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Abstract

:

Currently, there are only two species of beavers described—the North American beaver (Castor canadensis) and Eurasian beaver (Castor fiber). Their natural habitats are confined to the northern hemisphere but instances of beaver introduction to regions of the world they do not normally inhabit have also been recorded. The activity of beavers leads to changes in the natural environment linked to hydrological and geomorphological and plant cover transformations. Beavers live in natural and artificial water reservoirs and rivers. If the water level in the river is too low, they build dams to create a comfortable living environment. This paper aims to present changes in the relief of the valley inhabited by beavers in which sediments accumulate. During the field study, detailed measurements of dams and of the spatial range of beaver ponds were made, and the thickness and spatial distribution of accumulated sediments were determined. In addition, measurements of geomorphological forms in beaver ponds were also made. The samples of sediments were subject to grain-size distribution analysis, the results of which allowed calculating sediment parameters. Beavers appeared in the Gajdówka valley in the southern part of the Tuchola Forest (Poland) in 2008. In 2008–2011 they built 17 beaver dams that impounded ponds. The beaver ponds and beaver dams were of different sizes. They either flooded the whole flat bottom of the valley or only raised the level of water in the riverbed. A characteristic feature of beaver ponds is that they capture sediments. Different landforms were created in the course of the formation and disappearance of beaver ponds. It was established that these include alluvial fans, levees, sand shadow dunes and microterraces formed by deposition and erosion. They do not occur in all ponds. Points at which mineral sediments are supplied to the watercourse, including beaver burrows and erosion hollows, are presented together with the points at which sediments are transferred from ponds upstream to ponds downstream the watercourse. Beaver activity during valley colonization shows changes in the landscape caused by their presence and in particular their impact on the relief and deposition of sediments. Analysis of contemporary changes in the morphology of the Gajdówka Valley leads to the conclusion that beaver activity has had an intense impact on the terrain relief of the valley inhabited by beavers.
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1. Introduction


The natural range of the beaver population is limited to the northern hemisphere. The North American beaver (Castor canadensis) lives in Canada and the United States, and the Eurasian beaver (Castor fiber) inhabits Europe and Asia [1,2,3,4]. The latest scientific studies concerning the population size and distribution of both species in Eurasia were presented in [5,6]. These authors analyzed the state of the beaver population in Eurasia, which ranges from 1,220,000 to 1,500,000 individuals. Landscape transformations induced by the activity of North American beavers consist of the results of the transformation of different components of the environment. Components such as water, geological structure, vegetation and relief [7,8,9,10,11] are subject to transformation. The introduction of the North American beaver to Argentina led to significant alterations in the landscape of the southern part of the country [12]. Castor canadensis and Castor fiber have a similar impact on landscape despite the former being slightly bigger [13].



Scientific research has covered the hydrological effects of the activity of beavers. In river valleys, beaver ponds contribute to altering river flow and increasing the local water level. The created ponds can be transformed into wetlands and meadows [14,15]. Beaver ponds—when filled with water—raise the level of groundwater, increasing water storage in the area inhabited by beavers [16]. They also contribute to the formation of backwaters that may lead to flooding larger than that observed in valleys not inhabited by beavers [17].



The geomorphological effects of beaver activity are related to their impact on the relief of the valley they inhabit. This is manifested in building dams, digging burrows and supplying wood to the watercourse [18,19]. Changes in the river channel during the existence of active beaver ponds imply its possible avulsion within the valley inhabited by beavers. This also refers to sediments deposited during water outflow. Examples of the above-described phenomenon were presented by Belgian and German researchers [20,21]. The existence of beaver ponds alters sediments. They capture and accumulate sediments, which overlay the bottom of the valley. The accumulated sediments are recognized in vertical arrangements of alluvia in U.S. river valleys [7,18,22,23,24,25,26,27].



Changes in landscape lead to raising the water table level, which affects plants within the pond’s shoreline [28,29,30]. Changes in vegetation within beaver ponds are also induced by the presence of beavers [31]. Beavers feed on herbs and use wood for building dams and lodges. A single family can consist of four to six animals. Beavers live about 30 years and grow about 105 cm long including the tail. Their average weight is 30–35 kg. They cause environmental transformations within a range of about 20 m from the watercourse [13].



Studies [32,33] present the results of field observations focusing on the activity of beavers associated with the vertical growth of sediments in valleys. Some U.S. [22,34,35] and English authors [36] demonstrate that beavers existed and were active in the Holocene. In Finland [37], remnants of a beaver dam dating back to 120,000 BP were found under glacial till.



Beaver activity studies in Poland covered the effects of their activity found in valleys they inhabit at present. Authors of the above-mentioned studies took into consideration hydrological changes in rivers inhabited by beavers [38,39,40,41], geomorphological effects in the area of the Polish Plain [42,43,44] and mountainous regions [45,46,47] and the impact on changes in the plant cover and water storage in river catchments [48,49]. Anthropogenic uses of rivers are associated with the construction of watermills now found as remnants such as pieces of buildings and gates. The study analyzing beaver activity on the rivers Mała Panew and Liswarta shows how beavers use former levees to create ponds [50]. Attempts at reconstructing the Holocene landscape transformed by beaver activity in Poland were presented based on the analysis of sediment structure in valleys and C14 dating [51,52,53]. However, the largest amount of information derives from the Middle Ages, which is supported by carbon dating of beaver cuts [54].



This paper aims to present the transformations of relief in beaver ponds in different water flow conditions as one of the factors determining the emergence of landforms caused by both sedimentation and erosion. Beavers settled in the Gajdówka River Valley and contributed to changes within the flat bottom of the valley. The forms are small, so it is important they are documented.




2. Materials and Methods


2.1. Study Area


The analyzed valley is located in the southern part of the Tuchola Forest (Figure 1), which is a forest ecosystem. Gajdówka is a first-order stream. Its length (1.4 km) and bed parameters (width 1.5 m, depth 0.1–0.3 m) provide a comfortable long-term living environment for beavers. In geomorphic terms, its valley is associated with the outwash plain of the Wda River formed by fluvioglacial waters at the stage of stagnation and recession of the Weichselian ice sheet from the moraines of the Pomeranian stage. It was cut in sand and gravel sediments of the Wda River outwash plain by rainwater and outflows from headwater areas. This part of the Wda River outwash plain is built from coarse-grained sand with a layer thickness not exceeding ten to twenty meters [55]. The absolute altitudes of the outwash plain range from 105 to 115 m above sea level (a.s.l.). The headwaters of the Gajdówka valley are located at about 105 m a.s.l., and its outlet at 90 m a.s.l. Currently, its waters supply Lake Wierzchy [56]. Mineral sediments not exceeding 3 m in thickness are deposited in the flat bottom of the valley, and the surface of the flat bottom is covered with mineral and organic sediments from beaver ponds. The valley has steep slopes (inclined up to 35°) overgrown with pine forests with occasional deciduous trees [56].




2.2. Methods—Field and Desk Study


Field observation was carried out in 2008–2011. During the field study, the beaver ponds on the Gajdówka stream were counted (Figure 2). In the study area, beavers created 17 ponds at different points in time (Table 1). The analysis covered both active ponds and those that were abandoned and waterless.



During the field study, the geometric parameters of beaver ponds, namely their length and width as well as the height of beaver dams, were measured. The length and width of beaver ponds were measured along with the height of beaver dams using a leveling rod and a measuring tape. The surface area of beaver ponds was calculated (Table 1). It was established by measurements perpendicular to the watercourse channel with reference to the water table level delineating the range of the pond. At least three width measurements were performed in each pond. Pond measurements were made before the dam, in the middle and in the initial section. Bigger ponds involved more width measurements. The length of the pond was measured from the dam to the beginning of the alluvial fan.



In addition, the range of sediment deposition was determined and the volume of sediments deposited in beaver ponds was computed (Table 1). The spatial distribution and thickness of sediments in beaver ponds were measured in both active and abandoned ponds. Spatial distribution measurements involved determining the reach of mineral and mineral–organic sediments in the ponds. It was not difficult as sediments are visible in a pond and can be identified according to colors (sand being a brighter color and mineral–organic silt being black), and in abandoned ponds they remain on the surface of the flooded bottom. The thickness of the sediment layer was measured using a PVC pipe with a diameter of 0.05 m. The sediments were saturated with water, which facilitated measurement. The measuring tube was pushed into a layer of sediments until a point of resistance could be felt that was the original bottom of the valley prior to flooding. Due to differences in the surface of such measurements, their number ranged from several up to twenty—depending on the surface area of the pond. Sediment thickness is presented in Table 1. The volume of sediments was computed based on the mean thickness of sediments in the pond and pond surface area.



In addition, beaver dams—as finely reinforced water damming structures—were measured. This allowed measuring their parameters directly with a measuring tape. The length of beaver dams was measured along the dam’s crest, according to its linear arrangement in the valley. Each dam was measured one time. The width of beaver dams was measured at their feet. Stagnant water in beaver ponds made the measurements difficult, so at the beginning, using a leveling rod, the reach of the foot was established by knocking the rod against the dam until the bottom of the valley was captured and then the measurement followed. It was difficult to establish the width of beaver dams since they were sealed with silt and grass on the beaver pond side. Therefore, in some cases, the widths of beaver dams were estimated widths only. The height of beaver dams was measured with a leveling rod. It was measured on the distal side where the water level is lower. In ponds in which the water level later dropped, the results of previous measurements were rechecked.



During the field study, landforms created inside and outside beaver ponds were explored. Some of them were recognized only after the water level had dropped or the ponds had been completely dried out. It was observed that they were mainly alluvial fans, levees, channel bars and channel microterraces. They were measured with a measuring tape. Length, width and height were measured. The geological structures were explored in open pits made in sediments building the forms and through manual drilling.



Grain size was analyzed in an AS 200 Basic sieve shaker with a set of sieves made by Retsch GMBH, Haan, Germany. The mesh was selected according to the [58] scale (1922) as 2, 1, 0.5, 0.25, 0.125 and 0.063 mm. The results showed the percentage share of the fraction represented on a grain-size curve. Data obtained from the grain-size distribution analysis were used for computing sedimentological indicators. They were computed using the Folk and Ward method [59] and included mean grain size (Mz) and sorting (σI). The calculations were made with Gradistat 5.11 Pl Beta (Kenneth Pye Associates Ltd., Wokingham, UK) software based on the functions of Microsoft Excel.





3. Results


3.1. Ponds and Pond Types


In the analyzed area, beavers made 17 beaver ponds in 2008–2011 (Figure 1). As reported by the employees of the Trzebciny Forest Inspectorate, pond 2 (Table 1) existed from 2005 and was the oldest of all the recorded ponds. Other ponds were formed by damming the flat bottom of the valley in whole or in part or by damming of the stream channel only. In 2008 seven beaver ponds were found, of which only two survived until 2011 (Table 1, ponds 2 and 3). The highest number of beaver ponds was recorded in 2009. Eight of them were found. The results of field studies pertaining to the analyzed period show that beaver ponds may be abandoned by beavers but remain water storage reservoirs for a long time. Due to the degradation of beaver dams by human activity or water pressure, some ponds existed for only a month or several months (Table 1). The surface area of the pond depends on the length and height of the beaver dam and its situation in the relief of the valley. In the study area, beaver ponds were formed in the stream channel and on the floodplains. In the study period, only two beaver ponds were discovered in the stream channel. Other ponds were floodplain ponds, the water of which flooded the bottom of the valley (Figure 2). The reach of the water in a beaver pond determined its shape. It should be noted that the reach of the pond is connected with the relief of the valley and with the beaver dam. Beaver dams found in the study area differed in size (Table 1). They were finely reinforced structures built from wood and available organic and mineral material. Observations of beaver dams lead to the conclusion that beavers did not use stones to build them. Studies linked to the exploration of the geological structure show that in the vicinity of the Gajdówka valley there are no sediments with grains coarser than gravel. When beavers abandoned their habitat, the dams were overgrown with vegetation but their shape and wooden material was discernible on the flat bottom of the valley. Wood used for their construction was not even-aged. Pieces of willow wood showing recent beaver teeth marks were found together with older pieces (dark-colored wood) probably dating back to the previous beaver colonization. The evidence is a beaver burrow dug in the left-side bank of the valley. The longest dams were found next to ponds 1, 2 and 3. They were nearly straight-line and passed between trees that made them stable. The shortest dam was 0.8 m long and dammed water in channel pond number 7. The other dams were several meters long with some ranging from ten to twenty meters long (Table 1). The study revealed cascaded beaver ponds in the upstream section of the valley. The dams were spaced at 5 m each, which is a peculiar and rarely seen pattern. Moreover, the number of ponds on such a short stream implies a strong interference of beavers in the natural environment. The density of ponds in this valley is 14 ponds per 1 km.




3.2. Types of Forms


Four types of forms closely related to the presence of beavers were identified in beaver ponds. These include alluvial fans, levees, sand shadow dunes and microterraces. Field observation shows that they are not present in all beaver ponds (Table 2).



3.2.1. Alluvial Fans


Alluvial fans accumulate in the beaver pond backwater zone and were found in nine ponds (Table 2). These are forms marking the line that separates flowing water from stagnant water. Their size does not change in active ponds. They have a fan-like arrangement (Figure 3). These forms feature different sizes. The length of fans does not exceed 5 m—the longest fans were found in ponds 3, 9 and 16. In pond 14, the fan was 4 m long; in ponds 2, 4, 8, 15 and 17, the fans were not longer than 3 m. In most cases the width of such forms was similar. In ponds 3, 9 and 14, it was 3 m; in other ponds—2, 4, 8, 15, 16 and 17—it was less than 2 m. Most of these forms are evenly distributed in the pond. The thickest fans were found in ponds 3, 9 and 16—0.05 m. In ponds 2, 4, 8, 14, 15 and 17, sediments making the fans were only 0.03 m thick. Due to the small thickness of sediments and vegetation rapidly encroaching the dried fans, traces of the original sedimentary structures are obliterated.




3.2.2. Levees


Levees are formed on both sides of the flooded stream channel (Figure 4). They were identified in ponds 6, 8, 9 and 16 (Table 2). The longest sandy levee of more than 12 m was formed in pond 9. In ponds 6 and 16, the levees were 10 m long. By contrast, in pond 8 the sandy levee was only 5 m long. Apart from length, the width of levees was also measured at their narrowest and widest points. In all the ponds the smallest width was 0.2 m. The widest sandy levee—0.7 m—was found in pond 6, while in pond 9 it was less than 0.6 m. By contrast, in ponds 8 and 16 it was 0.5 m wide. As regards the height of these forms, the tallest levee was found in pond 6. It was 0.25 m tall. In pond 9 the levee was 0.2 m tall, and in ponds 8 and 16, the levees were of equal height—0.15 meters. Massive structures were found in sandy levees.




3.2.3. Sandy Shadow Dunes


Sandy shadow dunes were found in beaver ponds 12 and 13 formed in a cascaded pattern (Figure 5). They are located downstream of the beaver dam on pond number 14 (pond number 13) and downstream of the beaver dam on pond number 13 (pond number 12). The examined forms are not longer than 3 m. A sandy shadow dune of 3 m was found in pond 13. The sandy shadow dune in pond 12 was 2 m long. The width of these forms ranges from 0.2 to 0.7 m and is identical in both cases. Both forms have an identical height not exceeding 0.2 meters. Massive structures without clear stratification were identified in sandy shadow dunes.




3.2.4. Microterraces


Microterraces are created within the channel at the stage of disappearance of a beaver pond as a result of damaging the beaver dam. They were found in five beaver ponds (Table 2, Figure 6). The forms are of different lengths. The longest microterrace found in pond 9 was 20 m long. A microterrace in pond 8 was 10 m long; in pond 14, 8 m. The shortest microterraces were found in ponds 15 (2 m) and 4 (2 m). The width of these forms was measured at the narrowest and widest points. The narrowest point for all microterraces was 0.1 m wide. At the widest point, a microterrace found in pond 9 was 0.6 m wide. In other points, the width was 0.5 m in pond 4, 0.4 m in pond 16 and 0.3 m in ponds 8 and 15. Sediments determining microterrace height were 0.1 m thick in ponds 8 and 9. By contrast, in ponds 4, 15 and 16 they were only 0.05 m thick. Massive structures were identified in the microterraces.




3.2.5. Genesis of Landforms from Beaver Ponds


Accumulation fans are formed at the beginning of the beaver pond. Due to the small thickness of sediments and vegetation rapidly encroaching the dried fans, traces of the original sedimentary structures are obliterated. Most likely at the initial stage of alluvial fan growth, structures induced by current occur, but this is difficult to ascertain due to continuous flooding. Differences in fan size depend on the supplies of sandy material and the relief of the flooded valley. When the supplies of sandy sediments are continuous, the energy of the flowing water is variable and the pond exists sufficiently long, sandy sediments can reach as far as the dam. Then, the sand covers the previously deposited mineral and organic silt (Figure 7A). Such a phenomenon was observed in ponds 3, 5 and 8. Ponds were backfilled with sand due to sand being supplied from active beaver ponds located upstream, and most of all from the developing erosion hollows. Erosion hollows were formed at the dam–slope interface, which resulted in transferring sandy sediments into ponds located downstream. Water flowing in the relief channel prevented deposition in ponds in which the hollows existed.



Levees develop when the bed of the channel is raised by a developing beaver pond. Sediments deposited in the channel raise the stream bed to a height resulting in water overflowing the stream channel, which contributes to the development of sandy levees at the stage of flooding. When the water level drops and the channel is lowered back to the level before the flooding, levee-like forms emerge. Levees were formed by deposition at the initial stage of floodplain pond development. Massive structures were found in sandy levees. In one case the sand was interbedded with mineral and organic silt laminas. This pattern was formed by a redevelopment of a beaver pond on the stream, which led to the levee being topped with new sediments (Figure 7B).



Sandy shadow dunes were formed in the shadow of alders growing in a narrow zone of the flat bottom of the analyzed stream. As shown by the sediment distribution surveys, in cascaded ponds sediments are distributed in evenly thick layers. However, the flood flow formed sandy shadow dunes from the transported sediments behind tree trunks in the central part of the pond. When the dam was broken, the channel did not resume the shape it had before the pond was formed, and instead, was split into two separate new channels. Sandy shadow dunes were created by the deposition of sandy sediments and were exposed only after the pond was completely dried out (Figure 7C).



The erosive landforms are microterraces. They were identified only in floodplain ponds formed by partial or whole flooding of the valley. Their origin is associated with the raising of the stream bed while the beaver pond is being filled with water. After the beaver pond is emptied, the water level in the channel returns to the level measured before the flooding and erosional microterraces (water level marks) are formed at the bank. The condition is that the runoff returns to the old channel (Figure 7D). They continue almost along the whole channel in the former pond. Sometimes these forms are hardly discernible as grass rapidly encroaches their surface.





3.3. Types of Sediments


Sediments are deposited in beaver ponds. Due to the fluvial flow and stagnant water in the pond, the sediments are represented by sand and mineral–organic silt. Observations show that these sediments are distributed throughout the beaver pond and make the thickest layers next to the dam. The thickness of sediments is affected by how long the pond exists and the supply of mineral and organic sediments. According to Table 1, the ponds existed in different time periods. The longest existing was pond 2 in which the sediments deposition rate was 54 cm/year. The shortest existing were ponds 10, 11, 12 and 13. They were four out of seven cascaded ponds. The highest deposition rate—84 cm/year—was calculated for pond 14. The lowest deposition rate was recorded in ponds 12 and 13. That is 2 cm/year.



The volume of accumulated sediments varies depending on how long a beaver pond is active. The highest amount of sediments was accumulated in pond 2. The pond was active for six years. In pond 3 the volume of sediments was 40 m3, and beavers lived in it for five years. In addition, 38.7 m3 of sediments were deposited in pond 9 which was active for three years. The smallest amount of sediments was found in ponds 10, 11, 12 and 13. The volume of sediments in each pond did not exceed 1 m3. The total volume of sediments is 252.88 m3 (Table 1).



3.3.1. Sand


Mineral sediments are represented by medium, fine and very fine grained sands (Table 3). Their spatial distribution and thickness determine the size of ponds, the amount of material supplied to them and the length of time the reservoirs exist. In addition to mineral fraction, the sand contained a high share of organic particles. The thickness of sandy sediments depends on the supply or transfer of mineral sediments within ponds. During field studies it was determined that it did not exceed 35 centimeters in floodplain ponds (Figure 8). In channel ponds (pond 8) the maximum thickness of sandy sediments can be 80 centimeters.




3.3.2. Mineral–Organic Silt


Mineral–organic silt resembling alluvial soils is deposited in beaver ponds. Such sediments can be described in Holocene profiles as alluvial soils. In ponds 2, 3, 6 and 9, the thickness of mineral–organic sediments ranges from 5 to 15 centimeters. The thickest layers of sediments were identified next to the beaver dams on the pond side, and they become thinner towards the alluvial fan. They contain a dusty fraction and a high share of organic material. They are black. Mineral–organic silt overlays sands or occurs as interbeddings between sands. Silt in beaver ponds is associated with deposition in still or slowly running water, and its interbeddings can imply that beavers had abandoned their habitat and the alluvial fan had encroached the pond (Figure 9).




3.3.3. Sedimentary Characteristics


The results of grain-size analysis show the highest share of fine-grained sand (Table 3), the maximum percentage of which was found in the alluvial fan in pond number 4 (58.24%). The lowest percentage was found in sample 1 from the alluvial fan in pond 3 (46.17%). A coarser-grained fraction was identified in one sample only and accounted for 0.65% of the whole sample (sample 1). A silt fraction was present in all the samples, and its highest content was measured also in sample 1 (3.44%). It should be also noted that next to the predominant fine-grained fraction, the content of a medium-grained fraction is also high.



The grain-size distribution curves in the figure are of a similar shape (Figure 10). This indicates moderate sorting. The highest values were recorded for sample 1 (0.880) and sample 4 (0.817). In other samples, sorting values amounted to 0.754 (sample 3) and 0.741 (sample 5), and the lowest value was recorded for sample 2 (0.702) (Table 4).



In addition, the average size of the grain determined according to sedimentological factors is identical in all cases. It is fine-grained sand (Table 4).





3.4. Points at Which Sedimentary Material Is Supplied to the Stream and Deposited


In forest ecosystems the supply of sedimentary material from watercourses to catchments is impeded. In a valley inhabited by beavers, at some points sediments are supplied to the watercourse from beaver burrows (Figure 11A) and erosion hollows (Figure 11B). Field observation shows that beavers live in burrows only. No beaver lodges were found in the study area. The slopes and flat bottom of the valley give plenty of evidence that beavers dig long stretches of burrows (Figure 12A) and migration tunnels. They used to do this in the past as a relict burrow was documented. A collapsed burrow shows a U-shaped profile and sticks with beaver teeth marks (Figure 12B). Another example is sediment deposition in front of the burrows. The entrance to the burrow is always located under the water. They can be seen only when the level of water in the pond drops. In front of the burrows, mineral sediments are often deposited and are later supplied to the watercourse.



Another source of sediment supply is erosion hollows. The hollows are mostly semioval and semicircular. Due to erosion, in pond 14 the slope retreated by about 4 m. This is an isolated example; at other points, characteristic hollows cut into slopes at lengths up to 2 m. These forms are a peculiar example recorded in the terrain relief after the beavers abandoned the valley. The forms will be analyzed in detail in the future since they are well exposed after the beavers abandoned their habitat.



In abandoned beaver ponds the layers of sediments grow horizontally and vertically. Field studies show that a moving alluvial fan can fill the beaver pond. A layer of sand with a thickness of 10 cm was deposited in almost the whole of pond 3 (Figure 13). In small ponds in the Gajdówka valley (ponds 8 and 9), the transported mineral sediments can fill the ponds up to the crest of the dam (Figure 14). In pond 8, mineral sediments raised the channel by 0.5 m.





4. Discussion


Beaver ponds can exist for up to several hundred years [13]. The construction of dams and, thus, the emergence of beaver ponds is closely linked to the presence of beavers in the river valley. They most often inhabit watercourses of the order I to IV. Researchers [7,8,18,28] report various sizes of ponds. Beaver ponds with a large surface area (several hundred square meters) are excellent sites for the development of new ecosystems that are visited and inhabited by other species [60,61]. In the study area, floodplain ponds and channel ponds were identified. The floodplain ponds provide excellent living conditions for other species, improve the water regime in the valley and contribute to the improvement of biodiversity. Channel ponds are points at which mineral sediments are captured; after the habitat is abandoned, they quickly become degraded.



Sand is redeposited from the outwash plain of the Wda River and constitutes the main material building forms such as alluvial fans, levees, sand bars and microterraces. The presently formed levees and sand bars show clear structures giving evidence of the water flow energy and direction. The authors of [62] discovered small-scale diagonal stratification in the levees of the Warta River near Poznań. Diagonal tabular or wedge stratification of channel bars in braided rivers with sandy beds was reported in [63]. By contrast, massive sandy sediments occur in forms associated with beaver ponds. They appear in the course of a beaver pond formation (levees) or in an existing pond (channel bars). Perhaps their small size has an influence on the structure of sediments. In his monograph on vertical sedimentation in the Parsęta River Valley after the spring swell of waters in 1979, the author of [63] noted that levees are sometimes small forms with unclear structure. Massive structures can also be due to factors such as plant succession, rainfall, animals and human activity. Levees analyzed in [64] were not very thick (ten to twenty centimeters) and did not clearly stand out from the relief of the valley. By contrast, levees in beaver ponds are clearly discernible forms with thickness exceeding several dozen centimeters.



Alterations in the flat bottom of the valley inhabited by beavers were described in [21]. The authors presented their detailed observations regarding alterations in the flat bottom of the river valley induced by beaver activity. These transformations were caused by alterations in the river channel pattern and increased deposition of sediments. Considering channel transfer due to beaver activity in the Gajdówka valley, it can be concluded that a first-order stream inhabited by beavers is transformed by the construction of dams and formation of ponds and is subject to erosion processes and deposition of mineral sediments. The deposition of sediments and disappearance of ponds leads to backfilling of the ponds, and thereby the level of the flat bottom of the valley is raised.



The authors of [7] note that in the past very large quantities of sediments had to be accumulated in beaver ponds. In the United States, before the European colonization, beavers would adapt the environment to their needs. They were not threatened by anyone, so the authors believe that millions of cubic meters of sediments could have been accumulated in beaver ponds in the United States. In the analyzed beaver ponds, the volume of sediments was established as 252 m3. This figure indicates that accumulation does occur and leads to the deposition of sediments in the valley. The result does not reflect the overall amount of accumulated sediments since it cannot be clearly established how much sediment is continuously redeposited from pond to pond.



Sediments deposited in beaver ponds can be affected by erosion after the dam is destroyed. Some authors present evidence of restoring the river incision to that observed before the formation of a beaver pond and of insignificant lateral erosion of the river channel [7]. Sediments that were not eroded remain in the pond and in the channel. This is where fine-grained sediments can potentially accumulate [65]. The occurrence of bedforms in beaver ponds in the analyzed Gajdówka River Valley was associated with the flow of water and a high volume of sediments transported by the stream building such bedforms. These are depositional forms (alluvial fans, levees and sandy shadow dunes) and erosive forms (microterraces). They are not permanently marked in the landscape of the valley as they are small and can be scoured or overgrown.



Changes in the relief of river valleys in the past of the Yellowstone National Park were presented in [23]. Records of sediments deriving from beaver ponds, supported by C14 dating results, show that beavers lived in this area for a very long time (7000 years with intervals). Sediments in beaver ponds derive from local sources and here they are represented by gravel and sand. In the analyzed Gajdówka valley they are represented only by layers of sand of different thickness and mineral–organic silt. This implies that beaver pond sediments have been preserved even in mountain areas (Yellowstone National Park). In the Gajdówka valley, a relict beaver burrow was found but without some additional evidence (pieces of wood with beaver teeth marks) it is impossible to establish clearly which of them date back to the previous colonization of the valley. Beaver pond sediments found in Poland were described in several monographs and articles [51,52,53,54].



The authors of [27] indicated that fine-grained sediments are accumulated in beaver ponds. They reported that about 37 m3 of sediments were deposited in six beaver ponds. The amount of sedimentary material in ponds depends on the plant cover of the area intersected by the watercourse inhabited by beavers. In woodless areas the supply of mineral sediments is increased as a result of burrow digging and undercutting of the stream channel by erosion downstream of the dam. In the analyzed area, 17 active and inactive ponds were discovered which over 3 years accumulated about 250 m3 of fine-grained sediments. In forest ecosystems the supply of sediments is impeded, and in the Gajdówka valley, beavers have played a large part in the supply.




5. Conclusions


The studies showed that the activity of beavers in the Gajdówka valley has a significant impact on the landscape. Sediments are deposited in beaver ponds and various forms are created by deposition and erosion. These forms are not always present in the ponds. Their origin is determined by the rate at which the beaver pond is filled, the amount of supplied mineral sediments and the surface area of and flow through the pond (single channel or multichannel). These forms are overgrown with vegetation and influenced by fluvial erosion processes, so after some time they are not visible in the valley. On the other hand, sediments that build them can be misinterpreted in geological and geomorphological analyses of small river valleys. Sediment thickness analysis points to a large percentage of mineral sediments (thickness of sediments). In forestland the supply of sediments to the watercourse is impeded or even impossible. Vegetation growing on the banks suppresses the supply of mineral sediments from the outside. Mineral sediments are supplied to the watercourse due to beaver activity only. It has a direct impact on the transformations of the flat beds of watercourses inhabited by beavers. The described forms are located in lowlands where the supply of sediments to watercourses is smaller, and in such cases, the impact of beavers should not be neglected in geomorphological and paleogeographic studies. Sandy areas are excellent burrow digging sites for beavers, and the burrows can be tens of meters long. In addition, the processes of erosion connected with the lateral flow of water through the dam lead to the development of erosion hollows of different sizes. This should be more thoroughly analyzed for the Polish Plain since many valleys formed by erosion have wide flat bottoms. In such cases the activity of beavers cannot be excluded. With time abandoned chambers and burrows collapse or are backfilled. Collapsed chambers and burrows create negative (concave) surface forms that—after the surface is filled/leveled—turn into relict forms. This will be the subject of our future studies.
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Figure 1. Location of the study area in Europe (A), Tuchola Forest (red line) in Kujawsko-Pomorskie voivodeship (hypsometrical map), Poland (B), and on digital elevation model LIDAR (C). Source: [57]. 
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Figure 2. Sketch of the surface distribution of the analyzed beaver ponds with the division into active and inactive in the Gajdówka valley in 2011. (A)—range of the valley, (B)—flat bottom, (C)—active ponds, (D)—inactive ponds, (E)—river channel, (F)—pond numbers, (G)—mill pond. 1–17 are the number of ponds. Source: [56]. 
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Figure 3. Example of alluvial fans and their distribution in beaver pond 3 and a sketch with the distribution of forms in a beaver pond and their geological structure. Legend: part (1) and (2) = a—alluvial fans; part (3) = (A)—range of a beaver pond, (B)—alluvial fan sands, (C)—microterrace sands, (D)—mineral–organic silt, (E)—channel sands, (F)—bottom of the valley. (A-A’) is the geological cross-section. 
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Figure 4. Example of levees and their distribution in beaver pond 6 and a sketch with the distribution of forms in a beaver pond and their geological structure. Legend: part (1) and (2) = a—levees; part (3) = (A)—range of a beaver pond, (B)—mineral–organic silt, (C)—levee sands, (D)—channel sands, (E)—bottom of the valley. (A-A’) is the geological cross-section. 
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Figure 5. Example of sandy shadow dunes and their distribution in beaver ponds 12 and 13 and a sketch with the distribution of forms in a beaver pond and their geological structure. Legend: part (1) = a—sandy shadow dunes; part (2) = (A)—range of a beaver pond, (B)—mineral–organic silt, (C)—channel sands, (D)—sandy shadow dune sands, (E)—bottom of the valley, (F)—shore line before erosion, (G)—shore line after erosion. (A-A’) and (B-B’) are the geological cross-sections. 
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Figure 6. Example of microterraces and their distribution in beaver pond 9 and a sketch with the distribution of forms in a beaver pond and their geological structure. Legend: part (1) and (2) = a—microterraces; part (3) = (A)—range of a beaver pond, (B)—channel sands, (C)—mineral–organic silt, (D)—levee sands, (E)—bottom of the valley, (F)—alluvial fan sands, (G)—microterrace sands. (A-A’) and (B-B’) are the geological cross-sections. 
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Figure 7. Examples of sedimentary structures in geomorphological forms formed in beaver ponds in Gajdówka valley. Geological structure in forms: (A)—alluvial fan, (B)—levee, (C)—sandy shadow dune sands, (D)—microterrace. (1)—levee sands with dark laminate mineral–organic silt, (2)—alluvial fan sands, (3)—mineral–organic silt, (4)—sandy shadow dune sands, (5)—microterrace sands, (6)—alluvial sands. 






Figure 7. Examples of sedimentary structures in geomorphological forms formed in beaver ponds in Gajdówka valley. Geological structure in forms: (A)—alluvial fan, (B)—levee, (C)—sandy shadow dune sands, (D)—microterrace. (1)—levee sands with dark laminate mineral–organic silt, (2)—alluvial fan sands, (3)—mineral–organic silt, (4)—sandy shadow dune sands, (5)—microterrace sands, (6)—alluvial sands.



[image: Water 13 03641 g007]







[image: Water 13 03641 g008 550] 





Figure 8. Mineral deposits (1—sands) of the accumulation fan in beaver pond 3 in Gajdówka valley. 
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Figure 9. Sediments of the beaver pond (black color) after draining the water (pond 6) in Gajdówka valley. 
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Figure 10. Grain-size distribution curves of mineral deposits from forms accumulated in beaver ponds. Numbers of samples 1–5 are from Table 3. 
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Figure 11. Examples of points of supply of mineral sediments to the watercourse induced by beavers in Gajdówka valley. Legend: part (A) = 1—sands from beaver burrow, 2—entrance to beaver burrow; part (B) = 1—erosion hollow. 
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Figure 12. Examples of beaver burrows from the Gajdówka valley. Legend: part (A) = 1—active beaver burrow, 2—sticks with beaver teeth marks; part (B) = 1—fossil beaver burrow, 2—sticks with beaver teeth marks. 
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Figure 13. Increase in sediment in a beaver pond after beavers leave the habitat in Gajdówka valley (pond 3). Legend: part (A) and (B) = 1—sands, 2—mineral–organic silt. 
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Figure 14. Filling of the ponds with mineral sediments in Gajdówka valley. Beaver pond 8 was filled with water up to the dam crest (A) in autumn 2008. In the spring of 2009, it was drained (B). In autumn 2009 (C), mineral sediments filled the pond, raising the level of the channel by 50 cm (D). 






Figure 14. Filling of the ponds with mineral sediments in Gajdówka valley. Beaver pond 8 was filled with water up to the dam crest (A) in autumn 2008. In the spring of 2009, it was drained (B). In autumn 2009 (C), mineral sediments filled the pond, raising the level of the channel by 50 cm (D).



[image: Water 13 03641 g014]







[image: Table] 





Table 1. Morphometric features of beaver ponds and accumulated sediments in the Gajdówka valley.
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Number of Pond

	
Type of Beaver Pond

	
Length–Height–Width of the Dam (m)

	
Morphometric Parameters of Beaver Ponds

	
Average Sediment Thickness (m)

	
Rate in cm/Year

	
Average Sediment Volume (m3)

	
Duration of Pond Existence in Years or Months

	
Dominant Type of Sediment 1




	
Maximum Length (m)

	
Average Width (m)

	
Area (m2)






	
1

	
floodplain

	
26.5–0.6–1

	
26

	
25.5

	
600

	
0.01

	
12

	
6

	
1 year

	
MOS




	
2

	
floodplain

	
26.5–0.8–1.3

	
200

	
47.5

	
11,000

	
0.09

	
54

	
99

	
6 years

	
MOS/S




	
3

	
floodplain

	
26.5–1–1.5

	
32

	
21

	
570

	
0.07

	
35

	
40

	
5 years

	
S/MOS




	
4

	
floodplain

	
15–0.6–1

	
26

	
15

	
300

	
0.03

	
9

	
9

	
6 months

	
MOS/S




	
5

	
channel

	
3–0.3–0.5

	
11

	
2.5

	
25

	
0.03

	
36

	
0.75

	
1 year

	
S




	
6

	
floodplain

	
2–1–1.5

	
35

	
6

	
300

	
0.05

	
11

	
15

	
3 months

	
S/MOS




	
7

	
channel

	
0.8–0.8–1.3

	
13

	
0.7

	
13

	
0.28

	
63

	
3.6

	
3 months

	
S




	
8

	
floodplain

	
4–0.5–1

	
15

	
4.8

	
57

	
0.14

	
28

	
9

	
2 years

	
S




	
9

	
floodplain

	
15–0.5–1

	
35

	
13

	
430

	
0.09

	
27

	
38.7

	
3 years

	
MOS/S




	
10

	
floodplain

	
4–1–1.5

	
5

	
5

	
25

	
0.01

	
12

	
0.25

	
1 month

	
S




	
11

	
floodplain

	
4–1–1.3

	
5

	
4.5

	
23

	
0.01

	
12

	
0.23

	
1 month

	
S




	
12

	
floodplain

	
4–1–1.2

	
5

	
4.5

	
23

	
0.03

	
2

	
0.7

	
1 month

	
S




	
13

	
floodplain

	
4.5–1–1.4

	
5

	
5

	
25

	
0.03

	
2

	
0.75

	
1 month

	
S




	
14

	
floodplain

	
5–1–1.5

	
18

	
4.8

	
100

	
0.28

	
84

	
2.8

	
3 years

	
S




	
15

	
floodplain

	
5–0.8–1.3

	
15.5

	
5.1

	
90

	
0.05

	
15

	
4.5

	
3 years

	
S




	
16

	
floodplain

	
8–1.2–1.6

	
35

	
8.7

	
250

	
0.07

	
21

	
17.6

	
3 years

	
S/MOS




	
17

	
floodplain

	
7–0.8–1.3

	
36

	
6.3

	
252

	
0.02

	
4

	
5

	
2 years

	
MOS/S




	

	

	
Total

	

	

	
14,083

	

	

	
252.88

	

	








1—MOS, mineral–organic silt; S, sands.
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Table 2. Morphometric characteristics of forms and the location of forms in individual ponds in the Gajdówka valley.
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Number of Pond

	
Type of Beaver Pond

	
Alluvial Fan 1

	
Levees 1

	
Sandy Shadow Dunes 1

	
Microterraces 1

	
Morphometry of Forms




	
Length (m)

	
Width (m)

	
Height/

Thickness of Sediments

(m)






	
1

	
floodplain

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
2

	
floodplain

	
+

	
−

	
−

	
−

	
3

	
2

	
0.03




	
3

	
floodplain

	
+

	
−

	
−

	
−

	
5

	
3

	
0.05




	
4

	
floodplain

	
+

	
−

	
−

	

	
3

	
2

	
0.03




	

	

	

	
+

	
1

	
0.1–0.5

	
0.05




	
5

	
channel

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
6

	
floodplain

	
−

	
+

	
−

	
−

	
10

	
0.2–0.7

	
0.25




	
7

	
channel

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
8

	
floodplain

	
+

	

	
−

	

	
3

	
2

	
0.03




	

	
+

	

	

	
5

	
0.2–0.5

	
0.15




	

	

	

	
+

	
8

	
0.1–0.3

	
0.1




	
9

	
floodplain

	
+

	

	
−

	

	
5

	
3

	
0.05




	

	
+

	

	

	
12

	
0.2–0.6

	
0.2




	

	

	

	
+

	
20

	
0.1–0.6

	
0.1




	
10

	
floodplain

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
11

	
floodplain

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
12

	
floodplain

	
−

	
−

	
+

	
−

	
2

	
0.2–0.7

	
0.2




	
13

	
floodplain

	
−

	
−

	
+

	
−

	
3

	
0.2–0.7

	
0.2




	
14

	
floodplain

	
+

	
−

	
−

	
−

	
4

	
3

	
0.03




	
15

	
floodplain

	
+

	
−

	
−

	

	
3

	
2

	
0.03




	

	

	

	
+

	
2

	
0.1–0.3

	
0.05




	
16

	
floodplain

	
+

	

	
−

	

	
5

	
2

	
0.05




	

	
+

	

	

	
10

	
0.2–0.5

	
0.15




	

	

	

	
+

	
10

	
0.1–0.4

	
0.05




	
17

	
floodplain

	
+

	
−

	
−

	
−

	
3

	
2

	
0.03








1—a plus mark (+) denotes ponds in which the specific form was present, and a minus (−) indicates ponds in which such forms were not found.
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Table 3. Grain size analysis results of sediments collected from forms occurring in beaver ponds in the Gajdówka valley.
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Sample Number

	
Types of Sediments and Forms

	
Percentage Part of the Fraction Range by the Wentworth Scale [59] (in mm)




	
>2.00

	
1.0–2.0

	
0.5–1

	
0.25–0.5

	
0.125–0.25

	
0.063–0.125

	
<0.063






	
1

	
Sand, Alluvial fan, pond 3

	
0.65

	
0.93

	
4.16

	
32.52

	
46.17

	
12.12

	
3.44




	

	
% cumulative

	
0.65

	
1.58

	
5.75

	
38.26

	
84.44

	
96.56

	
100.00




	
2

	
Sand, Alluvial fan, pond 3

	
0.00

	
0.34

	
4.64

	
41.82

	
47.50

	
5.58

	
0.12




	

	
% cumulative

	
0.00

	
0.34

	
4.98

	
46.80

	
94.30

	
99.88

	
100.00




	
3

	
Sand, Levees pond 8

	
0.00

	
0.26

	
5.88

	
38.74

	
48.67

	
6.34

	
0.12




	

	
% cumulative

	
0.00

	
0.26

	
6.14

	
44.88

	
93.55

	
99.88

	
100.00




	
4

	
Sand, Levees pond 9

	
0.00

	
0.27

	
5.67

	
37.93

	
45.46

	
10.11

	
0.55




	

	
% cumulative

	
0.00

	
0.27

	
5.95

	
43.88

	
89.33

	
99.45

	
100.00




	
5

	
Sand, Alluvial fan, pond 4

	
0.00

	
0.15

	
0.99

	
11.78

	
58.24

	
26.90

	
1.94




	

	
% cumulative

	
0.00

	
0.15

	
1.14

	
12.92

	
71.16

	
98.06

	
100.00
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Table 4. Sedimentological indicators (mean grain size and sorting) samples from Gajdówka valley.
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Sedimentological Indicators (Folk and Ward (1922) Method)

	
Samples Number




	
1

	
2

	
3

	
4

	
5






	
Mean grain size (Mz)

	
2.187

	
2.038

	
2.055

	
2.094

	
2.721




	
fine-grained sand

	
fine-grained sand

	
fine-grained sand

	
fine-grained sand

	
fine-grained sand




	
Sorting (¦Ň)

	
0.880

	
0.702

	
0.754

	
0.817

	
0.741




	
moderately sorted

	
moderately sorted

	
moderately sorted

	
moderately sorted

	
moderately sorted
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