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Abstract: This long-term (35 year) study of the coastal zone of the Włocławek Reservoir on the River
Vistula presents three stages in its evolution: 1) acceleration of the transformation rate, 2) variable
falling rates of transformation, 3) a dynamic equilibrium. These stages may be regarded as typical
for medium sized lowland valley artiﬁcial lakes (20-100 km2 in area and 0.1-1.0 km3 in volume) with
low water level ﬂuctuations (annual amplitudes of ≤ 1 m, and daily amplitudes of 10-20 cm).
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1. Introduction
Dam lakes, mostly built during the second half of the 20th century, constitute important hydrographic features. Their combined area of 400 000 km2 accounts for 15.4%
of the overall lake area and the 6500 km3 of volume accounts for nearly 4% of overall
lake volume (Avakian 1998). In Poland the respective percentage values are even greater
at 365 km2 (17.8%) and 3.6 km3 (20.7%) (Atlas hydrologiczny....1986).
When a dam or a step structure is erected, a new phase of river bank transformation
begins with the higher water surface levels. The scale and form of this transformation
depends on the lake size, physical geography of the valley and dam operating regimen.
Lake Włocławek is a lowland, valley type through-ﬂow water body of medium size
on a world scale; it is also Poland’s largest lake by area (70 km2) and second largest by
volume (408 million m3). Its water level ﬂuctuations are irregular but low (the annual
amplitude ≤ 1 m, and daily amplitude of 10-20 cm).
Many other artiﬁcial lakes in Poland (Zegrzyński, Koronowski, Jeziorsko, Siemianówka, Krzynia, Konradowski and Bytowa) and abroad (Nehranice in the Czech Republic,
Orawa in Slovakia, Gorkowski, Irkucki and Bracki in Russia) have had studies made
of their banks. In most cases these were short-term one-off studies, sometimes limited
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to geodynamical mapping of selected bank sections. The one artiﬁcial lake bearing
the most resemblance to the Lake Włocławek in terms of its bank landform, geology and
water level ﬂuctuations, and the best researched, is Lake Zegrzyński on the River Narew.
Other lakes differ in terms of size, water level ﬂuctuation and age.
As coastal zone research in the artiﬁcial lakes has developed, attempts have been made
to identify periods, phases, stages and cycles in the course of their evolution. Abrasion was
chosen as the lead criterion in those identiﬁcations. At ﬁrst, two periods were identiﬁed:
1) unstable development, i.e. the youthful period, 2) stable development, i.e. the maturity
and old age period (Vendrov 1979). Almost at the same time other terminology was used:
1) bank formation driven by abrasion, 2) stabilisation driven by accumulation (Shirokov
1984). As understanding of the coastal zone developed, those initial periods were subdivided into shorter units, i.e. stages, cycles, phases and legs (Finarov 1986). There are few
available long term studies of a single site (dam lake) by a single research team in Poland
and worldwide. Most of the studies involve one-off or short-term studies spanning several
years at most. On the other hand, there are many forecasts that nearly nobody veriﬁes. This
paper is an attempt to generalise coastal zone change in time.

2. Method
Lake Włocławek on the Lower River Vistula has the longest history of coastal zone
research of all those lakes about which material has been published in Polish literature.
For the ﬁrst 22 years after the completion of the ﬁlling operation in 1970, many aspects
of the coastal zone were studied systematically (Banach 1994), after which they have been
studied periodically over the last 13 years (1992-2005). Geodesic surveys of coastal zone
changes were performed along dozens of transects. Both the submerged and exposed parts
of the banks were repeatedly levelled while points on the surface of landslides (e.g. trees,
pipes, boulders and building foundations) were surveyed with a tachymeter from at least
two locations outside the landslides. On a few occasions, geodynamic mapping was performed, each time identifying the boundaries of the various bank types. Aerial photos from
various periods were also employed. During 1969-1998, a research project was carried out
by the Institute of Geography and Spatial Management of the Polish Academy of Sciences in Toruń, which was followed by seven years of studies at the Institute of Geography
at Słupsk Teacher Training College (Pomorska Akademia Pedagogiczna w Słupsku),
as part of its own and statutory activities.

3. Research results
In 1970, following the completion of the ﬁlling of the lake behind the dam, the River
Vistula water level rose by nearly 11 metres and its width more than doubled. Median islets
were covered. The continuous water body was 1.2-2.0 km wide and 30 km long. Its depth
considerably increased especially along steep formerly high erosion banks. The slopes were
permeated with water up to the water level reducing their compactness and the friction
between deposit particles. Initially the littoral zone corresponding to the path of oncoming waves was quite deep allowing high-energy waves to strike and expend that energy
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in the process of washing and degrading the banks. Crevices, land slumps, downfalls
and new landslides developed along the steep slopes close to the waterline and the development rates of existing mass movement landforms accelerated. This happened primarily on
the right bank of the lake between the city of Płock and the town of Włocławek, thus forming
the largest area of continuous landslide on the Polish Lowlands (Banach 1977, 1985).
The large open lake favoured the development of waves which during the ﬁrst
years after the completion of the lake damaged the banks at a much faster rate than
the earlier ﬂoodﬂow erosion of the River Vistula. Such a vast scale of destruction was caused
by the lack of a gradual slope foot, which would have played a stabilising and supporting
role. At a time of rough water, the wash tide found no obstacles and poured onto the banks
damaging them, while currents ﬂowing along the banks transported the sorted material
to greater depths and bays that were much more numerous than today.
A detailed analysis of the data collected during the course of the surveys and investigations of the coastal zone transformations over the full 35 years that the Włocławek
dam has operated leads to the identiﬁcation of three stages (legs): 1) an accelerating rate
of transformation, 2) variable falling rates of transformation, 3) a dynamic equilibrium.
The ﬁrst stage lasted three to eight years and involved an acceleration of the rates
of bank and slope processes (Figure 1). In parallel to the degradation of the high and steep
banks, deposits were accumulated in the littoral zone and transferred en masse away from
the bank towards greater depths. The high banks were the fastest to recede. The largest
amount of washed deposits were transported to deep areas and bays (Table 1, Figure 2).
The landslide material was moving at the rate of 2.6-3.6 m per year in the central and lower
parts of the landslides surveyed, i.e. nearly 40% faster than before the ﬁlling of the lake
(Table 2). This was caused by an increase in the washing rate of the colluvia deposited
on the lake banks. The intensity of the washing even exceeded 20 m3 per year, per running meter of high cliffs (Table 1). As this stage came to an end, abrasion began along
the low and gradual banks that until then had only been degraded, or ‘licked’ by the waves,
at a very slow rate. This was the stage of forming new banks of the River Vistula
or the stage of unstable development, or the youthful stage (Vendrov 1979).
During the second stage, lasting between nine and 12 years, the intensity of bank
abrasion and landslide activity varied but tended to subside overall (Figure 1). The coastal
shallows grew to a sizable area (16-20 metres in width) and an increasing proportion
of the deposits washed by the waves were transported along the bank rather than away
from it to the depths. Point bars formed in the bays and on the lee sides of convex bank
forms. Mouths of canyons and small valleys were cut off by sandbars and the resulting
lagoons were slowly ﬁlled with deposits from permanent and periodic watercourses.
The length of lithologically uniform bank sections materially increased, along which
bedload travelled over the coastal shallows. In sections with landslides the waterline, which
had previously receded, began to move lakewards as a result of a considerable reduction
in the rate of abrasion. The rate of slope processes dropped to 1.0-1.7 m per year, i.e. below
the rate prior to the damming of the river (Table 2).
After 12 to 20 years, the coastal zone reached a dynamic equilibrium in its third development stage where both the slope and bank processes (bank abrasion and accumulation)
slowed down considerably. The coastal shallows had already been fully developed with

Explanations: * – kilometrage in 1970; ** – average value for whole cliff. Lithology: pł – dusts, I – loams, g – clays, kol – colluvia. Age: A – Anthropogene,
Q – Quaternary, Pl – Pliocene, M – Miocene.

Table 1. Bank abrasion on the Lake Włocławek at Dobrzyń
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Figure 1. Course of geomorphological processes on Lake Włocławek

stable surfaces, as indicated by the existence of submerged plant life and benthos, especially
Zebra Mussel (Dreissena polymorpha), which requires a stable subbase and is sensitive
to sandy bedload movement which irritates and hurts its ﬁltration system. Vegetation
colonised the tops of the high cliffs and inactive downfalls and screes and the sharpness
of the landslide morphology was largely softened. The intensity of certain slope and bank
processes, such as landslides, rainwash and linear wash, as well as weathering, dropped
below that from prior to the ﬁlling of the lake. This had primarily been caused by:
– a sixfold reduction in the River Vistula water level ﬂuctuation to one metre from
a former six metres,
– a reduction in the river surface gradient and ﬂow rate,
– a reduction in the underground water level gradient and ﬂuctuation amplitude,
– the development of a coastal shallows, which has effectively replaced the submerged
slope foot and plays a stabilising role helping expend wave energy,
– a nearly complete abandonment of the utilisation of slopes for more than 18 years now,
(for cattle grazing, harvesting grass, crops and orchards) helping their revitalisation.
This stage will last for decades.
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Figure 2. Morphodynamic map of the Vistula valley slope at Dobrzyń
Explanations: 1 – edge of morainic high plain, 2 – old inactive landslides, 3 – landslides active before
the Vistula dam construction (until 1970), 4 – landslides formed after the Vistula dam construction
(1970-1983), 5 – slope earth falls and screes, 6 – erosion incisions, 7 – the Vistula bank before damming
(1964), 8 – the Vistula bank after damming (1970), 9 – the Vistula bank in 1983, height of cliff in m,
10 – former moat, 11 – the axis of the central slide with the location of the points examined, 12 – range
of relative safety of the escarpment (slope) according to A. Kühn (1973): A – danger zone, B – relative safety
zone, 13 – Góra Zamkowa.
Source: Banach 1985, generalized.

Table 2. Horizontal displacement (in metres) at the selected survey points (see ﬁgure 2);
the central landslide at Dobrzyń in 1959-2002
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Some publications predicted (Banach 1994, 1998) that this state of dynamic equilibrium might only be upset locally during a longer spell with a high water level and concurrent strong wave action at a time of intensive rainfall accompanied by reduced evaporation,
i.e in wintertime or early spring. This is what happened in 2001 and even more in February
2002 when unusually high precipitation during two years in a row caused a considerable
increase in moisture content in the slope and bank formations. With a total precipitation
of 827 mm, 2001 was the record year during the 35 years of the lake’s existence. The year
2002 was less wet (621 mm), but it featured an extremely heavy rainfall during wintertime when the February total of 101 mm exceeded the thirty year average (1971-2000) by
a factor of 4.7. A substantial and permanent increase in the headwater height on the Vistula
between February 2002 and early June 2003 by nearly 20 cm as compared to the average in 2001 and before (Figure 3) coincided with the wet period additionally enhancing
the ‘loosening’ effect of the deposits along the water line and on the slopes. As a result
bank abrasion intensiﬁed and landslides were revived, especially in the winter seasons
of 2002 and 2003. However, the activation of the slope and bank processes represented
just a minor ‘momentary’ episode in the overall trend which subsided with time.
The three stages of the Lake Włocławek bank transformation discussed above and
their duration could be compared to other artiﬁcial lowland, valley-type lakes of medium size featuring similar water level ﬂuctuations (≤ 1 m per year). With the increase
of a water body’s area and its water level ﬂuctuation, the duration of individual development stages grows. After ten years of operation, for example, Lake Jeziorsko on the River
Warta still remains in its ﬁrst stage of development as a result of its considerable annual
water level ﬂuctuations of 3.9-5.6 m recorded during 1995-1999 (Banach, Grobelska 2003).
The coastal zone of Lake Bratsk on the Angara (Russia), which has been in existence for
forty years now, is only now entering the second stage of its development because of its
area (5470 km2), but even more because of the large amplitudes of its water level ﬂuctuations of four metres annually, but up to ten metres in the long term (Ovchinnikov et al.
1999). The coastal zone of the dam lakes in the River Słupia cascade, because of their small
size (< 2 km2) and water-level ﬂuctuations (< 0.5 m in a year), reached their equilibrium
after more than ten years. Today, after 80 years, the lakes, dams and hydrotechnical and
power equipment constitute cultural heritage objects enhancing the value and ranking
of the Dolina Słupi (Słupia Valley) Landscape Park.
The article does not consider the evolution of the coastal zones on artiﬁcial mountain
lakes which normally are situated among high and steep slopes and feature high water level
ﬂuctuations (up to several dozen meters). Slope and bank processes are already activated
along almost the entire perimeter of the water body during the ﬁlling stage (Kuskovsky,
Khabidov 2002). Following the completion of the ﬁlling stage, during normal operation,
the accumulation of material from degraded slope waste mantles accelerates. The coastal
o
shallows are characterized by a step proﬁle and signiﬁcant gradient (up to 10 or more).
Landsliding is commonplace on the banks of artiﬁcial mountain lakes. The transformation
process of the coastal zone tends to be longer and the reaching of the dynamic equilibrium
stage normally takes decades.
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4. Conclusions
– The inﬂuence of dam lakes on their coastal zone is best understood because of the evident, spectacular nature of the bank transformation process and the threat to the land
infrastructure. The inﬂuence on other components of the river valley environment, such
as water quality, soils, climate, settlement and land use, is less evident and rapid, and
thus less well understood.
– The coastal zones of small (≤ 2 km2), minor (2-20 km2) and medium sized (20-100 km2)
lowland dam lakes reach their dynamic equilibrium stage approximately 10-20 years
from the ﬁlling of the lakes; the greater the water level ﬂuctuation the longer the process
takes.
– On lowland dam lakes with minor but irregular water level ﬂuctuation (≤ 1 m)
in the moderate climatic zone, exaration (glacial erosion) remains an important factor where destruction is achieved as a result of the thermal and dynamic inﬂuence
of a continuous ice sheet (Banach 1988, 1994, Gierszewski 1988). The impact of this
factor is difﬁcult to forecast.
– Low and gradual banks are subject to abrasion and exaration at a clearly later stage than
high and steep banks. This pattern is true of all types of dam lakes regardless of their
size and water management (Banach, Spanila 2000, Ovchinnikov et al. 1999, Ovchinnikov et al. 2002).
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