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Abstract 9 

 10 

The central part of the European Sand Belt is an area where intense aeolian 11 

processes led to the development of large dune fields in the Lateglacial. They have 12 

been studied principally in terms of their stratigraphy, with less attention given to their 13 

evolution and geomorphology. It is also uncertain whether large dune fields in cold 14 

areas arise analogously to those formed in other climatic zones. To fill this gap, we 15 

performed a morphometric analysis of 31 stabilized dune fields in Poland using high-16 

resolution LiDAR data. We related the outcomes to the morphological zones 17 

associated with the extent of the ice sheet during the LGM, the position and 18 

basement shape of the dune fields. The results indicate that dune fields in cold areas 19 

evolve in the same way as in other climatic zones, as expressed in the preserved 20 

relation between crest length, spacing, and defect density. The study found that the 21 

investigated dune fields have simple patterns composed of single populations of 22 

transverse to parabolic dunes facing E-ESE, suggesting their simultaneous formation 23 

in the Younger Dryas. At the same time, the varying degree of dune fields pattern 24 

development indicates the different duration of aeolian processes that shaped 25 



 

 

individual dune fields. The dominance of transverse dunes transformed partially or 26 

completely into parabolic dunes reflects the increasing role of vegetation over time 27 

and the decreasing supply of sand. The development of the dune field patterns was 28 

not found to be correlated with the extent of the ice sheet during the LGM, the 29 

morphological position, and the basement shape of the dune fields. 30 
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1. Introduction 35 

 36 

The European Sand Belt (ESB), which extends from the Netherlands to Russia, is the 37 

relict of a harsh periglacial environment characterized by intensive aeolian activity. It 38 

developed under dry and windy conditions in front of the retreating Scandinavian Ice 39 

Sheet (SIS) at the termination of the Pleistocene (Koster, 1988, Zeeberg, 1998). The 40 

largest dune fields within the ESB are located in Poland, where they have been 41 

extensively studied. As a result, a stratigraphic model and depositional conditions 42 

have been established (Nowaczyk, 1986, 2000; Manikowska, 1991, 1995; Izmaiłow, 43 

2001; Goździk, 2007; Zieliński, 2016). The latest studies reveal that aeolian dunes 44 

represent a final part of fluvio-aeolian succession deposited in the central part of the 45 

ESB from the Late Pleniglacial to the very end of the Last Glacial (Zieliński et al., 46 

2014, Moska et al., 2022b). 47 

Multiple factors, such as wind directions and strength, vegetation cover, and level of 48 

groundwater, play significant roles in the shaping of specific dunes and dune fields 49 

(Wasson and Hyde, 1983; Lancaster, 1995; Pye and Tsoar, 2009). They drive the 50 



 

 

dune type, size, and dynamics of aeolian processes. One specific factor that may 51 

have played an important role in the dune-forming processes during the final phase 52 

of the last glaciation within ESB was the presence and further degradation of 53 

permafrost. Under the periglacial climate high variability of wind speed and directions, 54 

low and periodical sediment supply, niveo-aeolian processes, and seasonal changes 55 

of surface moisture were postulated (McKenna-Neuman, 1990; Seppälä, 2004, 56 

Wolfe, 2010). Due to these conditions, parabolic dunes are the most frequent dune 57 

types across cold-climate inland dune fields (Seppälä, 1971; Collins, 1985; Dijkmans 58 

and Koster, 1990; Wolfe et al., 2004; Bernhardson and Alexanderson 2017, 2018; 59 

Baughmann et al., 2018).  60 

The role of multiple dune transformations resulting from changing climatic conditions 61 

over time and the differentiation of dunes and dune fields within the ESB have been 62 

described (Izmaiłow, 2001; Zieliński, 2016). Most authors have emphasized that 63 

parabolic dunes predominate and were formed under conditions of low supply of 64 

sandy material and a significant role of vegetation cover. These assumptions were 65 

based on research from restricted areas without comparative morphological studies 66 

of specific dune fields within the ESB. Note also that most studies have been 67 

conducted outside of the main dune fields in Poland and have focused on particular 68 

elements, including paleosols, sedimentology, morphology, and stratigraphy 69 

(Nowaczyk, 1986, 2000; Manikowska, 1991, 1995; Izmaiłow, 2001; Zieliński, 2016). 70 

To fill this gap and reconstruct the spatial variability of the depositional conditions 71 

controlling dune fields within the Polish part of the ESB, we applied two assumptions 72 

known from warm deserts: (i) the development of specific dune types is assumed to 73 

be linked to characteristic depositional conditions (wind direction and strength, sand 74 

supply, and vegetation; Wasson and Hyde, 1983; Lancaster, 1995; Pye and Tsoar, 75 



 

 

2009); (ii) the dune field pattern (spatial organization of dunes) is a function of time 76 

due to the self-organizing nature of the aeolian forms (Werner, 1995, Werner and 77 

Kocurek, 1999; Ewing et al., 2006, 2015). The dune field pattern emerges through 78 

interactions of dunes (especially by merging and lateral linking of dunes) leading to 79 

simplification of the dune field pattern with time (Ewing and Kocurek, 2010a). This is 80 

reflected by changes in pattern parameters – the increasing crest lengths and 81 

spacing between dunes and a decrease in the defect density, defined as the number 82 

of the defect pairs (terminations of crests) per unit length of crestline (Werner, 1995, 83 

Werner and Kocurek, 1999). Initial dune fields are spatially poorly organized and 84 

consist of a large number of weakly developed dunes situated close together. In 85 

contrast, mature dune fields that develop over a long time exhibit a well-organized 86 

pattern of homogenous dunes (Werner, 1995, Werner and Kocurek, 1999; Ewing et 87 

al., 2006). The coexistence of a few dune field patterns within one area is linked to 88 

temporal or spatial variability of depositional conditions (e.g. precipitation, surface 89 

wetness, sand supply). This dependence has been observed in many deserts, 90 

including the Kalahari Desert, the Sonora Desert, California, and Australia (Thomas 91 

and Leason, 2005; Beveridge et al., 2006; Derickson et al., 2008; Hesse, 2011). 92 

Similar processes and their morphological effects can be expected in the ESB, where 93 

multiple phases of aeolian activity were documented (Crombé et al., 2020; Moska et 94 

al., 2022a, 2022b; Sokołowski et al., 2022). 95 

The aim of this study was to apply pattern analysis to 31 representative dune fields in 96 

the Polish part of the ESB to: (1) reconstruct local and regional factors controlling 97 

dune-forming processes; (2) test whether the self-organization of dune fields formed 98 

under cold climate conditions is similar to their counterparts developed under warm 99 

climate conditions. This is the first application of pattern analysis to fixed cold-climate 100 



 

 

dune fields, making the dataset useful as a background for sedimentological studies 101 

and a supplement to previous studies. 102 

 103 

2. Timing and environmental framework of the European Sand Belt development 104 

The European Sand Belt, due to its considerable latitudinal extension and the 105 

associated climatic gradient, is not uniform regarding the processes that took place 106 

and the forms that formed (Koster, 1988; Zeeberg, 1998). It reflects regional 107 

gradients of climate conditions (an increase of climate continentality towards the 108 

east) and local features such as glacioisostatic adjustment, sea level changes, and 109 

tectonic subsidence (Uścinowicz, 2003; Busschers et al., 2007). The existence of the 110 

ESB was related to the belt of periglacial conditions characterized by average annual 111 

temperatures below zero, 250-300 mm of annual precipitation in the foreland of the 112 

Scandinavian Ice Sheet (SIS) during the Late Pleniglacial (Huijzer and Isarin, 1997; 113 

Kasse, 2002; Vandenberghe et al., 2014). Such climate conditions hampered the 114 

development of dense vegetation cover and favoured intensive aeolian deflation and 115 

deposition. Stratigraphic models from different parts of the ESB differ (Schirmer, 116 

1999). Stratigraphic scheme from the western part of the ESB basis on the 117 

combination of OSL and 14C dating results (Vandenberghe et al., 2013; Kasse et al., 118 

2020). Generally, three phases of aeolian activity spanning between the Late 119 

Pleniglacial and Early Holocene were distinguished in western Europe (Kasse, 2002). 120 

Phase I represents the Late Pleniglacial and only fluvio-aeolian and aeolian sand 121 

covers were deposited. Phase II took place at the very end of the Late Pleniglacial 122 

and during the Older Dryas (sand sheet and low-relief dunes). The aeolian activity 123 

was interrupted by the first climate amelioration during the Lateglacial connected to 124 

Bølling interstadial (Kasse, 2002). The next climate amelioration during the Allerød 125 



 

 

age is expressed by the Usselo Soil (Kaiser et al., 2009). Phase III - the main phase 126 

of dune formation took place during the second part of the Younger Dryas stadial 127 

(Kasse and Aalberberg, 2019; Kasse et al., 2020). The latest studies from lacustrine 128 

succession in NW Belgium suggest a more complicated model of aeolian activity with 129 

two phases of aeolian deflation and deposition during the Allerød interstadial 130 

(Crombé et al., 2020).  131 

In NE Germany also three phases of aeolian deposition are reported from around 132 

16.7 ka (mainly sand sheets), an early period of dune formation from 15.2 until 13.7 133 

ka (peak around 14.4 ka), and a phase of dune formation and reactivation from 12.9 134 

to 11.1 ka (peak around 12.0 ka; Hilgers, 2007; Kaiser et al., 2009, 2020). In the 135 

north-eastern part of the ESB continuous aeolian deposition took place between 136 

15.9±1.0 ka and 8.5±0.5 ka without soil-forming periods (Kalińska et al., 2019). 137 

Works conducted in the Polish part of ESB were indicating three aeolian phases 138 

related to the Oldest, Older, and Younger Dryas, separated by periods of fossil soil 139 

formation during the Bølling and Allerød interstadials (Nowaczyk, 1986, 2000; 140 

Manikowska, 1991, 1995). Recent studies showed that Lateglacial climate 141 

oscillations resulted in more complex stratigraphy of aeolian sediments (Zieliński et 142 

al., 2014, 2015; Moska et al., 2022b; Sokołowski et al., 2022). They confirmed that 143 

three lithofacial complexes (fluvial, fluvio-aeolian, and aeolian) represent common 144 

sedimentary succession from the final part of the Late Weichselian in the Polish part 145 

of the ESB (Zieliński et al., 2014, 2016). The fluvial complex was deposited during 146 

the Late Pleniglacial up to the beginning of the Lateglacial period (24-14 ka; Moska et 147 

al., 2022b). Remnants of aeolian activity during this period are inferred from textural 148 

analysis, especially from the aeolian abrasion of quartz grains (Woronko et al., 2015; 149 

Zieliński et al., 2019). The climate conditions in front of the SIS were severe, similar 150 



 

 

to a polar desert with continuous permafrost and limited vegetation cover (Latałowa, 151 

2003b; Vandenberghe et al., 2014). During the SIS deglaciation formed ice-marginal 152 

valleys (IMV-s) and outwash plains with thick sandy units, that were undergoing 153 

deflation later (Vandenberghe et al., 1994; Starkel et al., 2015; Weckwerth, 2018).  154 

Gradual improvement of climate conditions during the very end of the Late 155 

Pleniglacial (17-14 ka) caused the elongation of vegetation season and resulted in 156 

the development of tundra-type habitats (Simakova and Puzachenko, 2005). The low 157 

availability of material trapped by permafrost has resulted in the development of 158 

fluvio-aeolian covers, mainly on fluvial terraces (Zieliński et al., 2014, 2015). The 159 

climate amelioration at the beginning of the Lateglacial (the Bølling interstadial) 160 

caused the development of pine-birch forests and the formation of palaeosols 161 

(Simakova and Puzachenko, 2005).  162 

The first phase of aeolian dune formation started from the Bølling interstadial as a 163 

response to rivers incision and formation of fluvial terraces (Vandenberghe et al., 164 

1994; Starkel et al., 2015; Weckwerth, 2018). This phase was previously linked to the 165 

Older Dryas (Nowaczyk, 1986, 2000; Manikowska, 1991, 1995), but it was not 166 

confirmed in the new studies (Moska et al., 2022a, 2022b; Sokołowski et al., 2022). 167 

This phase was particularly well expressed in the unglaciated zone (sometimes 168 

referred to as the extraglacial), especially far from the retreating SIS (Nowaczyk, 169 

1986, 2000; Moska et al., 2020). Moreover, an aeolian activity and dune formation 170 

were detected in the cold oscillations of Allerød interstadial, similarly to the last 171 

results from the western part of the ESB (Crombé et al., 2020). For this period, a 172 

westerly wind was postulated with a northern component, associated with katabatic 173 

winds (Kasse, 2002). 174 



 

 

The last important dune-formation phase took place during the Younger Dryas, 175 

especially in the glaciated zone (Jankowski, 2012; Rychel et al., 2018; Moska et al., 176 

2022a). This was favoured by the disappearance of permafrost over most of the area, 177 

the incision of rivers, and the release of large amounts of sand (Nowaczyk, 1986; 178 

2000; Manikowska, 1991, 1995). However, aeolian processes could not play a 179 

significant role in many previously glaciated areas due to unfavourable lithology, 180 

ground moisture, and lack of available material (Błaszkiewicz et al., 2004, 2015). For 181 

this reason, dune fields in this zone are mainly located in IMV-s and on alluvial fans. 182 

Studies of lacustrine successions from Sweden, Germany, and Poland have shown 183 

that climatic seasonality particularly intensified during the Younger Dryas. 184 

Temperatures decreased at this time, notably in winter (by about 4-6°C), with a 185 

simultaneous decrease in humidity and length of the growing season (Schenk et al., 186 

2018; Płóciennnik et al., 2022). This phase was characterized by the dominance of 187 

westerly winds blowing especially during the winter months (Böse, 1991; Zeeberg, 188 

1998). Some authors also postulated the contribution of wind blowing from the SW 189 

(Zieliński, 2016). 190 

The warming of the Early Holocene effectively terminated the development of dunes 191 

and dune fields, which were gradually stabilized by vegetation. During this time, the 192 

vegetation cover turned from being dominated by grasses, herbs, and shrubs to the 193 

dense boreal forest (Latałowa, 2003a). Permafrost occurred locally in the form of 194 

dead ice blocks (Błaszkiewicz et al., 2004; 2015). During the Early Holocene in 195 

central Europe dune fields underwent only limited transformations connected to forest 196 

fires and anthropogenic influence (Twardy, 2016; Lungershausen et al., 2018; 197 

Kappler et al., 2019).  198 

 199 



 

 

3. Regional setting 200 

 201 

The study area mainly covers the Polish Lowlands and selected parts of the Polish 202 

Highlands (Fig. 1). Test areas where dune fields were found were selected for 203 

detailed analysis. Their identification was based on a visual inspection of the 204 

hillshade model available on the Geoportal 2 website 205 

(mapy.geoportal.gov.pl/imap/Imgp_2.html). Sites were chosen with regard to 206 

sedimentary zones according to their relative location to the Last Glacial Maximum 207 

terminal moraines (LGM; glaciated/unglaciated), morphological setting (alluvial fan, 208 

ice-marginal valley (IMV), river valley, other), the dominant type of dunes (transverse, 209 

parabolic, superimposed), and the basement morphology. The flat surface below 210 

dune fields occurs over river terraces and alluvial fans, while climbing dune fields 211 

occur on valley edges. If a dune field is located in an area of varying topography, it 212 

was classified as mixed. Representative areas were selected to include vast or 213 

internally differentiated dune fields. A total of 31 sites within 23 dune fields were 214 

mapped (Fig. 1), covering an area of 289.9 km2. 14 study sites are located in the 215 

glaciated zone, and 17 in the unglaciated zone (Tab. 1). 216 



 

 

 217 

 218 

Fig. 1. Location of study sites in Poland. For the list of sites, see Tab. 1. Detailed 219 

maps of all sites are included in Supplementary Material. The maximum extent of the 220 

LGM is the boundary between the glaciated (to the north) and the unglaciated zone 221 

(to the south). 222 

 223 

4. Methods 224 

 225 

Landform analysis and terrain mapping were carried out in ArcMap 10.5.1 using a 226 

bare-earth 1 m Digital Elevation Model derived from airborne laser scanning (LiDAR), 227 



 

 

with 4–7 points per m2. The mean vertical error does not exceed 0.15 m (Kurczyński 228 

et al., 2015). The original DEM was resampled to 5 m resolution to prevent the 229 

impact of small man-made topographic features. For further analysis, layers of 230 

surface slope and multi-directional hillshade model (Kokalj and Hesse, 2017) with 231 

three different illumination azimuths (1 – 350°, 2 – 15°, 3 – 270°) and sun altitudes (1 232 

– 70°, 2 – 55°, 3 – 60°) were created. The use of multi-directional hillshade reduces 233 

the risk of mistakes during mapping due to azimuth biasing (Smith and Clark, 2005). 234 

The height of dunes was calculated using the procedure proposed by Baughmann et 235 

al. (2018): (1) aggregation of DEM into 50-cell resolution (250 m2) using the minimum 236 

DEM cell values which determine the basement of the dune field (2) bilinear 237 

resampling of aggregated raster into previous resolution, (3) calculation of the 238 

difference between original dune field DEM and resampled DEM representing 239 

basement of the dune field. Dune crests were visually verified and extracted from 240 

automatically generated local watersheds. All crests were taken into consideration, 241 

including superimposed dunes and secondary crests. The obtained crests were 242 

simplified and smoothed to remove sharp angles derived from the original elevation 243 

raster.  244 

 245 

Fig. 2. Pattern parameters. Black lines represent vectorized dune ridges. 246 



 

 

 247 

Pattern analyses were performed using the method proposed by Ewing et al. (2006; 248 

Fig. 2). Crest length was measured as the distance between two crestline 249 

terminations or junctions (defects). Defect density (ρ) was calculated for each site 250 

using the definition ρ=N/L, where N is the number of defect pairs per unit length of 251 

crestline (L) (Werner, 1995; Werner and Kocurek, 1999). Depending on the size of 252 

the study site, mean spacing between crests was measured along 5 to 9 elevation 253 

profiles parallel to the presumed transport direction. The elevation was sampled 254 

along profiles every 5 meters and exported into an Excel spreadsheet. Crestlines 255 

were identified as values higher than the mean of five preceding and following cell 256 

values. All crestlines were verified on a map to eliminate features that are not dunes 257 

(e.g. man-made structures). To identify the number of dune populations within each 258 

site, crest length and spacing were displayed on cumulative log frequency plots using 259 

the software Statistica 13.1 (StatSoft, 2009). In the case of a single, log-normally 260 

distributed population, data will plot as a straight line, while multiple populations 261 

within data will plot as line segments separated by inflection points (e.g. Jensen et 262 

al., 2000; Ewing et al., 2006). 263 

The studied dune fields were divided into morphological groups using cluster analysis 264 

(dendrogram) based on Ward´s method and Euclidean distances (Kaufman and 265 

Rousseeuw, 2005). All the pattern properties studied (crest length, spacing, defect 266 

density, and mean dune height) were used as input variables. Statistical analyses 267 

were performed using the Statistica 13.1 software (StatSoft, 2009). 268 

The orientation of the dunes (indicative of the direction of the paleo-wind forming the 269 

dunes) was measured manually on the base of DEM using the COGO toolbar 270 



 

 

(ArcMap 10.3). Depending on the size of the dune field and the number of dunes, 271 

between 34 and 128 measurements were taken. The results were plotted on rose 272 

diagrams. 273 

 274 

5. Results 275 

Results of the analysis are shown in Tab. 1. The dune fields studied represent a wide 276 

variety of pattern properties, typical for dune fields in different stages of pattern 277 

development. 278 



 

 

Tab. 1. Study sites. Description and results of the pattern analysis. *T – transverse; P – parabolic; S – superimposed. **For details see Fig. 3A. 279 

No. Name 
Area 

(km2) 
Zone Setting Dunes* Basement 

Crest Length (m) Spacing (m) Dune Height (m) Defects Dune 

Height to 

Spacing 

Group** 

N Mean SD Coef N Mean SD Coef Max Mean N Density 

1 Wkra Forest 7.2 Glaciated Alluvial fan T/P Flat 646 138 134 0.97 91 179 94 0.53 18.5 7.6 584 0.0033 0.30 1 

2 Gorzów Basin 1 8.6 Glaciated IMV T Flat 98 322 413 1.28 101 203 128 0.63 27.1 9.8 130 0.0021 0.08 2 

3 Gorzów Basin 2 3.5 Glaciated IMV T/P Flat 99 234 216 0.92 86 178 107 0.60 22.2 9.4 104 0.0022 0.16 2 

4 Gorzów Basin 3 3.4 Glaciated IMV T/P Flat 146 182 151 0.83 70 178 78 0.44 22.4 12.0 156 0.0029 0.05 3 

5 Bóbr Valley 5.0 Unglaciated IMV T/P Flat 29 595 497 0.84 18 452 203 0.45 13.6 7.1 50 0.0015 0.08 4 

6 Lower Silesian Forest 29.6 Unglaciated Alluvial fan T/P Mixed 120 450 585 1.30 30 336 191 0.57 21.5 8.9 155 0.0014 0.47 4 

7 
Oborniki 

Wielkopolskie 
6.2 Glaciated Alluvial fan P Flat 216 173 173 1.00 103 171 99 0.58 24.8 10.5 224 0.0030 0.07 3 

8 Nakło 4.6 Glaciated IMV T/P/S Mixed 184 225 216 0.96 173 167 101 0.60 23.8 9.1 180 0.0022 0.02 2 

9 Grudziądz 8.1 Glaciated Other T/P Flat 209 224 234 1.04 97 180 117 0.65 22.3 8.3 266 0.0028 0.23 2 

10 Toruń Basin1 9.9 Glaciated IMV P/S Mixed 458 160 167 1.04 132 136 69 0.51 24.8 10.1 465 0.0032 0.13 3 

11 Toruń Basin 2 30.2 Glaciated IMV P/S Flat 1673 153 103 0.67 362 149 91 0.61 27.6 9.5 1608 0.0037 0.01 3 

12 Toruń Basin 3 24.7 Glaciated IMV T/P Flat 564 172 150 0.88 181 209 150 0.72 22.2 8.2 594 0.0031 0.11 2 

13 Toruń Basin 4 17.2 Glaciated IMV P/S Flat 1300 136 109 0.80 159 142 77 0.54 27.4 11.2 1229 0.0035 0.11 3 

14 Lipno 8.0 Glaciated Other T/P Mixed 212 200 190 0.95 82 204 95 0.47 24.4 10.4 270 0.0032 0.16 3 

15 Płock Basin 1 4.0 Glaciated IMV T/P Flat 170 198 165 0.83 73 143 74 0.52 26.9 9.3 199 0.0030 0.05 3 

16 Płock Basin 2 3.2 Glaciated IMV T/P/S Flat 185 158 136 0.86 78 153 71 0.46 23.1 9.9 200 0.0034 0.13 3 

17 Kurpie 1 4.3 Unglaciated Alluvial fan T/P/S Flat 333 129 108 0.84 61 205 123 0.60 18.4 7.9 384 0.0045 0.08 1 

18 Kurpie 2 2.6 Unglaciated Alluvial fan P/S Flat 309 108 88 0.82 68 136 75 0.55 15.5 6.4 277 0.0041 0.17 1 

19 Kampinos 27.1 Unglaciated IMV T/P Flat 451 265 272 1.02 196 324 308 0.95 21.6 8.5 470 0.0020 0.02 4 

20 Racibórz Basin 5.3 Unglaciated Alluvial fan T Flat 38 407 449 1.10 29 271 175 0.65 16.3 7.7 64 0.0021 0.19 4 



 

 

21 Ogrodzieniec 6.3 Unglaciated Alluvial fan T/P Climbing 144 266 235 0.88 64 152 77 0.51 14.8 6.4 182 0.0024 0.08 3 

22 Olkusz Highland 3.9 Unglaciated Valley T/P Mixed 77 245 239 0.98 18 214 125 0.58 32.5 9.8 94 0.0025 0.55 2 

23 Jaworzno 3.6 Unglaciated Alluvial fan T/P Mixed 72 262 193 0.74 32 187 91 0.49 18.1 6.6 92 0.0024 0.07 3 

24 Karczmiska 5.6 Unglaciated Other T/P Climbing 203 184 178 0.97 94 156 89 0.58 20.0 8.4 278 0.0037 0.20 1 

25 Sandomierz Forest 1 15.3 Unglaciated Valley T/P Flat 378 224 202 0.90 162 187 110 0.59 24.7 9.0 421 0.0025 0.19 2 

26 Sandomierz Forest 2 9.8 Unglaciated Valley T Flat 162 261 292 1.12 53 253 162 0.64 17.3 7.4 196 0.0023 0.13 4 

27 Sandomierz Forest 3 5.3 Unglaciated Valley T/P Mixed 95 235 210 0.89 46 189 120 0.63 22.0 8.1 114 0.0026 0.31 2 

28 Mielec 17.3 Unglaciated Valley T/P Flat 504 206 181 0.88 118 206 131 0.64 23.9 10.1 528 0.0025 0.15 2 

29 Pilzno 2.4 Unglaciated Alluvial fan P Climbing 111 136 130 0.96 76 116 57 0.50 10.6 4.3 146 0.0049 0.21 1 

30 Solec Forest 4.7 Unglaciated Valley T/P/S Mixed 172 187 183 0.98 52 212 114 0.54 18.5 9.2 181 0.0028 0.23 3 

31 Eastern Roztocze 3.0 Unglaciated Valley T/P Mixed  89 194 162 0.84 30 218 180 0.83 22.2 10.5 118 0.0034 0.24 3 



 

 

 280 

On the basis of the hierarchical clustering (dendrogram, Fig. 3A), four morphological 281 

groups of dune fields were distinguished and assumed to reflect varying stages of 282 

development (Fig. 3B): initial (Group 1), poorly-organized (Group 2), well-organized 283 

(Group 3), and mature (Group 4). 284 



 

 

 285 

Fig. 3. A – Results of the hierarchical clustering (dendrogram) for all sites, B - Box 286 

plots showing differences in pattern parameters for distinguished morphological 287 

groups of dune fields.  288 

 289 



 

 

Group 1 contains the initial dune fields, which pattern formed over a short period of 290 

time.  The pattern of initial dune fields is irregular and consists of various dune types 291 

(mainly parabolic and initial). Dunes interact in many ways, colliding with each other 292 

and merging into bigger ones through lateral linking. The irregular distribution of 293 

dunes within the dune field and the varying orientation of the ridges in the windward 294 

direction indicate a not fully organized airflow within the dune field. The site Kurpie 1 295 

is representative of this group (Fig. 4A). Group 2 comprises poorly organized dune 296 

fields that have formed long enough to develop a regular pattern. This group is 297 

characterized by transitional shapes between transverse and parabolic dunes with 298 

multiple thin and short trailing arms. Crest lengths and defect density are controlled 299 

by the number of secondary ridges. The site Gorzów Basin 3 is an example of this 300 

group (Fig. 4B).  301 

 302 

Tab.2. Pattern parameters of morphological groups.  303 

Group 
Pattern 

description 

Number 

of sites 

Crest Length [m] Spacing [m] Defect Density Dune Height [m] 

Mean Range Mean Range Mean Range Mean Range 

1 Initial 5 (16%) 139 108-184 159 117-206 0.0041 0.0033-0.0049 6.9 4.3-8.4 

2 
Poorly-

organized 
9 (29%) 173 136-198 167 136-219 0.0032 0.0029-0.0037 10.4 9.3-12.0 

3 
Well-

organized 

12 

(39%) 
233 172-322 191 167-215 0.0025 0.0021-0.0031 8.7 6.4-10.1 

4 Mature 5 (16%) 396 261-595 328 254-453 0.0018 0.0014-0.0023 7.9 7.1-8.9 

 304 

Group 3 includes well-organized dune fields that have a regular pattern of 305 

homogenous dunes. Secondary ridges are rare, and the inter-dune areas are devoid 306 

of small initial dunes. The site Grudziądz is representative of this group (Fig. 4C). 307 

The most organized dune fields (mature) compose Group 4.  Most mature patterns 308 



 

 

consist of large transgressive ridges or U- and V-shaped parabolic dunes without 309 

secondary ridges. The Bóbr Valley site is an example of this group (Fig. 4D). 310 

 311 

 312 



 

 

Fig. 4. Variation in morphology the dune field groups identified: A – initial site Kurpie 313 

1 (No. 18, Figs. 1 and 5), B – poorly-organized site Gorzów Basin 3 (No. 4, Figs. 1 314 

and 5), C – well-organized site Grudziądz (No. 9, Figs. 1 and 5), D – mature dune 315 

field in site Bóbr Valley (No. 5, Figs. 1 and 5). Maps of all sites are included in 316 

Supplementary Material. 317 

 318 

Examined dune field patterns differ between sites and within the whole central part of 319 

the ESB, but their distribution does not show spatial regularities (Fig. 5A). Well- and 320 

poorly-organized dune fields coexist in close vicinity (e.g. sites of the Gorzów Basin 321 

(No. 2-4, Fig. 5A) or the Sandomierz Forest (No. 25-27, Fig. 5A). Spatial variability of 322 

crest length (Fig. 5B), spacing (Fig. 5C), and defect density (Fig. 5E) are linked 323 

strictly to relationships between these features. Conversely, mean dune height is an 324 

independent feature connected to local sand availability, which was the largest in 325 

IMVs (Fig. 5D).  326 



 

 

 327 

Fig. 5. Spatial distribution of morphological groups (A) and spatial variation of 328 

morphological properties (B-D). 329 



 

 

 330 

The glaciated zone (north to the maximum LGM extent, 14 study sites) is dominated 331 

by dune fields classified as Group 2 (8/14), with a minor presence of Group 3 (5/14) 332 

and one site from Group 1 (Fig. 5A). In the unglaciated zone (17 study sites), dune 333 

fields from all four morphological groups are found, with Group 3 (7/17) being the 334 

most common. All well-developed dune fields (Group 4, 5/17) are situated in this 335 

zone, as well as 4 of the 5 dune fields of Group 1. It should be mentioned that the 336 

differences in the dune patterns from the different settings and locations relative to 337 

the LGM limit are relatively slight. Dunes developed in the glaciated zone are more 338 

similar to each other and less organized than in the unglaciated zone (Fig. 6B). Dune 339 

fields developed on alluvial fans represent all stages of development but are 340 

significantly smaller than dunes in other morphological positions (Fig. 6C). 341 

Additionally, dune fields on alluvial fans are less common and cover a smaller area 342 

compared to dune fields in IMVs, where dune fields are large and more homogenous 343 

(Fig. 6C, Tab. 1). Dune fields located in other morphological settings (e.g. in valleys, 344 

on moraines or loess plateaus) do not differ from the previously mentioned sites (Fig. 345 

6C). Dune fields located on morphologically varied (mixed) surfaces do not differ 346 

from those located on flat areas but are more homogeneous. The results for the 347 

climbing dune fields are not relevant due to their small amount (3/31; Fig. 6D). 348 



 

 

 349 

Fig. 6. Normalized crest length, spacing, dune height, and defect density in general 350 

(A), in relation to Last Glacial Maximum zones (B), setting (C), and shape of dune 351 

field basement (D). 352 

 353 

Cumulative frequency plots of crest lengths (Fig. 7A) and dune spacing (Fig. 7B) 354 

indicate that examined dune fields comprise single populations of crest length and 355 

spacing. All sites consist of simple patterns of individual populations of dunes.  356 



 

 

 357 

Fig. 7. Cumulative probability plots of crest length (A) and dune spacing (B). Selected 358 

sites present different stages of pattern development. For all plots, see 359 

Supplementary Material. 360 

 361 

87% of the dunes are oriented in the E-ESE direction, indicating the dominance of 362 

dune-forming winds from the west (Fig. 8). Singular ridges are directed in the ENE 363 

and SE directions, comprising up to 20% of all dunes within individual dune fields. 364 



 

 

 365 



 

 

Fig. 8. Rose diagrams showing the orientation of the dunes in the studied dune fields. 366 

All dune fields were formed by winds blowing from the W and WNW. For a list of 367 

sites, see Table 1. 368 

 369 

6. Discussion 370 

Our study of 31 sites in the central part of the ESB revealed a high diversity of dune 371 

field patterns. In the first part of the discussion (6.1), we compare them to patterns 372 

known from other deserts. In the latter part, we focus on the importance of regional 373 

(6.2) and local (6.3) factors on the observed variation in the morphology of the dune 374 

fields. 375 

 376 

6.1. Comparison to patterns observed in other deserts 377 

 378 

The pattern properties of the studied dune fields have been compared to those 379 

known from warm deserts (Fig. 9; Ewing et. al., 2006). As the pattern evolves over 380 

time, crest length and spacing between dunes increase, while defect density 381 

decreases. There is a linear relation between crest length and spacing (r2 = 0.61), 382 

and also between spacing and defect density (r2 = 0.57). The pattern properties from 383 

both studies reveal considerable similarities, even though Ewing et al.'s (2006) 384 

results were based on a smaller dataset. Studies conducted in cold-climate dune field 385 

in Victoria Valley (Antarctica, Bourke et al. 2009) and Alaska (Baughmann et al., 386 

2018) have also reported that correlation between crest length, spacing, and defect 387 

density is valid for cold-climate areas, characterized by high variability of wind 388 

directions and niveo-aeolian processes (Seppälä, 2004). 389 



 

 

In our study, a correlation between dune height and spacing was observed only at a 390 

few sites, reaching a maximum r2 of 0.55 (Tab. 1). In most sites r2 does not exceed 391 

0.3 evidencing a lack of correlation between these parameters. However, it should be 392 

noted that spacing measurement is difficult in the case of the dune fields we 393 

surveyed due to the high number of secondary ridges and arms of parabolic dunes. A 394 

correlation between dune height and spacing was found only in well-organized dune 395 

fields. Measurements of the height of dunes in the cross sections may also be flawed 396 

because it does not always pass through the highest part of a dune ridge.  397 

  398 

 399 



 

 

Fig. 9. Crest length (A), defect density (B), and dune height (C) plotted against 400 

spacing, D – Defect density plotted against crest length. Line is the best fit to the 401 

data. 402 

 403 

Besides good correlations of data, the patterns of the studied dune fields within the 404 

central part of the ESB do not differ from those observed in warm dune fields. 405 

Relations between basic pattern characteristics are consistent with the self-406 

organization paradigm, as are the trends observed in pattern evolution in a downwind 407 

direction. At the Wkra Forest site (No. 1, Fig. 1; Fig. 10), a development of the 408 

pattern with distance from the supply zone can clearly be observed. The dune field 409 

emerges as a chaotic surface covered by low initial dunes, progressively rising, 410 

merging, and organizing into parabolic dunes in the central part of the dune field. In 411 

most distant parts of the dune field, parabolic dunes start to form long-walled, 412 

sinuous transgressive ridges, characterized by long crestlines and an absence of 413 

defects. Spacing between dunes increases towards the leeward part of the dune 414 

field. The progradation and evolution of this pattern are similar to those observed at 415 

the White Sand Dune Field (Ewing and Kocurek, 2010a). However, a similar 416 

evolution of the dune field pattern is not visible in many of the studied sites possibly 417 

due to sand supply from a large and planar area. In that case, the progradation of the 418 

forms is not visible, as they are all equally distant from the source of the material 419 

(Ewing and Kocurek, 2010b).  420 



 

 

 421 

Fig. 10. A – the Wkra Forest site (No. 1, Figs. 1 and 5), B – Cumulative probability 422 

plots of crest length and dune spacing.  423 



 

 

The preserved relations between the parameters of dune fields indicate that the 424 

factors characteristic for cold areas (high variability of wind directions, discontinuous 425 

sand supply, permafrost, niveo-eolian processes) did not directly affect the 426 

development of dune field patterns. This agrees with observations by Bourke et al. 427 

(2009) from Antarctica, where despite the presence of permafrost in the substrate, 428 

dunes migrate and form into a dune field in the same way as in other climate zones. 429 

This is caused by the isolation of the dunes from the basement by the deposited 430 

sand. However, this does not exclude the influence of the mentioned factors on the 431 

distribution of dune fields, their dimensions and spatial extent. 432 

 433 

6.2. Impact of regional conditions 434 

6.2.1. The role of permafrost in the development of dune fields 435 

 436 

The regional increase of wind-abraded quartz grains observed in fluvial units from the 437 

Late Pleniglacial (Marine Isotope Stage 2) is correlated with the high intensity of 438 

aeolian processes (Woronko et al., 2015). However, these aeolian processes did not 439 

result in the formation of aeolian dunes and dune fields. The presence of continuous 440 

permafrost should be considered as the main factor limiting the amount of available 441 

sandy material (Kasse, 1997; Zieliński et al., 2015). OSL dating results from inland 442 

aeolian dunes from Eastern Germany and Poland suggest that dune-forming 443 

processes started when permafrost degraded at the beginning of the Lateglacial (ca. 444 

15-14 ka; Hilgers, 2007; Kappler et al., 2019; Sokołowski et al., 2022). The presence 445 

of at least discontinuous permafrost was observed in fluvio-aeolian covers from the 446 

very end of the Late Pleniglacial and the beginning of the Lateglacial periods 447 

(Zieliński et al., 2014; Moska et al., 2020). Local factors (mainly morphology and 448 



 

 

ground-water circulation) preserved permafrost longer, presumably to the Older 449 

Dryas. This factor could locally reduce the amount of sandy sediments available for 450 

aeolian transport and deposition. In some areas, the permafrost may have aggraded 451 

again during the Younger Dryas (Petera-Zganiacz and Dzieduszyńska, 2017). 452 

However, there is not clear if it could prevent or reduce the aeolian deposition in such 453 

areas. It should be emphasized that the Younger Dryas was one of the most 454 

important periods for aeolian dune formation in the whole ESB, despite of rebuilt of 455 

permafrost in that period (Vandenberghe et al., 2013; Bertran et al., 2014; Kappler et 456 

al., 2019). 457 

Decay of permafrost is correlated with considerable river incision particularly 458 

observed in IMVs as well as in extraglacial fluvial systems in the ESB (Vandenberghe 459 

et al., 1994; Starkel et al., 2015; Weckwerth, 2018). The formation of river terraces 460 

since the Bølling interstadial with thick sandy-gravelly deposits provided the 461 

opportunity for sand to be blown away due to the lowering of groundwater levels and 462 

drying of terraces (Weckwerth, 2010). This led to the formation of extensive dune 463 

fields known from the Vistula and Noteć valleys (e.g. the Gorzów Basin and the 464 

Toruń Basin), amongst other locations.  465 

Our results support the thesis that river incision was the main factor driving the 466 

release of material. This is indicated by the uniform patterns (development in the 467 

leeward direction is not visible; Fig. 11) of most of the dune fields studied, which is 468 

characteristic for dune fields supplied with sand from a vast area (e.g., the entire 469 

terrace level or outwash plain; Ewing and Kocurek, 2010b). All dunes in the Toruń 470 

Basin 4 (Fig. 11A) are similar to each other and in the same stage of development. 471 

The lack of variation in the pattern within a dune field indicates that the dune field 472 

was supplied with sand from a vast high glaciofluvial terrace of the Vistula River. 473 



 

 

There, the fluvioglacial terraces exceed 10 km in width and were probably entirely 474 

undergoing deflation. In smaller valleys and locations where river incision was slight, 475 

deflation was local and limited in the area. In general, the size of the dune field 476 

reflects well the nature of the material supply. Although the incision of rivers was the 477 

main process responsible for the formation of dune fields in the study area, it was 478 

asynchronous and dependent on local factors (Kozarski et al., 1988; Starkel et al., 479 

2015; Zieliński, 2016; Gębica et al., 2022). The situation is not so clear within alluvial 480 

fans which often do not have well-developed terrace levels.   481 

 482 



 

 

Fig. 11. Site Toruń Basin 4 (No. 13, Figs. 1 and 5). B – Cumulative probability plots of 483 

crest length and dune spacing.  484 

 485 

The irregular spatial distribution of morphological groups, and therefore the 486 

constructional time of specific dune fields, proves this. The glaciated zone, where 487 

dune fields are similar to each other and dominated by fields with poorly developed 488 

patterns, had to undergo shorter aeolian processes than fields in the unglaciated 489 

zone. This assumption is in accordance with the results from glaciated zone, which 490 

reveal that the main dune-forming phase took place in the Younger Dryas and the 491 

Early Holocene (Nowaczyk, 2000; Andrzejewski and Weckwerth, 2010; Jankowski, 492 

2012). High variability of dune fields organization in the unglaciated zone suggests 493 

the generally longer time of their formation and considerable importance of local 494 

conditions. 495 

 496 

6.2.2. Impact of climate oscillations and changing atmospheric 497 

circulation 498 

 499 

The existing model of the development of Lateglacial dunes in Poland assumes three 500 

main dune-forming phases, correlated with the climate coolings of the Oldest, Older 501 

and Younger Dryas (Nowaczyk, 1986, 2000; Manikowska, 1991, 1995). In the 502 

western part of the ESB one main dune-forming phase is distinguished (the end of 503 

the Pleniglacial and continued into the Bølling and Older Dryas) and the reworking of 504 

previously existing dunes during the Younger Dryas (Kasse, 2002). Recent findings 505 

suggest that the chronology of dune formation may have been more complex and 506 



 

 

multi-phase (Moska et al., 2022b). It should be noted that recent results of 14C and 507 

OSL datings of dune-forming sediments, as well as palaeosol horizons, come from 508 

relatively small individual dunes located mostly in the unglaciated zone and only a 509 

limited number of key sites located north of the LGM limit (Moska et al., 2020, 2022a, 510 

2022b; Sokołowski et al., 2022). This means that these 14C and OSL ages may not 511 

be representative for the largest dune fields within the central part of ESB. Multi-512 

phase dune formation is also postulated from other parts of the ESB (Kasse, 2002; 513 

Kasse and Aalsberberg, 2019; Bertran et al., 2020; Kaiser et al., 2020). Results from 514 

Central Sweden (Bernhardson and Alexanderson, 2017, 2018) and the Czech 515 

Republic (Holuša et al., 2022) point to two independent wind directions forming two 516 

separated aeolian dune systems. The main evidence is the varying orientation of the 517 

individual dunes that are part of separated patterns. Unfortunately, these data are not 518 

supported by 14C and OSL results or sedimentological analysis. The wind directions 519 

responsible for dune formation in the central part of the ESB have been debated for 520 

many years (Böse, 1991; Zeeberg, 1998). The findings have been analysed and 521 

summarized by Zieliński (2016), who postulated that the main dune-forming phase 522 

took place during the Older Dryas, with a predominance of NW to W wind direction. 523 

During the Younger Dryas aeolian dunes underwent reconstruction by SW-WSW 524 

oriented wind. 525 

Our results do not indicate that possibility, as the investigated dune fields consist of 526 

simple patterns made up of single dune populations (Fig. 7) oriented in the same 527 

direction (E to ESE, Fig. 8). This direction is consistent with the orientation of the top 528 

dune-building aeolian units in Poland, which have been dated to the Younger Dryas 529 

(Nowaczyk, 1986, 2000; Moska et al., 2022a; Sokołowski et al., 2022). This may 530 

indicate that during this period the dune fields in the entire study area underwent final 531 



 

 

formation, becoming homogeneous in terms of orientation and number of dune 532 

populations. At the same time, temporal variation in the development of dune fields 533 

cannot be ruled out, as other parameters of the pattern (crest lengths, spacing, 534 

defect density) vary between sites indicating a different time of construction of 535 

individual dune fields. This implies that the initiation of aeolian activity was 536 

asynchronous, in contrast to synchronous stabilization. This observation further 537 

strengthens the argument about the crucial influence of local river incision in the 538 

development of aeolian processes demonstrated in Section 6.2.1. 539 

The inconsistency between the number of dune-forming phases in the Polish part of 540 

the ESB and the patterns recorded in the dune fields is puzzling, because dune fields 541 

tend to overlap and develop complex patterns, rather than completely reconstruct 542 

(Kocurek and Ewing, 2005). Three possibilities might be considered at this point. The 543 

first possible solution is that the studied dune fields were never stabilized, and as a 544 

result, complex patterns were not formed. While this would seemingly contradict 545 

sedimentological studies, it should be considered that such studies were conducted 546 

in sites located in isolated dunes or at the margins of the largest dune fields, but not 547 

within the dune fields (Sokołowski et al., 2022). Stabilization and subsequent 548 

reactivation may have occurred on individual dunes, while at the same time not 549 

taking place in the largest dune fields, the sizes of which significantly slowed down 550 

the process of plant colonization. Seppälä (1995) pointed out that in cold areas the 551 

short growing season significantly lengthens the colonization time of dune areas by 552 

lichens and shrubs. In subarctic Canada, this process takes 150 to 200 years (Filion 553 

and Payette, 1989). Given that the periods of dune stabilization in the Bølling and 554 

Allerød were relatively short (300-600 years), colonization of the largest dune fields 555 

may have been limited only to their margins. The second explanation is that the 556 



 

 

predominant wind directions were limited during the Lateglacial to the SW-NW sector 557 

(Zieliński, 2016). In that case, the reactivation of aeolian processes (interrupted by 558 

vegetation cover) did not have to transform the orientation of dunes. 559 

At a few sites, deflection points on spacing plots suggest that they are built by two 560 

generations of dunes (Fig. 7B; Kampinos site). However, spacing measurements are 561 

affected by dense secondary ridges and tailing arms common in dune fields 562 

developed from parabolic dunes. Their widespread presence at the study sites 563 

potentially leads to misinterpretation of the dune field pattern. Trailing ridges can be 564 

mistaken as components of another pattern oriented in a different direction. They can 565 

also affect measurements of dune orientation, leading to an incorrect determination 566 

of the direction of dune field migration. Our results obtained from 31 dune fields 567 

suggest the predominance of simple patterns. Therefore, results reported by 568 

Bernhardson and Alexanderson (2017, 2018) may be caused by a misinterpretation 569 

of the arms of the parabolic dunes. The third possibility to consider is the influence of 570 

several local factors, among others, on sand availability. In sand-limited areas, 571 

redistribution of previously deposited sand accumulations may predominate. This 572 

factor depends on the rate of river incision and the built-up of thick sandy river 573 

terraces. It is visible in the Toruń Basin, where the Vistula River incision reached at 574 

least 30-40 m during the Late Pleniglacial – Lateglacial (Weckwerth, 2010). 575 

 576 

6.3. Impact of local factors 577 

6.3.1. Sand supply 578 

 579 

The dune fields we studied are located in different positions in relation to morphology 580 

(IMV-s, outwash plains, extraglacial river valleys, piedmont alluvial fans, loess 581 



 

 

plateaus, intra-mountain river valleys). This conditions the basement lithology and the 582 

availability of sandy material.  583 

Dune fields located in IMVs exhibit the largest surface and height of specific dunes 584 

(Fig. 6C, Tab. 1). This is a result of the large areas of sandy accumulation terraces 585 

and the high availability of dried material in a relatively short period (Andrzejewski 586 

and Weckwerth, 2010; Weckwerth, 2010). Comparison of river valleys of the N-S axis 587 

(for instance the middle Vistula River valley; site no. 24, Fig. 1) and the W-E axis 588 

(Toruń-Eberswalde IMV; e.g. sites no. 10-13; Fig. 1.) reveals the importance of this 589 

factor in dune field development. The W-E orientation of river valleys enhanced sand 590 

accumulation due to stable material supply. This orientation of the valleys in relation 591 

to the direction of dune field migration prevented the dune fields from encountering 592 

larger rivers and, as a result, the redeposition of sandy material. A similar 593 

dependence was also observed by Sitzia et al. (2017) in the western part of the ESB 594 

(southern France), where clusters of dunes are located only in valleys oriented in 595 

accordance with the wind direction prevailing during the Younger Dryas. Dunes in the 596 

valleys of N-S orientation migrated out of the source area (river terraces), were no 597 

longer fed, and lost sand as they migrated. 598 

Dune fields fed from alluvial fans are significantly lower and smaller than those 599 

developed in IMVs (Fig.6C, Tab. 1). In addition, dune fields on alluvial fans are rare, 600 

in contrast to the IMVs largely covered by dunes. A similar lower supply of sand on 601 

the outwash plains was caused mainly by more limited Lateglacial incision and 602 

terrace formation. Terraces in such areas were only formed during the melting of 603 

dead ice blocks in the early Holocene (Błaszkiewicz et al., 2004, 2015), when climatic 604 

conditions were no longer favourable for intense aeolian activity. 605 

 606 



 

 

6.3.2. Vegetation  607 

 608 

Although the method used does not allow for the precise identification of the plant 609 

communities affecting the studied dune fields, the type of dunes and their 610 

morphology can indirectly indicate the degree of their transformation by vegetation 611 

(e.g. Nield and Baas, 2008; Reitz et al., 2010; Yan and Baas, 2017). The studied 612 

dune fields are composed mostly of transverse and parabolic dunes that are in 613 

different stages of this transformation by vegetation. Smaller and lower dunes are 614 

often fully transformed into V and U-shaped parabolic dunes, while the largest and 615 

highest transverse dunes are only affected in the vicinity of crestline terminations 616 

(Fig. 12).  617 

 618 

Fig. 12. Site Sandomierz Forest 1 (No. 25, Figs. 1 and 5). In the central part, the 619 

dune field consists of transverse dunes (A), which towards the edges of the dune 620 

field are gradually transformed into parabolic dunes. In cases of large dunes, the 621 

transformation only affected the terminations of the ridges, initiating the formation of 622 

trailing arms (B). In the outermost parts of the dune field, low dunes have been 623 



 

 

completely transformed into parabolic dunes (C). The varying levels of transformation 624 

indicate a different stage of colonization of the dunes by vegetation. The long 625 

precipitation ridge which forms the NE edge of the dune field is evidence of 626 

movement of the dune field towards an area that is decelerating the dune migration 627 

rate, potentially because of denser vegetation (e.g. Cooper, 1958; Hesp, 2011) 628 

 629 

The degree of transformation appears to depend mainly on the size of the dune, 630 

which determines the ground-water level, crucial for pioneer species (Landsberg, 631 

1956; Tsoar, 2008). In the case of a low precipitation rate during the Lateglacial (250-632 

350 mm; Koster, 1988) dune height was possibly the main factor limiting soil 633 

moisture. The transformation of dunes from transverse to parabolic relates to 634 

changes in the vegetation occurring from the Younger Dryas (11.7-12.9 ka BP) to the 635 

Preboreal (10.3-9.0 ka BP), when tundra habitats dominated by dwarf birch, juniper 636 

and other shrubs gradually transformed into boreal pine-birch forests (Latałowa, 637 

2003a). Intriguingly, some fields composed of transverse dunes do not show signs of 638 

significant transformation by vegetation. This may be due to the fast expansion of 639 

vegetation, causing rapid dune stabilization (Bernhardson and Alexanderson, 2017). 640 

These dunes have not been mobilized in later periods, so their original shape has 641 

been preserved. The dune fields of Alaska (Noghabara, Kobuk Valley; Baughmann et 642 

al., 2018) and Canada (Athabasca Dunes, Carson and MacLean, 1986) are often 643 

only partially active and are accompanied by fully vegetated and stabilized dunes of 644 

other types. In this case, the different types of dunes document different 645 

environmental conditions that prevailed in the past. Partial reactivation of dune fields 646 

is likely to explain the proximity of sites with different stages of dune field pattern 647 

development (Kotlina Gorzowska (No. 2-4, Fig. 5A) and Puszcza Sandomierska (No. 648 



 

 

25-27, Fig. 5A). Other factors responsible for the reactivation and transformation of 649 

dunes may have involved human activity, particularly intense in river valleys (Twardy, 650 

2016; Lungershausen et al., 2018; Kappler et al., 2019). 651 

 652 

6.3.3. Groundwater level 653 

 654 

The incision of rivers, as mentioned in section 6.2.1, led to a lowering of groundwater 655 

levels in river valleys. However, this did not proceed in the same way at all sites, 656 

being influenced by the characteristics of the valley, the degree of incision, as well as 657 

the number and height of river terraces. The studied dune fields within IMVs are 658 

located mostly on the Lateglacial river terraces, which were drained first. 659 

The variation in groundwater levels between the river terraces is particularly evident 660 

at the Kampinos site (No. 19, Fig. 1; Fig. 13), composed mainly of parabolic dunes. 661 

In contrast to the other sites, distances between individual dunes are large (spacing = 662 

324 m) whereas crests lengths (= 265 m) are similar to other sites located in the 663 

IMVs (Tab. 1). It is crucial in this case that this dune field is located on a high terrace 664 

(6–8 m above the river) separated from both the north and south by the lower 665 

terraces (4–6 m above the river; Nowak and Skompski, 1990). Furthermore, the dune 666 

field steps towards the SE into a lower fluvial terrace, which comprises a 10 km long 667 

precipitation ridge in the southernmost part of the Kampinos dune field (Fig. 13B). 668 

The specific setting may have resulted in a variable groundwater table, documented 669 

by the widespread occurrence of residual dune ridges in the area, i.e., successions of 670 

low ridges left by the migration of dunes on a substrate affected by fluctuations of the 671 

groundwater table (Fig. 13C), which are characteristic for wet aeolian systems 672 

(Lindhorst and Reimann, 2021). Residual dune ridges are rare in other studied dune 673 



 

 

fields and suggest specific local depositional conditions determining the 674 

distinctiveness of the Kampinos site. 675 

 676 

Fig. 13. Site Kampinos (No. 19, Fig. 1). A – braided river channels located on a 677 

terrace 4-6 meters above the river. B – Precipitation ridge developed at the contact of 678 

a dune field with a lower terrace level as indicated by braided river channels. C – 679 

residual dune ridges that formed as dunes were migrating over a substrate affected 680 

by fluctuations of the groundwater table (Lindhorst and Reinmann, 2021). The 681 

dashed line marks the area subjected to pattern analysis. 682 

 683 

The groundwater level may have been less important in areas built of permeable 684 

sediments, such as glaciofluvial terraces and alluvial fans. There, residual dune 685 

ridges have not been found, and the development of dune fields has not been 686 

disturbed by the high moisture of the basement. 687 

 688 

7. Conclusions 689 



 

 

 690 

This article presents an overview of the geomorphological features and pattern 691 

properties of 31 cold-climate dune fields in the central part of the ESB. Their 692 

variability reflects a differentiation of aeolian processes shaping the landscape within 693 

the ESB during the Lateglacial and early Holocene. Several conclusions can be 694 

drawn: 695 

(1) Cold-climate dune fields undergo the same pattern self-organization as dune 696 

fields located in other climatic zones. The temporal relation between crest 697 

length, spacing, and defect density is preserved in all dune fields, regardless 698 

of the specific local conditions.  699 

(2) The studied dune fields exhibit simple patterns consisting of a single 700 

population of dunes oriented towards E-ESE. The results indicate the shaping 701 

of large dune fields during the entire Lateglacial and their simultaneous 702 

stabilization. Alternatively, the dune-forming wind did not change direction in 703 

subsequent phases of aeolian activity. 704 

(3) Dune fields located within the central part of the ESB represent a wide range 705 

of patterns interpreted as different stages of maturity. The degree of 706 

organization depends on the local setting, which also determines the possible 707 

timeframe of sand release and further dune field development.  708 

(4) All dune fields consist of transverse dunes transformed to varying degrees into 709 

parabolic dunes. This is indicative of a large supply of material during dune 710 

formation and further evolution into parabolic dunes driven by vegetation 711 

development.  712 

(5) The organization of dune fields is weakly related to the LGM ice sheet extent, 713 

the morphological setting, and shape of the dune field basement. 714 
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