear regression analysis for the relationships between annual precipitation
totals recorded at 9 stations from the upper and middle parts of the Odra River catchment as well as
catchment-average annual precipitation, and calendar years. p-values < 0.05 are indicated in bold.

Station Slope of Regression (B)  Goodness of Fit (R?) Significance
(p Value)
Racibérz —2.277 0.07 0.04
Opole —2.551 0.12 0.01
Ktodzko —0.136 0.0004 0.88
Jelenia Gora 0.239 0.001 0.83
Wroctaw —1.645 0.06 0.06
Leszno —0.061 0.0001 0.94
Legnica —0.680 0.01 0.42
Zielona Goéra 0.098 0.0002 0.92
Stubice 0.082 0.0001 0.94
Catchment —0.767 0.02 0.26
average

Annual precipitation totals in the Odra River catchment were inversely related to
annual values of the NAO index. The strongest, highly significant relationship was found
for catchment-average precipitation totals (R? = 0.37, p = 0.000001; Figure 6). The relation-
ship indicated that on average, years with positive annual values of the NAO index were
typified by catchment-average annual precipitation below 596 mm and those with negative
annual values of the index by precipitation above that value (Figure 6).

800
Y = 596 - 123.7 *X
750- R®=0.37; p=0.000001

700+
650
600
550+
500+

450+

Catchment-average annual precipitation (mm)

400 T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Index NAO

Figure 6. Scatter plot and estimated linear regression relationship between the average for annual
precipitation totals at 9 stations from the upper and middle parts of the Odra River catchment and
annual values of the NAO index during the years 1966-2020.
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The relationships for all analyzed stations were also statistically significant, with the
explained variation of annual precipitation totals at individual stations ranging from 13%
to 37% (Table 2). Generally, precipitation totals at the stations located in mountain areas
were more dependent on the variation in the NAO index (31% and 34% of the explained
variance for the Kltodzko and Jelenia Gora stations, respectively) than those recorded at the
stations from lowland areas (between 13% and 23% of the explained variance). However,
the exception to this pattern was the lowland-located Racib6rz station, where 37% of
the variation in annual precipitation totals was explained by the variation in the NAO
index (Table 2).

Table 2. Results from linear regression analysis for relationships between annual precipitation totals
recorded at 9 stations from the upper and middle parts of the Odra River catchment as well as
catchment-average annual precipitation, and annual values of the NAO index. p-values < 0.05 are
indicated in bold.

Station Slope of Regression Goodness of Fit Significance
(B) (R?) (p Value)
Racibérz —205.6 0.37 0.000001
Opole —145.1 0.23 0.0002
Ktodzko —151.4 0.31 0.00001
Jelenia Gora —194.5 0.34 0.000003
Wroctaw —106.1 0.16 0.003
Leszno —106.8 0.19 0.0009
Legnica —-119.5 0.23 0.0002
Zielona Goéra —-107.2 0.15 0.004
Stubice —109.4 0.13 0.007
Catchment average —123.7 0.37 0.000001

Large floods on the upper and middle Odra River are caused by a few day-long
advective rainfalls related to cyclonic air circulation from the north, when the movement
of the humid and cold air mass to the south results in the uplift of the humid and warm
air mass and orogenic precipitation over the Sudety and Beskidy Mountains [48,55]. Some
of these synoptic situations and the resultant floods—such as the flood of July 1997, the
largest one in the 20th century—occurred in the years without a prominent negative value
of the NAO index and were not associated with high annual precipitation totals in the
entire catchment (Figure 5). Other large floods, such as those of 1977 and 2010, occurred in
the years with a clear negative phase of the NAO, during which high annual precipitation
totals were recorded in the entire catchment (Figure 5).

3.3. Channel Changes

Shifts in WSD curves may reflect not only changes in the duration of river discharges
over time but also changes in channel geometry, and thus, we analyzed changes in water-
gauge cross sections from the studied sections of the Odra River. At Chatupki, the river
incised by ~1.5 m between 1988 and 1999 and subsequently maintained its vertical position
(Figure 7A). In the two other gauge cross sections from Section 1 of the river—Krzyzanowice
and Raciborz-Miedonia—a vertical position of the riverbed has not changed markedly
since the 1970s-1980s, but at Krzyzanowice, channel widening has altered a V-shaped
channel to a U-shaped one, whereas at Raciborz-Miedonia, no change in channel shape has
been observed.

In the channelized Section 2 of the Odra River, relatively closely spaced barrages
(8.3 km on average) hamper considerable changes in the vertical position of the riverbed,
whereas bank reinforcements and groins maintain lateral stability of the channel. As a result,
no marked channel changes were recorded in this section over the past few decades. This
can be illustrated with the gauge cross section at Brzeg Most, where the channel position in
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2018 was nearly the same as in 1949, even though small bed aggradation occurred there in
the years 1949-1969, followed by small bed degradation in the years 2011-2018 (Figure 7B).
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Figure 7. Examples of changes in the gauge cross sections of the Odra River from the studied river
sections (A—F) based on surveys in the years 1946-2018.

In Section 3, channel adjustments recorded over the past few decades varied consider-
ably along the river course. In the gauge cross section at Brzeg Dolny located immediately
downstream from the end of Section 2, the river has incised by ~2 m since 1946 and the
incision has been accompanied by channel widening (Figure 7C). Farther downstream, the
river remained laterally stable, whereas its channel incised by a similar amount of ~2 m
at Malczyce (Figure 7D) and by slightly more than 1 m at Scinawa. However, no marked
channel incision was observed in the lower part of the section. At the Nowa S0l gauge cross
section, the vertical stability of the river was accompanied by its lateral stability (Figure 7E),
whereas at Cigacice, erosion of the right bank resulted in channel migration within the
inter-embankment zone (Figure 7F).
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4. Discussion

It is worth noting that in Sections 1 and 2, an important role in shaping the values of
flows and water levels on the Odra River is played by water stages and water distribution
systems located on the Odra River itself, as well as retention and flood control reservoirs
located in the catchments of the river. It is particularly important to use the hydrotechnical
infrastructure on the Odra River to provide hydrological conditions for maintaining inland
navigation. The Odra River has the status of a navigable river in the section from Kozle
to Malczyce (Section 2 and part of Section 3), and many cities have a system of artificial
navigation channels and bypasses separating the water in the Odra River into a main
channel and navigation channels—the latter most often associated with the location of
industrial and energy plants. The largest water distribution system in the Odra River
is located in Wroctaw, which combines the functions of inland navigation (industrial
and tourist) and flood protection and is called the Wroctaw Waterway Junction. The
intensive use of the river for transportation purposes in Upper Silesia, where the country’s
key coal mining is located, has a long history, and although water transportation in the
region is not currently the primary source of supply for the energy industry, the long-term
damming of the Odra River and the removal of sediment by dredging the river have left
visible consequences. Moreover, maintaining a constant level of the water damming in the
shipping canals in Wroctaw, as well as the artificial generation of a wave enabling the entry
of vessels from the lower course of the river to Wroctaw through the Brzeg Dolny barrage,
requires targeted water management and maintenance of the watercourse both on the Odra
River and on water reservoirs on the following rivers: Nysa Klodzka, Mata Panew, and
Bystrzyca. Hydrotechnical activities and periodic maintenance works (such as removal of
vegetation from floodplains) and modernization works in the Odra River canals may be
one of the reasons for disturbing the flow of river sediments and the natural morphological
processes of the river.

This study used discharge duration (DD) and water-stage duration (WCD) curves to
identify patterns of changes in river flows and water levels in the upper and middle Odra
River since the mid-20th century and subsequently tried to explain the observed patterns
through the analysis of precipitation variability and channel changes. The DD curves
indicated temporal variation in decade-average water run-off from the river catchment,
whereas the WSD curves revealed differences in the response of water stages to the variation
in river flows and to changes in the morphology of gauge cross sections between the three
river sections analyzed and among gauging stations within these sections.

In the upper Section 1, relatively high run-off was recorded in the 1970s and relatively
low run-off during the 1950s, 1980s, and 2010s. Moreover, the 1960s were typified by
relatively high flood discharges, whereas low and medium flows were close to the long-
term average. In the middle Section 2, the operation of barrages distorts stage-discharge
curves and thus no data about the duration of river discharges were available for this
section. However, the regulation of low-to-medium flows by numerous barrages occurring
in this section was apparent in the first gauging station from the lower Section 3, whereas
farther downstream of that section, the regulating effect of the barrages diminished as a
result of the inflow from tributaries, so that differences in the amount of run-off between
particular decades were again pronounced.

In some studies, channel incision was recognized on the basis of a lowering of the
minimum annual water stages at gauging stations [22,27,40]. In the range of low-to-medium
discharges, duration curves for the gauging stations from Section 1 of the Odra River do
not indicate marked changes between successive decades. In contrast, the WSD curves
gradually lowered over the study period, and the lowering was particularly pronounced
at the Chatupki gauging station (Figures 2 and S1). Repeated surveys of the gauge cross
sections confirmed rapid channel incision at Chatupki, where the riverbed degraded by up
to 2 m between 1988 and 1999 (Figure 7A), whereas in the two downstream-located stations
Krzyzanowice and Raciborz-Miedonia, channel incision during the past few decades was
less intense but noticeable. These observations indicated that apart from the analysis of a
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multi-year course of minimum annual water stages, the analysis of DD and WSD curves
may reveal changes in the vertical position of a channel bed (cf. [56]). In particular, the
lowering of WSD curves associated with a lack of changes in the duration of river discharges
over the analyzed period indicates channel incision [30]. Observations from Section 1 of
the Odra River also revealed that rapid vertical adjustments of the river channel in this
section were characteristic not only of the early phase of the river channelization in the
18th century, as indicated by [51], but could also be activated by renewed channelization
works in recent decades.

The discontinuity of fluvial processes created by impoundments influences abiotic
and biotic processes in the river [57]. River partitioning by transversal hydraulic structures
stabilizes water levels and reduces flow velocity upstream from these structures, hence
disturbing or interrupting sediment transport in the river [58]. In Section 2 of the Odra
River, the WSD curves reflected the influence of barrages on flow conditions. This is
illustrated by the curves for the Krapkowice and Trestno stations, with water stages being
stable in a wide range of hydrological conditions (Figures 3 and S2). Moreover, because
the barrages formed local base levels, they stabilized the vertical position of the channel
bed (Figure 7B).

In Section 3, patterns of hydrological and morphological changes varied along the
river. In this section, the river conveys substantially larger discharges than in Section 1,
and thus, differences in DD curves between the given decades were pronounced not only
for flood discharges but also for low and medium ones (Figures 4B,D and S3). However,
while differences in DD curves increased down the section with increasing catchment
area and river run-off, differences between WSD curves from different decades were
considerably larger in the upper part of the section (Figures 4A and S3) than in its lower part
(Figures 4C and S3). In the lower part of the section, the variation in WSD curves reflected
differences in the amount of run-off between particular decades, whereas in its upper part,
a progressive lowering of the curves caused by channel incision was superimposed on their
hydrologically driven variation.

A single barrage and the associated shallow reservoir have little impact on long-term
sediment flux in a river [59] because during floods, the barrage gates are opened and
sediment can be almost freely transported through the structure. However, the series
of 23 barrages from Section 2 of the Odra River must have almost completely arrested
the delivery of bed material to the beginning of Section 3, and the resultant sediment
starvation of the river has induced erosional adjustments of its channel in the upper part
of the section (cf. [60]). At the Brzeg Dolny gauge cross section, immediately downstream
from Section 2, about 2 m of channel incision has occurred since the mid-20th century
and the lack or destruction of bank reinforcements has enabled bank erosion and channel
widening (Figure 7C). However, farther down Section 3, regulation of the channel with
groins protected the river banks from erosion, stabilizing the width and lateral position of
the channel (Figure 7D,E) and preventing the delivery of bed material caliber sediments
from retreating banks to the channel. Under such conditions, rivers tend to re-establish
the equilibrium between their transport capacity and sediment load by mobilizing their
bed material and degrading the bed, e.g., [36,60], which explains why a similar amount
of channel incision as at Brzeg Dolny was also recorded at Malczyce, 20 km downstream
from the beginning of Section 3. According to our knowledge, after careful study of maps
downstream of Wroctaw, the Odra River receives no major tributaries upstream of the
water gauges at Malczyce and Scinawa. Thus, it can be assumed that the trapping of
sediment in Sector 2 and the lack of supplementation of new material are causing incision
of the Odra River channel over a longer distance. The river bottom stabilizes only in
Cigacice. Upstream of this water gauge, the Odra River receives two larger tributaries, the
lowland Barycz River (catchment area of 5526 km?) and the mountainous Kaczawa River
(catchment area of 2500 km?), which can provide tributary material for transport and stop
the incision. The intensive agriculture of the Barycz River catchment may be responsible for
the intensive delivery of material into its bed [61] and then into the bed of the Odra River.
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Unfortunately, in Poland, since the 1980s, there has been no continuous monitoring of the
volume of sediment load in rivers, hence the uncertainty of inference. It is only possible to
indicate potential sources of sediment supply without indicating specific data.

The delivery of bed material eroded in the uppermost part of the section and in
tributaries may have helped to re-establish the dynamic equilibrium farther downstream,
and consequently, channel incision decreased in the downstream direction, playing no
role in the lower part of the Section 3. In this part of the section, different evolutionary
tendencies of the river were observed between its prevailing stretches with untouched
channelization structures and maintained lateral and vertical channel stability (Figure 7E)
and stretch where the destruction of channelization structures by the river enabled rapid
migration of its channel (Figure 7F).

DD curves for consecutive decades did not indicate a systematic change in the amount
of run-off from the upper and middle Odra River catchment, as the highest run-off was
recorded in the 1970s, while lower run-off typified both earlier and later decades. The
ongoing climate changes tend to decrease precipitation totals in southern Europe and
increase them in northern Europe [62]. However, the catchment of the upper and middle
Odra River is situated between these parts of Europe, with the opposite trends of changes
in precipitation totals, and thus, it likely has not been subject to any significant change
in precipitation totals in the long term. This supposition was confirmed by the lack of a
significant trend of changes in annual precipitation totals found for catchment-average
precipitation and for most of the analyzed precipitation-monitoring stations from the
catchment, with only two stations from its lowland part having been typified by a weak
decreasing trend of precipitation totals.

Despite the general lack of a systematic change in annual precipitation totals over the
study period, they varied markedly during the period, with a greater scale of the variation
typifying stations from the mountain parts of the Odra River catchment than those from its
lowland parts (Figure 5A). Catchment-average annual precipitation totals and precipitation
totals at all analyzed stations were inversely related to the annual values of the NAO index,
indicating that the catchment of the upper and middle Odra River receives high amounts
of precipitation in the years with negative values of the index and low precipitation totals
in the years with positive index values. The analysis presented in this study focused on
precipitation totals, but mean annual discharges and annual precipitation totals must vary
in the same direction, with higher river run-off typifying the years with high precipitation
totals and lower run-off occurring in the years with lower precipitation totals. Our findings
thus confirm the results of [43] that rivers from the upper and middle Odra River catchment
convey above-average run-off in the years with a negative NAO phase and below-average
run-off in the years with a positive NAO phase. They also agree with the finding of [62,63]
that the mean annual discharges of rivers in the Polish Carpathians, about 100-250 km to
the east from the upper Odra River catchment, are inversely correlated with annual values
of the NAO index.

During positive phases of the North Atlantic Oscillation—when differences in air
pressure between a low-pressure area near Iceland and a high-pressure area near Azores Is-
lands are stronger than average—southern Europe experiences decreased storminess, while
northern Europe is typified by increased storminess. The opposite pattern of storminess in
Europe typifies negative NAO phases, with weaker-than-average differences in air pressure
over the North Atlantic [63-65]. Notably, precipitation totals recorded at the stations from
the mountain parts of the Odra River catchment exhibited a stronger dependence on the
NAO index than those at the stations from its lowland parts. High amounts of precipitation
in southern Poland fall when cyclones move from the Mediterranean region to central
Europe, inducing northern atmospheric circulation and orogenic precipitation in the Sudety
or the Carpathian Mountains [65-67]. As such, cyclones originate in southern Europe, and
their formation is promoted by the regional pattern of air pressure conditions typical of
negative NAO phases. Precipitation induced by these cyclones can greatly increase annual
precipitation totals in southern Poland, particularly in the mountains.
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Previous research has indicated that the territorial influence of the NAO pattern on
river hydrology is wider if river headwaters are influenced by the NAO [67,68]. It is so
because river flows generated in headwater parts of catchments are transferred downstream,
indirectly affecting hydrological conditions in the downstream section. We found that in
the upper and middle Odra River catchment, catchment-average precipitation totals were
similarly strongly related to the NAO index as precipitation totals in the mountain parts
of the catchment, despite a lower strength of the relationship typifying stations from its
lowland parts (Table 2). In contrast to river flows, precipitation is not transferred from
one part of a catchment to another, and thus, the explanation of the mentioned pattern
must be different—because precipitation totals in the mountain parts of the Odra River
catchment are substantially higher than in its lowland parts (Figure 5A), and they have
a greater influence on the variation in catchment-average precipitation totals and their
relationship with the NAO index than precipitation totals from the lowland parts.

Studies [69-71] have indicated that the current NHMS monitoring in Poland for the
upper and middle Odra River basin may underestimate the snow cover by up to 30%.
Certainly, NHMS monitoring in terms of water content in the snow cover and the transport
of river sediments from mountain catchments to the Odra River should be supplemented
in the future to enable a full picture of the impact of tributary catchments in shaping the
morphology of the Odra riverbed. The role of floods caused by melting snow seems to
be diminishing. The alarming increase in air temperature in the past 20 years has caused
the snow cover in the Sudetes and, in particular, in the Karkonosze Mountains, where the
mountain tributaries of the Odra River have their sources, to be shorter, and its thickness
has tended to decrease, as indicated by [69-71]. In addition, observations of the lowland
Odra River tributaries, e.g., Barycz River, suggest that the snowmelt in autumn and spring
will almost vanish by the end of the 21st century [61].

5. Conclusions

The analysis of water-stage duration and discharge duration curves for water-gauge
stations on the upper and middle Odra River indicated distinct evolutionary tendencies
of channel morphology that typified three studied sections of the river over the past
few decades. In the upper Section 1, channel incision was inferred from a progressive
decrease in WSD curves associated with a lack of a systematic change in DD curves over
successive decades, and such a channel change, most pronounced at the Chatupki station,
was confirmed by the analysis of repeated surveys of the gauge cross sections from this
river section. In the middle Section 2, WSD curves had a flattened shape, with similar
stages maintained over a wide range of hydrological conditions as a result of the operation
of barrages. In this section, barrages and bank reinforcements stabilized the vertical and
lateral positions of the river channel. Finally, the analysis of WSD curves and repeated
surveys of gauge cross sections indicated diverse evolutionary tendencies of the channel
morphology in Section 3, with rapid channel incision in its upper part and vertical stability
of the riverbed in the lower part.

DD curves for successive decades and annual precipitation totals in the upper and
middle Odra River catchment did not indicate a systematic change in the amount of run-off
over the study period, but the temporal variation of annual precipitation totals explained
differences in the DD curves between individual decades. Annual precipitation totals in
each analyzed station from the Odra River catchment and catchment-average precipitation
totals were inversely related to annual values of the NAO index, but the influence of the
North Atlantic Oscillation on precipitation totals was more pronounced in the mountain
parts of the catchment.

The study confirmed the usefulness of DD and WSD curves in recognizing changes
in river run-off and the vertical position of the channel bed. While changes in the DD
curves for the gauging station on the Odra River reflected climatically driven variability in
precipitation totals, the nature of changes in the WSD curves was more complex, largely
reflecting distinct human impacts on the river morphology in the three river sections
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analyzed. WSD and DD curves provide information about the vertical changes of the
riverbed only in the profile, similarly to the survey of the cross section of the riverbed at the
gauging station, while between the two stations, it is only an assumption. Only additional
surveys of the riverbed and continuous monitoring can provide information about how the
riverbed is changing. It is also important to remember that the data for the WSD and DD
calculations must come from a gauging station operating at the same location; once it is
moved, there is no possibility to compare new data with previous years.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w15020370/s1.
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