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ABSTRACT

The aim of the paper is to reconstruct differences between the paleotopography and
contemporary topography of the historic centre of Krakow city, Poland, during the last
millennium. The paleotopography was reconstructed using published contour-line maps
based on archaeological and geoengineering investigations and showing the roof of in situ
fossil soil. The preliminary contour-line map represented a digital elevation model (DEM)
base map. A DEM from aerial laser scanning (ALS DEM) shows the contemporary
topography of Krakow city centre. The application of selected morphometric indices makes
it possible to quantitatively describe changes in the spatial dimension with regard to
altitude, relative heights, slope, and aspect classes. The analysis of the changes in the values
of the elements of topography studied shows that, at the scale of the whole study area, a
trend to flattening occurs, however this trend is locally balanced or overridden by an
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increase of surface unevenness.

1. Introduction

In geomorphology more and more attention has
recently been paid to changes in urban topography,
especially in the case of town centres with a long his-
tory. Changes in urban topography are defined as the
building over and flattening of the land surface due to
the increase of anthropogenic deposits, sometimes
with the participation of natural sediments, and also
as ground surface lowering caused, for example, by
earthworks (Dall’Aglio et al., 2017; Brandolini et al.,
2017, 2018, 2020; Del Monte et al., 2016, Kaniecki,
2013; Lajczak & Zarychta, 2020; Mandarino et al.,
2020; Pica et al,, 2017; Reynard et al., 2017; Zarychta
et al., 2018; Zwolinski et al., 2017). Less frequently,
spatial differentiation of the thickness of anthropo-
genic deposits in old towns is the subject of study
(Kaniecki, 2013; Luberti, 2018; Luberti et al., 2019;
Molewski & Juskiewicz, 2014; Proschel & Lehmkubhl,
2019). Important information is obtained from inves-
tigations located at the margin of archaeology, geo-
morphology, and geology, which indicates (based on
studies of the stratigraphy of cultural deposits and
natural sediments) the rate of change in topography
of some towns (Brandolini et al., 2018; Campagna &
Scardozzi, 2014; Carver, 1983; Mozzi et al., 2018; Rad-
wanski, 1972, 1975; Vogel et al., 2011).
Determination of the changes in topography of his-
toric town centres depends most of all on the precise

determination of the paleotopography of these areas
before the rapid growth of cultural deposits. The paleo-
topography is determined on the basis of the calcu-
lation of the coordinates [m a.s.l.] of the roof of in
situ paleosoils at the largest possible number of refer-
ence points. Geophysical and geoelectric methods,
such as ground penetrating radar, are applied in such
investigations. They make it possible to determine
the geology of the shallow substratum and the depth
of the paleosoil roof in densely built up centres of old
towns (Rapp & Hill, 1999). However, more reliable
information is obtained from archaeological investi-
gations (Carver, 1983; Luberti, 2018; Mozzi et al,
2018; Vogel et al., 2011) provided that the method of
determination of the paleosoil roof is unequivocal
and the density of reference points is large (Radwanski,
1975). Such information may also be obtained from an
analysis of geological outcrops or geological drillings
carried out during geoengineering works (Kaniecki,
2013; McMillan & Powell, 1999; Orengo & Fiz, 2008;
Rosenbaum et al., 2003; Setmajer, 1973) or scientific
research (Molewski & Juskiewicz, 2014) which gives
precise heights of the roof of the paleosoils.

In the investigations on the changes of the topogra-
phy of historic town centres attention is focused on the
estimation of the thickness of cultural layers and on
the determination of changes of land topography in
selected small areas or along profiles. Attention is
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less frequently focused on the determination of the
spatial differentiation of these changes within larger
areas of the centres of historic towns. The aim of
this paper is to reconstruct differences between the
paleotopography and contemporary topography of
the historic centre of Krakow, Poland over the last mil-
lennium (Main Map). The paleotopography identified
represents the situation before the 10th century with-
out any significant human impact. The application of
selected morphometric indices makes it possible to
quantitatively describe these changes with precision
as far as the spatial aspect is concerned.

2. Study area

Krakow is located on the River Vistula in southern
Poland in a location where the borders of the three
main geomorphological units of Poland come
together, namely the Polish Upland, the Carpathians,
and the Subcarpathian Basins (Figure 1). The study
area (9 km?) is located in the centre of Krakow and
covers 3% of the territory of the city. In this area,
the River Vistula cuts through the southern part of
the Polish Upland (the Krakow Gate) which is adja-
cent to the Carpathians, part of the Alpine orogeny
(Kondracki, 2000). The study area is made up of Jur-
assic limestones which are homoclinally stratified
and cut by faults, locally overlain by Cretaceous
marls and loess sediments. They form tectonic grabens
and horsts. The grabens are partly filled with Miocene
clay. The upper parts of the horsts, exhumed from clay
sediments, are formed as 30 m high flat-topped hills of
steep, partly rocky slopes. The lower-located areas are
covered by Pleistocene and Holocene alluvia and
locally by peat sediments (Grabowski, 2008; Grad-
zifiski, 1972; Objasnienia do Mapy geosrodowiskowej
Polski, 2004; Rutkowski, 1989).

There are four categories of landform in the study
area: limestone hills, the Middle Pleistocene terrace,
the Holocene bottoms of the Vistula valley and its
tributaries, and the channels of these rivers (Figure
1). The western and south-eastern part of this area
includes parts of the highest limestone hills (Saint Bro-
nistawa Hill, Krzemionki Hills, Lasota Hill), whereas
in the central part four lower isolated hills occur
with Wawel Hill dominating. They are accompanied
by unexposed limestone horsts covered by a thin
layer of alluvial sediment. A Middle Pleistocene ter-
race (7-10 m high) is located in the north-eastern
and central part of the study area and forms a long
neck reaching towards Wawel Hill. Tectonic horsts
occur in this part of the Pleistocene terrace at shallow
depth under the ground surface. Arched undercut-
tings of the escarpment of this terrace are the result
of the migration of the Vistula channel in the Holo-
cene. The majority of the area of Krakow city centre
is located on the Holocene floodplain of the River
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Vistula and its tributaries (the Rudawa, the Wilga).
Before the process of urbanisation in this area, its
landscape mainly contained vast sandbars, peat-cov-
ered backswamps and oxbow lakes (Grabowski,
2008; Humnicki, 1979; Kmietowicz-Drathowa, 1974;
Radwanski, 1975; Setmajer, 1973; Tobiasz, 1977).
The course of the Vistula in the area of the current
city centre was subjected to many changes during
the last millennium which are well-documented
(Humnicki, 1979; Radwanski, 1975; Rutkowski, 2008;
Tobiasz, 1977). In Medieval times, the Vistula
upstream of Wawel Hill formed a large meander,
which was probably intentionally cut-off by the
city’s inhabitants in the second part of the 13th cen-
tury (Radwanski, 1975). Downstream of Wawel Hill,
the Vistula flowed along two winding channels of
which the southern one had been the dominant one
until the 15th century, and the northern one had
been dominant in the 16th-17th centuries but later
silted up and was filled in during the 1870s (Tobiasz,
1977).

The distribution of landforms elevated above the
level of the Vistula floods within the study area has
determined the development of settlement since Neo-
lithic times and also its territorial development since
mediaeval times (Radwanski, 1975; Rutkowski, 2008;
Sokotowski, 2009). The plateaux of limestone hills
were populated first, then a vast neck of the Middle
Pleistocene terrace and also some sandbars on the
Holocene floodplain of the Vistula. The study area
became densely populated as early as the 10th-12th
centuries, which is suggested by the distribution of
fortified settlements with stone churches in Roman-
esque style built in the 10th-12th centuries, mainly
on Wawel Hill and on the neck of the Middle
Pleistocene terrace (Radwanski, 1975; Figure 1). The
settlement in areas of pre-location Krakow was deter-
mined by defensive factors because they were sur-
rounded on three sides by the Vistula floodwaters
and wetlands. Settlements with churches also devel-
oped on other limestone hills and locally on lower
located areas. From the early 11th century until the
turn of the 16th/17th centuries, Krakow was the capi-
tal of Poland (as the second capital, after Poznan) and
the Wawel Hill with the Royal Palace and the Cathe-
dral was the centre of power. In the face of the danger
caused by the Mongol invasions in the 13th century, a
decision was made to make changes to the town plan
of Krakow and the surrounding areas (Rutkowski,
2008). As a result of the establishment of Krakow
under the Magdeburg law in 1257 and of neighbouring
Kazimierz in 1335 and Kleparz in 1366, there was a
rapid development of the towns surrounded by their
medieval city walls and their adjacent suburbs. By
the beginning of the nineteenth century these towns
had been combined into one urban centre which, at
the beginning of the twentieth century, included the
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Figure 1. Study area.

whole study area and now represents the historic
centre of Krakow.

3. Data used and calculation methods

To determine the changes that have taken place in the
topography of Krakow city centre it is first necessary
to assess the paleotopography of this area before the
town and its suburbs had started to develop. The
paleotopography was reconstructed basing on the
published contour-line maps at different scales cover-
ing different parts of the study area, which all together
show the former topography. These maps were pre-
pared from archaeological investigations (Humnicki,
1979; Jamka, 1963; Kmietowicz-Drathowa, 1974; Rad-
wanski, 1975; Zaki, 1962, 1965) and do not show
essential divergences. The roof of the in situ fossil
soil overlain by cultural deposits is assumed as the for-
mer level of the ground surface. The accuracy of the

results of such investigations depends on the density
of reference points (Radwanski, 1975). For example,
in the area of the Old Town and its surrounding
park, known as Planty, the distance between the refer-
ence points locally does not exceed 20 m (Figure 2).
Such a situation in the study area makes it possible
to interpret deposit profiles which are often disturbed
by former cesspits, urban moats or marketplaces.
Another source of information included in the assess-
ment of the paleotopography of the study area is Set-
majer’s map (1973) based on the results of
geoengineering investigations. This map shows the
altitude of deposits [m a.s.l.] lying under the cultural
layer. The total number of reference points taken
into consideration which were used to prepare the
contour-line diagram showing the paleotopography
of the part of Krakow city centre covered by the
study was about one thousand. This made it possible
to prepare a preliminary (base) contour map of the
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study area with contours at 1 m intervals (without the
Vistula channel).

The preliminary contour map allowed a DEM of
5m resolution to be generated using the v.surfrst
function (spline with tension and smoothing). This
shows the topography of the study area from a little
more than 1000 years ago. A DEM based on aerial
laser scanning (ALS DEM) with a 1 m resolution
and showing the contemporary topography of Krakow
city centre was obtained from the Provincial Centre of
Geodetic and Cartographic Records in Krakow. This
DEM was resampled to a 5m resolution using the
weighted average method and transformed to the
Poland 92 Coordinate System (EPSG: 2180). The com-
parison of DEMs showing the former and contempor-
ary land topography made it possible to evaluate
changes in the topography of Krakow city centre
which have occurred over the last millennium. To
evaluate these changes the following morphometric
indices were taken into consideration at both points
in time: (1) elevation [m a.s.l.], (2) relative heights
[m], (3) slope [°], (4) aspect classes (N 315°-45°, E
45°-135°, S 135°-225°, W 225°-315°). Slope and aspect
maps were generated using the Zevenbergen and
Thorne (1987) algorithm. QGIS 3.4, SAGA GIS 7.2
and GRASS GIS 7.6 were used for spatial analyses of
the morphometric indices. Calculations of the areas
[m?] within separated elevation classes, slope classes
and aspect classes were performed in Microsoft
Excel 2013. QGIS 3.4 was used for the map processing
and final visualisation. The value of these indices was
shown graphically for the whole area studied which
made it possible to evaluate changes in the topography
of any part of the area between the historical and con-
temporary situations. The changes in elevation and
relative heights were analysed based on the grid square
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cells of side 150 x 150 m present on each map (391
squares each with an area of 2.25 ha). Based on the
index (1) calculated as a mean value for each grid
square at both of the points in time analysed, changes
in elevation Ahl [m] were determined. Analogously,
based on the index (2) assessed for each grid square,
changes in relative heights Ah2 [m] over the time
period analysed were determined. Changes in the
slopes of the study area were estimated based on a
comparison of the percentage [%] of the study area
showing selected slopes [°] at both points in time ana-
lysed. Changes in the aspect of the study area were
determined in an analogous fashion. The calculations
applied in the investigation make it possible to answer
the questions: In which parts of the study area was
there an increase or decrease of elevation as well as
relative height and slope?; Did this area become
flatter or more uneven?; What are the changes in
aspect?

4, Results
4.1. Paleotopography

The paleotopography of the study area before the start
of settlement in the 10th century showed the major
part of the area falling in the elevation range 195-
200 m a.s.l, which included most of the Vistula flood-
plain (Main Map — Part A). The foot of the escarpment
of the Middle Pleistocene terrace and the foot of the
limestone hills did not exceed 205 m a.s.l. The neck
of the Middle Pleistocene terrace and isolated lime-
stone hills with clearly marked boundaries looked
like a ‘peninsula’ or ‘islands’ rising above the usually
swampy area of the Vistula floodplain (Lajczak & Zar-
ychta, 2020). Each of these landforms was of a table-
like shape with a flat plateau inclined towards the Vis-
tula and bordered by steep slopes (limestone hills —
stony slopes). The highest hills, including the centrally
located Wawel Hill, dominantly rising 30 m above the
Vistula floodplain. Other hills were located 5-10 m
above the floodplain including the long neck of the
Middle Pleistocene terrace. In the area of the Vistula
floodplain 5m high sandbars occurred. Some of
these were located directly downstream of the isolated
limestone hills and formed ramparts up to 0.5 km
long. Between the sandbars there was the meandering
channel of the River Vistula and paleochannels filled
with peat sediments. The largest backswamps of the
Vistula filled with peat sediments were located at the
foot of the neck escarpment of the Middle Pleistocene
terrace.

The majority of the study area (ca. 90%) showed a
slope <=2° (Main Map — Part A). This was typical for
almost the whole area of the Vistula floodplain and
the plateau of the Middle Pleistocene terrace and also
for small fragments of the plateaux of the limestone



190 A.tAJCZAKET AL.

hills. Other areas of terrain with steeper and steeper
slopes showed smaller and smaller areas respectively
(e.g. areas of slope >20° only covered 0.1%). Some
parts of the sandbars on the Vistula floodplain and
parts of the escarpments of the Middle Pleistocene ter-
race and the foot of the limestone hills showed a slope
of 2-5° The escarpment of the high terrace towering
directly above the Vistula backswamps and also parts
of the slopes of the limestone hills showed slopes of
5-10°. Steeper slopes (10-20°, locally >20°) were typical
for Wawel Hill and Saint Bronistawa Hill, and in the
case of other limestone hills only the slope facing
towards the river showed steep slopes. The vast area
with a slope <=2° (ca. 90%) was classified as areas
with no aspect. The surfaces with N and S aspects occu-
pied about 7% of the study area and with W and E
aspects circa 3% of the area.

4.2. Contemporary topography

At present almost whole area of the Vistula floodplain
in Krakow city centre is located at an altitude range of
200-205 m a.s.l. (Main Map — Part B) therefore former
sandbars are not as well exposed as the lowest lime-
stone hill. The foot of the escarpment of the Middle
Pleistocene terrace is located at an altitude above
205 m a.sl. The foot of the highest limestone hills
reaches an altitude of 210 m a.s.l. Small fragments of
two other limestone hills rise above this height by
2 m or 7 m. There are some anthropogenic landforms
which rise over 5 m (205210 m a.s.l.) in the area of
the Vistula floodplain, such as the railway embank-
ment, promenades on the flood embankments of the
Vistula river and its tributaries, bridge abutments, a
hillock. Other parts of the Vistula floodplain which
have been changed by human impact slightly exceed
205 m a.s.l. Concave landforms (several metres deep)
were formed during construction work and these
were then occupied by buildings. Within the Vistula
floodplain, in areas built-up during the 19th and
beginning of the twentieth century, local depressions
commonly occur. These are courtyards are located
among buildings and they are situated 1-2 m lower
than the neighbouring streets. The present Vistula
channel has been deepened by 4 m due to regulation
works (Lajczak, 1995). The plateau of the neck of the
Middle Pleistocene terrace is elevated above 210 m
a.s.l. across its whole surface and its W-E profile is
not a tableland any more with the exception of its
southern segment. Local depressions up to 3 m deep
lying on the Vistula floodplain and the Middle Pleisto-
cene terrace represent former topography present
around old churches and synagogues. The altitude of
the highest limestone hills is still as it was about a
thousand years ago, however on the Wawel Hill pla-
teau the extent of the area over 220 m a.s.l. has
increased.

Contemporary slopes in the study area are still
mainly <=2° (ca. 84%, Main Map — Part B). Within
the Vistula floodplain there are numerous small sec-
tions of steeper slopes, even reaching 20°. These are
places occupied by anthropogenic forms (concave or
convex), among which linear forms are the most vis-
ible. The escarpment of the Middle Pleistocene terrace
shows a softened profile and its slopes reach 10° in
some places. The slope of the highest limestone hills
reaches 20° and the N and W slopes of Wawel Hill
exceed 20°. The contemporary topography of the Kra-
kow city centre still features a majority of the area with
no aspect. Slopes (>2°), which cover the remainder of
the study area, cover a larger area than they did in the
past. There are numerous small fragments of the Vis-
tula floodplain with differentiated aspects which result
from the development of anthropogenic landforms,
especially linear ones.

4.3. Quantitative evaluation of changes in the
topography of Krakow city centre during the
last millennium

During the last millennium the average elevation of
the area in Krakow city centre increased from
201.59-204.99 m a.s.l. due to the development of a
layer composed of anthropogenic deposits, and the
median of the altitude increased from 199.90-
203.56 m a.s.l. (Main Map — Part C). At a local scale,
within the individual grid squares one mainly finds
increases in altitude Ahl in the range 2—6 m, which
covers 82% of the study area (changes 6-10 m — 2%,
below 2 m — 15%), while negative changes cover 1%
of the study area. For example, on the SE slope of
Wawel Hill, where the Royal Castle was extended
from the 11th to the 16th centuries, positive changes
in altitude reached 6-14 m and in the area of the for-
mer backswamps of the River Vistula 4-10 m at the
foot of the escarpment of the neck of the Middle Pleis-
tocene terrace. Most of the surface in the Old Town
was raised by 2—4 m. The largest area with negative
changes in altitude includes former quarries. Negative
changes in altitude start ‘temporarily’ in places occu-
pied by pits for foundations of buildings constructed
on the Vistula floodplain.

Spatial variation in changes in elevation Ah1l caused
large changes in relative height Ah2. Overbuilding or
lowering of the topographic surface caused changes
of Ah2 values in different directions (Main Map —
Part C). Despite greater build-up of lower lying areas
with anthropogenic deposits in Krakow city centre,
there was an increase of relative height in most of
the study area. This mainly concerns linear anthropo-
genic forms, where (at grid square scale) Ah2 values
increased by about 4-8 m. In the zone adjacent to
the currently poorly visible escarpment of the neck
of the Middle Pleistocene terrace, relative heights



Ah2 decreased by 4 m (in individual grid squares) as
compared to the initial state. Within the Old Town,
the cultural layer caused a decrease of Ah2 values by
as much as 4 m, which resulted in a gently sloping sur-
face in this area. Changes of Ah2 values are also visible
on the slopes of Wawel Hill. Build-up of anthropo-
genic deposits on the plateau and the upper parts of
the S and SE slopes caused an increase in Ah2 values
by as much as 14 m as compared to the areas at the
foot of these slopes, whereas the build-up of these
deposits on the N foot caused a decrease of Ah2 values
by 4-8 m. Within former quarries (SE part of the
study area) the creation of deep niches and cavities
caused, at grid square scale, an increase in Ah2 values
by a dozen or so metres, and in the adjacent areas, a
decrease of Ah2 values by several metres. Those
areas where the positive Ah2 values within individual
grid squares are the highest (by 8-14 m) cover 1% of
the study area, whereas the areas where positive Ah2
values increased by less than 8 m cover as much as
80% of the area studied, and less than 4 m 61% of
the area studied. A decrease in Ah2 values, even by
as much as 10 m, occurred over 19% of the area of
Krakow city centre.

Despite the fact that in the last millennium almost
all of the area of Krakow city centre has been overlain
by anthropogenic deposits, the differentiation of
slopes at a local scale has increased (Main Map —
Part C). This increase results from changes in relief
caused by anthropogenic landforms, especially convex
linear forms, and very locally by concave forms (per-
manent or ephemeral). In the time period analysed
slope areas <=2° decreased by 6.4%, and the areas of
steeper slope (originally 0.82km?®) increased 1.7
times in the slope interval 2-5° 1.9 times in the
slope interval 5-10° 1.1 times in the slope interval
10-20°, and 2.0 times in the slope interval >20°. The
largest area of such changes included part of the Vis-
tula floodplain, the zone of the neck escarpment of
the Middle Pleistocene terrace, and the slopes of lime-
stone hills. Such differentiation of slope resulted in
changes of aspect. As compared to the historical situ-
ation, the flat area (slope <=2°, no aspect) decreased,
whereas the areas with N, S, W, and E aspects
increased. This resulted from the development of
anthropogenic landforms, especially long forms of
N-S or W-E orientation.

5. Conclusions

The results of the investigations enable the Authors to
answer the questions asked at the start of the paper:

(1) An increase of elevation Ahl was found over
almost whole of the study area, especially on the
SE slopes of Wawel Hill, in concave forms at the
foot of the neck escarpment of the Middle
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Pleistocene terrace, in the buried Vistula channel
(in the nineteenth century), and in some convex
anthropogenic forms within the Vistula flood-
plain. The largest decrease in altitude Ah1 was dis-
covered on a small area of the N slopes of the
limestone hills (former quarries).

(2) The greatest increase of relative heights Ah2 was
found within the built-up areas on the Vistula
floodplain, where convex linear anthropogenic
landforms were created, and also locally on
Wawel Hill and in the area of former quarries.
On the N part of Wawel Hill, within the bound-
aries of the Old Town, in the zone of the former
foot of the neck of the Middle Pleistocene terrace,
a decrease in the Ah2 value was found.

(3) A spatially unequal increase of Ahl values result-
ing in a local increase in Ah2 values caused a
growth of areas of slope >2° in Krakow city centre
(in the case of slopes 5-10° and >20° it was a two-
fold increase).

(4) The development of anthropogenic landforms,
mainly in the area of the Vistula floodplain,
caused an increase in slope surfaces with S, W
and E aspects, and of the N aspect to a lesser
degree.

The answer to the question whether the uneven
spatial increase or decrease of elevation which
occurred in the part of Krakow investigated during
the last millennium caused a flattening or increased
unevenness of the study area is that it depends on
the size of the areas of the study area that are analysed
and on their distribution. At the scale of the whole
study area, the changes are directed towards the
flattening of the area. In some places at a local scale,
areas with a flattening trend are adjacent to areas
with a trend to increased unevenness.

It is difficult to back up the above results with other
papers because the attention of authors is focused on
other aspects of the topography of the town. Only a
few papers discuss changes in the town’s topography
as the consequence of a long lasting increase in
anthropogenic deposits resulting in land flattening
or increased unevenness. These papers, however, do
not consider a quantitative evaluation of the many-
sided character of this process (e.g. Kaniecki, 2013;
Luberti et al., 2019; Molewski & Juskiewicz, 2014;
Proschel & Lehmkuhl, 2019). Similar remarks concern
the papers on the modern development of towns
(Qiao et al., 2019; Tran Thi Van et al., 2015). The posi-
tive vertical changes in the topography of Krakow city
centre which occurred during the last millennium and
which are described in this paper show a large spatial
differentiation and range up to over 10 m. In the lit-
erature (Tyczynska, 1968) a value of 5m has been
suggested for the Old Town area. Other parameters
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of change in Krakow’s topography analysed by the
Authors have never been considered in the literature.

Dominating convex anthropogenic landforms, like
railway embankments, promenades on flood embank-
ments of the River Vistula and its tributaries, bridge
abutments, and hillocks, all formed in fluvial sedi-
ments, as well as concave landforms (limestone quar-
ries), belong to typical anthropogenic landforms in
towns which are discussed by McMillan and Powell
(1999) and Rosenbaum et al. (2003).

Software

Spatial analyses of the morphometric indices were
conducted using QGIS 3.4, SAGA GIS 7.2 and
GRASS GIS 7.6. Microsoft Excel 2013 was used for cal-
culations of the areas within separate elevation classes,
slope classes and aspect classes. QGIS 3.4 was used for
the map processing and final visualisation.
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