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Abstract: Aeolian dunes have been widely identified in the
European Sand Belt, whichwas formed during the Pleniglacial
and Late Glacial when cold and dry climatic conditions were
favorable for intense Aeolian processes. In this study, we
mapped and analyzed the fixed Bory Stobrawskie Dune
Field (SWPoland) to determine factors that drive the evolution
of dunes, expressed by the occurrence of different dune types
and their spatial patterns. The study identified the longitudinal
zonation within the dune field, as shown by the changeable
proportion of specific dune types comparable to low-latitude
dune fields. However, climatically controlled periodic and low
sand supply combined with a changing vegetation cover
caused the non-continuous and multi-phase evolution of the
dune field. Additionally, we found that a dense pattern of
streams has controlled the extent of the dune field. The trap-
ping of sand by rivers led to a limitation of the dune field
expansion; on the other hand, the supply of sand into rivers
led to overloading of the fluvial system, affecting their trans-
formation into braided rivers.

Keywords: dunes, dune fields, periglacial processes, European
Sand Belt, Late Glacial, LiDAR, morphometry 1 Introduction

The development of specific dune types is linked to parti-
cular depositional conditions (wind direction and strength,
sand supply and vegetation) [1–3], while dune field pattern
indicates the duration of aeolian processes due to the self-orga-
nizing nature of aeolian bedforms [4–6]. The coexistence of a
few dune field patterns within one area is linked to temporal
or spatial variability of depositional conditions (e.g., precipita-
tion, surface wetness, sand supply). For example, different
dune types indicate the spatial variability of environmental
conditions, while irregular dune field patterns can be asso-
ciated with various phases of aeolian activity [7,8]. Such depen-
dence has been observed in the Kalahari Desert [9], the Sonora
Desert [10], California [11], and Australia [12]. However, despite
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the well-known impact of environmental conditions on the
evolution of specific dunes, as well as dune fields in tropical,
subtropical, and temperate regions, the influence of periglacial
conditions on the development of aeolian dunes is not well
understood [7]. Primarily this is caused by the limited spatial
extent of active cold-climate dune fields in modern times,
which can be found only in a few places in Alaska [13–17],
Canada [18–22], Siberia [23–25], on the Arctic Coasts [26,27]
and in the dry valleys of Antarctica [28]. The uniqueness of
the dune fields developed in cold areas has been argued due to
several factors that significantly limit the intensity of aeolian
processes [7]. Many cold-climate regions are characterized by
high variability of wind speed and direction, resulting in low
migration rates [16,17,28]. Niveo-aeolian processes and patches
of permafrost cause the immobilization of sand [13,29] and the
trapping of aeolian-transported sediments [7]. Soil moisture
influences sand movement and the structure of dunes [30].
Furthermore, low and periodical sediment supply causes the
development of unique bedding patterns [31]. Nevertheless, the
influence of these conditions on the development of cold-cli-
mate dune fields remains poorly studied. For example, a study
conducted in Iceland shows that intensive aeolian processes
are present even under very humid climates, and dunes can
develop in short periods (years to decades) in very unfavorable
cold areas [26]. Furthermore, they concluded that dune fields
on vast sandurs comprise several types of dunes, including dry
dunes together with bedforms affected by vegetation and a
high groundwater table. However, due to the limited extent
of modern periglacial dune fields, little attention was given to
general dune-field evolution processes resulting in an apparent
knowledge gap regarding the impact of cold-climate conditions
on the spatial evolution of dune fields.

Much more attention has been given to the relict dune
fields that developed in the front of the Laurentide and
Fennoscandinavian ice sheets during the Late Glacial. In
Europe, cold-climate dunes have been studied within
the European Sand Belt (ESB), which extends from the
Netherlands to Russia and was developed under dry
and windy conditions occurring at the termination of
the Pleistocene [32,33]. Due to continental climatic gra-
dient, the largest dune fields within the ESB developed
in Poland, where they were extensively studied, espe-
cially emphasizing the sedimentology and stratigraphy
of individual aeolian units. On the basis of the results, it
was proposed that these dunes developed in a few aeolian
phases that took place during the Pleniglacial and the
Late Glacial with episodes of stabilization and pedogen-
esis in more humid periods [34–39]. Their depositional
conditions were described as a periglacial desert, charac-
terized bymean annual temperatures below zero, 250–300mm
of precipitation [40], and discontinuous or patchy permafrost

[34,35,40]. Recent studies suggest that the dunes within the ESB
were very sensitive to short-term climatic oscillations and that
the chronology of their deposition was locally very variable
[37–39]. Łopuch et al. [41] on the basis of morphometric ana-
lyses even argued that the large dune fields were not subject to
periodic stabilization and were active throughout the entire
Late Glacial. The morphoscopic characteristics of the quartz
grains that build the dunes similarly imply that they were
subject to long-term wind action, much longer than the
short-term coolings of the Older and Younger Dryas. The
influence of the fluvial environment on earlier grain proces-
sing has also been highlighted on this basis, indicating a
strong interaction between both systems [42–45]. Locally
some dunes were reactivated during the Holocene due to
forest fires, cultivation, and deforestation [37,46–48].

However, it is important to note that themajority of these
studies were conducted in single outcrops, and the geomor-
phological characteristics of whole dune fields have been
discussed in a very limited way. Most authors concluded
that dunes within the ESB were constructed by westerly
winds in the vicinity of large source areas such as ice-mar-
ginal valleys, outwash fans, and outcrops of glaciolacustrine
sediments [7,34,49]. It was observed that transverse and para-
bolic dunes are the most common dune types, and dunes
become more complex in the eastern parts of dune fields
due to the overlapping of several dunes [34,49,50]. These
observations were confirmed by a broad geomorphological
analysis of the large dune fields of the entire central part of
the ESB [41]. However, the sparse dune fields (composed of
many isolated dunes) that dominate the landscape of the
Polish Lowlands have not yet been analyzed.

To fill the gap, we conducted a morphometric analysis
of the Bory Stobrawskie Dune Field (BSDF) (SW Poland)
which appears to be the most appropriate field lab due to
the homogeneity of depositional surface and a lack of sig-
nificant morphological barriers. This study aims to define
factors controlling the spatial pattern and evolution of
sparse cold-climate dune fields using morphometry based
on high-resolution DEMs. In particular, we focused on the
variability of dune types, their morphometric features,
and the dune field spatial pattern, which indicates regional
differentiation of depositional conditions. The secondary
aim of this study is to explore the impact of fluvio-aeolian
interactions on dune field development. This article will
contribute new knowledge to the poorly understood
dynamic of sparse cold-climate dune fields. Analyses
will provide new insight into the impact of specific
environmental factors on the shape and evolution of
dune fields in periglacial conditions. Finally, the pro-
posed GIS workflow may be valuable for similar ana-
lyses conducted in other climatic zones.
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2 Regional setting

The BSDF is located in southwest Poland, in the eastern
part of the Silesian Lowland known as the Opolska Plain
([51], Figure 1a). The dune field covers an area of 460 km2

and is developed on the outwash plain, linked with the
Warthanian-aged (Late Saalian, MIS 6) end moraines of
the Wieruszowskie Hills located 15 km to the north [52].
The western border of the study area is marked by 2–3 km
wide and 2–6m deep Strobrawa Valley. It extends from the
north to the south, where it ends in the valley of the Odra
River. The Stobrawa Valley separates the Opolska Plain from
Wał Jakubowicki, a moraine ridge east of the Oleśnicka
Plain (Figure 1a). The valley contains a system of poorly
developed fluvioglacial terraces formed during the Weich-
selian glaciation [52]. Due to the lack of dunes on the wes-
tern side of the valley and the high amount of available
sediments, it was referred to as a source area for the dune
field [53]. The Opolska Plain gently rises to the east (Figure 2,
profile A–A′) with an average slope of 0.5–2° (not exceeding
7–8°). The plain ends on a morphological ridge of Silesian
Upland, reaching a level of 220m a.s.l. at a distance of 35 km.
To the south study area is limited by the Mała Panew river
valley, with the Turawskie reservoir lake in its central part
(Figure 1a).

The geological structure of the Opolska Plain is not
diverse (Figure 1b). It is built of the fluvioglacial fine-to-
medium sized poorly rounded (quartz grain roundness
coefficient R = 1.13) sands with an admixture of gravels
[52]. The topsoil (0–20 cm) is composed of 60–90% sand
with increasing content of clays and silts in valleys ([54];
Figure 2). In several places, glacial tills underlie the fluvio-
glacial sediments. They are well-preserved in the plain mor-
phology and characterized by small mounds on the terrain
surface. Pleistocene sediments are approx. 4–20m thick and
lie on impermeable Neogene clays and silts [52,55–57].

Isolated patches of aeolian sand accumulated in fixed
sheets and dunes occur in the study area. Fixed dunes of
various types dominate the landscape, frequently occur-
ring on the surface of the fluvioglacial plain and rarely
in valleys [58]. Most likely, these dunes developed during
the Pleniglacial and Late Glacial, the same as other dunes
in the central part of the ESB [34–40]. They are oriented to
the southeast [55], but previous authors claimed that the
dune field was built by the wind coming from two direc-
tions – east and west [58,59]. Several closed depressions
(probably blowouts) were filled with peat and mud during
the Holocene. The plain is drained by a dense parallel
network of Stobrawa River tributaries (Bogacica, Budko-
wiczanka, Brynica; [60]; Figures 1 and 2) forming 2–6 m
deep valleys with a W–E direction corresponding to the

inclination of outwash plain. These valleys enlarge from
a width of 300–500m up to 2,000 m in the lower courses of
the streams, forming outwash fans at the junction with the
perpendicular Stobrawa Valley.

3 Methods

Landform analysis and mapping were performed on the
bare-earth Digital Elevation Model (DEM), derived from
airborne laser scanning (LiDAR) executed with an accuracy
of 4–7 points perm2, with amean vertical error not exceeding
0.15m [61]. DEMwith a 1 × 1m resolution was resampled into
a 10 × 10m grid to achieve a generalized view of the dune
field. Layers of slope, aspect, and a multi-directional hillshade
model [62] were calculated. All mentioned actions were per-
formed using ArcGIS 10.5.1. The SAGA Wetness Index (SWI
[63]) was computed using SAGA (2.3.2) software to spot wet
surfaces that may affect the distribution and migration of
dunes. The SWI was chosen due to more realistic results for
flat surfaces than the standard Topographic Wetness Index
[64]. The technical flowchart is given in Figure 3.

Dunes were delineated on the base of the multi-direc-
tional hillshade model and categorized manually. Four
dune types were distinguished: irregular, transverse, para-
bolic, and complex (Figure 4). Only the geometry of the
dunes (Table 1) was considered during classification.

After classification, all dunes were characterized by
three basic morphometric features – area, maximum height
(both indicating amount of sand supply), and the mean incli-
nation of slopes. To estimate the impact of surface inclina-
tion and wetness on the deposition and migration of the
dunes, we measured the mean slope and the mean value of
the Saga Wetness Index inside a 30m wide buffer enclosing
each dune (Figure 3). We measured the orientation of the
particular dune types using COGO Toolbar and plotted results
on rose diagrams. In the case of large dunes, the orientation
of ridges was measured at several points. The orientation of
irregular dunes was not measured because of the difficulty in
assessing the possible direction of their movement.

To provide information about the spatial distribution of
dunes we computed two histograms of dune types for one-
kilometer-wide zones longitudinal and perpendicular to the
dominant wind direction inferred from the dunes. The
degree of clustering or dispersion of the different types of
dunes was determined using the average nearest neighbor
method [65–67].

The valleys of three main streams draining the study
area (Bogacica, Budkowiczanka, and Brynica) were studied
to provide information about the possible impact of
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Figure 1: Study area: (a) hypsometry and (b) lithology after the geological [52,55–57] maps (simplified).
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Figure 2: Geomorphology of the study area. Braided river structures are referred to in Section 4.3. Cross-sections are marked by letters A–A′ and B–B′.
Topsoil lithology profiles (0–20 cm) were taken from the European Soil Database v. 2.0 [54].
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aeolian processes on the fluvial system. We measured the
width of each valley every 500m starting from the source.
Valley floors were examined to find remnants of fluvial
bedforms typical for straight, meandering, or braided river
systems (Figure 10).

4 Results

4.1 Characteristics of dunes

Figure 5 shows the outcome of the morphometric measure-
ments of the dunes. The results point to two groups of
dunes with similar characteristics:

(1) Composed of irregular and parabolic dunes that com-
bined represent over 78% of classified dunes. Their area
rarely exceeds 0.1 km2, with a height varying from 2 to
8m (average of 4 m) and gentle slopes (1.5–3.5°).

(2) Composed of transverse and complex dunes. This
group contains 22% of dunes, which represent 60.6%
of their total area and 75.7% of their total volume.
These dunes are large, reaching up to 22 m in height.
They also have steeper slopes, with an average incli-
nation of 4–4.5°.

Both groups prefer flat (0.5–2.5° of slope) and dry sur-
faces (SWI between 9 and 10), although the surface sur-
rounding transverse and complex dunes is usually slightly
more inclined (Figure 5). Nevertheless, these differences
are marginal and not statistically significant.

Figure 3: Flowchart of data processing. We performed all actions using ArcGIS 10.5.1 and SAGA 2.3.2 software (if noted).
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The orientation of the dunes toward the ESE is uniform
for all dune types (Figure 6). Due to the sinuous shape of
the ridges, some parts of the transverse and complex dunes
are oriented in the E and SE directions.

4.2 Distribution of dunes

In general, dunes in the BSDF are not formed into a con-
sistent network (Figure 7). Moreover, the pattern of the dune
field is characterized by a weak clustering (NN ratio = 0.89,
Table 2) of sparsely distributed (mean distance between
dunes = 575m) dunes.

The minor irregularity in the distribution of dunes is
related to the scheme of the river network. Dunes rarely
occur in river floors, concentrating within the flat surface
of the fluvioglacial Opole Plain. In the N–S cross-section,
there is only a slight variation in the number of dunes

(Figure 7) and the area occupied by them (Figure 8a). The
northern part of the dune field is characterized by a higher
share of parabolic dunes, while in the southern part, the
composition of dunes is more diverse (Figure 7).

The considerably higher variation in the number and
variety of dune types is observed in the longitudinal pro-
file. Following the Stobrawa Valley over a distance of
13 km, the number of dunes slowly increases (up to 40
per 1 km zone; Figure 7). In this part of the dune field are
found mainly irregular (30–40%) and parabolic dunes
(40–50%), as well as the majority of transverse dunes. Com-
plex dunes are sporadic and relatively small in area and
sand volume. Between kilometers 13–17, there is a double
reduction in the number of dunes, caused mainly by the
disappearance of irregular and transverse dunes. From
the 18th kilometer, there is a second increase in the
number of dunes to about 40 dunes per 1 km zone. That
number of dunes is maintained until the 25th km. In this
zone, there is an increase in dune coverage (from 3–12 to

Figure 4: Examples of (a) irregular, (b) transverse, (c) parabolic, and (d) compound dunes.

Table 1: Classification scheme of dunes

Dune type Shape and size Aspect of slopes Number of slopes and their
characteristics

Cross-profile Arms

Irregular Circular or irregular,
small

Irregular One, two, or irregular Symmetrical or
irregular

—

Transverse Rectangular to
linear

Two dominating Two dominating, one long and convex,
the second short and straight

Asymmetrical —

Parabolic Arched, elongated One dominating Two dominating, arched. One long and
gentle, the second short and steep

Asymmetrical One or two,
elongated

Complex Irregular, large Irregular Many irregular slopes Irregular —
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12–18%; Figure 8a) as well as accumulation of sand, which
volume is the highest (>0.5 km3 per 1 km zone; Figure 8b) at
km 22–24. Parabolic and large complex dunes dominate in

this area. In the distal part of the dune field (km 25–30), the
number of dunes gradually decreases to zero, with mainly
small parabolic dunes being found.

Figure 5: Morphometric properties of irregular, transverse, parabolic, and complex dunes.
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4.3 Characteristics of valleys

Three valleys were examined and measured from the east
(source) to the west (sink; Figure 2). In the upper parts, valleys
are deep and narrow (100–200m wide). All three valleys
expand rapidly after entering the dune field (Figure 9).

The Bogacica Valley expands to a width of 700–800m,
the Budkowiczanka Valley to 1,500 m, and the Brynica

Valley to 1,000 m. Widths are varied due to gorges eroded
in dunes blocking the original course of the streams. Above
contact with dunes, valley floors show no signs of fluvial
action. Below contact structures of the braided river (net-
works of channels separated by bars) were found (Figure 10).
All three streams end with outwash fans. The biggest fan is
formed by the Budkowiczanka stream and has approx. area
of 5 km2 and dimensions of 2.5 × 2.5 km.

Figure 6: Orientation of dunes in the study area. Irregular dunes were not measured because of the difficulty in assessing their direction.

Figure 7: Distribution of dunes (parallel and perpendicular to the mean wind direction) over the study area. Degraded parabolic dunes were
separated for the purposes of this figure. Their share in the total number of dunes is fluctuating in the same way as other dune types, indicating a
common transformation of parabolic dunes in later phases of the dune field development.
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5 Discussion

5.1 Dune types

There are four types of dunes in the BSDF, which can be
divided into two groups in terms of their morphometric
characteristics. The first consists of numerous parabolic
and irregular dunes, and the second is composed of less
frequent transverse and complex dunes. The similar mor-
phometry of the mentioned dune types likely indicates that
they are genetically related. The values of surface inclina-
tion and soil moisture (SWI Index) in the surroundings of

Table 2: Clustering of dune types. All parameters are measured for an
area limited by extremely distributed features of each type

Dune type Spatial pattern (nearest neighbor)

Significance level
(p-value)

Critical
value (z-
score)

NN
Ratio

Pattern

Irregular <0.01 −3.30 0.81 Clustered
Transverse 0.07 1.79 1.18 Dispersed
Parabolic <0.01 −3.56 0.87 Clustered
Complex 0.69 0.40 1.03 Random
All <0.01 −4.05 0.89 Clustered

Figure 8: (a) Percentage of the area covered by dunes and (b) volume of sand accumulated in 1-km zones. Inferred dominant wind direction from left
to right. The sand accumulation zone in the distal part of the dune field is clearly visible.
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all dunes indicate that these factors have not influenced
their development (Figure 5).

Irregular dunes often have an elongated shape similar
to the deformed arms of parabolic dunes. They also have
comparable height and slope inclinations in comparison to
parabolic dunes, at the same time being smaller in terms of
surface area (Figure 5). It is also clear that as the number
of parabolic dunes decreases, they are replaced by an
increasing number of irregular dunes. For this reason,
the ratio of parabolic and irregular to transverse and com-
plex dunes remains constant in the N–S profile through the
dune field (Figure 7). All these similarities point to a pro-
cess of blowing away parabolic dunes. The front of the
parabolic dune, as the highest and least stabilized by vege-
tation, is deflated first, leading to the formation of two
linear dunes in place of the former dune arms [7,49].
Due to their small size, they are also subject to further
reshaping, which leads to the deformation of their shape
into a less regular one. Thus, it can be assumed that the
irregular dunes in the area are secondary to the parabolic
dunes. The morphology of parabolic dunes within BSDF is
similar to the “low-relief parabolic dunes” described from
SW France [68,69]. They distinguished them on the basis of
the low inclined slopes (much flatter than those of modern
dunes) and associated them with the Younger Dryas.

As well, complex dunes are probably secondary to
transverse dunes. In contrast to irregular dunes, which
are related to erosional processes (deflation), complex
dunes are the result of the accumulation and aggregation
of other dunes. Their central parts consist most often of
transverse dunes, strongly deformed at the ends of the
crests. Due to the merging of smaller primary dunes, complex
dunes are larger and higher than transverse dunes (Figure 5).
At the same time, the inclination of the slopes is comparable,
confirming the major contribution of transverse dunes to
their formation. The genesis of complex dunes remains an
open question and may be linked to two processes. The first
assumes that the movement of dunes slows down due to
trespassing onto the unfavorable surface, such as more
humid or heavily vegetated areas. In that case, the dune
was overtaken by the dunes situated behind it and grew
analogous to the precipitation ridges which are common at
the edges of dune fields [70,71]. This concept is supported by
significant sand accumulation in the distal part of the dune
field (Figure 8), where the river network does not have an
alignment parallel to the dune field (Figure 7). The second
scenario assumes the collisions of younger and active dunes
with older, already stabilized dunes. This process is well docu-
mented in the sedimentological record, where in the dunes of
Poland subsequent series of aeolian sands are separated by

Figure 9: The width of the main valleys in the study area. (a) Bogacica, (b) Budkowiczanka, and (c) Brynica. The red line indicates the contact of a
stream with the dune field.
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fossil soils that are the evidence of sand stabilization [34–39,72].
Therefore, complex dunes are evidence of multi-phase devel-
opment of the dune field, rather than the varying migration
rates of individual dunes.

5.2 Multi-phase development of the BSDF

The dunes of the BSDF do not differ from those known in
other cold areas. Parabolic dunes are most often mentioned

as most common in both modern [7,13,73,74] and past
[34,49,68,69,75] subarctic and periglacial areas. Parabolic
dunes typically occur as single dunes or entire chains of
dunes and their formation is linked to the presence of vege-
tation that effectively stabilizes the arms of the dunes [2].
Transverse dunes are less frequent and usually form large
dune fields, where the supply of sand is large and contin-
uous [13,17,34,76]. However, the occurrence of transverse
dunes as single forms is rare, as well as the co-existence
of the two mentioned types of dunes. The reason is that

Figure 10: Braided river structures developed in the valleys of the Bogacica, Budkowiczanka, and Brynica rivers. Locations (a–e) are marked in Figure 2.
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mutually exclusive environmental conditions are needed
for their formation. Transverse dunes are developing
under conditions of high sand supply and lack of vegeta-
tion, while parabolic dunes are emerging under condi-
tions of low sand supply and the presence of grasses
and shrubs [2,3,8].

Particularly noteworthy is the distribution of transverse
and parabolic dunes, as both dune types are dispersed and
mixed together (Figure 7; Table 2). The irregular distribu-
tion of individual dunes is typical of the Polish Lowlands
[34]. Such a pattern of dune fields has been associated by
Ewing et al. [77] with the presence of two separate genera-
tions of dunes formed at different periods. That interpreta-
tion was adopted by Bernhardson and Alexanderson [76]
and Holuša et al. [78], to explain the co-occurrence of dif-
ferent types of dunes in the cold-climate fixed dune fields
of Sweden and the Czech Republic (Moravia). Holuša et al.
[78] interpreted them as a result of successive dune-
forming phases characterized by varying wind directions
(N–NW in Older Dryas and W–SW in Younger Dryas). This
variation is consistent with wind directions interpreted
from the sedimentological record within the central part
of the ESB [49] and numerical simulations [33,79]. In the
BSDF, all the dune types are directed identically (towards
E; Figure 6), suggesting their formation in one phase.
Recent studies consider that the intense aeolian processes
occurred earlier and the dunes were later transformed in a
limited way in the Younger Dryas [39]. Considering such a
chronology of events, the wind orientation did not undergo
greater alteration during the whole Late Glacial. This
hypothesis is supported by the homogeneous orientation
of the large dune fields located in Poland [41]. Simulta-
neously, the increasing presence of vegetation favored
the transformation of some of the transverse dunes into
parabolic dunes. Long arms of parabolic dunes (reaching
2–3 km) may indicate that the transformation phase of the
dunes was long and continuous. The scale of transforma-
tion probably depended on the size of the dune, as evi-
denced by the disproportion in height and size between
dunes that were not (or slightly) transformed (transverse
dunes) and parabolic dunes (Figure 5). The lack of reg-
ularity in spatial distribution and the varying degree of
transformation into parabolic dunes suggests the reacti-
vation of only a part of the dunes. A later phase (possibly
anthropogenic) in which the deflation of some parabolic
dunes took place cannot be ruled out either. A significant
human influence on the reactivation of single forms
during the Holocene was indicated by many authors
[37,46–48].

5.3 Source of sand

The view of the main role of higher fluvial terraces as a
source of material within the central part of the ESB is
often repeated in the literature [34–36,78,80]. Andrzejewski
andWeckwerth [80] indicated that most of the dunes in the
Vistula Valley are located on the highest fluvioglacial ter-
races, characterized by good drainage and a dry surface.
The moist substrate on the low terraces was not under-
going intensive deflation and impeded the migration of
dunes. In line with this view, Goździk and Kobojek [53]
pointed to the Stobrawa Valley as the main sediment
source for the BSDF. However, they emphasized that the
terraces of the Stobrawa River consist of sand that was
undergoing repetitive redeposition within fluvial and aeo-
lian environments, and the original source of the sediment
was located further to the west. They noted the supply of
sand from the fluvioglacial plain but regarded it as low and
dependent on the prior transformation of quartz grains in
the fluvial environment. As evidence, they referred to the
degree of processing of quartz grains, similar in alluvial
and aeolian sediments within BSDF. This view was sup-
ported by many researchers, who pointed to the earlier
long-term transformation of quartz grains in the fluvial
environment [42–45].

However, two insights suggest a more complex and
supply within the BSDF. The Stobrawa Valley, despite its
great width, does not have a well-developed system of river
terraces. Terrace levels are difficult to distinguish and do
not rise higher than 5–6.5 m above the level of the present-
day Stobrawa River. The low-lying terrace levels are situ-
ated close to the groundwater table, as evidenced by the
high density of surface streams across the entire width of
the valley. The valley floor also does not contain systems of
small and large meanders common in central Europe and
formed by incision of rivers during the warmer periods of
the Late Glacial [81]. Nevertheless, alterations that occurred
in the various river valleys of Central Europe were not uni-
form during the Late Glacial period and were mostly influ-
enced by the type of river discharge [81]. Because of the poor
incision of the Stobrawa River into its own sediments, the
fluvial terraces were probably not a favorable source of the
material. However, the lack of well-developed terrace levels
and lack of evidence for river incision do not preclude the
supply of material from the Stobrawa Valley. The sand bars
of rivers are widely recognized as an effective source of
material for aeolian processes, especially in the case of
highly variable discharge [3]. Such conditions are common
in cold areas, as evidenced by dune fields located in the
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valleys of the Kobuk (Alaska) [13–17] and Vilyui (Siberia)
rivers [23–25]. The wide and filled alluvium Stobrawa Valley
suggests that it might have had the character of a braided
river for a long time, as evidenced also by the extensive sand
bars visible on the valley floor (Figure 10). Braided rivers
predominated from the Middle Pleniglacial and had been
developing until the Oldest Dryas, which, according to the
dating of the nearby site in Przechód (Niemodlin Plateau),
was the first dune-forming period in this area [82]. The ear-
lier beginning of dune-forming processes in the extraglacial
zone was also pointed out by Nowaczyk [34] andMoska et al.
[37]. The development of braided rivers was also locally
possible during the abrupt cooling of the Younger Dryas
[83], considered another dune-forming period within the
entire ESB [34–39]. Thus, it is likely that the Stobrawa River
was a source of sand for the BSDF, not due to incision into its
alluvium, but due to long-term and continuous aggradation.
Remarkably, the dune field must have continued to migrate
even after the cessation of the sand supply. This is indicated
by the distance of several kilometers separating the first
dunes from the edge of the Stobrawa Valley (Figure 2).

Regardless of the sand supply from the Stobrawa
Valley, the distance separating the dunes in the leeward
margin of the BSDF from the Stobrawa Valley (about 25 km;
Figures 7 and 8) indicates a complex sand supply. The
migration rate of dunes in polar and arctic environments
is limited by variability of wind directions and strength,
niveo-eolian processes, vegetation, and the presence of
permafrost [7]. Studies of modern cold dune fields report
a migration rate of 0.5–1.5 m/year [16,17,28]. Therefore,
the migration of dunes within the BSDF would have to
take about 10,000 years to reach the eastern margin of
the dune field. This contradicts numerous stratigraphic
studies, which reported that dune deposition within the
central part of the ESB occurred maximally between the
Older Dryas and Preboreal (about 6,000 years; [34–39]).
However, it can be hypothesized that under conditions of
constant and strong winds at the ice sheet foreland, the
migration rates of dunes were higher than suggested by
studies of modern cold dune fields. This may be supported
by the coarse sand laminations that can be found in many
dune sites of the Polish Lowlands. Studies suggest that to
transport them wind speeds of 20–40m/s were necessary
[84]. Nonetheless, the size of these laminations indicates that
they were deposited during short episodes of increased
wind speed. It is also important to note that, in general,
the grain-size distribution of dunes depends mainly on the
grain-size distribution of the source sediments, so local con-
ditions have a major impact on the deposition of such layers
[34,85]. For this reason, such events were unlikely to con-
siderably affect the migration rate of the dunes. Another

factor that rules out the higher migration rate of dunes
within the BSDF is their large size, which is the factor that
greatly decreases the migration rate of dunes [86–88]. The
other possibility is that dunes characterized by higher migra-
tion rates, such as barchans or small transverse dunes, were
originally occurring within the dune field. In such a scenario,
they would evolve into large transverse dunes due to the
gradual merging and aggradation of dunes [4,5]. However,
barchans were not found within the central part of the ESB
[34]. Also within the BSDF, they have not been found, so this is
an unlikely scenario.

Therefore, dunes that are distant from the Stobrawa
Valley must have been supplied with sand from local
sources, such as the fluvioglacial plain and alluvia of
smaller rivers. The presence of large dune complexes in
the eastern part of the BSDF suggests that the supply of
sand from other sources was at least no less than from the
Stobrawa Valley. The lack of blowouts visible on the sur-
face appears to be inconsistent with the concept of a broad
supply of material from the fluvioglacial plain. However,
studies from Iceland and Greenland indicate that deflation
in such areas may be superficial, and the resulting depres-
sions are not only eroded but also successively filled.
Depending on the area, erosion rates on outwash plains
can vary from 1 to 20 cm/year [89–91]. Due to aerodynamic
conditions, Sitzia et al. [68] identified vast plateaus (cover-
sands) in the Aquitaine basin (SW France) as areas of con-
tinuous deflation and sand blowing, whilst at the same
time not considering them as a source of material. The
evidence is the lack of dunes in these areas, making this
not applicable to the BSDF, where dunes are widespread on
plain surfaces. On the other hand, the parabolic dunes in
the central part of the interfluves are often degraded, so
more intense deflation within the plain cannot be ruled out
(Figure 7). Also, the deposition associated with the regular
supply of sand from the plain must have occurred. Thus, it
is possible that the fluvioglacial plain extensively supplied
the BSDF dunes with sand. The supply of sand from the
alluvium of smaller rivers may be reflected in dunes
located on the leeward side of the Budkowiczanka River
(Figure 7), but further sedimentological analyses are needed
to confirm this hypothesis.

5.4 Redeposition of sand by streams

The impact of the fluvial system on existing dunes depends
on the power of the streams. In case of high sand supply
small, seasonal streams may be blocked by dunes, chan-
ging the local fluvial pattern and leading to the formation
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of periodic lakes. With rising stream power, interaction
shifts to mostly fluvial dominant or fluvial dominant, lim-
iting the movement of dunes and trapping sand into the
fluvial system [92,93]. The low number of dunes in the
valleys traversing BSDF points to the impact of rivers on
dunes and indicates the redeposition of sand by the water.
However, the impact of the river network on the dune field
is minor as long as the valleys have an orientation parallel
to the direction of dune field migration. The balance
between fluvial and aeolian systems shifts with the change
of the river network configuration in the easternmost part
of BSDF (Figure 7). Here, the contact angle between BSDF
and rivers changes from 180° (almost opposite to the mean
wind direction) to 150–170°, preventing further migration
of the dunes in an easterly direction. The number of dunes
decreases here rapidly, suggesting the trapping of material
into the fluvial system. A study by Liu and Coulthard [93]
has demonstrated that even a small change in the contact
angle between dunes and rivers can lead to the domination
of the fluvial environment.

The trapping of sand by the fluvial network is reflected
in the changing morphometry of the valleys after the rivers
flow into the dune field. Intensive aggradation is under-
lined by the increase in the valley’s width (Figure 9) and
the lack of erosional edges separating valleys from the
fluvioglacial plain (Figure 2). Increasing sediment supply
caused the transformation of the channels from straight/
meandering to a braided system (Figure 10; [93,94]). The
extensive sand bars and outwash fans identified in all
three valleys confirm the abrupt overloading of streams
and intensive aggradation of fluvial deposits.

5.5 Model of the BSDF evolution

The results indicate a multi-phase development of low-den-
sity dune fields within the central part of the ESB. In the
case of the BSDF, on the basis of geomorphological obser-
vations, a four-phase scenario appears to be the most rele-
vant (Figure 11). The formation of the dune field was
initiated by a gradual improvement of climatic conditions
at the end of Pleniglacial. Further evolution was condi-
tioned by the shifting balance between the sand supply
and the amount of vegetation cover. It is likely that some
of the dunes were undergoing stabilization temporarily,
although it is unclear whether the stabilization affected
the entire dune field.

The first phase of BSDF development was characterized
by harsh conditions of the cold desert (low temperatures
and precipitation, strong winds, and lack of vegetation).

The gradual improvement of climatic conditions led to the
degradation of permafrost, which subsequently triggered
the release of previously unavailable sand. Distant and con-
tinuous aeolian transport of sand took place, as well as
repetitive redeposition of sand by rivers. These processes
are recorded in the high degree of rounding and matting
of quartz grains that build dunes within the central ESB
[42–45]. Long-term intense aeolian activity resulted in the
local formation of thin coversands, clearly visible in the
grain-size composition of the topsoil (0–20 cm) within
BSDF (Figure 2). High wind speeds limited the deposition
of sand, although the formation of ephemeral initial
dunes during this phase cannot be ruled out.

The second phase took place under conditions of
simultaneous high sand supply from the Stobrawa Valley
and the (previously reworked by wind) fluvioglacial plain
combined with the absence or very sparse vegetation
cover. Such conditions favored the formation of large trans-
verse dunes (by the merging of smaller, rapidly migrating
dunes [4–6]). The long-term but periodic sand supply led to
the development of many individual, uniformly, and spar-
sely distributed dunes. The weak vegetation cover allowed
the fast migration of the dunes which move considerably far
from the main source of the material.

The third phase was related to climate ameliorations
that triggered the change of the Stobrawa River pattern
to meandering, which resulted in reduced sand supply.
Nevertheless, the continuous supply of material from the
dry fluvioglacial plain favored the further formation of
dunes. However, due to the limited sand supply and occur-
rence of vegetation, the new dunes evolved as primary
parabolic dunes. Advancing vegetation promoted the trans-
formation of older smaller dunes into parabolic dunes
and affected the arms of transverse dunes. The biggest
transverse dunes continued migration until they encoun-
tered the river network, which restricted and reduced
their movement rate. Under such conditions, dunes started
to collide together forming complex dunes. In the case of the
movement of dunes across rivers, sand was redeposited
within the river network. The transformation of the smaller
rivers from meandering/straight to braided rivers occurred
in this phase, while the BSDF reached its maximum spatial
extent.

The fourth phase (transformation of the dune field)
was related to the stabilization of the whole dune field
by vegetation and cessation of sand supply. The dunes
were locally reactivated as a result of human activity or
temporary vegetation degradation, e.g., caused by forest
fires. This resulted in the blowing away of some of the
foreheads of parabolic dunes and limited aggradation of
the complex dunes.
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Figure 11: Conceptual model of multi-phase development of the BSDF.
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It is impossible to define a precise timeframe for the
formation of the BSDF considering the lack of absolute
datings. However, the first phase of intense aeolian activity
and the formation of local thin coversands most likely took
place during the Upper Pleniglacial and the beginning of
Oldest Dryas [38]. Subsequently, in the Oldest Dryas, as a
result of reduced wind speeds and permafrost degradation,
the first dunes may have developed (Phase II). Such a situa-
tion was reported from the Niemodlin Plateau, about
40 km to the S of the BSDF [82], as well as from a few sites
located in other parts of the ESB [38]. Certainly, the clima-
tically harsh (and vegetation-free) Oldest Dryas favored the
development of transverse dunes. This would not seem
possible in the rest of the Late Glacial, when forests devel-
oped in the south of Poland [95]. The view about the early
formation of dunes in the extraglacial zone of the last
glaciation has been evoked by many authors [34,37]. Timing
of the successive phases (III and IV) is difficult to determine
due to the very asynchronous development of many dune
fields, even if they were located close to each other [e.g.
37,82]. Many dunes were also developing during the warm
periods of the Bølling and Allerød [38,39]. Considering that
the primary transverse dunes evolved into parabolic dunes,
the transformation must have occurred under the influence
of the expanding vegetation. The successive transformations
of the dune field must have occurred between the Bølling
and the onset of the Holocene, when aeolian activity finally
ceased within the central ESB [34,35,39]. Nevertheless, the
timing of the development of the successive phases is spec-
ulative and requires future datings of the aeolian sediments
within the BSDF.

5.6 Study limitations

Analysis of aeolian features using LiDAR data has great
scientific potential, but has some difficulties, as highlighted
by many authors [68,76,96]. Developing a clear and simple
classification scheme is crucial to decrease the impact of
observer experience on the classification process. Classifi-
cation of the same forms could be different using varied
DEM resolutions and hillshade models. Small forms could
be confused with artificial structures (e.g., charcoal piles
and objects formed during forest management). Compound
and complex dunes are hard to interpret due to the high
number of ridges and overlapping forms. It also needs to be
noted that geomorphological surveys should be validated by
sedimentological analyses. However, this is often not pos-
sible due to the lack of outcrops or funds required for
laboratory analyses.

6 Conclusions

In this study, we show that the development and func-
tioning of the cold-climate dune field do not differ from
dune fields existing in other climatic zones. As in hot
deserts, wind action and availability of material are neces-
sary to move sand and start the growth of dunes. This
dependence is especially essential in the case of periglacial
conditions characterized by long-term but periodic sand
supply which causes the development of an irregular
(patchy) pattern of mostly simple dunes. The interplay
between dunes and the river network appears to be the
main factor that shapes the dune fields under such condi-
tions. On the one hand, the fluvial network provides the
sand necessary for the development of the dune field.
Simultaneously, rivers and streams significantly limit the
migration rate and movement of dunes. On the other hand,
dunes overload the fluvial network introducing sand into
rivers and streams, which in consequence affects the style
of fluvial deposition.

The geomorphological analysis showed that the BSDF
is composed of four types of dunes (irregular, transverse,
parabolic, and complex dunes) genetically related to each
other. Transverse dunes, as a result of migration and mer-
ging, formed the main body of complex dunes. Parabolic
dunes that were blown away were transformed into irre-
gular dunes. We found that the sand supply came not only
from the broad Stobrawa Valley but also from the surface
of the outwash plain and the valleys of smaller rivers that
drain the dune field. Spatial analysis suggests the formation
of the dune field during four phases, marked by complex
changes in the sand supply (driven by the transformation of
rivers) and the vegetation content. Although the absolute
datings were not carried out, it can be assumed that the first
dunes of the BSDF were formed during the Oldest Dryas and
were subsequently undergoing transformations until the
onset of the Holocene.

Our study shows that the analyses of high-resolution
DEMs are a useful tool for the mapping and quantification
of landforms. The obtained results provide spatial informa-
tion about past aeolian processes and can be compiled with
detailed sedimentological studies. Future studies should
provide automatized schemes and workflows for GIS, elim-
inating the influence of the observer on results. Another
necessity is to conduct comparative research in dune fields
developed in different morphological positions and affected
by various bedform lithologies.
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