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Abstract

:

The rate of bank retreat was measured using erosion pins on the alluvial banks of the rivers in the Podhale region (the boundary zone between Central and Outer Carpathians) during the hydrological year 2013/2014. During the winter half-year (November–April), the bank retreat was mainly caused by processes related to the freezing and thawing of the ground (swelling, creep, downfall). During the summer half-year (May–October), fluvial processes and mass movements such as lateral erosion, washing out, and sliding predominated. The share of fluvial processes in the total annual amount of bank retreat (71 cm on average) was 4 times greater than that of the frost phenomena. Erosion on bank surfaces by frost phenomena during the cold half-year was greatest (up to 38 cm) on the upper parts of banks composed of fine-grained alluvium, while fluvial erosion during the summer half-year (exceeding 80 cm) mostly affected the lower parts of the banks, composed of gravel. The precise calculation of the relative role of frost phenomena in the annual balance of bank erosion was precluded at some stations by the loss of erosion pins in the summer flood.
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1. Introduction


The retreat of river banks is the result of various inter-related natural and anthropogenic geomorphic processes [1,2,3]. Anthropogenic processes include the extraction of alluvium, the fragmentation and flow regulation of river systems, changes in river channels, the construction of dams, and the development of riverside land. Especially great is the influence of local modifications of channel geometry that may accelerate erosion in other sections of the channel banks [4,5]. Among natural processes, important are the activity of running water and rain, mass movements, and subaerial processes [1,2,6,7,8,9,10,11,12,13,14]. Most researchers treat subaerial processes as preparing river banks for actual fluvial erosion because they result in the loosening of material in the vicinity of river-bank margins [15,16,17,18,19,20]. Subaerial processes mainly include drying, wetting, freezing, and thawing, and they are controlled by the local climate [21].



The amount of river-bank erosion by exogenous processes in rivers varies locally. The banks of the Timber Creek (a river of similar length, gradient, and bank composition as those of the studied rivers in Podhale) were eroded at average rates of 2.7–15 cm in one year [7]. Lawler et al. [2], who studied erosion of the alluvial banks of the Swale and Ouse Rivers in northern England (similar in gradient, bank material, and climate to those of the rivers in Podhale) during the period from March 1996 to May 1997 found that bank surfaces had retreated by 7.7–42.4 cm. The uneven erosion of river banks cut into heterogeneous alluvial sediments was also found along rivers in the United States: from 2.4–52 cm along the Roanoke [22] to 1.1 m/year along the Green River [23]. These two rivers, though similar to those in Podhale (bank composition, uniformity, and gradient of longitudinal profiles; location in a similar climate) differ markedly in their bank-erosion rates. The extent of erosion was locally even greater along rivers with various lengths and discharges, highly variable discharges, and sinuous courses: up to 1.7 m in the western part of Tennessee [24] and, at some locations, even 2.1 m/year [25]. Lower values of bank erosion of up to 3 cm/year were found along rivers in Queensland (Australia) [26,27], locally even with the lateral accretion of alluvium; spatial differences in bank stability were related to the degree of their protection by vegetation [28]. These are similar in their gradient and bank composition to the rivers in Podhale, but differ in hydrological parameters (they have wider channels and their discharges vary with seasons). Some rivers of similar size flowing in the same climatic conditions have their banks intensely eroded. This is the case of highly meandering rivers. The banks of highly meandering rivers in the Netherlands retreat locally by even 1000 m/year [29]. The banks of these rivers are composed of poorly consolidated sediments, their channels are wider, and discharges greater, so that these rivers have much higher erosional power during floods.



The share of subaerial processes alone in river-bank erosion is evaluated in the literature within a broad range of values, though they are highly effective locally [8]. However, the intensity of these processes is locally uneven, depending on the hydrological, geological, and morphological characteristics of the study area [9,30]. Moreover, these processes are usually active simultaneously with other morphological processes. Lawler [11] accepted that subaerial processes, especially frost phenomena, are only responsible for bank retreat in small watersheds, while fluvial processes predominate in medium-sized watersheds, and mass movements in large ones. Abernethy and Rutherfurd [28] also demonstrated that subaerial processes at the banks of the Latrobe River in Australia only predominate in its upper reaches, farther downstream increases the role of fluvial erosion, and mass movements become predominant in its middle course. On river banks built of volcanic material in Japan, the share of subaerial processes is estimated to be 20–60%, similar to that of fluvial erosion [31]. Couper [16] estimated the value of bank erosion by subaerial processes at ca. 15 cm/year, indicating that this value increases in muddy sediments that are susceptible to frost phenomena.



A specially significant role in the destruction of river banks is ascribed to processes caused by multigelation (cyclic freezing and thawing) [1,32,33,34]. Teisseyre [35] considered frost erosion to be a major factor in the evolution of river banks, and Lawler [36] determined the share of needle ice in bank retreats at ca. 32–43%. Jahn [37] and Dutkiewicz [38] stressed that frost erosion affects cliffs more than abrasion does. Reid [39] calculated that frost phenomena at the alluvial banks of the Orwell Lake are responsible for 20–80% of their total erosion; for Sakakawea Lake, this proportion is 20–30% [40,41]. Field studies by Hill [42], Thorne and Lewin [43], and Reid [39] demonstrated that 20–90% of material detachment from river banks during winter and spring is due to frost phenomena.



The above values for subaerial, fluvial, and gravity processes, and for selected periods should not be directly compared with any place because they concern banks of varying lithology that is only partially similar in their hydrological regimes of the rivers and with various lengths of measurement periods. River-bank retreat is quite a complex process, and its values are dependent on many local factors.



The main aim of the paper is to determine the share of frost (including subaerial) processes in the general balance of river-bank erosion built with alluvium during one hydrological year. We compare the amounts of bank erosion during the winter half-year (November–April) with the loss of bank material caused by fluvial erosion and mass movements during the summer half-year (May–October). The role of mass-wasting processes in bank retreats was included, but is not separately considered, as their activity is usually enhanced by and contributes to the effects of both frost and fluvial action. The obtained results of measurements are discussed in reference to oscillations of air temperature near the ground in the cold season, and variations in water level in rivers in the course of the hydrological year. Erosion pins were inserted at straight and arcuate sections of channels into layers of alluvium differing in grain size (mud, sand, or gravel) at various elevations above the river level. We investigated which parts of the banks are periodically eroded faster by frost phenomena, fluvial processes, or mass movements. The similarity of geological and hydrological conditions in the study sites allowed for us to compare the intensity of erosion along their vertical extents on the banks, and to more confidently interpret differences between layers of alluvium of various grain sizes. By inserting the erosion pins at various heights within the banks, we examined which fragments of the banks were most effectively eroded by frost phenomena, fluvial processes, and mass movements.



We did not undertake a study on the impact of rivers meandering on the rate of the bank retreat because we had no reference data over the whole length of the river bends. We selected study sites considering their position in both straight and curved sections of river channels, and attempted to select sites with various lithological sequences in the banks.




2. Study Sites


The study was conducted during one hydrological year from 1 November 2013 to 31 October 2014 on river banks at Podhale, the northern foothills area of the Tatra Mountains (Podhale Depression, West Carpathians) (Figure 1). The Wielki Rogoźnik River and its tributaries in the low-relief part of Podhale were selected (Orawa Depression). The study area is elevated at 600–650 m above sea level. The vertical gradient of the Wielki Rogoźnik River channel over the studied section is low, at 0.5–0.8 ‰. The channel is sinuous with numerous erosional escarpments in banks. The river banks expose cross-sections of two alluvial terraces, locally with rock basement, elevated at 1.5–2 and 2.5–4 m above water level. The river channel is 7–10 m wide on average, and the mean discharge is ca. 1.9 m3/s.



Winter air temperatures in this area often fall below −0 °C, and minimal temperatures are below −35 °C. [44]. During the winter half year (November–April) of 2013/2014, temperatures below 0 °C were noted on 152 days; on 89 days, these low temperatures persisted for the whole day. The average temperature for December 2013 was −9.3 °C (Figure 2). Frequent oscillations of temperature around 0 °C resulted in cyclical freezing and thawing of the ground. During prolonged periods of strong freeze, the ground may become frozen to the depth of 0.8–1.2 m [45]. There are usually 100–110 days each year with snow cover, and 70–100 days with ice on the rivers, but snow cover and river ice temporarily disappear during winter. The summer half-year (May–October) sees more than half of the annual precipitation of 600–1200 mm, and it is then that the river floods. The largest flood on the Wielki Rogoźnik River during the study period was in May 2014, when the water level in the river was raised by 1.1–2.0 m (Figure 3), and the river markedly remodeled its banks [46]. Other rises in water level in July, September, and October 2014 were small (0.4–0.5 m) and did not cause erosion on the river banks.




3. Methods


Bank erosion on the Wielki Rogoźnik River was studied using the simple version of erosion pins despite its known limitations. The obtained results using this method were integrated over the whole separate periods of multigelation. but do not provide information on the rate of processes within these periods. Occasionally, loss by erosion is compensated to some degree by the accumulation of scree in the measured section. This method lacks temporal resolution within the individual periods of multigelation, and thus gives integrated results over the whole period of observation from single events of erosion and accumulation. It also occasionally compensates real erosion by scree covers on the bank surfaces. In an attempt to obtain accurate data on erosion of the banks of the Wielki Rogoźnik River, we adapted this method to the local geological (type of sediments and the degree of their consolidation) and climatic (depth of ground freezing) conditions, and we followed the suggestions of authors who had used this method [1,3,36,47]. Erosion pins were inserted in several rows and in greater distances, so that longer sections of the banks were studied, up to 10–22 m. We avoided placing the erosion pins at the very bases of the banks, so that fluvial erosion did not affect the measurements of the effects of frost phenomena. The pins were inserted deeply enough to resist for a long time, and they were pushed deeper after the readings that were performed after every multigelation phase.



We used metal erosion pins that were ca. 1 m long and 6 mm in diameter. We hammered them to the depth of 80 cm, so that only their terminations, ca. 20 cm long, were left exposed (Figure 4). During prolonged episodes of strong frost at Podhale, the ground may freeze down to the depth of 0.8–1 m [46]. After each measurement, the pins were pushed into the ground to their initial position, so as not to lose their stability in the ground, and new measurements were taken from the fixed position marked on the pin. During the study period, we monitored water levels in the Wielki Rogoźnik and Czarny Dunajec Rivers at two gauge stations: Ludźmierz and Koniówka (Figure 1), and air temperatures at the nearby station at Ratułów (Figure 1). Measurements on the erosion pins were performed during the multigelation periods, 1–2 days after their termination, and after each rise in water level (Figure 2 and Table 1).



Five study sites (1–5) were set along the Wielki Rogoźnik River and its tributaries (Figure 1 and Figure 5). A total of 376 erosion pins in several horizontal rows were inserted (78, 113, 30, 87, 68 at study Sites 1–5, respectively). Four sites were situated on the banks being undercut by erosion and representing various structures with respect to grain size, and one site protected by a high bank against flowing river water. At each site, the granulometric characteristics of sediments were investigated at the level of the row of erosion pins. The study sites were chosen in places that were not protected by vegetation, where the channel bottom was composed of gravel and no artificial constructions such as dam or steps could modify the discharge. Grain size was measured by sieving.



Erosion pins are commonly used globally in studies on river-bank erosion. Wolman was the first to conduct such studies in Montgomery county in the eastern United States [20]. In Australia, they were used in measurements of the rates of bank retreat on rivers Ngaradj [48] and Daintree [26], and on Gowrie Creek [49]. In Italy, they were used in studies on bank erosion on the Cecina River [50]; in Denmark, on the Odense shores [51]; in England, on the banks of the Swale, Ouse, and Ure [2], rivers in Devon [9]; and in the United States, on the shores of Lake Michigan [33,34]. Erosion pins were also used in studies on the rates of erosion and denudation on slopes. Sirvent et al. [52] used them in NE Spain, Shi et al. [53] in the Hubei Province and near Chongqing in China, and Arens et al. [54] in Kennemerland in the Netherlands.



Bank erosion is now also studied using an improved version of erosion pins based on automatic photoelectronic monitoring (photoelectronic erosion pin, PEEP) [1,10,55,56,57] or even more advanced equipment such as terrestrial laser scanners [58].



3.1. Site 1


Two study plots were set at Site 1, A and B (Figure 5). Plot A was situated at a sharp bend of the Ciche stream on a bank 1.8 m high (Figure 5 1 (1A)). The undercut bank is built in its lower part of firmly cemented sandy gravel (gravel with sand matrix) layer, 60 cm thick, and overlain by unconsolidated clayey sediments (Figure 6 1A). We installed 42 erosion pins in three horizontal rows in the gravel and clay. The lowest row was set in the gravelly–sandy layer, 55 cm above low water level. The second row was placed in clay 50 cm above the lowest, and the third at 40 cm above the second. Each row consisted of 14 pins set over a section of the bank 11.5 m long (Table 2).



Plot B was set 40 m upstream from Plot A (Figure 5 1 (1B). The layer of firmly cemented gravel rises up to 1 m above water level there. Two rows of erosion pins were set in this layer. Another row of pins was inserted into a clay layer 1 m thick that overlay the gravel (Figure 6 1B). The bank there is less curved and higher, up to 2 m. A total of 36 erosion pins were placed in 3 rows and 12 columns over the 10 m length of the bank.




3.2. Site 2


This site lies on the right bank of the Wielki Rogoźnik River, on the face of a 3 m high fluvial terrace (Figure 7). The vertical section of the terrace consists of two layers of medium and coarse gravel separated by a thin (0.3 m) intercalation of gravelly sand with ferricrete and with cut-and-fill structures up to 1 m thick filled with laminated mud-containing wood debris. The matrix in the gravel consists of sand and clay. Both gravel layers are firmly cemented. The gravel is overlain by an up to 1 m thick layer of weakly cemented clayey–sandy sediment (Figure 6 2A). Three study plots were set on this site (Table 2), separated laterally by distances of 10 m. The first plot (A) was 5.2 m long. It comprised 36 erosion pins spread laterally at average distances of 65 cm in 4 rows and 9 columns (Figure 5 2 (2A). The plot was separated from the water flow by a low gravel bar 8 m wide.



Plot B was permanently washed by flowing water, regardless of water level. Any scree supplied from the scarp was removed immediately by flowing water (Figure 5 2 (2B) and Figure 6 2B). The 56 erosion pins at this plot were placed in 4 rows at distances of 65 cm, thus resulting in 14 columns, similarly to Plot A.



Plot C, situated farther downstream, was equipped with 21 erosion pins in 3 rows and 7 columns (Figure 5 2 (2C) and Figure 6 2C). The base of the bank was separated from the main channel by a shallow arm of the river and a gravel bar 34 m wide.




3.3. Site 3


Site 3 was placed on the left bank of the Raczy stream, a right-side tributary of the Wielki Rogoźnik River. The structure of the bank is the same over the whole length of the exposure. A 0.5 m high basement of Neogene clay is exposed at the base. It is overlain with a 1.5–2 m thick layer of firmly consolidated coarse and very coarse sandy gravels (Figure 6 3). A layer of sandy clay, 0.5 to 1 m thick, lies at the top. The profile of the bank is concave; its clayey base is less eroded and forms a distinct flat (Figure 5 3 (3)). Loose material fallen from the higher part of the bank face accumulates there in periods between successive rises in water level. It lies there until heavy rains wash it down to the river channel and the river takes it away. We placed 30 erosion pins in 3 rows (one in each layer) and 10 columns.




3.4. Site 4


Site 4 was set on the right bank of the Wielki Rogoźnik River. The bank is vertical, 2.5 m high, washed at its feet by the river. It is built of a layer of sandy–clayey alluvium 1.8 m thick at the base, overlain with alluvial muddy–sandy clay 0.7 m thick (Figure 6 4). The sediments in the lower part are weakly cemented. The consolidation of sediments in the upper part varies depending on temperature and humidity. It is higher when the sediment is frozen or dried in summer, and markedly lower after wetting by rain or thaw. We placed 87 erosion pins over a distance of 22 m at this plot in 4 rows and 22 columns, every 1 m horizontally and 0.5 m vertically (Figure 5 4 (4)). The lowest row lay 0.5 m above the river level at the average water stage.




3.5. Site 5


Site 5 was set on the left bank of the Mały Rogoźnik River. The bank there is 2.2 m high and it is undercut by the river. Three layers are present in its structure (Figure 5 5 (5)). The lower layer, 0.7 m thick, consists of weakly cemented medium gravel with a sand matrix. It is overlain with a 1.1 m thick layer of structureless, densely fractured sandy–clayey sediments (Figure 6 5). A layer of friable clay, 0.4 m thick, lies at the top. Over an 18.5 m long section of the vertical bank, 68 erosion pins were hammered in 3 rows, each in one layer of the alluvium. The lower row was placed ca. 0.5 m above the low water level. The pins in each row were set in distances of 0.75 m, thus forming 23 columns, except for column 14, which had only 2 pins.





4. Results


The grain size of bank sediments in four of the study sites (1, 2, 4, 5) varied from silty sand in the upper parts of the banks (upper rows of pins) to sandy gravels in the middle and lower parts (Figure 5). Changes in the grain size of sediments in vertical sections of the banks were not strictly correlated with the erosion rates at all sites. The bank section composed of fine-grained sediments below the turf (soil with grass-root systems) and hosting the upper rows of pins retreated at Sites 1 and 3 by more than 30 cm, but at Sites 3 and 5, by less than 10 cm. The value of the bank retreat was lower (3–30 cm) in the underlying sandy gravels, and it only reached maximal values above 60 cm at Site 2. This was different at Site 3, where the erosion rate of firmly consolidated clay at the bank base was lower than that of loose fine sediments at the top part of the bank (Figure 8 and Table 3).



The rate of exposure of the erosion pins by the bank retreat due to frost processes was consistent. At Plot A in Site 1 (Figure 1), the bank retreated by 34 cm during the periods of multigelation (a mean value for all erosion pins at the plot). The mean values in individual rows equaled 39, 38, and 26 cm in the highest, middle, and lowest row, respectively (Table 3). The values of the bank retreat were much higher during the spring flood, the highest recorded during the year (Figure 3). During the flood, in the middle of May 2014, the water level at Site 1 rose by 1.1 m; lateral erosion caused the retreat of the bank by at least 80 cm, so that Plot A was totally destroyed (Figure 8A). Bank retreat due to frost action at Plot B in Site 1 was 13.7 cm on average, and this was similar on all pins in all rows (Figure 8B). Bank retreat caused by stream erosion during the May 2014 flood was 45 cm on average (32 cm in highest row, 50 cm in the middle, and 53 cm in the lowest). A lower rise in water level in July and September 2014 resulted in only minor losses of the banks (0.7–3.1 cm; Table 3).



Two of the three study plots (A and B) at Site 2 were destroyed during the May 2014 flood, and the bank then retreated by at least 80 cm (Figure 8C,D). Only Plot C remained where the extent of erosion was somewhat smaller (55–70 cm), and the water-level rise in the summer and fall caused a retreat of another 2–3 cm (Figure 8E). The total fluvial erosion at this plot amounted to nearly 64 cm (mean for all rows). During this rise, the bank surface was more eroded at the level of the lower row of pins (up to 73 cm) by both flowing water and the gravity collapse of the gravel. The record of the results of frost phenomena is completely preserved at this site. While erosion during the multigelation phases at Plots A and C was minimal (10.5 and 9.5, respectively), at Plot B, the role of frost phenomena was important: the mean value of erosion recorded after the winter half-year and the corresponding of temperature oscillations around 0 °C was as much as 40.4 cm, and this differed between individual gravel layers. The greatest loss of bank margin was recorded in the lowest row of pins, 62 cm on average. At the next higher row, the bank retreated by 40.4 cm, and in the two highest rows, by ca. 29 cm (Table 3).



The erosion pins at Site 3 persisted spring and summer water-level rises of the Molczy stream. The water level there was not as high as that on the Wielki Rogoźnik River, and the complete record of bank retreat is preserved. The annual balance of the bank retreat shows that frost phenomena played a larger role there than at the other study sites because the mean value of the total erosion was only 8.2 cm (Figure 8F). This apparently low value is due to the uneven vertical profile of the bank. In winter, scree falling down from the strongly recessing upper part of the bank (31.3 cm in the upper row of erosion pins) was laid down on the gently sloping lower part of the bank built of clay. The erosion pins in the second row were partly buried with the scree (negative values of bank retreat in Table 2 and Table 3). The clayey part of the bank itself was reduced by frost phenomena during the winter half-year by 6.9 cm (mean for pins in the lowest row). The higher water stages during the summer half-year fostered the removal of the scree that had accumulated in winter, so that lateral erosion by flowing water also reached the second row of erosion pins. The effects of this type of erosion equaled bank loss by frost phenomena (8 cm each).



The bank at Site 4 was markedly altered during the May 2014 flood, and the plot with its erosion pins was completely destroyed, similar to Site 2. The erosion pins at this site recorded only the values of bank retreat caused by frost phenomena. The overall amount of erosion in the winter half-year appeared to be small when compared with that in the other sites. The bank retreated by 3.8 cm at the highest row of pins, and by 7.8 cm at the second highest row (Figure 8G). Swelling of the ground and scree deposition were mostly noted at the height of the two lowest rows, resulting in pins sinking or being partially buried (Table 3). The accumulated scree on river ice was moved by flowing water away from the bank during the periods that were free of ice.



The course of erosion during the full hydrological year was recorded at Site 5. The flood in May 2014 bypassed the studied section of the bank because the main stream incised a furrow in another part of the river channel, leaving the bank with the study site within a cut off loop of the channel. All rows of pins remained above the water level in the oxbow lake that was thus formed. The bank at this site retreated because of frost phenomena by 7.7 cm on average (Figure 8H). Greater losses occurred within the upper and middle rows of the erosion pins (8.6–11.9 cm), and the lowest in the lower row (2.9 cm). The bank surface retreated more, by ca. 16.5 cm on average, during the spring–fall period from thaw time until the May flood due to the action of flowing water and, later, gravity downfall. Large losses of sediments on the bank surface were registered in its highest part. Long overhanging turf slabs along the upper margin of the bank, created by erosion during the multigelation periods, fell or slid down after rains to the inactive channel of the Mały Rogoźnik River.




5. Discussion


All results of measurements taken together (Table 4) demonstrate how large and uneven the extent of destruction by frost phenomena is (including subaerial processes and mass movements initiated by frost) on the bank surfaces.



The share of frost phenomena in the annual balance of erosion at Sites 1–5 oscillated within a broad range from 6.8% to 71.0% (Table 4). At five plots, the maximal bank retreat was measured in the highest rows of erosion pins; at three plots, in the second highest rows. Bank retreat was smaller at the lower rows of erosion pins.



Summing up the mean shares of the frost and fluvial processes (including subaerial ones and mass movements) at individual sites shows that fluvial erosion had four times greater (79.7%) the share in bank erosion of the Wielki Rogoźnik River and its tributaries during hydrological year 2013/14. This was certainly related to the May flood, when the water level almost reached the upper edge of the banks. The intense erosion and mass movements exposed the erosion pins more than they did in winter; at three sites, erosion reached deeper than 80 cm and destroyed four study plots with all pins. It is possible that the share of fluvial processes at the destroyed plots could still be greater (thus reducing the share of the frost phenomena). At places that resisted erosion during that episode, the share of frost phenomena (including subaerial processes and mass movements) was the greatest: 50% at Site 3, with an argillaceous base resistant to erosion, and 31.8% at Site 5, with a lateral shift of the river’s main stream. The share of frost phenomena in the annual balance of bank erosion at the studied sites was probably similar for several preceding winter seasons. Water level higher than that in 2014 had not occurred in the Wielki Rogoźnik River since 2008. During the last 20 years, floods as large as that occurred rarely and irregularly (each 5–6 years on average, mainly in June and July).



Frost processes (including subaerial processes and mass movements) unevenly eroded the bank surfaces. The progress of erosion was greater in the upper rows of erosion pins, placed in less consolidated and finer-grained sediments than in the lower rows, where it was placed in coarser and more consolidated sediments (Figure 6). It may be inferred that finer and less consolidated sediments are more readily eroded during multigelation periods. This may be due to the higher content of mud and clay, and higher wetness levels. According to Teisseyre [35] and Cooper [16], such sediments become brittle and susceptible to frost exfoliation when frozen, and they are then easily broken away from the bank, even by wind and snow. Jahn [59] notes that frozen alluvial mud, clayey sand, and sand are mainly eroded by niveo-eolian processes.



It is also important that a layer of such sediments lies near the upper edges of the banks, where freezing is stronger and deeper (freezing front advances from two directions, downwards and sideways, and the snow cover is thinner on the steep slope) [60]. Clay and mud erosion is stronger when it takes place if they were wetted before freezing [61,62,63]. The destruction of the structure of wet clay during its freezing is especially affected by ground ice, which splits sediments with needles and lenses into polygonal clumps, and thus favors frost exfoliation at the bank face [35]. Sand is also susceptible to frost action. It contains more free water and freezes faster than clay does [64], while needle ice and lenticular ice destroy its primary weak cohesion. Less destructive was freezing in layers of sandy gravel. Single clasts pushed away appeared at the bank surface, and shallow and short fractures were visible within the gravel layers.



The most dynamic and effective phase of bank erosion took place during the thawing of their surfaces. Similar intensified subaerial erosion was observed on river banks in the Sudetes [35] and Lower Silesia [65]. During rapid thawing, the layer of alluvial clay along the frost fractures broke away into blocks which fell down by gravity. Sandy gravel crept down the bank slope over the deeper and still-frozen layer. Pebbles loosened upon wetting and individually rolled down the slope or crept down as a whole layer. Stripes or cones of scree accumulated at the bank feet. The banks retreated in that way by a few to more than 10 cm after each thawing episode.



The bank surface retreats slower in its lower parts, and erosion is periodically compensated there by the accumulation of scree falling from the upper parts of the banks. This is especially visible when the rivers are frozen (Site 3) or in places protected against the main stream by an alluvial bar (Site 4).



The effects of fluvial erosion are marked on the bank slopes in another way (Figure 8). The greatest loss of bank sediment occurred in the lower rows of erosion pins. Bank retreat in the summer half-year is faster at the bank bases. The undercutting of the banks by flowing water usually triggers mass movements on the banks, but fallen sediment is systematically removed downstream. This type of erosion is only active during elevated-water stages (up to several times during a summer half-year), though the effects may be several times greater than those of the frost phenomena [35]. During high-water stages, the river flow removes the bulk of scree accumulated during the winter, patches of turf detached from the edge of the bank in summer and fresh lumps of alluvium fallen from the whole bank surface as a result of undercutting. It was only at Site 3, where alluvial gravel and clay lie on a basement of firm clay, that alluvium falling down during high water stages slid over the firm clay directly into the stream flow. This clay base is more resistant to erosion than the alluvial cover is.



The share of frost phenomena in the erosion of the banks of the Wielki Rogoźnik River was much lower than that on the rivers mentioned in the introduction, even those with similar geological structure, gradient, and discharge. The role of the studied frost phenomena was closest to the values noted by Reid et al. [41] and Reid [40] for the shores of Sakakawea Lake. The 10–30% contribution of these processes to the annual progress of erosion on the banks of the Wielki Rogoźnik River proves their important role in the transformation of the studied sections of the river banks. If not for the significant bank retreat caused by the flood of May 2014, the share of the frost phenomena would be greater.



The erosion-pin method used to study bank retreat proved to be more useful in the study of frost phenomena than in the study of fluvial erosion. Frost phenomena affect the river banks in Podhale much less than fluvial erosion does. Moreover, during the winter months, gravity mass movements on the river banks are less violent and involve smaller volumes of sediments; hence, erosion pins were not completely removed.




6. Conclusions


The share of frost phenomena (including subaerial processes and mass movements) in the annual balance of erosion on the studied river banks was uneven both at individual sites and along the vertical sections of the banks. The intensity of the destructive action of frost largely depended on the grain size of the bank sediments. The summary effects of these processes were stronger in fine-grained sediments in the upper parts of the banks. The lower parts, built of gravel, were more intensely destroyed by fluvial processes in the summer half-year. Two phases of varying intensity were marked in the course of erosion caused by frost phenomena. The first involved the freezing of the banks, with the growth of ice in the ground, the destruction of the sediment structure, and the formation of freezing cracks. This phase may be considered to be preparatory for the dynamic erosion occurring during thawing in the second phase. Various types of mass movements simultaneously occurred during the second phase: the solifluction of sand and gravel, the downfall of clumps of fine-grained sediments, and the rolling down of separate rock clasts.



The determination of the effectiveness of frost phenomena in river-bank erosion requires further study, especially during years when no high water stages occur throughout the year. The deeper anchoring of erosion pins is also necessary to eliminate or reduce their loss during summer floods.
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Figure 1. Location of study sites, and hydrological and meteorological stations. 
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Figure 2. Changes in temperature at ground level during hydrological year 2013–2014. 
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Figure 3. Changes in water level at gauge station on Wielki Rogoźnik River during hydrological year 2013–2014. 
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Figure 4. Installed erosion pins. 
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Figure 5. Study sites. 
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Figure 6. River-bank profiles on studied sites. 
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Figure 7. Right bank of Wielki Rogoźnik River (Site 2) with polygons A–C. 
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Figure 8. Amounts of river-bank retreat and variability in erosion or accumulation of erosion pins in individual rows at study polygons on study Sites 1–5 as a result of frost and fluvial processes (A) Site 1 Plot A (B) Site 1 Plot 2 (C) Site 2 Plot A (D) Site 2 Plot B (E) Site 2 Plot C (F) Site 3 (G) Site 4 (H) Site 5. 
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Table 1. Timing of measurements in hydrological year 2013–2014.
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Timing of Measurements During




	
Fall–Winter

	
Spring–Fall






	
15 December 2013

	
24 May 2014 (after the water-level rise on 14–21 May)




	
10 January 2014

	
25 July 2014 (after water-level rise on 2–24 July)




	
25 January 2014

	
3 September 2014




	
3 March 2014

	
29 October 2014




	
26 March 2014

	




	
10 May 2014
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Table 2. Characteristics of studied sites.






Table 2. Characteristics of studied sites.





	
Site

	
Plot

	
Number of Erosion Pins

	
Parameters of Studied Bank Sections




	
Length

(m)

	
Elevation above Water Level

(m)

	
Surface Area

(m2)

	
Alluvium Type






	
1

	
A

	
42

	
11.5

	
1.8

	
20.7

	
Clayey gravel




	
B

	
36

	
10

	
2

	
20

	
Clayey gravel




	
2

	
A

	
36

	
5.2

	
3

	
15.6

	
Gravel




	

	
B

	
56

	
6.5

	
3

	
19.5

	
Gravel




	
C

	
21

	
4

	
3

	
12

	
Gravel




	
3

	
A

	
30

	
10

	
3

	
30

	
Clayey gravel




	
4

	
A

	
87

	
22

	
2.5

	
55

	
Clayey




	
5

	
A

	
68

	
18.5

	
2

	
37

	
Clayey gravel
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Table 3. Amounts of river-bank retreat and variability in erosion or accumulation of erosion pins in individual rows at study polygons on study Sites 1–5.
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Site

	
Plot

	
Erosion due to (cm)




	
Frost Phenomena

	
Fluvial Processes




	
Row 1 (Situated Closest to Terrace Surface)

	
Row 2

	
Row 3

	
Row 4

	
Mean

	
Row 1

	
Row 2

	
Row 3

	
Row 4

	
Mean






	
1

	
A

	
39.3

	
37.9

	
25.9

	

	
34.4

	
80 *

	
80 *

	
80 *

	

	
80 *




	
B

	
16.7

	
11.2

	
13.1

	

	
13.7

	
33.6

	
50.7

	
56.1

	

	
46.8




	
2

	
A

	
15.5

	
5

	
7.1

	
12.5

	
10.6

	
80 *

	
80 *

	
80 *

	
80 *

	
80 *




	
B

	
28.3

	
29.9

	
40.4

	
62

	
40.4

	
80 *

	
80 *

	
80 *

	
80 *

	
80 *




	
C

	
9.9

	
10.7

	
8

	

	
9.5

	
56.7

	
62

	
72.7

	

	
63.8




	
3

	
A

	
31.3

	
−13.7

	
6.9

	

	
8.2

	
9.6

	
8.4

	
6

	

	
8




	
4

	
A

	
3.8

	
7.8

	
−5.3

	
−13.9

	
−2.2

	
80 *

	
80 *

	
80 *

	
80 *

	
80 *




	
5

	
A

	
8.6

	
11.9

	
2.9

	

	
7.7

	
22

	
15

	
12.8

	

	
16.5








* Plot was destroyed during the flood in May 2014.
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Table 4. Share of frost phenomena in retreat of river banks.
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Site

	
Plot

	
Share of Frost Phenomena in Bank Erosion (%)




	
Row 1

	
Row 2

	
Row 3

	
Row 4

	
Mean






	
1

	
A

	
32.9

	
32.1

	
24.5

	

	
30.1




	
B

	
33.2

	
18.1

	
18.9

	

	
22.6




	
2

	
A

	
16.2

	
5.9

	
8.2

	
13.5

	
11.7




	
B

	
26.1

	
27.2

	
25.4

	
14.5

	
23.6




	
C

	
14.9

	
14.7

	
9.9

	

	
13.0




	
3

	
A

	
76.5

	
**

	
53.5

	

	
50.6




	
4

	
A

	
4.5

	
8.9

	
−7.1

	
−21.0

	
−2.8




	
5

	
A

	
28.1

	
44.2

	
18.5

	

	
31.8








** Deposition observed at the level of erosion pins during fall–winter season. Amount of bank retreat could not be determined because of the scree cover.
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