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Fluc tu a tions in sus pended sed i ment con cen tra tion (SSC) has been in ves ti gated in the Warta River (west ern Po land), based
on data ob tained for the pe riod 1961–1980 from three gauge sta tions lo cated in up stream, mid dle-stream and down stream
ar eas. Over the two de cades, the SSC val ues dem on strated wide fluc tu a tions and an over all in crease at each gauge sta tion.
No sig nif i cant cor re la tion was gen er ally ob served be tween SSC and dis charge but high SSC was found to fol low low dis -
charge and in creas ing tem per a ture dur ing the sum mer sea sons in some years. Mea sure ments of SSC and dis charge were
used to es ti mate to tal an nual sus pended sed i ment load (SSL). SSL val ues were found to in crease down stream along with an 
in crease in dis charge. SSC de creases along the river course. How ever, when it co mes to changes over time, SSL vari abil ity
was mainly de ter mined by SSC changes. The max i mum SSC val ues were pri mar ily caused by anthropogenic fac tors: the
dis posal of mine wastewater up stream, river train ing works, in creased ur bani sa tion and the in ten si fi ca tion of sew age dis -
posal. Where the river catch ment has been greatly af fected by anthropogenic fac tors, a de nu da tion in dex cal cu lated solely
based on SSC and dis charge does not ap pear to re flect the ac tual de nu da tion rate, and must be treated with cau tion.

Key words: sus pended sed i ment con cen tra tion, sus pended load, long-term re cord, anthropogenic im pact, low land river,
Warta River.

INTRODUCTION

Sus pended sed i ment is an in her ent el e ment of all river sys -
tems, con sti tut ing the main load trans ported by the rivers (Wall -
ing and Fang, 2003). Its quan tity and qual ity de pends on a
range of in ter re lated me te o ro log i cal (pre cip i ta tion, air tem per a -
ture, wind), hy dro log i cal (flow rate, wa ter tem per a ture, ice-re -
lated phe nom ena, trib u tar ies) and geomorphological and geo -
log i cal fac tors (ge ol ogy of the river catch ment, mor phol ogy,
stream gra di ent). A par tic u larly im por tant role is played by hu -
man ac tiv ity, more spe cif i cally, the type of land use (for estry,
ag ri cul tural, in dus trial, res i den tial) and the mod i fi ca tions to the
catch ment land scape (hydrotechnical con struc tions, res er -
voirs, mines, the trans port net work con struc tion and road-sur -
face ero sion). Re search has found that an in crease in the
amount of trans ported sus pended par ti cles is gen er ally in flu -
enced by fac tors lead ing to soil ero sion in the catch ment area,
such as cli mate and the type of land cover (e.g., Wall ing and
Webb, 1996; Sinha et al., 2020; Szaliñska et al., 2020). A close
look at this ques tion shows that de spite de cades of re search,

the pre cise fac tors in flu enc ing how sed i ment flux var ies in
rivers, and which in ter con nec tions are sig nif i cant, re main un -
clear (Vercruysse et al., 2017; Peng et al., 2020).

Stud ies of sus pended sed i ment trans port in rivers are com -
pli cated be cause (Vercruysse et al., 2017; Skolasiñska and
Nowak, 2018; Peng et al., 2020):

– the com plex ity of the nat u ral fac tors de ter min ing the amount 
of sus pended sed i ment in rivers, as well as their in ter ac tions 
with anthropogenic fac tors;

– the rel a tively low fre quency of SSC sam pling, be cause the
sam ples are usu ally man u ally col lected for fur ther lab o ra -
tory anal y ses; 

– the as sess ment of to tal SSC is based on mea sure ments of
both min eral and or ganic par ti cles of dif fer ent or i gins, which
of ten fluc tu ate in de pend ently dur ing dif fer ent pe ri ods of the
hy dro log i cal year.
A wide-rang ing hy dro log i cal mon i tor ing programme of Pol -

ish rivers was con ducted dur ing 1951–1990 by the State Me te -
o ro log i cal and Hy dro log i cal Ser vice (cur rently the In sti tute of
Me te o rol ogy and Wa ter Man age ment – Na tional Re search In -
sti tute, IMGW-PIB). Its find ings re gard ing long-term sus pended 
sed i ment trans port in the Vistula River, the lon gest river in Po -
land, have been pub lished (£ajczak, 1999, 2003). An at tempt
was also made to as sess the in ten sity of de nu da tion pro cesses
across Po land us ing SSC mea sure ments (Brañski and
Banasik, 1996). A fur ther study by Skolasiñska and Nowak
(2018) of SSC lev els in the Warta River at the up stream gauge
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sta tion in Sieradz dur ing 1961–1980 found max i mum SSC lev -
els to be as so ci ated with anthropogenic fac tors, such as the
dis posal of the wastewater from a lig nite open-pit mine and nu -
mer ous river train ing works. More im por tantly, SSC was not
found to be di rectly pro por tional to dis charge lev els. Among the
nat u ral fac tors, sea sonal changes in wa ter tem per a ture may in -
di rectly cause sub stan tial changes in sus pended sed i ment con -
cen tra tion. In win ter, when the river is frozen, the rapid in crease
in SSC is prob a bly the re sult of strong ero sion of the riverbed
and trans port of an ex cep tion ally large amount of sus pended
ma te rial. The SSC can also in crease rap idly when the ice cover
breaks, and sub se quent move ment of ice floes lead to ero sion
of the river banks. Dur ing the sum mer, when the wa ter tem per -
a ture is ~20°C, in creases in SSC may be as so ci ated with
blooms of al gae in the wa ter. Spa tial and tem po ral trends of
sus pended sed i ment trans port re main open for ex am i na tion: it
is widely rec og nized that no sin gle fac tor dom i nates SSC in
rivers, but rather there are many in ter re lated fac tors which re -
quire fur ther study (see Siakeua et al., 2004; Wall ing, 2008;
Kijowska-Struga³a, 2015; Vercuysse et al., 2017). The un cer -
tainty as so ci ated with SSC as sess ment can only be re duced by 
large-scale eval u a tion of data sets ob tained from long-term ob -
ser va tions (Wall ing and Webb, 1981; Parker, 1988; Ol ive and
Rieger, 1992; Nel son and Booth, 2002).

The main fo cus of this study is a de tailed anal y sis of SSC
mea sure ments taken con tin u ously over the course of two de -
cades, from 1961 to 1980, in the Warta River catch ment; the
data was ac quired from three gauge sta tions lo cated in up per-
(Sieradz), mid dle- (Poznañ) and down stream (Gorzów Wielko -
polski) sec tions. As no de tailed stud ies of SSC have been
made in Pol ish rivers since 1990, only spo radic data are avail -
able from this pe riod. The pres ent study anal y ses the ex ist ing
data to iden tify changes in SSC dur ing this pe riod with the aim
of iden ti fy ing: 

– po ten tial long-term trends at all sta tions; 
– ma jor fac tors con trol ling the max i mum SSC val ues; 
– how the sus pended sed i ment load changes over the course 

of the river. 
Since no cor re la tion be tween SSC and dis charge was iden -

ti fied in pre vi ous stud ies (Skolasiñska and Nowak, 2018), this
is sue is ad dressed in the pres ent study.

STUDY AREA

The Warta River is the third-lon gest river in Po land
(808 km), and is also a right-bank trib u tary of the Oder River, it -
self the sec ond-lon gest river in the coun try (Fig. 1). The Warta
drains an area of 54,500 km2, ac count ing for 17.4% of the area
of Po land. Its source lies at an al ti tude of 379.2 m a.s.l. near
Zawiercie. The Warta joins the Oder at Kostrzyn, where the wa -
ter ta ble reaches an el e va tion of ~12 m a.s.l. The Warta is a
low land me an der ing river with a mean gra di ent of 0.46‰.

Like most of the rivers of the Pol ish Low land that formed
dur ing the Late Pleis to cene, the Warta River catch ment is elon -
gated, stretch ing from SE to NW (Fig. 1), be ing de ter mined by
postglacial re lief and the north ern in cli na tion of the ter rain
(Falkowski, 1975; Kozarski and Rotnicki, 1978). In its up stream
part, the Warta flows in a rel a tively nar row val ley through the
Kraków-Czêstochowa Up land (con sist ing mostly of Ju ras sic
lime stone) up to its north ern rim, near Sieradz. It is char ac ter -
ized here by nu mer ous gorges with typ i cal in cised me an ders,
and then evolves into a clas si cal me an der ing river in its low land
part. The mid dle- and down stream sec tions are char ac ter ized
by mo raine hills com posed of Pleis to cene gla cial tills and flu vio -

gla cial de pos its un der lain by clayey de pos its of Mio cene age
(Bartkowski, 1957; Kozarski, 1991). The river val ley is filled with 
grav elly, sandy and muddy Ho lo cene de pos its, to gether with or -
ganic-rich de pos its, mainly peats and floodplain soils.

Land use in the catch ment area is dom i nated by farm land,
es pe cially in the cen tral and south ern parts of the re gion
(Piechowiak, 2007). Sec ond in im por tance are for ests, which
mainly oc cur in the north west ern part of the catch ment area.
Three cit ies with a pop u la tion of more than 100,000 are lo cated
along the river course (Poznañ, Czêstochowa and Gorzów
Wlkp.) and 22 cit ies with a to tal pop u la tion of 1,280,000 (Ptak et
al., 2019). 

The Warta and its trib u tar ies are clas si fied as tem per ate hy -
dro log i cal re gimes (Dynowska, 1972), with a dom i nant early
spring high-wa ter stage caused by the melt ing of snow cover
and frozen ground. Sum mer high-wa ter stages trig gered by
heavy rain fall also take place; al though these can be higher
than the spring stages, they oc cur ir reg u larly and are of lesser
im por tance. High-wa ter stages typ i cally oc cur from Feb ru ary to
May, whereas low-wa ter stages are ob served from June to
Sep tem ber, un less a rain fall-trig gered high-wa ter stage oc curs.
In re cent years, how ever, this has changed with the in flu ence of
global warm ing (Ptak et al., 2019). 

The mean an nual pre cip i ta tion in the Warta catch ment ba -
sin, based on data from 1951 to 1980, is 561 mm (Górski et al.,
2019), but the amount of pre cip i ta tion in in di vid ual years is very
vari able and the dif fer ence be tween dry and wet years can be
up to 400 mm (Piechowiak, 2007).

Mean wa ter tem per a ture (T) of the Warta shows low vari -
abil ity along the river course, i.e. rang ing from 9.5 to 10.3°C,
and cy cling from <2°C in Jan u ary to >20°C in July (Ptak et al.,
2019); how ever, mean T was found to in crease by
0.096–0.281°C per de cade dur ing the study pe riod. In re cent
years there has been a sig nif i cant short en ing of times of freez -
ing on the river (Nowak et al., 2019), while in creas ingly fre quent
pe ri ods of low wa ter stages and droughts have been re corded
dur ing sum mer pe ri ods. Changes in the ther mal re gime also af -
fect bi otic con di tions and wa ter qual ity (M¹drecka and Szel¹g-
 Wasielewska, 2017).

Like most Pol ish rivers, the Warta has been sub jected to
many train ing works. At the be gin ning of the 19th cen tury, con -
struc tion be gan on lev ees on the nat u ral banks of the mid dle
and down stream parts of the river (Kaniecki, 2004, 2013). Dur -
ing this pe riod, the riverbed was partly straight ened and deep -
ened. As a re sult of the work, the Warta evolved from an
anastomosing river with char ac ter is tic mul ti ple in ter con nected
chan nels into a me an der ing river nar rowed by the con structed
lev ees (Forysiak, 2010; Kaniecki, 2013; Goraj, 2015). The river
train ing works con tin ued un til the 1970s, when the ex ist ing
levee struc tures were de vel oped, in ad di tion, new bridges were
built and old ones mod ern ized (Kaniecki, 2013).

Among the anthropogenic im pacts, the open ing of the Po -
land’s larg est lig nite mine at Be³chatów (Fig. 1) played an im por -
tant role in the up per reaches of the river. The mine wa ter drain -
age sys tem and dis charge of the mine wa ter to the lo cal rivers
caused a very large im pact on the en vi ron ment, in clud ing on
river flow and on con cen tra tions of sus pended sed i ment
(Wachowiak, 1998; Pierzcha³a, 2010).

MATERIALS AND METHODS

This study is based on a de tailed anal y sis of ar chi val ma te ri -
als pub lished in �Rocznik Hydrologiczny wód powierzchnio -
wych�. The data were col lected from three gauge sta tions on
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the Warta River, lo cated 521, 242 and 56 km away from the
river mouth in the cit ies of Sieradz, Poznañ and Gorzów
Wielkopolski, re spec tively (Fig. 1), these sta tions there fore be -
ing re ferred to be low as Sieradz, Poznañ and Gorzów Wlkp.
The pe riod cho sen cov ers the most com pre hen sive SSC mea -
sure ment re cord. In to tal, 10,604 mea sure ments were taken at

all three gauge sta tions over the two de cades (Ap pen dix 1*),
with each hy dro log i cal year be gin ning on No vem ber 1 and end -
ing on Oc to ber 31.

The dataset ana lysed in cludes the fol low ing vari ables: dis -
charge (m3 × s-1), wa ter tem per a ture (°C) and SSC (g × m–3). The
dis charge val ues pro vided in the year books were cal cu lated on
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Fig. 1. Lo ca tion of the study area with three gauge sta tions on a hypsometry map 
of the Warta River catch ment

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1569
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the ba sis of the rat ing curve for the pro file ana lysed, which in
turn is based on daily wa ter level ob ser va tions (mea sured daily
at 6.00 UTC) and monthly flow ve loc ity mea sure ments
(Pas³awski, 1973). The SSC was mea sured over var i ous time
in ter vals: ev ery fifth day, ev ery sec ond day or daily, de pend ing
on the wa ter stage and tur bid ity, in ac cor dance with the meth -
od ol ogy adopted by the State Hy dro log i cal and Me te o ro log i cal
Ser vice (Brañski, 1968; Pas³awski, 1973). Wa ter sam ples were
col lected with a slow-filled bathometer bot tle (PIHM-1) at one
point along the cross sec tion of the river chan nel at a depth of
1 m, or half this value if the river depth was <2 m. The SSC was
de ter mined in 2 l sam ples us ing fil ters by the di rect weight
method. The ac cu racy of the point mea sure ment de pends on
the SSC at a given point and the vol ume of the sam ple taken.
Ac cord ing to Brañski (1967), when the sam ple vol ume is 2 litres 
and the SSC in the wa ter is ³20 g × m–3, the mea sure ment er ror
should not ex ceed 20%. In cases where the SSC is low, e.g.,
<10 g × m–3, the er ror is per mit ted to in crease to 30%. In
“Rocznik Hydrologiczny wód powierzchniowych” SSC data are
pub lished as es ti mates of daily av er age val ues in the river
cross-sec tion.

The 20-year se ries of an nual means was eval u ated us ing
the non-para met ric Mann-Kend all trend test, Sea sonal Sen’s
slope and Pettitt’s test for change point de tec tion (Kundzewicz
and Robson, 2004; Machiwal and Jha, 2012) to de ter mine
long-term changes in SSC and dis charge. If the Pettitt test in di -
cated sig nif i cant abrupt changes, the time se ries were di vided
into subperiods and a grad ual trend anal y sis was per formed. To 
de ter mine the cor re la tion be tween SSC and other pa ram e ters,
Kend all’s t test was used with the mea sured val ues only, how -
ever, for time se ries anal y sis, the data were in ter po lated lin early 
to ob tain daily val ues. To ana lyse the sea sonal pat tern of SSC
and dis charge, daily se ries were smoothed us ing a monthly
mov ing av er age. 

Based on the mea sured daily SSC val ues, the to tal load of
sus pended sed i ment (SSL) car ried by the river dur ing a year
through each cross-sec tion were es ti mated us ing the fol low ing
equa tion:

SSL SSCi= × ×-

=
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where: SSL is the an nual sus pended sed i ment load (t), is the daily

dis charge (m3 × s–1),  is the daily mean sus pended sed i ment con cen -

tra tion (g × m–3),  is length of the day in sec onds (s) and d is the num -
ber of days in the year.

Where no data ex isted for a day, in ter po lated data were
used. This ap prox i ma tion can lead to un der- or over es ti ma tion of
SSL if long gaps are pres ent in the time se ries, as was the case
in No vem ber–De cem ber 1969 (hy dro log i cal year), and Feb ru ary
1979 in Gorzów Wlkp. Ad di tional un cer tainty arises be cause
daily SSC val ues are based on point mea sure ments in stead of
on whole-river cross-sec tion ex am i na tion. This usu ally leads to
un der es ti ma tion of real SSL val ues (Michalec, 2009).

De pend ence of cu mu la tive sus pended sed i ment load ver -
sus cu mu la tive dis charge, i.e. the dou ble-mass curve, was
used to ana lyse changes in sed i ment trans port at each gauge
sta tion (Searcy and Hardison, 1960; Wall ing and Fang, 2003).
Sig nif i cant changes in the slope of the lin ear re la tion ship was
de tected by the Davies test, then seg mented re gres sion was
ap plied. All sta tis tics were com puted with R soft ware (R Core
Team, 2013; Pohlert, 2020).

RESULTS

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

The gauge sta tions in ves ti gated are lo cated at the up per,
mid dle and lower sec tions of the river course, and they dif fer
sig nif i cantly in dis charge value. The mean dis charge cal cu lated
for the two de cades is 52 m3 × s–1 at Sieradz, 117 m3 × s–1 at
Poznañ and 237 m3 × s-1 at Gorzów Wlkp. (Ta ble 1). These val -
ues in crease down stream, in con trast to changes in the SSC.
Over the course of the pe riod stud ied, the SSC were the high est 
and dem on strated the high est vari abil ity in the up stream sec -
tion of the river (mean and max i mum SSC at Sieradz: 33.7 and
612 g × m–3, re spec tively); these val ues grad u ally de creased
mov ing down stream (mean and max i mum SSC be ing re spec -
tively 22.3 and 414 g × m–3 at Poznañ and 14.5 and 80 g × m–3 at
Gorzów Wlkp.; Ta ble 1). 

The most fre quent events are char ac ter ized by SSC scores
be low mean val ues, and hence are better de scribed by me dian
val ues. This is clearly vis i ble in Fig ure 2, which shows the pro -
por tion of days in each hy dro log i cal year char ac ter ized by five
lev els of SSC, i.e. 0–20, 20–40, 40–60, 60–80 and >80 g × m–3.
Those with <20 g × m–3 dom i nate in the pe riod in ves ti gated at all
sta tions, and their per cent age in creases down stream. Across in 
the whole 20-year pe riod, this SSC class was ob served for
~60% of all days at Sieradz, 65% at Poznañ and 76% at
Gorzów Wlkp. At the last sta tion, these low SSC val ues can be
ob served through out the year in a cou ple of cases (e.g., 1962,
1963; Fig. 2). How ever, the per cent age of val ues be tween 20
and 40 g × m–3 de creases over time, and SSC val ues >40 g × m–3

be come much more com mon af ter 1973. Be fore this time, such
events ap peared only spo rad i cally. The high est cat e gory of
SSC (>80 g × m–3) was orig i nally prev a lent only at Sieradz,
where it was ob served for over half a year in 1975 and for al -
most half a year in 1980. At Gorzów Wlkp., no such high SSC
val ues were re ported, and even SSC val ues >60 g × m–3 were
only ob served rarely (Fig. 2). 

All read ings taken since 1974 in di cate that the an nual mean
SSC val ues grad u ally de crease down stream (Ap pen dix 2).
How ever, be fore this time, the dif fer ences be tween all three sta -
tions were less pro nounced, and the high est an nual mean SSC
was ob served equally fre quently at the Sieradz and Poznañ
gauge sta tions. The high est an nual SSC means were ob served 
at dif fer ent lo ca tions in dif fer ent years. At Sieradz, the high est
mean SSC val ues (>90 g × m–3) were ob tained in 1975 and
1980, at Poznañ in 1969, 1973 and 1974 (>40 g × m–3), and at
Gorzów Wlkp. in 1974 (29 g × m–3) (Ap pen dix 2). Such vari a tion
sug gests that events char ac ter ized by high SSC val ues may be
as so ci ated with lo cal in fluxes of sus pended sol ids.

Sig nif i cant abrupt changes in SSC can be clearly seen at all
sta tions over the course of the 20-year pe riod, and it is pos si ble
for the pe riod to be di vided into two subperiods (Fig. 3 and Ta -
ble 2). The SSC re mains rel a tively low in the ini tial pe riod, but
in creases rap idly and be comes more vari able later on. Ac cord -
ing to Pettitt’s Change-point De tec tion Test, this sec ond pe riod
be gins the ear li est at Gorzów Wlkp. (since 1968), fol lowed by
Poznañ (1969) and then Sieradz (1973), how ever, an iso lated
ex am ple of very high SSC was also ob served at Sieradz in
1969 (Jan u ary–Feb ru ary). Mean SSC changed be tween these
subperiods by a fac tor of ~2 at Gorzów Wlkp. (from 9 to 18 g ×
m–3) and Poznañ (from 13 to 29 g × m–3), and by ~3.5 at Sieradz

https://gq.pgi.gov.pl/rt/suppFiles/28503/


(from 17 to 59 g × m–3; Fig. 3). The Mann-Kend all test did not
iden tify any sig nif i cant grad ual trends dur ing the subperiods
(Ta ble 2); in ad di tion, nei ther abrupt change nor grad ual trends
were de tected at Gorzów Wlkp. or Poznañ when dis charge was 
taken into ac count. At Sieradz, a sig nif i cant trend can be seen
over the 20-year study pe riod (Mann-Kend all t = 0.4, p = 0.015)
with a slope 0.93 m3 × s–1 per year. 

DISCHARGE VERSUS SSC

No clear pat tern was ob served re gard ing the an nual vari a -
tion of both SSC and dis charge (Fig. 4). Al though max i mum
dis charge usu ally oc curs be tween Jan u ary and April, it can shift 
both to win ter or sum mer months, and ad di tional peaks of very
high dis charge can be ob served through out the year. The an -

nual SSC pro files ap pear to dem on strate the great est vari a tion
at Sieradz and Poznañ, with the high est SSC events be ing ob -
served through out the year, last ing from sev eral weeks to sev -
eral months. At Gorzów Wlkp., peaks of SSC usu ally oc cur in
the sum mer months (May–July) but some vari a tion is ob served. 
How ever, no co in ci dence is ob served be tween peak max i mum
SSC and dis charge level.

Dif fer ent re la tion ships be tween SSC and dis charge can be
ob served for each year and at each gauge sta tion. Gen er ally
speak ing, only a very weak re la tion ship can be seen over the
en tire pe riod stud ied, both for daily (Kend all t in the range of
–0.16 to 0.08) and monthly read ings (t –0.10 to 0.11) (Fig. 5A
and Ap pen dix 3), with stron ger neg a tive cor re la tions be ing ob -
served for the daily data dur ing some years. This was par tic u -
larly true at the Poznañ and Gorzów Wlkp. sta tions, where high
SSC val ues of ten co in cide with low dis charge, and low SSC
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T a  b l e  1

Ba sic char ac ter is tics of the Warta River and its catch ment, as well as hy dro log i cal pa ram e ters at three
gauge sta tions: se lected sta tis tics of dis charge (Q) and sus pended sed i ment con cen tra tion (SSC) 

cal cu lated on the ba sis of data mea sured for the pe riod 1961–1980; in the case of max i mum SSC val ues,
 the date of their oc cur rence is also pro vided

Gauge sta tion
Sieradz

Up stream

Poznañ

Mid dle-stream

Gorzów Wlkp.

Down stream

Dis tance from the mouth [km] 521 242 56

Slope of the catch ment [‰] 3.65 1.68 1.29

Av er age gra di ent of the river [‰] 0.88 0.27 0.18

Dis charge Q [m3 × s–1]:

mean/me dian

(quartiles 25 ÷75%)

51.0/42.6

(32.7 ÷58.7)

114.3/90.5

(60.5 ÷141.0)

232.9/197.0

(145.0 ÷284.0)

SSC [g × m–3]

mean / me dian

(quartiles 25 ÷75%)

33.7/16.0

(9.5 ÷34.4)

22.3/16.0

(10.0 ÷25.5)

14.5/12.0

(8.0 ÷20.0)

max SSC [g × m–3]
612

(Feb ru ary, 1969)

414

(Sep tem ber, 1969)

80

(No vem ber, 1967)

Fig. 2. The fre quency of de fined con cen tra tion classes of sus pended sed i ment oc cur rence dur ing 
a sin gle hy dro log i cal year over the pe riod 1961–1980 at three gauge sta tions in ves ti gated  on the Warta River 

The fig ures are based on IMGW–PIB data, lin early in ter po lated to daily data, ex cept for hy dro log i cal years 1969 and 1979 at
Gorzów Wlkp. due to lack of data for XI–XII or II, re spec tively

https://gq.pgi.gov.pl/rt/suppFiles/28503/


with in creas ing dis charge. This re la tion ship can be seen clearly
in 1979 at Sieradz, but is also vis i ble in 1975 and 1968 at
Gorzów Wlkp. and through out the en tire pe riod re corded at
Poznañ, be ing most ev i dent in 1975 and 1968 (Fig. 5B and Ap -
pen dix 3).

Sig nif i cant pos i tive cor re la tions be tween SSC and dis -
charge can be ob served only very rarely and they tend to be
very weak (max i mum Kend all t = 0.26 in 1965 at Gorzów Wlkp). 
In ad di tion, the anal y sis of the pe ri ods of high-wa ter stage, dur -
ing early spring or sum mer, does not re veal any reg u lar in flu -
ence of dis charge on SSC. For ex am ple, SSC was found to re -
main low in 1963 (Fig. 6), and in other years when flood events
oc curred, how ever, the op po site re la tion ship can be seen dur -

ing low-wa ter stages in 1963 and dur ing some other years: SSC 
was found to be rel a tively high dur ing the sum mer-au tumn
lower wa ter stages. Dur ing those pe ri ods, SSC may reach max -
i mum val ues for the en tire hydrogeological year (Figs. 4 and 6).
How ever, even if the max i mum SSC oc curs in win ter or early
spring rather than sum mer, an over all pos i tive cor re la tion can
be ob served be tween SSC and tem per a ture (t up to 0.52): a
clear in crease in an nual SSC with wa ter tem per a ture in the
sum mer months, and a de crease in SSC and wa ter tem per a -
ture in early au tumn (Fig. 4). Such trends were ob served most
of ten at Gorzów Wlkp. (Ap pen dix 3), how ever, the ex act re la -
tion ship be tween SSC and wa ter tem per a ture var ies ac cord ing
to year, sea son and lo ca tion.

SSL VARIABILITY ALONG THE RIVER’S COURSE 
DURING THE PERIOD 1961–1980

Our find ings in di cate that the SSL in creases down stream
(Fig. 7 and Ap pen dix 4). Tak ing into ac count that the SSC de -
creases down stream (Ta ble 1 and Fig. 2), we con clude that this
in crease in SSL is caused mainly by the in creas ing dis charge
ob served down stream (Ta ble 1). Dur ing the pe riod 1961–1980,
the Warta car ried an nu ally on av er age 58,000 tonnes of sus -
pended sed i ments at Sieradz, 73,700 tonnes at Poznañ and
108,200 tonnes at Gorzów Wlkp. (Ap pen dix 4). How ever, those
val ues var ied dur ing the study pe riod (Fig. 7 and Ap pen dix 4).
There were years when the SSL val ues were the high est at the
up stream or mid dle-stream gauge sta tions. For ex am ple, in
1975 and 1980, the high est SSL val ues were re ported at
Sieradz, whereas in 1973, the high est SSL val ues were re -
ported at Poznañ. Those years were char ac ter ized by dis -
charge val ues close to mean val ues (Fig. 7), but high SSC val -
ues were also ob served (Fig. 3). More ex cep tions to the rule
that SSL in creases down stream were ob served when monthly
means were taken into ac count, sug gest ing that such changes
are in flu enced prin ci pally by lo cal fac tors, such as in ci den tal
anthropogenic in creases in SSC, changes in dis charge dur ing
snowmelt or the oc cur rence of ice phe nom ena. In ci dences of
in creased sus pended sed i ment sup ply at a par tic u lar sta tion
can not be ob served at those down stream, im ply ing that the
sus pended sed i ments must be de pos ited along the river
course.

Dur ing the 20-year-pe riod ana lysed, no grad ual trends in
dis charge were de tected, ex cept at Sieradz (Ta ble 2); this sug -
gests that long-term changes of SSL (Fig. 7) at each gauge sta -
tion are de ter mined mainly by the tem po ral pat tern of SSC val -
ues and their abrupt changes (Fig. 3). At Sieradz, SSC and SSL 
both in creased af ter 1972, al though the lat ter re mained at rel a -
tively low lev els, as in di cated by the break point of the dou -
ble-mass plot of SSL vs. dis charge, as de tected by the Da vis
test. Al though SSL re mained rel a tively low in 1973, due to the
de creased dis charge level, thus ex tend ing the ini tial “low” pe -
riod by one year, a clear in crease in the slope of the dou ble
mass curve could be ob served in 1974 (Fig. 7). 

At Poznañ, changes in the re la tion ship be tween cu mu la tive
SSL and dis charge were ob served in 1969, along with an
abrupt change in SSC, how ever, from 1978, SSL was ob served 
to de crease, as in di cated by the sec ond sig nif i cant break point
of the dou ble-mass curve, and SSC slightly de crease (Fig. 3).
At Gorzów, a sig nif i cant change in SSL has been ob served
since 1967, mainly due to an as so ci ated in crease in dis charge
lev els (Fig. 7). The an nual mean SSC level in 1967 was also rel -
a tively high, how ever, a pre vi ous anal y sis re ported that the
sharp change in SSC only oc curred from 1968 (Fig. 3). Dur ing
the first subperiod, i.e. be fore this sharp change, sus pended
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Fig. 3. Fluc tu a tions of an nual (·) means and sta tis ti cal anal y -
sis of monthly mean SSC val ues in hy dro log i cal years, 

over the pe riod 1961–1980 at three gauge sta tions 

Dashed lines in di cate points of abrupt change as de tected
 by Pettitt’s test, black lines in di cate mean SSC in subperiods

 (log a rith mic scales of ver ti cal axes)

https://gq.pgi.gov.pl/rt/suppFiles/28503/
https://gq.pgi.gov.pl/rt/suppFiles/28503/
https://gq.pgi.gov.pl/rt/suppFiles/28503/
https://gq.pgi.gov.pl/rt/suppFiles/28503/
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sed i ment was trans ported at the av er age rate of 24,400 tonnes
per year at Sieradz (1961–1973), 37,800 tonnes per year at
Poznañ (1961–1968) and 50,900 tonnes per year at Gorzów
Wlkp. (1961–1966); hence, down stream, the trans port rate at
Gorzów Wlkp. was 1.3-times higher than at Poznañ, and
1.5-times higher at Poznañ than at Sieradz. How ever, as noted
above, this re la tion ship was dis turbed by ex cep tional cases in
1973, 1975 and 1980. 

DISCUSSION

This study shows that the dis charge of the Warta River in -
creases and SSC de creases when mov ing down stream (Fig.
4). In ad di tion, an in crease in down stream dis charge re sulted in
an in crease in the amount of sus pended sed i ment (SSL). Such
con clu sions have al ready been drawn from stud ies of the lon -
gest Pol ish rivers, the Wis³a, Oder and Warta, con ducted dur ing 
the 1940s and 1950s (Jarocki, 1957; Mikulski, 1961). How ever,
our es ti mates of the SSL in di cates also a gen eral in crease in
the amount of sus pended sed i ment trans ported in the Warta
dur ing the pe riod stud ied, 1961–1980 (Fig. 7).

Our find ings in di cate that long-term changes of SSL at each 
gauge sta tion were pri mar ily as so ci ated with the pat tern of SSC 
changes, with only slight mod i fi ca tions by inter-an nual changes
of dis charge. The high est SSC was >60 g × m–3 in the up stream
sec tions of the Warta and >40 g × m–3 in down stream sec tions
(Fig. 2); these lev els are ab nor mal and may in di cate the oc cur -
rence of in ci den tal events, most likely of anthropogenic or i gin. 

In creases in SSC ob served at par tic u lar time pe ri ods are
closely cor re lated with hu man ac tiv i ties car ried out in the Warta
River val ley. At Sieradz, up stream of the Warta River val ley, the 
river train ing works be gan af ter 1972, in cluded strength en ing
groynes and deep en ing the riverbed (ac cord ing to doc u ment
TUW.433.2.2016 ob tained from the Re gional Wa ter Man age -
ment Au thor ity in Poznañ). Fur ther more, in 1973, one of the
larg est lig nite mines in Eu rope, Be³chatów (Fig. 1), was opened, 
which caused dis charge of wastewater to the Widawka River, a
right-bank trib u tary of the Warta near Sieradz (Wachowiak,
1988; Pierzcha³a, 2010). These ac tiv i ties caused, at Sieradz,
an in creas ing trend in SSC and SSL which clearly ac cel er ated
af ter 1974 (Figs. 4 and 7). 

In Poznañ, be tween 1969 and 1974, large-scale river train -
ing works were con ducted as a part of planned flood pro tec tion

mea sures, re sult ing in the con struc tion of a new riverbed
(Lewandowski and Rembeza, 1972; Kaniecki, 2004, 2013;
Poznañska Wiki, 2020). This is re flected in the in crease of SSC
and SSL from 1969. Af ter 1974, the SSC level clearly de -
creased in the river, but re mained higher than the value at the
be gin ning of the 20-year pe riod ana lysed.

Dur ing the sec ond half of the 1960s, such river en gi neer ing
was works also con ducted on a down stream sec tion of the
Warta near Gorzów Wlkp. (Goraj, 2015), and from 1967, SSL
was found to in crease in re la tion to dis charge. The Warta was
in ten sively used as an in land wa ter way dur ing this pe riod
(Klause, 2008), and as such, dredg ing was of ten con ducted;
this un doubt edly had an im pact on the river banks and on
deep-seated ero sion pro cesses. 

The re sults of this re search are in line with those of pre vi ous
stud ies on sus pended sed i ments in low land rivers (see £ajczak, 
1999, 2003; Siakeua et al., 2004). An anal y sis of SSC mea -
sure ments in the Vistula, the lon gest Pol ish river, over a
100-year-pe riod,1890–1995, re vealed SSC to be sig nif i cantly
greater dur ing the four ini tial de cades, i.e. un til around 1930, as
a re sult of river en gi neer ing mea sures (£ajczak, 1999, 2003).
Af ter this pe riod, the SSC started to de crease, prob a bly in re -
sponse to the con struc tion of dams and bar rages, river chan nel
sta bili sa tion mea sures and changes in land use in the river
catch ment, par tic u larly ur ban de vel op ment.

Long-term ob ser va tions in di cate that the changes trig gered
by nat u ral fac tors are not rapid, and that the river car ries a gen -
er ally con stant amount of sus pended sed i ment. Only the pres -
ence of ice cover can in duce a rapid in crease of SSC. At
Sieradz in 1969, the pres ence of ice cover was found to have a
sig nif i cant in flu ence on SSC and max i mum SSC in the pe riod
ana lysed, prob a bly by in ten si fied riverbed ero sion as a re sult of
tun nelled flow (see Skolasiñska and Nowak, 2018). How ever,
the sus pended load quickly re turned to the pre vi ous low level
(Figs. 4 and 7). More over, the ef fect of ice on SSC is mostly in ci -
den tal as the in crease in air and wa ter tem per a tures con trib ute
to a sig nif i cant short en ing of the pe riod of oc cur rence of ice phe -
nom ena on the river, i.e. by 9.5 days de cade–1, and the du ra tion
of ice cover fall ing by 5.5 days de cade–1 (Nowak et al., 2019).

Other im por tant nat u ral fac tors con trib ut ing to the in crease
in SSC in the Warta may be dis charge and wa ter tem per a ture.
Al-Anseri et al. (1988) and Asselman (1999) pro posed that the
pos i tive cor re la tion be tween dis charge and SSC can be at trib -
uted to higher river flows be ing ca pa ble of trans port ing larger
masses of sus pended sed i ments, how ever, no such cor re la tion
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T a  b l e  2

Re sults of long-term trend anal y sis of SSC and dis charge an nual mean time se ries
 (data in bold are sig nif i cant at p <0.05)

pa ram e ter lo ca tion
Pettitt test Mann-Kendall test and Sens Slope

p-value Change pe riod p-value t slope

SSC

Sieradz 0.006 1972
1961–1972 0.537 0.15 0.27

1973–1980 0.710 0.14 4.81

Poznañ 0.005 1968
1961–1968 0.901 0.07 0.13

1969–1980 0.373 –0.21 –1.21

Gorzów
Wlkp. 0.007 1967

1961–1967 0.230 0.43 1.01

1968–1980 0.502 –0.15 –0.19

Q

Sieradz 0.567 – 1961–1980 0.015 0.40 0.93

Poznañ 0.249 – 1961–1980 0.064 0.31 2.37

Gorzów
Wlkp. 0.153 – 1961–1980 0.183 0.22 3.39
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Fig. 4. Interannual vari a tions of sea sonal pat terns of sus pended sed i ment con cen tra tion (SSC) 
and dis charge (Q) (monthly mov ing av er age, log a rith mic col our scale, grey means no data)
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was ob served in the pres ent study, even in the pe ri ods be fore
anthropogenic in flu ences were ap par ent (Ap pen dix 3). The re -
sults of this study are con sis tent with those pre sented by Wood
(1977) and Siakeua et al. (2004), among oth ers, in di cat ing that
the SSC val ues can vary in de pend ently of dis charge. 

There fore, when de ter min ing the causes of SSC vari abil ity,
dis charge should not be taken into con sid er ation as the most
sig nif i cant fac tor. The growth of phytoplankton may also play a
role, as this would pro mote changes in the con cen tra tion of or -
ganic mat ter in sus pen sion. In the pres ent study, the dataset
ana lysed did not in clude in for ma tion about the pro por tion of or -
ganic mat ter in the sus pen sion, or other in di ca tors of phyto -
plankton de vel op ment, such as chlo ro phyll a con cen tra tion,
how ever, the fact that high SSC val ues were ob served dur ing
the sum mer pe riod at low dis charge and a pos i tive cor re la tion
was found be tween SSC and wa ter tem per a ture sug gests that
phytoplankton may in deed play a role. Stud ies of other low land
rivers in Eu rope (Desortová and Punèocháø, 2011; Hillebrand et 
al., 2018) show sim i lar re la tion ships be tween SSC, dis charge
and wa ter tem per a ture and in tense growth of phytoplankton in
sum mer. An im por tant fac tor con trib ut ing to the in crease in
phytoplankton growth in the Warta may be the pro gres sive deg -
ra da tion of wa ter qual ity ob served dur ing the pe riod in ves ti -
gated (Che³micki, 2012; Górski et al., 2019). As noted ear lier,
land use out side res i den tial re gions is dom i nated by ag ri cul ture. 

Wa ter qual ity fell mainly as an ef fect of fer til iza tion of ar a ble
land, as well as through the un con trolled dis charge of do mes tic
sew age and in dus trial pol lu tion from grow ing cit ies and large in -
dus trial plants. The pol luted wa ter dis charges in the Warta
catch ment area in duce highly eutrophic con di tions and fa vour
phytoplankton blooms dur ing sum mer (M¹drecka and Szel¹g -
-Wasielewska, 2017; Górski et al., 2019). Such in creases in the
pro por tion of or ganic mat ter among the sol ids sus pended in
rivers may rep re sent one of the neg a tive ef fects of global warm -
ing. The ex pected in crease in air and wa ter tem per a tures in the
com ing years will re sult in more fre quent and lon ger pe ri ods of
drought, and thus an in crease in phytoplankton bio mass in
rivers. The or ganic com po nent and bi otic pro cesses are rarely
in cluded in as sess ments of river dy nam ics of sus pended sed i -
ment loads. As high con cen tra tions of sus pended or ganic mat -
ter may worsen the eco log i cal sta tus of rivers, it is im per a tive to
iden tify the driv ing forces be hind vari a tion in sus pended sed i -
ment load, and their con tri bu tions. Tem per a ture is only one of
the fac tors that con trols phytoplankton growth and is not suf fi -
cient to ex plain the vari abil ity of or ganic con tent in to tal SSC.
There fore, the pres ent study em ployed a va ri ety of sta tis ti cal
mod els (re sults not in cluded) that ex am ined the ef fect of dis -
charge (Q), wa ter tem per a ture (T) or days from the pre vi ous ice
phe nom e non on SSC vari abil ity. At best, how ever, they did not
ex plain >23% of the SSC vari ance (lin ear mul ti ple re gres sion,

Fig. 5. Scat ter plots of sus pended sed i ment con cen tra tion (SSC) and dis charge (Q)

A – daily data (black cir cles) and monthly mean data (white di a monds) over the pe riod 1961–1980; 
B – daily data for the hy dro log i cal years cho sen show ing an in verse re la tion ship be tween SSC and Q 

https://gq.pgi.gov.pl/rt/suppFiles/28503/
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log a rith mic train ing of SSC, for Gorzów Wlkp. in the pe riod
1960–1966).

The SSL is a value from which de nu da tion rate and its fluc -
tu a tions are de ter mined. The prin ci pal as sump tion be hind us -
ing the SSL as a re al is tic proxy of de nu da tion rate is that both
the quan tity and qual ity of the sus pended sed i ments mea -
sured at a sin gle point (i.e., a gauge sta tion) lo cated down -
stream of the river course are rep re sen ta tive of the de nu da -
tion pro cesses in the en tire catch ment area of the river. This
rea son ing, shared by many re search ers (see Jarocki, 1957;
Dêbski, 1959; Pas³awski, 1973; Kostrzewski and Zwoliñski,
1990; Brañski and Banasik, 1996), seems jus ti fied in the case
of a river catch ment where the pres ence of sus pended sed i -
ments in the river is gov erned only by nat u ral fac tors, such as
flu vial ero sion or sur face run off. How ever, the ad di tional in flu -
ence of anthropogenic fac tors, mainly con trol ling the quan tity
of the sus pended sed i ments in the river, of ten bi ases the as -
sess ment of the de nu da tion in dex cal cu lated on the ba sis of
SSC alone, with out any de tailed anal y sis of driv ers of its fluc -
tu a tions (see Kijowska-Struga³a, 2015; Skola siñska and
Nowak, 2018). In the case in ves ti gated of the Warta, where
the high est SSC mea sure ments are likely as so ci ated with the
dis posal of wastewater from the open-pit mine at Be³chatów or 
river train ing works, it seems un rea son able to sug gest that the 
de nu da tion pro cesses have ac cel er ated (as shown by Brañski

 and Banasik, 1996). There fore, in any ur ban and/or in dus trial
ar eas, a de nu da tion in dex cal cu lated solely based on SSC
mea sure ments, and the re sul tant in ter pre ta tions, must be
treated with cau tion.

In ad di tion, it also seems ques tion able to make any as sess -
ment of the de nu da tion rate with out per form ing any qual i ta tive
anal y ses of the sus pended sed i ments, as these pro vide in for -
ma tion re gard ing the amount of or ganic mat ter in the to tal sus -
pended load. The sus pended or ganic mat ter con tent of ten con -
sti tutes a sub stan tial, or even dom i nant, part of the to tal sus -
pended load of which the ma jor ity is pro duced in situ in the river
wa ter; it is not de liv ered from the river catch ment (e.g.,
Hillebrand et al., 2018). Hence, it should be ex cluded from the
as sess ments of de nu da tion rate.

In sum mary, the pres ent anal y sis of a large, mostly ur ban -
ised low land river catch ment sub jected to river train ing mea -
sures found that anthropogenic fac tors have had a sig nif i cant
im pact on its SSC and SSL con tent over a 20-year pe riod. Al -
though this pe riod is a short one with re gard to the geo log i cal
time scale, it is nev er the less suf fi cient to dem on strate clear
trends re sult ing from hu man in flu ence. The changes re corded
are sig nif i cant ones, in di cat ing the pres ence of con sid er able hu -
man-in duced changes tak ing place amongst the nat u rally-oc -
cur ring pro cesses.

Fig. 6. Sus pended sed i ment con cen tra tion (SSC) and dis charge (Q) dur ing the year 1963
 at the three gauge sta tions tested with flood events and sum mer dry pe ri ods in di cated

 Note the dif fer ent scale on the Y axis (Q)
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CONCLUSIONS

Based on the re sults of the dataset ana lysed, col lected dur -
ing the pe riod 1961–1980 at three gauge sta tions (Sieradz,
Poznañ and Gorzów Wlkp.) down stream in the Warta River, the 
fol low ing con clu sions can be drawn:

– Down stream, SSC shows a de creas ing trend while SSL
in creases due to an in crease in down stream dis charge. 

– In the low land river, where many river train ing works
have been un der taken, hu man ac tiv ity sig nif i cantly in flu ences
the fluc tu a tions ob served in both SSC and SSL; at each gauge 
sta tion dur ing the 20-year pe riod ana lysed, both SSC and SSL 
show an in creas ing trend, mainly caused by the river trainings
and the dis posal of wastewater from mines and in dus try.

– The high est re ported SSC val ues are of lo cal sig nif i cance, 
and no cor re la tion was ob served be tween the sam pling sites at
the three gauge sta tions, lo cated ~200 km apart.

Fig. 7. Changes in the an nual mean dis charge (Q) and sus pended sed i ment loads (SSL) in the Warta River

A – dou ble-mass plots based on cu mu la tive Q and SSL val ues; B – years (and time pe riod) char ac ter ized by in creased
SSL dur ing the pe riod ana lysed, 1961–1980, are marked; note the dif fer ent scale for the Q axis
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– No sig nif i cant cor re la tion was found be tween dis charge
and SSC, al though dur ing some of the years in ves ti gated, a
spe cific re la tion ship ap peared to ex ist: high SSC oc curs in
sum mer pe ri ods with low dis charge, and changes in SSC cor re -
late with sea sonal changes of tem per a ture, a trend which is
most likely re lated to the growth of phytoplankton.

– Where the river catch ment anal y sis was greatly af fected
by anthropogenic fac tors, the SSC-based as sess ment of the
de nu da tion in dex does not ap pear to re flect the ac tual de nu da -
tion rate.
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