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Fluctuations in suspended sediment concentration (SSC) has been investigated in the Warta River (western Poland), based
on data obtained for the period 1961-1980 from three gauge stations located in upstream, middle-stream and downstream
areas. Over the two decades, the SSC values demonstrated wide fluctuations and an overall increase at each gauge station.
No significant correlation was generally observed between SSC and discharge but high SSC was found to follow low dis-
charge and increasing temperature during the summer seasons in some years. Measurements of SSC and discharge were
used to estimate total annual suspended sedimentload (SSL). SSL values were found to increase downstream along with an
increase in discharge. SSC decreases along the river course. However, when it comes to changes over time, SSL variability
was mainly determined by SSC changes. The maximum SSC values were primarily caused by anthropogenic factors: the
disposal of mine wastewater upstream, river training works, increased urbanisation and the intensification of sewage dis-
posal. Where the river catchment has been greatly affected by anthropogenic factors, a denudation index calculated solely
based on SSC and discharge does not appear to reflect the actual denudation rate, and must be treated with caution.

Key words: suspended sediment concentration, suspended load, long-term record, anthropogenic impact, lowland river,

Warta River.

INTRODUCTION

Suspended sediment is an inherent element of all river sys-
tems, constituting the main load transported by the rivers (VVall-
ing and Fang, 2003). Its quantity and quality depends on a
range of interrelated meteorological (precipitation, air tempera-
ture, wind), hydrological (flow rate, water temperature, ice-re-
lated phenomena, tributaries) and geomorphological and geo-
logical factors (geology of the river catchment, morphology,
stream gradient). A particularly important role is played by hu-
man activity, more specifically, the type of land use (forestry,
agricultural, industrial, residential) and the modifications to the
catchment landscape (hydrotechnical constructions, reser-
voirs, mines, the transport network construction and road-sur-
face erosion). Research has found that an increase in the
amount of transported suspended particles is generally influ-
enced by factors leading to soil erosion in the catchment area,
such as climate and the type of land cover (e.g., Walling and
Webb, 1996; Sinha et al., 2020; Szalinska et al., 2020). A close
look at this question shows that despite decades of research,
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the precise factors influencing how sediment flux varies in
rivers, and which interconnections are significant, remain un-
clear (Vercruysse et al., 2017; Peng et al., 2020).

Studies of suspended sediment transport in rivers are com-
plicated because (Vercruysse et al., 2017; Skolasinska and
Nowak, 2018; Peng et al., 2020):

— the complexity of the natural factors determining the amount
of suspended sediment in rivers, as well as their interactions
with anthropogenic factors;

— the relatively low frequency of SSC sampling, because the
samples are usually manually collected for further labora-
tory analyses;

— the assessment of total SSC is based on measurements of
both mineral and organic particles of different origins, which
often fluctuate independently during different periods of the
hydrological year.

A wide-ranging hydrological monitoring programme of Pol-
ish rivers was conducted during 1951-1990 by the State Mete-
orological and Hydrological Service (currently the Institute of
Meteorology and Water Management — National Research In-
stitute, IMGW-PIB). Its findings regarding long-term suspended
sediment transport in the Vistula River, the longest river in Po-
land, have been published (t.ajczak, 1999, 2003). An attempt
was also made to assess the intensity of denudation processes
across Poland using SSC measurements (Branski and
Banasik, 1996). A further study by Skolasinska and Nowak
(2018) of SSC levels in the Warta River at the upstream gauge
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station in Sieradz during 1961—-1980 found maximum SSC lev-
els to be associated with anthropogenic factors, such as the
disposal of the wastewater from a lignite open-pit mine and nu-
merous river training works. More importantly, SSC was not
found to be directly proportional to discharge levels. Among the
natural factors, seasonal changes in water temperature may in-
directly cause substantial changes in suspended sediment con-
centration. In winter, when the river is frozen, the rapid increase
in SSC is probably the result of strong erosion of the riverbed
and transport of an exceptionally large amount of suspended
material. The SSC can also increase rapidly when the ice cover
breaks, and subsequent movement of ice floes lead to erosion
of the river banks. During the summer, when the water temper-
ature is ~20°C, increases in SSC may be associated with
blooms of algae in the water. Spatial and temporal trends of
suspended sediment transport remain open for examination: it
is widely recognized that no single factor dominates SSC in
rivers, but rather there are many interrelated factors which re-
quire further study (see Siakeua et al., 2004; Walling, 2008;
Kijowska-Strugata, 2015; Vercuysse et al., 2017). The uncer-
tainty associated with SSC assessment can only be reduced by
large-scale evaluation of data sets obtained from long-term ob-
servations (Walling and Webb, 1981; Parker, 1988; Olive and
Rieger, 1992; Nelson and Booth, 2002).

The main focus of this study is a detailed analysis of SSC
measurements taken continuously over the course of two de-
cades, from 1961 to 1980, in the Warta River catchment; the
data was acquired from three gauge stations located in upper-
(Sieradz), middle- (Poznan) and downstream (Gorzéw Wielko-
polski) sections. As no detailed studies of SSC have been
made in Polish rivers since 1990, only sporadic data are avail-
able from this period. The present study analyses the existing
data to identify changes in SSC during this period with the aim
of identifying:

— potential long-term trends at all stations;

— major factors controlling the maximum SSC values;

— how the suspended sediment load changes over the course
of the river.

Since no correlation between SSC and discharge was iden-
tified in previous studies (Skolasinska and Nowak, 2018), this
issue is addressed in the present study.

STUDY AREA

The Warta River is the third-longest river in Poland
(808 km), and is also a right-bank tributary of the Oder River, it-
self the second-longest river in the country (Fig. 1). The Warta
drains an area of 54,500 km?, accounting for 17.4% of the area
of Poland. Its source lies at an altitude of 379.2 m a.s.l. near
Zawiercie. The Warta joins the Oder at Kostrzyn, where the wa-
ter table reaches an elevation of ~12 m a.s.l. The Warta is a
lowland meandering river with a mean gradient of 0.46%.

Like most of the rivers of the Polish Lowland that formed
during the Late Pleistocene, the Warta River catchment is elon-
gated, stretching from SE to NW (Fig. 1), being determined by
postglacial relief and the northern inclination of the terrain
(Falkowski, 1975; Kozarski and Rotnicki, 1978). In its upstream
part, the Warta flows in a relatively narrow valley through the
Krakow-Czestochowa Upland (consisting mostly of Jurassic
limestone) up to its northern rim, near Sieradz. It is character-
ized here by numerous gorges with typical incised meanders,
and then evolves into a classical meandering river in its lowland
part. The middle- and downstream sections are characterized
by moraine hills composed of Pleistocene glacial tills and fluvio-

glacial deposits underlain by clayey deposits of Miocene age
(Bartkowski, 1957; Kozarski, 1991). The river valley is filled with
gravelly, sandy and muddy Holocene deposits, together with or-
ganic-rich deposits, mainly peats and floodplain soils.

Land use in the catchment area is dominated by farmland,
especially in the central and southern parts of the region
(Piechowiak, 2007). Second in importance are forests, which
mainly occur in the northwestern part of the catchment area.
Three cities with a population of more than 100,000 are located
along the river course (Poznan, Czestochowa and Gorzéw
Wikp.) and 22 cities with a total population of 1,280,000 (Ptak et
al., 2019).

The Warta and its tributaries are classified as temperate hy-
drological regimes (Dynowska, 1972), with a dominant early
spring high-water stage caused by the melting of snow cover
and frozen ground. Summer high-water stages triggered by
heavy rainfall also take place; although these can be higher
than the spring stages, they occur irregularly and are of lesser
importance. High-water stages typically occur from February to
May, whereas low-water stages are observed from June to
September, unless a rainfall-triggered high-water stage occurs.
In recent years, however, this has changed with the influence of
global warming (Ptak et al., 2019).

The mean annual precipitation in the Warta catchment ba-
sin, based on data from 1951 to 1980, is 561 mm (Gorski et al.,
2019), but the amount of precipitation in individual years is very
variable and the difference between dry and wet years can be
up to 400 mm (Piechowiak, 2007).

Mean water temperature (T) of the Warta shows low vari-
ability along the river course, i.e. ranging from 9.5 to 10.3°C,
and cycling from <2°C in January to >20°C in July (Ptak et al.,
2019); however, mean T was found to increase by
0.096-0.281°C per decade during the study period. In recent
years there has been a significant shortening of times of freez-
ing on the river (Nowak et al., 2019), while increasingly frequent
periods of low water stages and droughts have been recorded
during summer periods. Changes in the thermal regime also af-
fect biotic conditions and water quality (Madrecka and Szelgg-
Wasielewska, 2017).

Like most Polish rivers, the Warta has been subjected to
many training works. At the beginning of the 19th century, con-
struction began on levees on the natural banks of the middle
and downstream parts of the river (Kaniecki, 2004, 2013). Dur-
ing this period, the riverbed was partly straightened and deep-
ened. As a result of the work, the Warta evolved from an
anastomosing river with characteristic multiple interconnected
channels into a meandering river narrowed by the constructed
levees (Forysiak, 2010; Kaniecki, 2013; Goraj, 2015). The river
training works continued until the 1970s, when the existing
levee structures were developed, in addition, new bridges were
built and old ones modernized (Kaniecki, 2013).

Among the anthropogenic impacts, the opening of the Po-
land’s largest lignite mine at Betchatéw (Fig. 1) played an impor-
tant role in the upper reaches of the river. The mine water drain-
age system and discharge of the mine water to the local rivers
caused a very large impact on the environment, including on
river flow and on concentrations of suspended sediment
(Wachowiak, 1998; Pierzchata, 2010).

MATERIALS AND METHODS

This study is based on a detailed analysis of archival materi-
als published in “Rocznik Hydrologiczny wod powierzchnio-
wych”. The data were collected from three gauge stations on
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Fig. 1. Location of the study area with three gauge stations on a hypsometry map
of the Warta River catchment

the Warta River, located 521, 242 and 56 km away from the
river mouth in the cities of Sieradz, Poznan and Gorzow
Wielkopolski, respectively (Fig. 1), these stations therefore be-
ing referred to below as Sieradz, Poznan and Gorzéow Wikp.
The period chosen covers the most comprehensive SSC mea-
surement record. In total, 10,604 measurements were taken at

all three gauge stations over the two decades (Appendix 17),
with each hydrological year beginning on November 1 and end-
ing on October 31.

The dataset analysed includes the following variables: dis-
charge (m®-s™), water temperature (°C) and SSC (g - m™). The
discharge values provided in the yearbooks were calculated on

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1569
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the basis of the rating curve for the profile analysed, which in
turn is based on daily water level observations (measured daily
at 6.00 UTC) and monthly flow velocity measurements
(Pastawski, 1973). The SSC was measured over various time
intervals: every fifth day, every second day or daily, depending
on the water stage and turbidity, in accordance with the meth-
odology adopted by the State Hydrological and Meteorological
Service (Branski, 1968; Pastawski, 1973). Water samples were
collected with a slow-filled bathometer bottle (PIHM-1) at one
point along the cross section of the river channel at a depth of
1 m, or half this value if the river depth was <2 m. The SSC was
determined in 2 | samples using filters by the direct weight
method. The accuracy of the point measurement depends on
the SSC at a given point and the volume of the sample taken.
According to Branski (1967), when the sample volume is 2 litres
and the SSC in the wateris >20 g - m~3, the measurement error
should not exceed 20%. In cases where the SSC is low, e.g.,
<10 g - m™, the error is permitted to increase to 30%. In
“Rocznik Hydrologiczny wod powierzchniowych” SSC data are
published as estimates of daily average values in the river
cross-section.

The 20-year series of annual means was evaluated using
the non-parametric Mann-Kendall trend test, Seasonal Sen’s
slope and Pettitt’s test for change point detection (Kundzewicz
and Robson, 2004; Machiwal and Jha, 2012) to determine
long-term changes in SSC and discharge. If the Pettitt test indi-
cated significant abrupt changes, the time series were divided
into subperiods and a gradual trend analysis was performed. To
determine the correlation between SSC and other parameters,
Kendall's t test was used with the measured values only, how-
ever, for time series analysis, the data were interpolated linearly
to obtain daily values. To analyse the seasonal pattern of SSC
and discharge, daily series were smoothed using a monthly
moving average.

Based on the measured daily SSC values, the total load of
suspended sediment (SSL) carried by the river during a year
through each cross-section were estimated using the following
equation:

d
SSL=10°Y(Q,-SSC, -T)

i=1

where: SSL is the annual suspended sediment load (t), is the daily
discharge (m®-s™), is the daily mean suspended sediment concen-
tration (g - m’3), is length of the day in seconds (s) and d is the num-
ber of days in the year.

Where no data existed for a day, interpolated data were
used. This approximation can lead to under- or overestimation of
SSL if long gaps are present in the time series, as was the case
in November—December 1969 (hydrological year), and February
1979 in Gorzéw WIkp. Additional uncertainty arises because
daily SSC values are based on point measurements instead of
on whole-river cross-section examination. This usually leads to
underestimation of real SSL values (Michalec, 2009).

Dependence of cumulative suspended sediment load ver-
sus cumulative discharge, i.e. the double-mass curve, was
used to analyse changes in sediment transport at each gauge
station (Searcy and Hardison, 1960; Walling and Fang, 2003).
Significant changes in the slope of the linear relationship was
detected by the Davies test, then segmented regression was
applied. All statistics were computed with R software (R Core
Team, 2013; Pohlert, 2020).

RESULTS

SSC AND DISCHARGE VARIABILITY ALONG THE RIVER
COURSE DURING THE PERIOD 1961-1980

The gauge stations investigated are located at the upper,
middle and lower sections of the river course, and they differ
significantly in discharge value. The mean discharge calculated
for the two decades is 52 m® - s at Sieradz, 117 m® - s at
Poznan and 237 m® - s™ at Gorzow Wikp. (Table 1). These val-
ues increase downstream, in contrast to changes in the SSC.
Over the course of the period studied, the SSC were the highest
and demonstrated the highest variability in the upstream sec-
tion of the river (mean and maximum SSC at Sieradz: 33.7 and
612 g - m=, respectively); these values gradually decreased
moving downstream (mean and maximum SSC being respec-
tively 22.3 and 414 g - m™ at Poznan and 14.5and 80 g - m™ at
Gorzéw Wikp.; Table 1).

The most frequent events are characterized by SSC scores
below mean values, and hence are better described by median
values. This is clearly visible in Figure 2, which shows the pro-
portion of days in each hydrological year characterized by five
levels of SSC, i.e. 0-20, 2040, 40-60, 60-80 and >80 g - m=.
Those with <20 g - m™ dominate in the period investigated at all
stations, and their percentage increases downstream. Across in
the whole 20-year period, this SSC class was observed for
~60% of all days at Sieradz, 65% at Poznan and 76% at
Gorzéw WIkp. At the last station, these low SSC values can be
observed throughout the year in a couple of cases (e.g., 1962,
1963; Fig. 2). However, the percentage of values between 20
and 40 g - m~ decreases over time, and SSC values >40 g - m™
become much more common after 1973. Before this time, such
events appeared only sporadically. The highest category of
SSC (>80 g - m™) was originally prevalent only at Sieradz,
where it was observed for over half a year in 1975 and for al-
most half a year in 1980. At Gorzéw WIkp., no such high SSC
values were reported, and even SSC values >60 g - m™ were
only observed rarely (Fig. 2).

All readings taken since 1974 indicate that the annual mean
SSC values gradually decrease downstream (Appendix 2).
However, before this time, the differences between all three sta-
tions were less pronounced, and the highest annual mean SSC
was observed equally frequently at the Sieradz and Poznan
gauge stations. The highest annual SSC means were observed
at different locations in different years. At Sieradz, the highest
mean SSC values (>90 g - m™) were obtained in 1975 and
1980, at Poznan in 1969, 1973 and 1974 (>40 g - m™), and at
Gorzéw WIkp. in 1974 (29 g - m™®) (Appendix 2). Such variation
suggests that events characterized by high SSC values may be
associated with local influxes of suspended solids.

Significant abrupt changes in SSC can be clearly seen at all
stations over the course of the 20-year period, and it is possible
for the period to be divided into two subperiods (Fig. 3 and Ta-
ble 2). The SSC remains relatively low in the initial period, but
increases rapidly and becomes more variable later on. Accord-
ing to Pettitt's Change-point Detection Test, this second period
begins the earliest at Gorzéw WIkp. (since 1968), followed by
Poznan (1969) and then Sieradz (1973), however, an isolated
example of very high SSC was also observed at Sieradz in
1969 (January—February). Mean SSC changed between these
subperiods by a factor of ~2 at Gorzéw Wilkp. (from9t0 18 g -
m~>) and Poznan (from 13 to 29 g - m™), and by ~3.5 at Sieradz
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Table 1

Basic characteristics of the Warta River and its catchment, as well as hydrological parameters at three

gauge stations: selected statistics of discharge (Q) and suspended sediment concentration S;SSC)
calculated on the basis of data measured for the period 1961-1980; in the case of maximum SSC values,
the date of their occurrence is also provided
. Sieradz Poznan Gorzéw WIkp.
Gauge station .
Upstream Middle-stream Downstream
Distance from the mouth [km] 521 242 56
Slope of the catchment [%o] 3.65 1.68 1.29
Average gradient of the river [%o] 0.88 0.27 0.18
Discharge Q [m® - s7]:
) 51.0/42.6 114.3/90.5 232.9/197.0
mean/median (32.7 +58.7) (60.5 +141.0) (145.0 +284.0)
(quartiles 25 +75%)
SSC[g-m™
) 33.7/16.0 22.3/16.0 14.5/12.0
mean / median (9.5 +34.4) (10.0 +25.5) (8.0 +20.0)
(quartiles 25 +75%)
S 612 414 80
max SSC [g - m™] (February, 1969) (September, 1969) (November, 1967)

Sieradz Poznan

hydrological year

25%

50%
days per year

75% 100% 0% 25%

days per year

Gorzoéow Wikp.

0% 25% 50%

days per year

50% 75% 100% 75% 100%

SSC [g m”] Il 0-20 [ 20-40 [] 40-60 [ 60-80 M >80

Fig. 2. The frequency of defined concentration classes of suspended sediment occurrence during
a single hydrological year over the period 1961-1980 at three gauge stations investigated on the Warta River

The figures are based on IMGW-PIB data, linearly interpolated to daily data, except for hydrological years 1969 and 1979 at
Gorzoéw WIkp. due to lack of data for XI-XII or I, respectively

(from 17 to 59 g - m™>; Fig. 3). The Mann-Kendall test did not
identify any significant gradual trends during the subperiods
(Table 2); in addition, neither abrupt change nor gradual trends
were detected at Gorzéw Wikp. or Poznan when discharge was
taken into account. At Sieradz, a significant trend can be seen
over the 20-year study period (Mann-Kendall t = 0.4, p =0.015)
with a slope 0.93 m® - s™" per year.

DISCHARGE VERSUS SSC

No clear pattern was observed regarding the annual varia-
tion of both SSC and discharge (Fig. 4). Although maximum
discharge usually occurs between January and April, it can shift
both to winter or summer months, and additional peaks of very
high discharge can be observed throughout the year. The an-

nual SSC profiles appear to demonstrate the greatest variation
at Sieradz and Poznan, with the highest SSC events being ob-
served throughout the year, lasting from several weeks to sev-
eral months. At Gorzéw WIkp., peaks of SSC usually occur in
the summer months (May—July) but some variation is observed.
However, no coincidence is observed between peak maximum
SSC and discharge level.

Different relationships between SSC and discharge can be
observed for each year and at each gauge station. Generally
speaking, only a very weak relationship can be seen over the
entire period studied, both for daily (Kendall t in the range of
—0.16 to 0.08) and monthly readings (t —0.10 to 0.11) (Fig. 5A
and Appendix 3), with stronger negative correlations being ob-
served for the daily data during some years. This was particu-
larly true at the Poznan and Gorzéw Wikp. stations, where high
SSC values often coincide with low discharge, and low SSC
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(logarithmic scales of vertical axes)

with increasing discharge. This relationship can be seen clearly
in 1979 at Sieradz, but is also visible in 1975 and 1968 at
Gorzéw Wilkp. and throughout the entire period recorded at
Poznan, being most evident in 1975 and 1968 (Fig. 5B and Ap-
pendix 3).

Significant positive correlations between SSC and dis-
charge can be observed only very rarely and they tend to be
very weak (maximum Kendall T = 0.26 in 1965 at Gorzéw WIkp).
In addition, the analysis of the periods of high-water stage, dur-
ing early spring or summer, does not reveal any regular influ-
ence of discharge on SSC. For example, SSC was found to re-
main low in 1963 (Fig. 6), and in other years when flood events
occurred, however, the opposite relationship can be seen dur-

ing low-water stages in 1963 and during some other years: SSC
was found to be relatively high during the summer-autumn
lower water stages. During those periods, SSC may reach max-
imum values for the entire hydrogeological year (Figs. 4 and 6).
However, even if the maximum SSC occurs in winter or early
spring rather than summer, an overall positive correlation can
be observed between SSC and temperature (t up to 0.52): a
clear increase in annual SSC with water temperature in the
summer months, and a decrease in SSC and water tempera-
ture in early autumn (Fig. 4). Such trends were observed most
often at Gorzéw Wikp. (Appendix 3), however, the exact rela-
tionship between SSC and water temperature varies according
to year, season and location.

SSL VARIABILITY ALONG THE RIVER'S COURSE
DURING THE PERIOD 1961-1980

Our findings indicate that the SSL increases downstream
(Fig. 7 and Appendix 4). Taking into account that the SSC de-
creases downstream (Table 1 and Fig. 2), we conclude that this
increase in SSL is caused mainly by the increasing discharge
observed downstream (Table 1). During the period 1961-1980,
the Warta carried annually on average 58,000 tonnes of sus-
pended sediments at Sieradz, 73,700 tonnes at Poznah and
108,200 tonnes at Gorzéw Wikp. (Appendix 4). However, those
values varied during the study period (Fig. 7 and Appendix 4).
There were years when the SSL values were the highest at the
upstream or middle-stream gauge stations. For example, in
1975 and 1980, the highest SSL values were reported at
Sieradz, whereas in 1973, the highest SSL values were re-
ported at Poznan. Those years were characterized by dis-
charge values close to mean values (Fig. 7), but high SSC val-
ues were also observed (Fig. 3). More exceptions to the rule
that SSL increases downstream were observed when monthly
means were taken into account, suggesting that such changes
are influenced principally by local factors, such as incidental
anthropogenic increases in SSC, changes in discharge during
snowmelt or the occurrence of ice phenomena. Incidences of
increased suspended sediment supply at a particular station
cannot be observed at those downstream, implying that the
suspended sediments must be deposited along the river
course.

During the 20-year-period analysed, no gradual trends in
discharge were detected, except at Sieradz (Table 2); this sug-
gests that long-term changes of SSL (Fig. 7) at each gauge sta-
tion are determined mainly by the temporal pattern of SSC val-
ues and their abrupt changes (Fig. 3). At Sieradz, SSC and SSL
both increased after 1972, although the latter remained at rela-
tively low levels, as indicated by the breakpoint of the dou-
ble-mass plot of SSL vs. discharge, as detected by the Davis
test. Although SSL remained relatively low in 1973, due to the
decreased discharge level, thus extending the initial “low” pe-
riod by one year, a clear increase in the slope of the double
mass curve could be observed in 1974 (Fig. 7).

At Poznan, changes in the relationship between cumulative
SSL and discharge were observed in 1969, along with an
abrupt change in SSC, however, from 1978, SSL was observed
to decrease, as indicated by the second significant breakpoint
of the double-mass curve, and SSC slightly decrease (Fig. 3).
At Gorzéw, a significant change in SSL has been observed
since 1967, mainly due to an associated increase in discharge
levels (Fig. 7). The annual mean SSC level in 1967 was also rel-
atively high, however, a previous analysis reported that the
sharp change in SSC only occurred from 1968 (Fig. 3). During
the first subperiod, i.e. before this sharp change, suspended
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Table 2
Results of long-term trend analysis of SSC and discharge annual mean time series
(data in bold are significant at p <0.05)

ocatt Pettitt test Mann-Kendall test and Sens Slope
parameter ocation p-value Change period p-value T slope
Sieradz 1972 1961-1972 0.537 0.15 0.27
0.006 1973-1980 0.710 0.14 4.81
Poznan 1968 1961-1968 0.901 0.07 0.13
SSC 0.005 1969-1980 0.373 ~0.21 2121
Gorzéw 1961-1967 0.230 0.43 1.01

1967

Wikp. 0.007 1968-1980 0.502 ~0.15 ~0.19
Sieradz 0.567 - 1961-1980 0.015 0.40 0.93
Q Poznan 0.249 - 1961-1980 0.064 0.31 2.37
Shieow | 0.153 - 1961-1980 0.183 0.22 3.39

sediment was transported at the average rate of 24,400 tonnes
per year at Sieradz (1961-1973), 37,800 tonnes per year at
Poznan (1961-1968) and 50,900 tonnes per year at Gorzéw
WIkp. (1961-1966); hence, downstream, the transport rate at
Gorzéw Wikp. was 1.3-times higher than at Poznan, and
1.5-times higher at Poznan than at Sieradz. However, as noted
above, this relationship was disturbed by exceptional cases in
1973, 1975 and 1980.

DISCUSSION

This study shows that the discharge of the Warta River in-
creases and SSC decreases when moving downstream (Fig.
4). In addition, an increase in downstream discharge resulted in
an increase in the amount of suspended sediment (SSL). Such
conclusions have already been drawn from studies of the lon-
gest Polish rivers, the Wista, Oder and Warta, conducted during
the 1940s and 1950s (Jarocki, 1957; Mikulski, 1961). However,
our estimates of the SSL indicates also a general increase in
the amount of suspended sediment transported in the Warta
during the period studied, 1961-1980 (Fig. 7).

Our findings indicate that long-term changes of SSL at each
gauge station were primarily associated with the pattern of SSC
changes, with only slight modifications by inter-annual changes
of discharge. The highest SSC was >60 g - m™ in the upstream
sections of the Warta and >40 g - m~ in downstream sections
(Fig. 2); these levels are abnormal and may indicate the occur-
rence of incidental events, most likely of anthropogenic origin.

Increases in SSC observed at particular time periods are
closely correlated with human activities carried out in the Warta
River valley. At Sieradz, upstream of the Warta River valley, the
river training works began after 1972, included strengthening
groynes and deepening the riverbed (according to document
TUW.433.2.2016 obtained from the Regional Water Manage-
ment Authority in Poznan). Furthermore, in 1973, one of the
largest lignite mines in Europe, Betchatéw (Fig. 1), was opened,
which caused discharge of wastewater to the Widawka River, a
right-bank tributary of the Warta near Sieradz (\Wachowiak,
1988; Pierzchata, 2010). These activities caused, at Sieradz,
an increasing trend in SSC and SSL which clearly accelerated
after 1974 (Figs. 4 and 7).

In Poznan, between 1969 and 1974, large-scale river train-
ing works were conducted as a part of planned flood protection

measures, resulting in the construction of a new riverbed
(Lewandowski and Rembeza, 1972; Kaniecki, 2004, 2013;
Poznanska Wiki, 2020). This is reflected in the increase of SSC
and SSL from 1969. After 1974, the SSC level clearly de-
creased in the river, but remained higher than the value at the
beginning of the 20-year period analysed.

During the second half of the 1960s, such river engineering
was works also conducted on a downstream section of the
Warta near Gorzéw Wikp. (Goraj, 2015), and from 1967, SSL
was found to increase in relation to discharge. The Warta was
intensively used as an inland waterway during this period
(Klause, 2008), and as such, dredging was often conducted;
this undoubtedly had an impact on the river banks and on
deep-seated erosion processes.

The results of this research are in line with those of previous
studies on suspended sediments in lowland rivers (see t.ajczak,
1999, 2003; Siakeua et al., 2004). An analysis of SSC mea-
surements in the Vistula, the longest Polish river, over a
100-year-period,1890-1995, revealed SSC to be significantly
greater during the four initial decades, i.e. until around 1930, as
a result of river engineering measures (t.ajczak, 1999, 2003).
After this period, the SSC started to decrease, probably in re-
sponse to the construction of dams and barrages, river channel
stabilisation measures and changes in land use in the river
catchment, particularly urban development.

Long-term observations indicate that the changes triggered
by natural factors are not rapid, and that the river carries a gen-
erally constant amount of suspended sediment. Only the pres-
ence of ice cover can induce a rapid increase of SSC. At
Sieradz in 1969, the presence of ice cover was found to have a
significant influence on SSC and maximum SSC in the period
analysed, probably by intensified riverbed erosion as a result of
tunnelled flow (see Skolasinska and Nowak, 2018). However,
the suspended load quickly returned to the previous low level
(Figs. 4 and 7). Moreover, the effect of ice on SSC is mostly inci-
dental as the increase in air and water temperatures contribute
to a significant shortening of the period of occurrence of ice phe-
nomena on the river, i.e. by 9.5 days decade™, and the duration
of ice cover falling by 5.5 days decade™ (Nowak et al., 2019).

Other important natural factors contributing to the increase
in SSC in the Warta may be discharge and water temperature.
Al-Anseri et al. (1988) and Asselman (1999) proposed that the
positive correlation between discharge and SSC can be attrib-
uted to higher river flows being capable of transporting larger
masses of suspended sediments, however, no such correlation
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A — daily data (black circles) and monthly mean data (white diamonds) over the period 1961-1980;
B - daily data for the hydrological years chosen showing an inverse relationship between SSC and Q

was observed in the present study, even in the periods before
anthropogenic influences were apparent (Appendix 3). The re-
sults of this study are consistent with those presented by \Wood
(1977) and Siakeua et al. (2004), among others, indicating that
the SSC values can vary independently of discharge.
Therefore, when determining the causes of SSC variability,
discharge should not be taken into consideration as the most
significant factor. The growth of phytoplankton may also play a
role, as this would promote changes in the concentration of or-
ganic matter in suspension. In the present study, the dataset
analysed did not include information about the proportion of or-
ganic matter in the suspension, or other indicators of phyto-
plankton development, such as chlorophyll a concentration,
however, the fact that high SSC values were observed during
the summer period at low discharge and a positive correlation
was found between SSC and water temperature suggests that
phytoplankton may indeed play a role. Studies of other lowland
rivers in Europe (Desortova and Puncochar, 2011; Hillebrand et
al., 2018) show similar relationships between SSC, discharge
and water temperature and intense growth of phytoplankton in
summer. An important factor contributing to the increase in
phytoplankton growth in the Warta may be the progressive deg-
radation of water quality observed during the period investi-
gated (Chetmicki, 2012; Gorski et al., 2019). As noted earlier,
land use outside residential regions is dominated by agriculture.

Water quality fell mainly as an effect of fertilization of arable
land, as well as through the uncontrolled discharge of domestic
sewage and industrial pollution from growing cities and large in-
dustrial plants. The polluted water discharges in the Warta
catchment area induce highly eutrophic conditions and favour
phytoplankton blooms during summer (Madrecka and Szelgg-
-Wasielewska, 2017; Gorski et al., 2019). Such increases in the
proportion of organic matter among the solids suspended in
rivers may represent one of the negative effects of global warm-
ing. The expected increase in air and water temperatures in the
coming years will result in more frequent and longer periods of
drought, and thus an increase in phytoplankton biomass in
rivers. The organic component and biotic processes are rarely
included in assessments of river dynamics of suspended sedi-
ment loads. As high concentrations of suspended organic mat-
ter may worsen the ecological status of rivers, it is imperative to
identify the driving forces behind variation in suspended sedi-
ment load, and their contributions. Temperature is only one of
the factors that controls phytoplankton growth and is not suffi-
cient to explain the variability of organic content in total SSC.
Therefore, the present study employed a variety of statistical
models (results not included) that examined the effect of dis-
charge (Q), water temperature (T) or days from the previous ice
phenomenon on SSC variability. At best, however, they did not
explain >23% of the SSC variance (linear multiple regression,
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logarithmic training of SSC, for Gorzow WIkp. in the period
1960—-1966).

The SSL is a value from which denudation rate and its fluc-
tuations are determined. The principal assumption behind us-
ing the SSL as a realistic proxy of denudation rate is that both
the quantity and quality of the suspended sediments mea-
sured at a single point (i.e., a gauge station) located down-
stream of the river course are representative of the denuda-
tion processes in the entire catchment area of the river. This
reasoning, shared by many researchers (see Jarocki, 1957,
Debski, 1959; Pastawski, 1973; Kostrzewski and Zwolinski,
1990; Branski and Banasik, 1996), seems justified in the case
of a river catchment where the presence of suspended sedi-
ments in the river is governed only by natural factors, such as
fluvial erosion or surface runoff. However, the additional influ-
ence of anthropogenic factors, mainly controlling the quantity
of the suspended sediments in the river, often biases the as-
sessment of the denudation index calculated on the basis of
SSC alone, without any detailed analysis of drivers of its fluc-
tuations (see Kijowska-Strugata, 2015; Skolasinska and
Nowak, 2018). In the case investigated of the Warta, where
the highest SSC measurements are likely associated with the
disposal of wastewater from the open-pit mine at Betchatéw or
river training works, it seems unreasonable to suggest that the
denudation processes have accelerated (as shown by Branski

and Banasik, 1996). Therefore, in any urban and/or industrial
areas, a denudation index calculated solely based on SSC
measurements, and the resultant interpretations, must be
treated with caution.

In addition, it also seems questionable to make any assess-
ment of the denudation rate without performing any qualitative
analyses of the suspended sediments, as these provide infor-
mation regarding the amount of organic matter in the total sus-
pended load. The suspended organic matter content often con-
stitutes a substantial, or even dominant, part of the total sus-
pended load of which the majority is produced in situ in the river
water; it is not delivered from the river catchment (e.g.,
Hillebrand et al., 2018). Hence, it should be excluded from the
assessments of denudation rate.

In summary, the present analysis of a large, mostly urban-
ised lowland river catchment subjected to river training mea-
sures found that anthropogenic factors have had a significant
impact on its SSC and SSL content over a 20-year period. Al-
though this period is a short one with regard to the geological
time scale, it is nevertheless sufficient to demonstrate clear
trends resulting from human influence. The changes recorded
are significant ones, indicating the presence of considerable hu-
man-induced changes taking place amongst the naturally-oc-
curring processes.
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CONCLUSIONS

Based on the results of the dataset analysed, collected dur-
ing the period 1961-1980 at three gauge stations (Sieradz,
Poznan and Gorzéw WIkp.) downstream in the Warta River, the
following conclusions can be drawn:

— Downstream, SSC shows a decreasing trend while SSL
increases due to an increase in downstream discharge.

— In the lowland river, where many river training works
have been undertaken, human activity significantly influences
the fluctuations observed in both SSC and SSL; at each gauge
station during the 20-year period analysed, both SSC and SSL
show an increasing trend, mainly caused by the river trainings

and the disposal of wastewater from mines and industry.

— The highest reported SSC values are of local significance,
and no correlation was observed between the sampling sites at

the three gauge stations, located ~200 km apart.
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— No significant correlation was found between discharge
and SSC, although during some of the years investigated, a
specific relationship appeared to exist: high SSC occurs in
summer periods with low discharge, and changes in SSC corre-
late with seasonal changes of temperature, a trend which is
most likely related to the growth of phytoplankton.

— Where the river catchment analysis was greatly affected
by anthropogenic factors, the SSC-based assessment of the
denudation index does not appear to reflect the actual denuda-
tion rate.
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