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ABSTRACT

The dynamics of river sediment transport reflects morphogenetic processes taking place in the catchment, being
at the same time an anthropogenic indicator. The aim of the research is to determine the impact of hydrotechnical
structures on the continuity of suspended sediments transport. The research area is the Lower Vistula River with a
single dam — Wloclawek, operating since the 1970s. The research included direct measurements of water turbidity
in 2013-2016 in characteristic cross-sections of the Vistula River, using commonly used methods. The LISST-25X
laser grain composition measurement sensor was also used to collect data, enabling determination of grain size
of the suspended sediments. However, on the selected section of the river, modelling of momentary transport of
suspended sediments using GIS tools was carried out. There was a significant dynamics of sediments transport in
the longitudinal profile of the river, in relation to the diversity of hydrological and morphological conditions of the
Vistula River. The impact of Wloclawek Reservoir on water turbidity reduction was determined. The balance of
transport of suspended material was related to the processes of erosion and sediment accumulation below the dam.
The functioning of the Wloclawek Reservoir in the current system (as a single dam) has a significant impact on
sediment transport, which directly determines the course of fluvial processes across the entire Lower Vistula (from
km 675 to the estuary) and indirectly in the coastal zone of the Baltic Sea.
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INTRODUCTION

The challenge for sustainable water man-
agement is to provide water of good quality
for people, agriculture and industry. One of the
methods of water retention in the catchment area
is the construction of artificial reservoirs. There
are over 45000 large reservoirs worldwide (dam
height of at least 15 m), which serve flood con-
trol and water management [Nilsson et al., 2005].
However, their creation affects the functioning of
the entire river system. Interference can be de-
scribed as a balance of benefits (primarily from
the economical point of view) and losses — de-
termined in accordance with the provisions of
the Framework Water Directive [2000/60/EC] as
environmental pressures.

Rivers play a significant role in the global
hydrological cycle, providing about 20 billion

t-year! river’s sediments to the world’s ocean, re-
flecting climate changes occurring as a result of
human activity [Syvitski, Kettner, 2011]. The cre-
ation of an artificial reservoir results in a change
in the runoff of waters from the catchment area.
They contribute to changing the natural hydro-
logical regime of the river [Byczkowski, Zelazo,
1992] not only through the reservoir itself, but
also through human water management — dis-
charge regulations. This results in a change in
the frequency of flood occurrence and their sizes.
There is a decrease in maximum discharge dur-
ing floods and an increase in extremely low dis-
charges. It is estimated that about 40% of the river
runoff on a global scale is stopped by artificial
reservoirs [Vorosmarty et al., 2003].

Due to the fact that water is an energy carrier
for the intensity of river sediments transport, the
construction of dams also affects the continuity of
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its transport. Dams accumulate transported sedi-
ments, which results in a decrease in their operat-
ing capacity and storage [Kondolf et al., 2014].
In addition, in the case of large, individual dams,
the impact of their functioning can reach the es-
tuary. There are changes in the estuary areas of
rivers that are characterized by a smaller supply
of sediments [Vorosmarty et al., 2003], which
results in changes in the delta areas [Syvitski
et al., 2009; Habel, 2013].

The dynamics of sediment transport affects
the hydromorphological state of the rivers, which
is one of the partial assessments in determining
the ecological status, in accordance with the re-
quirements of the Water Framework Directive
[2000/60/EC]. At the same time, it affects the
transport of fine fractions of the dissolved sedi-
ments, including biogens, which below the dams
have a significant role in the biological produc-
tion process, determining the bioactivity of the
water environment.

METHODS

The main aim of the research is to determine
the impact of hydrotechnical structures on the con-
tinuity of suspended sediments transport, based
on the example of the Wloclawek Reservoir.

Due to the way of transport, river sediments
can be divided into three types: dissolved load,
suspended load and bed-material load [Knighton,
1998]. As part of the research, the focus was on
two components of the sediments transport: sus-
pended and wash-load. A suspended sediment is
one where the particles are transported without
contact with the bottom of the river, but some
of the transported material may fall off due to a
reduction in the discharge of water in the river.
In turn, wash-load sediments are particles mov-
ing in the mass of water that transports them.
They consist of the smallest mineral and organic
particles, kept in water by the component of the
water discharge velocity vector. In this case, the
transported material has occasional contact with
the bottom and the material raised once from
the bottom moves over considerable distances
[Van Rijn, 1984].

The area of research on the dynamics of sus-
pended sediments transport in the Lower Vistula
is between Wloclawek (km 675) and Grudziadz
(km 835). However, selected studies took place
on a wider section — from Warsaw (km 512) to the
Przegalina Lock (km 936).
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The research included direct measurements
of water turbidity in years 2013-2016 and analy-
sis of available data for measurement profiles in
the analyzed area. The sampling was carried out
using a bathymeter according to the methodol-
ogy used in the National Hydrometeorological
Service [Branski, 1990], which is adequate to the
commonly used methods [Wren et al., 2000]. The
sampling took place in a representative place of
the cross-sections of the river channel, in order to
determine the load of the suspended sediments by
filtration (in mg-1"). Tests were made at the Labo-
ratory of Water Quality Analyzes at the Kazimi-
erz Wielki University in Bydgoszcz. Measure-
ments of water turbidity were carried out using a
turbidimeter (in FNU — Formazin Nephelometric
Unit). Turbidimeters are easy to handle and most
popular devices for suspended sediments moni-
toring [Felix et al, 2016]. In addition, on the se-
lected cross-section (Torun), dispersed measure-
ments of water turbidity were carried out in order
to implement a momentary model of transport of
suspended material in the section of the Vistula
River. Modelling was carried out using the Geo-
graphic Information System tools — ArcMap v.
10.0. The study of grain size distribution of sus-
pended material in water was carried out in 2014
at selected cross-sections in the longitudinal pro-
file of the Vistula. For this purpose, the laser grain
composition measurement sensor LISST-25X
(Laser In Situ Scattering Transmissometer) was
used, manufactured by Sequoia Scientific Inc. It
is a device used to measure water turbidity in real
time [Agrawal, Pottsmith, 2000]. The volumetric
distribution of suspended load and particle grain
size of silt was determined.

Studies on the dynamics of fluvial transport
have been conducted so far on rivers and reser-
voirs, characterized by different catchment char-
acteristics with different impacts of anthropopres-
sure. The most important works on the impact of
reservoirs (including Wloclawek Reservoir) on
the dynamics of sediments transport can be in-
cluded: Van Rijn [1984], Kondolf [1997], Lajczak
[1999], Walling, Fang [2003], Vorosmarty et al.
[2003], Shotbolt et al. [2005], Babinski [2002,
2005], Gierszewski [2007], Hu et al. [2009], Mag-
nuszewski et al. [2010] oraz Habel et al. [2017].

STUDY AREA

The sediments transport in the section of
Lower Vistula River has undergone significant
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transformations as a result of the commissioned
of the Wloclawek Reservoir in 1970. The dam
is located in km 675 and the backwater reaches
the town of Wykowo — km 618. At the length
of about 57 km of the river’s, 408 million m? of
water is stored at the normal damming level, of
which only 55 million m® is the usable capac-
ity [Achrem, Gierszewski, 2007]. The surface
of the reservoir is 75 km?. It is the largest artifi-
cial reservoir in terms of surface area in Poland
[Rocznik..., 2016]. The Wloclawek Reservoir is
a typical valley reservoir in which the reolimnic
part (km 618-655) and limnic part (km 655-675)
can be isolated. This division affects the dynam-
ics of transport and sedimentation. The reservoir
is a multi-purpose facility performing functions:
energy, retention or shipping. The annual elec-
tricity production of the Wloclawek hydroelectric
power plant is 740 GWh. It was the only one to
be implemented from the cascading plans for the
lower part of the Vistula River, which affects the
course of fluvial processes throughout the entire
lower section of the Vistula (up to the estuary).
Currently, projects are being prepared for the con-
struction of another dam and reservoir — Siarze-
wo. Its location is planned at km 709.

According to E. Achrem and P. Gierszewski
[2007], Lower Vistula River concentrates about
65% of the basin’s water resources and about 30%
of Poland’s hydroelectric resources. The Wlo-
clawek Reservoir has a significant share in this.
Its regime is shaped mainly in the upper part of
the basin. The Vistula River catchment area has a
surface of 194 424 km?, of which about 75% cor-
respond to the lowland river. Mean annual flows
on the Vistula trend to increase down the river.
While in Skoczewo the river discharge amounts
to 6.23 m*s’!, in Zawichost they reach 450 m3-s!,
and 1090 m*s! in Tczew [Habel, 2013]. In addi-
tion, the regime is disrupted by intervention water
discharges (repair regime) and to enable inland
navigation (artificial flood wave) on the part of
river below the dam [Habel, 2013].

In terms of hydrography, the area of the Low-
er Vistula includes a fragment of the river from
the estuary of the Narew River to the Gdansk
Bay. However, for the article, a fragment of the
river from the Wloclawek Reservoir (km 675)
was assumed to be the lower section of the Vis-
tula River to the estuary to the Gdank Bay (km
941). The total area of so defined river basin is
39.5 thousand km? [Mapa..., 2007]. The Vistula
River, which is the subject of research, is the hy-
drographic axis of three physical-geographical

georegions, separated by J. Kondracki [2002].
These include: Torun-Eberswalde ice-marginal
Valley (315.3), Lower Vistula Valley (314.8) and
the Gdansk Coast (313.5). In terms of administra-
tion, it is part of voivodships (according to the
course of the river): Kuyavian-Pomeranian and
Pomeranian (Figure 1).

RESULTS AND DISCUSSION

In most river systems around the world actu-
ally show decreased sediment loads, because of
trapping by upstream dams [Walling, Fang, 2003].
This is not only an operational problem but also an
ecological one. It affects the intensification of wa-
ter eutrophication and possibilities of transport of
the pollutants. The balance of the river sediment
supply shows the spatial and temporal changes
taking place in the river system, which are also
reflected in the morphological transformations of
the river channel [Turowski et al., 2010].

The continuity of transport of the suspended
sediments of the Lower Vistula River was pre-
served until the beginning of the 20th century,
when it was decided to conduct regulatory works.
Another strong intervention of human was the
construction of the dam in Wloclawek, which
had a decisive influence on the dynamics of sus-
pended material. The main sources of supply of
suspended sediments from the Lower Vistula are:
channel sediments from the eroded bottom mate-
rial, material accumulated during the creation of
a new floodplain — today due to destroyed regu-
latory buildings — eroded and material supplied
with tributary waters. Also locally the growth of
water turbidity is affected by the intake of sand
and gravel from the bottom of the channel and
water transport.

The impact of the Wloclawek Reservoir on the
continuity of suspended sediments transport can
be considered in various spatial aspects (present-
ed in studies): from microscale — the influence of
local hydrological and morphometric conditions
of the channel on the transport of the suspended
material to macro scale — in the longitudinal pro-
file of the river (Middle — Lower Vistula).

WLOCLAWEK RESERVOIR

The average annual supply of clastic-load
by the Vistula River to the Wloclawek Reservoir
reached about 2.9 million ton, including 2.2 mil-
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Figure 1. Study area of the Lower Vistula River [Mapa..., 2007].

lion ton of bedload and about 0.7 million ton of
suspended sediments [Babinski, 2005]. The Wlo-
clawek Reservoir accumulate 100% of the bed-
load material. It is accumulated mainly in the up-
per part of the reservoir. If the discharge increases,
it is accumulated in further parts of it. Below the
bedload accumulation zone, accumulation of sus-
pended sediments occurs, which is estimated by
various researchers from about 42% [Babinski,
1992] to about 50% [Gierszewski, 2007]. Accord-
ing to the first author, the average reduction of the
suspended load in the period 1971-1995 for mea-
surement stations located above (Kepa Polska)
and below (Torun) of the Wloclawek Reservoir,
amounted from 664000 t-year!' to 346000 t-year'.

The research indicates a decrease in concen-
tration of the suspended sediments as the Vistula
River course (Table 1), which confirms the thesis
about the accumulation of sediments in the Wlo-
clawek Reservoir. Occurrence of extremely high
concentrations of the suspended load is charac-
teristic for the lower part of the reservoir. Due
to its limnic regime, it is characterized by a high
value of the coefficient of variation (Table 1) il-
lustrating the temporary supply of material from
the coastal zone of the reservoir [Gierszewski
et al.,, 2005]. However, high concentration may
be also related to the resuspension of sediments
accumulated in the front part of the reservoir at
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the moment of launching the intervention water
discharge. The results may also reflect the high
biological production of phytoplankton, which
may be recorded in the results of water turbidity
[Slaets et al., 2014].

DISTRIBUTION OF SUSPENDED
SEDIMENTS TRANSPORT IN
LONGITUDAL PROFILE

The turbidity of the Upper and Middle Vistula
waters, examined in detail by A. Lajczak [1999],
is determined by the morphogenetic conditions of
the catchment basin. The size and frequency of
floods, which are intensified by human activity,
were considered the decisive factor in the pro-
cess of denudation. This reflects the significantly
higher level of turbidity recorded during the re-
search over the Wloclawek Reservoir (Figure 2).
The values of water turbidity oscillated between
18 and 54 FNU on this section (average for the
part above the reservoir — 36.4 FNU). Then, in
the area of the dam, there is a noticeable decrease
in the value of turbidity, which indicates an in-
creased accumulation of suspended sediments.
Therefore, the dynamics of transport of suspend-
ed sediments on the part of Lower Vistula River
is strongly related to the process of the erosion
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Table 1. Characteristics of the suspended sediments concentration (SSC) in the Wloclawek Reservoir in the
years 1982—2002 according to the Voivodship Inspectorate of Environmental Protection — updated [Achrem,

Gierszewski 2007]
Measuring stations km Regime part Average SSC [mg-l] Coefficient of variation [%]
Wyszogrod 588 river 30.1 66.2
Plock 632 fluvial 26.5 51.1
Brwilno 642 reolimnic 29.9 84.0
Wiloclawek 674 limnic 22.5 188.2

zone formation below the Wloclawek Dam. This
phenomenon is related to the sediments deficien-
cy, which has been accumulated in the reservoir.
In literature, it functions under the name “hungry
water” [Kondolf, 1997]. The values of turbidity
and concentrations of total suspension reach the
lowest values in the entire tested Vistula River
longitudinal profile (Figure 2).

Below the dam, intense bed erosion is ob-
served, estimated at 0.7-1.1 million t-year!.
Propagation rate of the erosion zone moving
down the river is estimated at 1.1 km-year' un-
til the erosive zone reaches the section regulated
in the 19th century (718 km) [Babinski, 1992],
then at 2.2 km-year' [Habel et al., 2016]. This re-
sults in lifting bedload material (including gravel
and sand), causing erosion thresholds. Currently
(2016) the forehead of the erosion zone is locat-
ed at the height of Torun (km 720-740). Below
the erosion zone, an accumulation zone has been
formed, which is characterized by shallowing the
river channel on average by about 0.2 m-year.
It is characterized by an increased concentration
of suspended sediments in the Vistula River. The
transport of suspended (Figure 2) and bedload
sediments occurs again, however, it does not

reach its original level till the estuary to Baltic
Sea [Babinski, 1992].

According to long-term forecasts, if the cur-
rent rate of movement, set at 2.2 km-year!, is
maintained, the zone of indirect impact of the
Wloclawek Reservoir will reach the Baltic Sea
coastal zone around 2100 [Habel et al., 2016].
Artificial reservoirs contribute to reducing of the
supply of sediments to the world’s ocean, con-
tributing to the erosion of delta areas on a global
scale [Meade, Moody, 2010; Giosan et al., 2014].

The dynamics of suspended sediments trans-
port in the longitudinal profile of the Vistula
River was also determined in terms of the size of
the suspended grains. Research of the volumetric
distribution of suspended load concentration and
particle grain size of silt showed renewal capabil-
ity of river load below Wloclawek Reservoir. A
drop in the value of the indicators under research
is observed below the dam (Figure 3). It results
from the domination of the process of lifting of
the suspended material downstream. Then, the re-
newal of transport of suspended sediments is ob-
served. Grain size lager than 63 um at the stations:
Torun (73 um) and Bydgoszcz — Fordon (83 pum)
shows a growing trend (Figure 3). The values of
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Figure 2. Turbidity [in FNU] and suspended sediments concentration [in mg-1"'] in the longitudinal profile of
Vistula River
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the analyzed indicators noticeably increase at the
border of erosion and accumulation zones.

THE COURSE OF TURBIDITY IN
DIFFERENT HYDROLOGICAL
CONDITIONS

By means of curvilinear functions, a relation-
ship was found between the concentration of the
suspended sediments in the river channel and the
discharge [Webb, Walling, 1984; Ciupa, 2009].
This was confirmed by the studies on the vari-
ability of the suspended sediments concentration
in the Wloclawek Reservoir made by Achrem
and Gierszewski [2007] in the years 1982-2002
showing the correlation with the discharge, phy-
toplankton growth and locally — supply as a result
of coastal erosion. However, due to the fact that
the hydrological factor is dominant, the frequency
of high discharges (including floods) is decisive
when it comes to the dynamics of the suspended
sediments transport.

During the flood in 2014, research was car-
ried out on the concentration of total suspended
material in the Vistula River waters at two meas-
urements stations above (Plock) and below (To-
run) of the Wloclawek Reservoir (Figure 4). They

A [%]

9.04 ' DAM

60| o

show significant dynamics of the Vistula River
waters’ turbidity at the period of a flood. Higher
concentrations are recorded at the station above
the reservoir, which indicates the accumulation of
suspended sediments in the reservoir. There was
a hysteresis effect, occurring between the dis-
charge of water in the channel and the concentra-
tion of transported material related to the supply
and/or depletion of material for transportation in
the river channel [Kostrzewski et al., 1994]. The
maximum concentration of suspended material
precedes the maximum stage (discharge) of water
in the river channel. On this basis, it can be con-
cluded that the normal loop system corresponds
to the supply of indigenous material from the riv-
er channel and the Vistula floodplain.
Differentiation in water turbidity in the Vis-
tula River channel is also visible in the case of
water stage / discharge not counted as high. The
differences result mainly from the morphometric
diversity of the river channel (deeps / shallows),
supplying from sections actively undercut as a
result of bank erosion. A double measurement se-
ries (May and July 2015) were conducted in the
Vistula border section between the erosive and
accumulation zone (near Torun) in the case of dif-
ferent hydrological conditions. Modelling of the
spatial distribution of the water turbidity of the
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Figure 3. Suspended sediment distribution along the lower Vistula river below the Wloclawek Reservoir in
2014: A — volumetric concentration of suspended silt as average value measured in cross section; B — grain size
of silt, average value measured in cross section.
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Figure 5. Modelling of water turbidity in the Vistula River channel near Torun in the case of various hydrologi-
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Vistula River channel shows its strong internal
differentiation (Figure 5). At a discharge of 670
m?*-s (Figure 5A), the highest value of turbidity
occurs at the right bank — eroded. They amount
locally over 30.0 FNU. The lowest values of wa-
ter turbidity are characteristic for the areas of the
channel with a small depth (underwater sandbars),
where the value of turbidity is about 5 FNU. In
the case of a lower discharge in the Vistula (350
m?-s1), smaller values of turbidity are clearly vis-
ible in modelling (Figure 5B). They range from 5
to 10 FNU. However, the spatial distribution of
values is influenced by the same factors as in the
case of larger discharge.

CONCLUSIONS

Based on the research carried out on the dy-
namics of suspended sediments (to a lesser ex-
tent, bedload material) in the Lower Vistula River
region, the following conclusions can be made:

1. Wloclawek Reservoir captures a large part of
the suspended sediments (42—50%) and 100%
of the bedload sediments, significantly deter-
mining the dynamics of fluvial transport in the
longitudinal profile of the Vistula River.

2. This results in the creation of the zone of in-
tense material erosion below the dam (cur-
rently reaching up to km 720-740) which
then goes into the zone of increased sediments
accumulation.

3. The capturing of suspended sediments load
by the Wloclawek Reservoir (functioning in
the present system as a single dam) directly
determines the course of fluvial processes on
the section of the whole Lower Vistula River
(from km 675 to the estuary) and indirectly in
the coastal zone of the Baltic Sea.

4. The commission of new dam may contribute
to the stabilization of fluvial processes in the
section of the impact of the cascade of reser-
voirs — Wloclawek (existing) and Siarzewo
(planned).
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