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Abstract: In this paper, by using GNSS technologies, some features of the distribution and some
morphometric parameters of dams and ponds created by the Eurasian beaver (Castor fiber L.) along
ten rivers of the Volga-Kama region of European Russia were identified. Detected features depend
on the geomorphological, lithological, and landscape features of these rivers and their basins. The
significant role of river slopes, as well as landscape zoning, in the distribution of beaver dams and
ponds along small rivers in the study region is shown. In the rivers under study, almost all beaver
constructions are located on riverbed slopes of less than 3% (most often, less than 2%). In the south of
the forest zone (the southern taiga of the Vyatka River basin), the majority of dams and ponds (about
90%) are located on slopes of less than 1%, while, within the uplands of the forest-steppe zone, this
location varies depending on the length of the rivers. In general, the greater the average slope of the
river (the greater the average elevation of the river basin), the lower, other things being equal, the
degree of beaver transformation of such rivers. This feature is better expressed in the rivers of the
forest landscape zone and less expressed in the rivers flowing in the forest-steppe zone. Analysis
of the morphometric parameters of beaver dams shows statistically significant trends towards an
increase in their average height, as the channel slopes increase. Statistically significant trends were
also identified towards a decrease in the length of dams and the length of associated ponds, with
an increase in channel slopes. It is noteworthy that the critical values of the slope for a statistically
significant and relatively sharp change in these parameters are 1.45%, 1.07 (or 0.54)%, and 0.65
(or 0.47)%, respectively. The greatest average heights of beaver dams are confined to those rivers
where their basins are composed of loamy rocks/soils (especially those that are poorly plowed),
compared with “sandy” river basins. This may be due to the peculiarities of the ratio of surface and
underground water runoff in these basins and, as a consequence, different intensities of snowmelt-
and rainfall-induced flood flow. We assume that the above-mentioned features reflect the early stages
of beaver expansion (population growth) in the studied rivers.

Keywords: Eurasian beaver (Castor fiber L.); beaver colony; beaver dam height; beaver dam length;
beaver pond length; riverbed slope; river length; river basin; GNSS; East European Plain

1. Introduction

Beavers are mammals that have the unique ability to transform the bottoms of river
valleys through the construction of dams and associated ponds. They most intensively
develop streams, small rivers, or small branches of larger rivers [1-4]. The construction of
dams and ponds affects the hydrological and biochemical regime of small rivers, as well as
the geomorphic processes in floodplain—channel complexes; therefore, the beaver is also
called an “ecosystem engineer” [5,6]. The appearance of beaver ponds, on the one hand,
results in changes in existing (transformed by anthropogenic activity) floodplain—channel
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complexes, which undoubtedly creates a conflict with humans [7]. On the other hand,
their presence also results in some improvements in small rivers, especially in intensively
agriculturally developed regions [8,9]. The settlement of beavers in new areas of channels
and floodplains of small rivers can also cause significant changes in the structural and
functional organization of aquatic and terrestrial ecosystems [10]. Beaver ponds can also be
used to restore small rivers [11-13].

At the beginning of the last century, in the vast territory of the former Russian Em-
pire, the beaver (the Eurasian beaver, Castor fiber L.), as a species, was on the verge of
extinction, due to hunting. In Russia, small populations (10-15 families each) survived
in the Voronezh Oblast (European Russia) and Western Siberia, as well as in Belarus (the
total number of the species was less than 1000 animals). Beaver reserves were created in
the following places: Voronezhsky (1923), Berezinsky (1925), and Kondo-Sosvinsky (1927)
(https:/ /zapovednik-vrn.ru/o-zapovednikel /history/istoriya-bobrovogo-pitomnika/; ac-
cessed on 25 March 2024). As a result of their reintroduction, by the early 1960s, the beaver
population had reached commercial levels. Currently, half of the beavers living in Russia
originate from the Voronezhsky State Nature Biosphere Reserve (Voronezh Oblast’, south-
west European Russia). The beaver population in European Russia has increased annually
in recent decades and, by the end of 2022, the number of these animals amounted to over
650 thousand individuals, including the Canadian beaver (Castor canadensis Kuhl), which
was introduced mainly in northwestern European Russia [14]. The distribution area of
the beaver includes vast areas not only within forest zones, but also within forest-steppe
and steppe zones of the temperate zone. The construction of dams and associated ponds
also leads to a change in the longitudinal profile of the river channel, in increased (in areas
near the dam) lateral erosion and the accumulation of sediment and organic matter at the
bottom of ponds and, often, on low floodplains, which, as a result, leads to noticeable
changes in the landscapes of floodplain—channel complexes [2,15-17]. A large number of
studies examining the impact of beaver dams and ponds in small rivers have been carried
out in North [1,15-19] and South [20] America, as well as in Europe [21-27]. However, in
European Russia, such studies are rare [28-31].

First of all, among the factors influencing the construction activity of beavers, the
slope of the river stands [32]. In lowland landscapes, riverbed slopes are usually low
(<1.5%) [33]. Curtis and Jensen [34] showed that beavers use clay and silt as components to
build their dams. In their study, the presence of clay and silt was highly correlated with
river slope. Another factor influencing the distribution of beaver dams is the presence
of vegetation [35]. Since the beaver prefers herbaceous vegetation [35], factors associated
with the availability of food are often less important than factors associated with the
morphological and morphometric characteristics of the riverbed and floodplain. In addition,
the location of dams is influenced by the species composition of vegetation growing along
the rivers [36], as well as the presence of anthropogenic hydraulic structures [37-39]. At the
same time, there is no consensus regarding the identification of the main factors influencing
the location of beavers, at the river scale [34].

Understanding these factors is necessary to predict beaver numbers and to calculate
the habitat areas of other species that use beaver ponds, as well as other factors important
to beaver management. This knowledge in human economic activity (assessment of the
balance of water resources, water consumption projections, etc.) is no less important.
Recognizing the growing global interest in studying the impact of beaver activity on
small streams and the factors that control it [40-45], we also decided to make a feasible
contribution to solving this problem, at the level of the selected region, which is one of
the most susceptible to this activity, but, at the same time, is poorly studied—the Eastern
European Plain, or rather in one of its central parts—the Volga-Kama region. In this regard,
the following tasks are solved: In the Materials and Methods section, the characteristics of
the rivers studied and the research methods used are given. The Results section presents the
following: (1) the features of distribution of beaver constructions (dams and ponds) along
the studied rivers, considering the morphometric characteristics of the latter, based on the
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landscape zoning of the study area; (2) the influence of these features on changes in the
longitudinal structure of water flow in the rivers; and (3) the main regional features of the
changes in the height and length of beaver dams and the length of associated ponds along
the rivers, with changes in the main factors of their distribution (river slope, annual water
flow, lithological structure, and the degree of plowing of soils in the basins of the studied
rivers). In the Discussion section, the nature of the above-mentioned relationships and some
aspects of the influence of the identified features on small rivers and the geomorphological,
hydrological, and other processes occurring in them are discussed.

2. Materials and Methods
2.1. Study Rivers

The field survey was carried out in August-October 2022-2023. The ten selected rivers,
flowing in the forest (southern part) and forest-steppe zones of the east of the East European
Plain (the basins of the Volga and Kama rivers (Figure 1)), differ in the length, slope, basin
lithology, and the degree of anthropogenic transformation of the natural landscapes of their
basins. The choice of these rivers was determined by their geomorphic representativeness
in each subregion studied. The length of the rivers varies from 2.7 km to 16.6 km; the area
of the basins varies from 3.1 to 86.9 km?2. The feeding of the rivers under study is mixed,
with a large predominance of snow. In this regard, the predominant value (more than
2/3) of the annual water flow of the studied rivers occurs during the spring flood (March
and/or April).

52°00'E

N:000SS

! | 0 50 100km
2 _—

Figure 1. The location of the study region and studied small rivers. I—the location of the study

region in the East European Plain; II—the location of the studied small rivers in the study region,
1—Atsvezh River, 2—Peschanka River, 3—Brodovka River, 4—Kuser River, 5~—Morkvashka River, 6—
Morkvashinka River, 7—Karakashly River, 8—Zaumyat River, 9—Salayaz River, and 10—Aigildinka
River; Ill—some administrative centers; IV—rivers; and V—reservoirs and lakes. NB: For geodetic
coordinates of the mouths of the studied rivers, see Table Al in Appendix A.

The steep right slopes of the valleys of the studied rivers are composed of bedrock
in the lower part, mainly limestones and sandstones of the Upper Permian epoch, which
are overlain by either brown deluvial loams with an abundance of broken stone (Mork-
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vashinka, Morkvashka, Karakashly, Zaumyat, Salayaz, and Aigildinka rivers), or flu-
vioglacial (Peschanka, Brodovka, and Kuser rivers) and Triassic sands (Atsvezh River). In
the valleys of the rivers studied, low (up to 0.5-0.7 m) and high (up to ~1.5 m) floodplains
are morphologically expressed in small fragments; the low (Early Holocene) river terrace
(up to 4-5 m) is morphologically expressed in larger fragments (for example, in the Mork-
vashinka River). Natural vegetation is represented by spruce—fir-pine forests (south of the
forest zone); linden-oak forests, with an admixture of maple, beech, and elm (forest-steppe
zone); and forb—grass pasture meadows (the south of the forest-steppe zone) [46,47]. Due
to the low efficiency of agriculture, most of the arable land, especially in the forest zone,
has been abandoned over the last three to four decades. Low plowing is currently observed
in some river basins in the northern forest-steppe zone, but most of these lands are used to
expand the area of human settlements. Another part of these river basins is intensively used
in agriculture (mainly in the forest-steppe zone). The studied rivers flow in the following
administrative regions of Russia: The Republic of Tatarstan (Morkvashinka, Morkvashka,
Karakashly, and Zaumyat rivers), the Republic of Bashkortostan (Salayaz and Aigildinka
rivers), and the Kirov Oblast (Atsvezh, Peschanka, Brodovka, and Kuser rivers).

2.2. Methods
2.2.1. Field Work

The survey of the bottom of river valleys was carried out using the satellite positioning
method (GNSS receiver). The new generation Trimble R12i receiver was chosen for use as
the equipment in this type of survey, which is well adapted to conditions of high dense
vegetation and rugged terrain. The survey of riverbeds was carried out in the Radio RTK
mode, the main feature of which is the use of two receivers, one of which—Trimble R10—is
a base station and the second (Trimble R12) is a rover (Figure 2).

Figure 2. Field study of beaver dams and ponds, using GNSS technologies, along the Salayaz River
(October 2023; photos by A.V. Gusarov and A.G. Sharifullin).

The base station was used as a stationary device during the survey to continuously
provide the mobile rover with measurement and correction information for post-processing
and high-precision real-time positioning. When working in radio mode at a distance from
the base station of no more than 2 km, the standard deviation of the obtained coordinates
averaged up to 15 mm in plan and up to 20 mm in height. The GNSS receiver determined
the planned and elevation marks of the following elements of the riverbeds and beaver
ponds: the position and height of the riverbed and water edge at river bends, the height of
the lower and upper reaches (pounds) of beaver dams, and their width and length. The
height and length of the beaver dams were determined using a surveying rod (see Figure 2)
and measuring tape. The height was measured from the foot of the lower side of the dam
in its central part (in the thalweg of the channel) to the level of the maximum height of the
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dam. The length of the dam was measured along its crest. The above-mentioned methods
have been tested and used by various researchers [48-51].

2.2.2. Field Data Processing

In office conditions, field data obtained during topographic survey (horizontal and
elevation marks) using GNSS equipment were loaded into Trimble Business Center software
(version 5.70), where they were processed (editing and leveling). In this case, the average
adjustment error was 2 cm in plan and 3 cm in elevation, which is quite acceptable when
working at a basin scale. In the QGIS 3.28.2 program, for each mark of the channel or water
edge and the position of the dams, as well as the lower and upper reaches (pounds) of
the dams marked in the field, the distance from the mouth of the rivers under study was
determined. When constructing curves of longitudinal river profiles, elevation values of
the channel thalweg (for flooded and drained sections of the river) and the water level in
beaver ponds were used. In addition, separate icons on the profile indicate the position of
beaver dams and the mouths of tributaries (permanent and temporary watercourses).

Considering that in lowland rivers, most of the beaver dams and ponds are located, as
mentioned above, on river slopes of less than 1.5% [32], and the fact that almost all beaver
dams and ponds identified by us were located on river slopes of no more than 3%, along
the longitudinal profiles of rivers, we identified and categorized areas with slopes into
the following four groups: <1%, 1-2%, 2-3%, and >3%. This approach made it possible to
compare the studied rivers from a single perspective. For each of these groups, the length,
the so-called “fall” (the difference between the maximum and minimum absolute elevation
in the section), the average slope (the ratio of the fall to the length of the section), the length
of sectors within the section subjected to beaver activity, the number of dams, the density
of dams (the ratio of the number of dams to the length of the section), the length of the
pond as the distance from the dam to the point where the surface of the pond wedges out
along the shortest broken (or straight, depending on the morphology of the pond) line, and
the length of the river inside beaver colonies were determined [51]. The following elements
(or sectors; that is, sections of a river (channel) distinguished by the presence or absence
of beaver activity) were identified in the longitudinal structure of the water flow: drained
fragments of the riverbed previously occupied by beaver ponds (without operating dams);
drained fragments of the riverbed previously occupied by beaver ponds (with operating
dams); drained fragments of the riverbed without ponds; flooded channel sectors with
ponds; and flooded channel sectors without ponds.

In total, this work analyzed 256 beaver dams and associated ponds. All of them were
considered when assessing their spatial distribution along the rivers. However, when
assessing their morphometric parameters, only 212 dams and ponds were used, since the
conditions for morphometric measurements in the dams and ponds were difficult (high
levels of swampiness at the bottoms of small river valleys, first of all) in some cases.

In addition to the above-mentioned characteristics, the following quantitative param-
eters related to the studied rivers and their basins were determined (Table 1): L is the
length of the river from the source (including a small dry valley in its upper reaches) to the
mouth, which was determined based on the results of field surveys; S is the watershed area,
determined from topographic maps at a scale of 1:50,000 [52] by identifying watershed lines
in the QGIS program; E is the average elevation of the river basin, which was determined
according to SRTM data (JPL Shuttle Radar Topography Mission 2009 Technical Fact Sheet;
http:/ /www2.jpl.nasa.gov/srtm/index.html; accessed on 20 December 2023) in the QGIS
program; A is the difference between the maximum and minimum absolute elevation of
the riverbed obtained in the field; G is the river slope, calculated as the ratio of A to the
length (L) of the river; R is average annual water runoff depth in the basin of a given river
(according to the River basins Geoportal, https:/ /bassepr.kpfu.ru/; accessed on 22 Decem-
ber 2023); Lith is the predominant lithology in the river basin, obtained from the geological
map of pre-Quaternary and Quaternary deposits [53] (Sd—sands, Cl—clays, Lm—loams,
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BS—broken stone, Lim—Ilimestone); and Ant is the share of the area of cultivated land
(excluding abandoned land) in the total area of the river basin.

Table 1. Some characteristics of small rivers and their basins involved in the study.

Study River
Forest Landscape Zone Forest-Steppe Landscape Zone
< ,§ S <
Parameter - S S = e = - N ~
N [= > b %) = A > < ]
5 < 3 g S g g E Y g
2 3 E Z - I E 3 g 5
= g & 5 5 3 N @ z
= s
Niot 8 22 22 3 40 61 24 18 56 9
L, km 511 6.1 125 75 7.8 16.6 6.9 43 7.7 2.7
S, km? 299 9.2 345 13.2 20.4 86.9 19.7 6.9 22.6 3.1
E,m 151 168 164 182 165 152 239 252 161 175
A,m 9.8 33.6 50.7 159.3 154.4 152.1 136.6 167.9 66.0 59.3
G, m/km 2.1 5.5 41 21.3 19.8 9.2 19.8 39.1 8.6 22.1
T,°C 3.1 2.9 29 3.3 4.4 44 3.9 39 3.6 3.6
T,°C 3.1 4.0
P, mm/y 630 623 629 591 546 546 531 531 494 494
Pay, mm/y 618 524
R, mm/y 202 212 212 208 140 140 122 122 100 100
R, mm/ y 209 121
Lith Si’ﬁ?’ sd Ln;'dBS' Sdl'gém' Lm, Lim  Lm,Lim  Lm,Lim  Lm,Lim Lr{‘i'nsld' Lr{‘i'nfd'
Soil Umbric Albeluvisols Greyic Phaeozems Voronic Chernozems
Vegetation TF BLF MS
Ant, % 19 3 31 0 3 20 43 32 42 22

! Difficult-to-pass (swampy) channels in the upper and lower reaches of the river did not allow field geodetic
surveying, so these sections were completed using topographic maps at a scale of 1:50,000. The table shows
the quantitative characteristics for the studied section (5.1 km) of the river, including its largest anthropogenic
pond. Ny is the total number of beaver dams in a given river. T is the average value of air temperature (T) in
the studied river basins. Pyy is the average value of precipitation (P) in the studied river basins. R is the average
value of water runoff (R) in the studied river basins. NB: Prevailing soils are specified according to WRB, 2006.
Prevailing vegetation: TF is spruce and fir-spruce southern taiga forests, giving way to the south to broad-leaved
and fir-spruce subtaiga forests; BLF is linden-oak broad-leaved forests; MS is rich forb and motley grass meadow
steppes. For other symbols, see Section 2.2.2.

The studied river basins represent two natural (landscape) zones (or terrestrial ecosys-
tems) of the East European Plain—forest (southern taiga) and forest-steppe. Their differ-
ences in basic environmental characteristics are presented in Table 1.

2.2.3. Statistics

A standard set of descriptive statistics was used. Student’s t-test was used to identify
differences in the obtained means in the studied relationship series with their preliminary
testing for normal distribution (the Shapiro-Wilk test). To identify trends and their statistical
significance in the series, the Mann-Kendall test was applied. These series were previously
tested for homogeneity (Pettitt’s test and Buishand’s test) and heteroscedasticity (White’s
test). All the above tests were carried out using XLSTAT (version 2016.02.28451) / Statistical
Software for Excel.

3. Results

The geodetic work carried out made it possible to identify the location of beaver dams
and ponds depending on the characteristics of the longitudinal profiles of the rivers, which
are presented in Figures 3-5. As can be seen from these figures, almost all identified dams
and associated ponds are located in river sections with prevailing slopes of less than 3%
(Figure 6). It can be assumed that a slope of 3% is a critical value for the location of beaver
constructions along the studied rivers. Moreover, the location of beaver dams and ponds in
the uppermost reaches is also limited by the lack of permanent runoff, as shown in Figure 7.
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Figure 3. Longitudinal profiles of the four studied rivers in the south of the forest zone of the Volga-
Kama region (the Vyatka River basin) (see Figure 1) and the distribution of beaver dams (shown
in red circles) along them. L—horizontal distance; E—absolute elevation; RT and LT—right and

left tributaries, respectively (t is temporary, c is constant (permanent)); « is the average slope of the

riverbed above the red line; and AP is anthropogenic pond.

E,m
oy ; K Sourcey
Morkvashinka River
175 A
150 A
125 4
100 A
<0
75 )CXEXQ o LT(t)-12
% R tan VIEST] . . . . -
0 2 4 6 8 10 12 14 16
Em L, km
250
Morkvashka River Source
200
50 ] LT(c)-2
RT(c)-
by L1e-5R O
>
0 ] I?"a 2 RT(c)4 |a>3%
LT(t)-11 Te)-9 LT-6
50 T T T T T j '
0 1 2 3 4 5 6 7 8
L, km

Figure 4. Longitudinal profiles of the two studied rivers of the northern extremity of the Volga
Upland (see Figure 1) and the distribution of beaver dams (shown in red circles) along them. For
symbols, see Figure 3.
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Figure 5. Longitudinal profiles of the four studied rivers of the Bugulma-Belebey Upland (see
Figure 1) and the distribution of beaver dams (shown in red circles) along them. For symbols, see
Figure 3.

Figure 6. Examples of channel and channel-floodplain beaver dams and ponds in the studied rivers
with slopes of less than 3% (photos by A.G. Sharifullin).
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Figure 7. The upper seasonally dry reaches of the Zaumyat River, free from beaver dams and ponds,
with channel slope over 3% (October 2023; photos by A.V. Gusarov).

We have identified (our own classification) four types of distribution of beaver dams
and ponds along the rivers under study. Type I—central single colonial—in which dams and
ponds are concentrated in the central part of the longitudinal profile of the river at some
distance from the mouth (up to 4-6 km), in the form of a single colony. For example, this
is typical for the Atsvezh (presumably, because it has not been fully studied) and Kuser
rivers (Figure 3, Al). Type Il—near-estuarine single colonial—is characterized by the location
of dams and ponds in the lower, most flat part of the river profile (<1 km from the mouth).
This type of distribution is found, for example, in the Aigildinka River, with a length of
<3 km (Figure 5).

Type Ill—scattered colonial—is the most common, which involves the arrangement of
dams and associated ponds in separate groups (colonies) located at some distance (from the
first hundred meters to 1-1.5 km) from each other. The most typical rivers of this type are
the Peschanka, Morkvashinka, Karakashly, Brodovka, and Salayaz (to a lesser extent) rivers.
Type 1V is transitional between the near-estuarine single colonial and scattered colonial
types, which assumes the greatest concentration and number of dams and ponds in the
near-estuarine part with their gradual spread along the colonial type upstream. Examples
of such rivers are the Morkvashka and Zaumyat rivers.

The above-described is also reflected in the number of dams and ponds and their
density within the river sections most developed by beavers (with slopes up to 3%). Within
each slope subcategory (less than 1%, 1-2%, and 2-3%; see Section 2.2.2), we calculated the
number and density of beaver constructions. Analysis of Figure 8 shows that in the south of
the forest zone, the largest number of all identified dams and ponds is confined to slopes of
less than 1%. At the same time, the density of beaver constructions does not always clearly
correlate with their number. Thus, in the Brodovka River, located in the south of the forest
zone, the largest number of beaver dams and ponds, as well as their highest density, occur
on slopes of less than 1% and, in the shortest rivers (the Kuser and Peschanka rivers), the
highest density falls on the second subcategory of slopes (1-2%), while the largest number
of dams and ponds falls in the first subcategory (less than 1%). In more southern regions
(the uplands of the forest-steppe zone of the Volga-Kama region), the above-mentioned
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pattern in the number of dams and ponds is preserved only in the longest rivers studied
(the Morkvashinka and Salayaz rivers). However, the highest density of beaver dams and
ponds in these rivers is confined to the second subcategory of slopes (1-2%). For shorter
rivers in these conditions, the largest number of dams and ponds, as well as their highest
density, are confined to the second (1-2%) or even the third (2-3%) subcategories of slopes;
for example, in the Zaumyat River, which has the highest average absolute elevation.

Vyatka River basin (Forest landscape zone)

N Dn
25 5
4.2
20
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Figure 8. The ratio between the number (N, un.) and density (Dn, un./km) of beaver dams along
the studied small rivers depending on the slope («, %) of their channels. The symbol (?) means the
supposed (minimum) quantity.

The longitudinal structure of the water flow was also analyzed depending on the ratio
of the lengths of the river channels occupied by the water flow, in connection with the
activity of the beaver (Figure 9). For the selected elements of the longitudinal structure of
the water flow, see Section 2.2.2.
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Vyatka River basin (Forest landscape zone)
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Figure 9. The longitudinal structure (LS) of the water flow of the studied small rivers depending on
the activity of the beaver at different average slopes («) of their channels. LS: I—flooded channel
sectors without ponds; 2—flooded channel sectors with ponds; 3—drained fragments of the riverbed
without ponds; 4—drained fragments of the riverbed previously occupied by beaver ponds (with
operating dams); and 5—drained fragments of the riverbed previously occupied by beaver ponds
(without operating dams).

It was revealed that in both the south of the forest zone and in the forest-steppe
zone, one of the main limiting factors in the location of river sectors occupied by beaver
ponds is the slope of the riverbed. Within the southern forest zone, the least amount of
transformation of the rivers by beavers is observed in the Kuser River, characterized by the
highest average slopes (2.13%), and the greatest amount of transformation is observed in the
rivers with the lowest average slopes—the Peschanka (0.55%) and Brodovka (0.41%) rivers
(Figure 9). Moreover, the latter rivers have the largest proportion of channel sectors with a
lack of constant flow, which is partly due to the peculiarities of the geological structure of
their basins. In more arid areas, in the forest-steppe zone, the average channel slopes are
also an important factor, although to a lesser extent than in the south of the forest zone. An
excellent example of this is the Zaumyat (3.91%), Aigildinka (2.21%), Karakashly (1.98%),
and Morkvashinka (0.92%) rivers, where the proportion of sectors subject to beaver activity
is still noticeably higher than in the Kuser River, characterized by a similar (close) average
slope. Moreover, the variation of such sectors within the above-mentioned forest-steppe
rivers is largely explained by their length. After all, the longer the river, the more diverse
its longitudinal water flow structure. An excellent example of this is the longest and gently
sloping river of the forest-steppe zone that we studied—the Morkvashinka River (0.92%).

As for the features of the changes in the height (i) and length (D) of the dams, as
well as the length of their associated ponds (L), these are as follows: Across all the rivers
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studied, there is a tendency for the average height of beaver dams to increase as the channel
slopes («) increase (Figure 10). The critical value of the channel slope at which a statistically
significant change in the height of beaver dams occurs is 1.45%, according to Pettitt’s test
(p = 0.019) and Buishand’s test (p = 0.012). This feature is, perhaps, based on hydrological
predetermination, the disclosure of which requires further research.
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Figure 10. Changes in the height (%) and length (D) of beaver dams and their ratio (D/h), as well
as the length of beaver ponds (L), in the studied small rivers, due to changes in channel slopes («).
N is the total number of dams or ponds in the corresponding subcategory of channel slope; Av is
the average value; Md is the median; ¢ is the standard deviation; and p is the statistical probability
(t-test) of changes in the average values in adjacent subcategories of channel slope. The diagrams
show rivers with figures of different colors, as follows: The Vyatka River basin in blue; the northern
extremity of the Volga Upland in green; and the Bugulma-Belebey Upland in red. NB: According to
the Mann—Kendall test, statistical significance of linear trends in the following relationships is « /h—a
statistically significant positive trend (p = 0.002; Kendall’s T = 0.144); a / D—a statistically significant
negative trend (p = 0.021; Kendall’s T = —0.107); a /(D /h)—a statistically significant negative trend
(p = 0.0001; Kendall’s T = —0.202); and «/L—a statistically significant negative trend (p = 0.00001;
Kendall’s T = —0.383). All four series are heterogeneous (according to Pettitt’s test and Buishand’s
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There is also a reduction in the average length of the dams (D), as the slopes increase.
The critical value of the channel slope at which a statistically significant change in the
length of the beaver dams occurs is 1.07% (according to Pettitt’s test; p = 0.025) or 0.54%
(according to Buishand'’s test; p = 0.044). A further increase in the slope has little effect on
the statistically significant change in the average length of the beaver dams (Figure 10). The
overall decrease in the D/h index, which characterizes the ratio between the length and
height of a beaver dam, can also be traced as the slopes increase. The critical value of the
channel slope at which a statistically significant change in the average D/h index is 0.98%,
according to Pettitt’s test (p = 0.000) and Buishand’s test (p = 0.000).

There is a clear and statistically significant trend for beaver pond lengths (L) to decrease
as the channel slopes increase (Figure 10). The critical value of the channel slope at which
a statistically significant change in the average length of beaver ponds occurs is 0.65%
(according to Pettitt’s test; p < 0.0001) or 0.47% (according to Buishand’s test; p < 0.0001).

The distribution of the above-mentioned quantitative parameters of beaver dams
and ponds reveals some regional features. We examined this issue using the example of
river sections with slopes of less than 1%. The greatest average height of beaver dams is
confined to the rivers of the northern extremity of the Volga Upland and it is statistically
significantly different from the studied rivers of other subregions of the study region
(Table 2). We calculated the longest average length of beaver dams for the studied rivers
of the Vyatka River basin, characterized by the lowest average slopes. However, in this
case, the difference between this length and the average lengths of beaver dams in the
rivers in other subregions is statistically insignificant (Table 2). As for the length of beaver
ponds, its maximum also occurs in the studied rivers of the Vyatka River basin. This
maximum has a statistically significant difference (by 2.8 times) only from the average
length of beaver ponds in the studied rivers flowing in the west of the Bugulma-Belebey
Upland (the Karakashly and Zaumyat rivers) (Table 2) that are characterized by the greatest
average slopes.

Table 2. Changes in some morphometric parameters of beaver dams and ponds in the studied
small rivers by subregions of the study region. Only river sections with slopes of less than 1% were

analyzed.
Subregion and River
Averaged Parameter . .
(See Table 1 and Vyatka River Basin Volga Upland Bugulma-Belebey Upland
Figure 10) Atsvez, Peschanka, Morkvashinka, . 1
Brodovka, Kuser Morkvashka Karakashly, Zaumyat, Salayaz, Aigildinka
E, m 166.3 158.5 245.5 168.0
G, m/km 8.3/401 14.5 29.5 154
R, mm/y 209 140 122 100
N 47 (of 55) 23 (of 50) 14 (of 42) 44 (of 65)
h, m 0.60 £ 0.08 1.09 £ 0.12 0.61 £0.19 0.74 £ 0.09
(p < 0.001) — (p < 0.001) (p < 0.001)
D, m 9.38 + 2.42 9.13 £2.18 7.83 £2.02 8.45 £ 2.09
— (p > 0.05) (p >0.05) (p >0.05)
D/h 16.28 + 3.39 8.69 £+ 2.09 15.22 +4.82 12.05 +2.92
— (p < 0.001) (p > 0.05) (p > 0.05)
L, m 128.1 & 32.9 102.4 +41.9 46.2 £18.8 934 £1538
— (p > 0.05) (p < 0.001) (p >0.05)

! The value without the Kuser River, which has the smallest number of dams and ponds; the parameter with
the maximum value is in bold; p is the statistical probability (f-test) of the difference between the value of the
corresponding parameter in a given subregion and the value of this parameter in the subregion with the maximum
value of the parameter. E is the average elevation of the river basin; G is the river slope; R is the average long-term
annual water runoff depth in the basin of a given river; D, i, D/h, and L are the length and height of beaver dams,
their ratio, as well as the length of beaver ponds, respectively.
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It is also important to note the influence of the geological (lithological) features of river
basins on the height and length of beaver dams. Thus, the greatest average height of dams
is confined to the river basins composed of surface loamy deposits (with loamy soils) (see
Table 1). It differs (on average by 44%), in a statistically significant manner, from the average
height of beaver dams in the river basins, which are composed of predominantly sandy
deposits (sandy soils) on the surface (Figure 11). As for the length of the dams, we did not
identify such a feature of influence of the lithological structure of the studied river basins.
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Figure 11. Box plots showing changes in the height (k) and length (D) of beaver dams, as well as
their ratio (D/h), in all the studied small rivers with basins composed of predominantly sandy or
loamy rocks (soils) on the surface. Values underlined are average values; values underlined twice are
median values; p is the statistical probability (t-test) of changes in average values; N is the number of
the studied beaver dams.

In the “loamy” river basins (see Table 1), we also revealed the indirect influence of
human activity within their watershed area on the morphometric parameters of beaver
dams, which is expressed through the intensity of transformation of natural landscapes
(primarily, the percentage of plowed soils in the watershed area; see Table 1) (Figure 12).
In those river basins where soil plowing is less than 30%, the height of the beaver dams
is statistically significantly higher (on average by 28%) than in the river basins with soil
plowing of more than 30%. When comparing the average lengths of beaver dams, no
statistically significant differences were revealed, although slightly greater dam lengths are
also typical for the river basins with soil plowing of less than 30% (see Figure 12).
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Figure 12. Box plots showing changes in the height (i) and length (D) of beaver dams, as well as their
ratio (D/h), in the studied small rivers with basins with a predominance of loamy rocks (soils) on the
surface with different soil plowing (P). For symbols, see Figure 11.
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An attempt was also made to identify features of changes in the morphometric param-
eters of beaver dams and their associated ponds with changes in the average long-term
annual river water flow (W). Since there are no hydrometric observations in all the studied
rivers, we derived the indicated hydrological parameter from the average long-term annual
water runoff depth in the studied river basins (see Table 1), considering the known area (in
km?) occupied by each river basin. The resulting patterns are depicted in Figure 13.
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Figure 13. Changes in the average height (/1) (A) and length (D) (B) of beaver dams, as well as the
length (L) of associated ponds (C), as the average long-term annual flow of water (W, x 10° m3 per
year) in the studied small rivers changes. NB: According to the Mann—Kendall test, a statistically
significant linear trend is only observed in the relationship W/L (p = 0.029; Kendall’s T = 0.556).
According to Figure 1, 1, 2, 3 ... are the numbering of the rivers studied. (D) is the relationship
between W and the average slopes of the rivers (G) (see Table 1).

According to Figure 13, only the direct relationship between annual water flow and
beaver pond length is statistically significant. The longest ponds, on average, are charac-
teristic of rivers with the highest water flow—the Morkvashinka, Brodovka, and Atsvezh
rivers. Most likely, this relationship is not direct in its essence, but indirect, since these
rivers have the smallest average slopes; the greater the annual water flow, the more gentle
the average slopes develop in rivers during their long evolution (all other things being
equal) (Figure 13) and the longer the beaver ponds they currently have (see also Table 2).

4. Discussion
4.1. Discussion of Findings

The results presented above show the significant role of the morphometric characteris-
tics of the studied rivers, primarily of the slopes, in the distribution of beaver dams and
their associated ponds. This is primarily reflected both in their total number and in the
density and type of distribution of these objects along the rivers. All other things being
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equal, the longer the river, the flatter its longitudinal profile and the more complex the
distribution of beaver dams and ponds along it. In the rivers studied, we encountered
only isolated cases of beaver constructions located on average slopes of more than 3% and
almost all of these objects were located on slopes of less than 3% (mainly less than 2%). In
the south of the forest zone, the majority of dams and ponds are located on slopes of less
than 1%, while, within the uplands of the more arid forest-steppe zone, this distribution
varies depending on the length of the rivers, whereby in longer rivers, the “northern” type
(i.e., forest (taiga) zone type) of location is preserved; for shorter rivers, a “southern” type
(i.e., forest-steppe zone type) is observed, which is characterized by a wide range of dam
location depending on the slope (Figure 8). Moreover, the highest density of dams and
ponds in the “southern” type generally occurs on slopes of 1-3%, while in the “northern”
type, the highest density of dams and ponds occurs on slopes of less than 1%. In general,
the higher the average slope of the river (the higher the average absolute elevation of the
drainage basin), the lower the degree of beaver transformation of such rivers (other things
being equal). This feature is better expressed for the rivers in the forest landscape zone
(with a predominance of lowlands) and comparatively less expressed in the rivers flowing
among forest-steppe landscapes (with a predominance of uplands) (Figure 9).

The above features largely determine the above-mentioned types of beaver distribu-
tion. The longer the river and the flatter its profile, the more the location of dams and
ponds corresponds to the type of beaver distribution, which emphasizes a developed and
ecologically sustainable structure, namely the dispersed colonial type of distribution along
the river, in which separate clusters (beaver colonies) are identified [54].

The changes noted above in some morphometric parameters of beaver dams and
ponds depending on slopes are quite expected. In river sections with large channel slopes,
when forming a sufficiently large pond suitable for the life of a beaver family, it is necessary
to build a higher dam, which is generally confirmed by a tendency to increase the average
height of dams with increasing slopes. The greater height of beaver dams in the middle
and upper reaches of the river is also due to the greater seasonal variability of the river
water level than is usually observed in the lower reaches. This is partly due to the narrower
and shallower river channels upriver.

In the lower reaches of rivers with the smallest slopes, where the water flow rates and
the width of watercourses are greatest, the longest dams are required for the construction
of ponds (often with pond water spilling onto the river floodplain). This conclusion is
confirmed by a statistically significant increase in the average length of dams in small rivers
with slopes of less than 1% (Figure 10). Upstream, as the channel slopes increase, the length
of dams generally decreases, which follows a narrowing of the channel itself, due to its
deeper vertical incision into bedrock (especially in the middle reaches of rivers).

The increase in the length of beaver ponds with decreasing slopes (especially with
slopes less than 0.5-0.7%) also has a physical basis. With the same average height of beaver
dams, at lower slopes, a pond water surface is formed that is larger in area and length than
at higher slopes, according to the law of trigonometry. If there are exceptions, then they are
local in nature and have their justification for a set of local reasons.

The influence of the lithological structure of the surface of the drainage basin on
the morphometric characteristics of beaver dams is explained in the peculiarities of the
distribution of snowmelt and rainfall water, forming surface and underground runoff.
The more loamy the composition of the soils that make up the surface of a river basin,
the higher, other things being equal, the seasonal variability of river water flow [55,56]
and, therefore, there is a greater need for beavers to build higher dams than in rivers with
basins composed of sandy deposits that better filter surface water runoff. Relatively weak
anthropogenic transformation in the river basins with sandy soils (see Table 1) additionally
reduces the seasonal variability of river water flow and, consequently, the average height of
beaver dams. The influence of the lithological factor on the length of beaver dams does not
have a reliable statistical significance (Figure 11). Some statistically insignificant excesses in
the length of dams in the studied “sandy” river basins compared with the “loamy” basins
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are most likely associated with the peculiarities of erosive horizontal deformations of river
floodplains, whereby, other things being equal, sandy deposits of floodplains (like looser
deposits) are eroded more intensely than loamy deposits of floodplains [57] and, therefore,
there is a greater need for the construction of longer beaver dams. This hypothesis needs to
be tested using more data, since, in addition to the above-described, the location of beaver
dams within the channel and its elements (relatively straight channel, meandering channel,
and its elements) is also important to consider.

As for the greater average height of beaver dams in the “loamy” river basins with
poorly plowed soils (see Figure 12), we assume that one of the reasons for this is the
somewhat greater depth of incision of the channels of such rivers with their relatively
weak siltation. The latter may be associated with a smaller mass of sediments entering the
rivers with a relatively smaller area of eroded land (mainly cropland). The influence of soil
plowing on the seasonal variability of river water flow and the intensity of water erosion in
their basins is discussed in more detail in [55-57].

4.2. Beaver Activity and Rivers/Channels

The construction activity of the beaver results, first of all, in a change in hydrological
characteristics, which is manifested in a reduction in the speed of water flow [58], a local
increase in the water level in the riverbed, and an increase in the water reserves through the
creation of beaver ponds [59]. This is especially true for small rivers of semi-arid regions,
the flow of which has decreased significantly in recent decades due to climate change and
increased human consumption of water resources [60]. An important geomorphological
aspect of beaver activity is the creation of riverbank burrows and canals, as well as the
accumulation of sediment in the beds and floodplains of small rivers. Beavers often build
several burrows in one pond [61]. For example, along two temporarily drained beaver
ponds with a total length of about 200 m in the Morkvashinka River and in the upper
reaches of the Morkvashka River (Figure 14), we discovered several dozen such burrows of
varying internal volumes.

Figure 14. Beaver burrows created on the banks of the uppermost pond in the upper reaches of the
Morkvashka River. These photos were taken by A.V. Gusarov in April 2023.

When creating such burrows, a significant amount of sediment enters the riverbed
(pond bottom) [62,63]. In addition, riverbank burrows can be destroyed during snow
melting or rain floods, as well as under the influence of other external factors [64], thereby
transforming the topography of both the riverbed and the floodplain/terrace. The creation
by beavers of relatively high and long dams, which also occupy a low floodplain, sometimes
results in the appearance of multi-branch channels on them [61]. Such areas are identified
in most of the rivers we studied, except for the Kuser, Zaumyat, and Aigildinka rivers.
Sometimes, beavers build dams in places where anthropogenic dams have broken or on the
bottoms of drained anthropogenic ponds, creating a complex topography and forming a
complex sequence of accumulation of anthropogenic and beaver (castorogenic) sediments.
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We encountered similar phenomena in the Morkvashinka, Morkvashka, Peschanka, and
Atsvezh rivers.

The revealed features of distribution of beaver dams and ponds can be traced, to one
degree or another, not only in the small rivers of the east of the East European Plain, but
also in the forest zone of the Upper Volga Plain [54], as well as in the plains of Western [61]
and North America [65-67]. Thus, according to [65], the distribution densities of beaver
dams in the studied rivers of Quebec (Canada) are close to those obtained from the rivers
we studied, despite the fact that these rivers are longer, but are well comparable in the
average slope. As in our study, almost the same river slopes of the greatest distribution of
beaver constructions—0-2% and 1-4%—were found in [66,67], respectively.

A large amount of mineral and organic materials is deposited in beaver ponds, de-
pending on both the morphometric characteristics of the ponds and the environmental
features in their watersheds [1,2,13,68]. Butler and Malanson [68,69] estimated sediment
accumulation rates of 2 to 39 cm per annum in some ponds in Montana (USA). In Oregon
(USA), in the first years of the existence of ponds in this state, the sedimentation rate was
up to 47 cm per annum, but, after six years, it decreased to 0.075 cm per annum [16]. In
Germany, the average sedimentation rate in beaver ponds was 6 cm per annum [70]. Ac-
cording to Butler and Malanson [2], the rate of sedimentation can vary 10 times even within
the same river basin and depends on the geological, geomorphological, and environmental
features of the given territory. In the upper reaches of the studied Salayaz and Aigildinka
rivers, along the shoreline of their ponds, areas with accumulations of bottom sediments
were found, which indicates the periodic removal of material from the bottoms of the intra-
channel ponds by beavers (including during the procedure for straightening the riverbed)
(Figure 15), probably accumulated as a result of the soil erosion of agricultural fields in the
river’s watershed area. Beaver-induced sediment management is strongly recommended
as a beneficial practice that could contribute to the conservation and restoration of small
rivers [11-13,71].

Figure 15. Examples of some channel beaver ponds, cleared of bottom sediments and straightened by
beavers, in the Salayaz (left) and Aigildinka (right) rivers (October 2023; photos by A.G. Sharifullin).

The above-mentioned and many other facts show the importance of studying the
activities of the beaver as an environment-(trans)forming, ecological, and, sometimes, even
social factor in the valleys of small rivers as one of the most environmentally vulnerable
elements of the river network, as a whole. This research is becoming increasingly important
and needed given the progressive changes in climate [72,73], hydrological processes [74],
and land use [75] in the study region.

4.3. Study Limitations

In this work, only ten small rivers were studied. This somewhat reduces the represen-
tativeness of the results obtained, considering the relatively large area of the study region.
However, at the same time, increasing the number of rivers is a difficult task, given the
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limited time for expeditionary field work. Also, this paper does not consider the location of
beaver dams and associated ponds within the steppe zone, where, due to relatively higher
aridity, their distribution conditions may differ somewhat and also depend on the feeding
conditions for the beaver. Some sections of the channels of the small rivers studied are
heavily swamped (especially in the forest zone), so the morphometric parameters of the
dams, primarily the length of the dams, were determined with an error. In addition, for
the Morkvashinka and Morkvashka rivers, these parameters were determined only for
part of the dams and ponds and in the Atsvezh River, only the middle course of the river
was examined in detail due to the high swampiness of the floodplain—channel complex
of its valley in the upper and lower reaches. Due to the high swampiness of a number
of river sections, it was not always possible to accurately determine the true length of
the watercourse in these sections. This could lead to some distortion of their longitudinal
profiles. Most of the studied rivers are located within uplands. This circumstance does not
allow a statistically significant determination of the distribution of beaver dams and ponds
along lowland rivers.

This study did not analyze changes in water flow along the rivers. This would help to
detail the identified features, considering the variability of this hydrological factor.

In our study, we also did not analyze the characteristics of the beaver population
(their numbers and densities; the stage of development of the beaver population (growth,
stability, or decline)). It is known that as beavers reach maximum productivity and move
into the so-called “climax” population, they willingly populate pessimal habitats, including
rivers with channel slopes of up to 8%, which is confirmed by numerous observations in
Canada and the southwest of the USA [76-80].

Beaver settlements began to occur again after a long absence in the studied rivers of the
study region (at least in the forest-steppe zone) since the 2000s. According to oral information
(personal communication) from one of the local beekeepers, beavers settled in the middle
reaches of the Kuser River (the southern taiga) no more than 5 years ago. From the above-
mentioned, it can be assumed that they have not yet reached the “climax” stage of population
size in these rivers, despite the fact that the rivers of this region began to gradually be
populated by beavers since the 1950s and especially intensively since the 2000s in the forest-
steppe zone (Figure 16). Thus, we assume that all of the above-mentioned features reflect the
early stages (population growth) of beaver settlement in the studied rivers.

B
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Figure 16. Changes in the number of Castor fiber L. (3, in thousands of heads) in the administrative
regions of the Russian Federation, in which the studied rivers flow, during 1981-2020 (based on
data from [81-89]). NB: The administrative regions are located primarily in the following natural
(landscape) zones (or terrestrial ecosystems): the Republic of Tatarstan in the forest-steppe zone, the
Republic of Bashkortostan in the forest-steppe and steppe zones, the Kirov Oblast in the forest zone
(mainly in the south taiga subzone).

4.4. Significance of the Results

The results obtained have both scientific and applied significance in the study and
economic use of small rivers in the study region. From a scientific point of view, these
results will help to better understand the main trends in the distribution of beavers in small
rivers in the region, which began comparatively recently and did not cover all of the small
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rivers in this region. In addition, the beaver is a regulator of the hydrological regime of
small rivers and, therefore, its role in hydrological calculations and in calculations of the
load of sediment and dissolved substances should not be underestimated. This applies to
both small rivers covered by stationary hydrological studies and those without them. The
findings also contribute to a better understanding of the main trends in the stage-by-stage
transformations and changes in the biodiversity of regional plant communities of floodplain—
terrace complexes along small rivers that arise in connection with the distribution of beavers,
as we previously identified in the example of a number of small rivers of the Volga-Kama
State Biosphere Reserve [36]. As for the applied significance of the findings, it lies primarily
in helping to calculate the reserves of surface water resources in the region. It is especially
important for semi-arid forest-steppe landscapes in the east of European Russia. The
shortage of these resources has become especially acute in recent decades due to climate
change. We see an equally important applied aspect of applying the obtained results in
their involvement in the analysis of underflooding zones along rivers and the dynamics of
the redistribution of pollutants in small river basins as protective buffer zones on the way
to the largest rivers of Eastern Europe—the Volga and Kama rivers.
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Appendix A

Table Al. Geodetic coordinates of the mouths of the studied rivers (see Figure 1).

. Geodetic Coordinate
River

X Y
Atsvezh 48.02137093 58.27730517
Peschanka 49.88532696 58.25902658
Brodovka 49.93813719 58.24867556
Kuser 49.85481140 57.54595759
Morkvashka 48.79267707 55.78247276
Morkvashinka 48.85258569 55.77880625
Karakashly 53.23720905 54.67547755
Zaumyat 53.24304844 54.65804955
Salayaz 55.15120169 55.37277285

Aigildinka 55.19192755 55.37082866
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Figure A1. The largest beaver pond in the Kuser River (the Vyatka River basin, European Russia).
(20 August 2023; photos by A.V. Gusarov).
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