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Abstract: Areas excluded from agricultural production are susceptible to the presence of beaver
families. The most significant changes occur during the initial period, when agricultural utilization is
abandoned and beavers establish their presence on the land. During this period, some parcels remain
uncultivated, while agricultural activities persist in neighboring areas. This situation is accompanied
by the destruction of beaver dams, especially during periods of abundant water resources, and
notably during intensive fieldwork. The article presents field studies aimed at determining the
extent to which constructed and operational beaver dams contribute to changes in groundwater
levels in drained peatland areas. In order to protect and sustainably use peat soils, it is necessary
to maintain their high moisture content by ensuring a high groundwater level elevation. This can
be achieved through the use of existing damming structures in the area (levees, weirs). Beaver
dams can also serve a similar function, blocking the outflow of water from peat lands by raising the
water level and consequently retaining it naturally. The specific objective was to develop principles
for verifying factors influencing the effects of beaver dam construction on groundwater levels in
fields within their range of influence. The water table levels within the study area during rainless
periods were influenced by water levels in ditches, dependent on beaver activity in the nearby
river. Beaver activities, manifested through dam construction, were influenced by periodic water
resources in the river, defined by the cumulative monthly precipitation. Factors affecting groundwater
levels in rainless periods on the plots also included the distance from the river cross-section and the
permeability of soils expressed by the filtration coefficient of the active layer. Beaver dams had the
greatest impact on stabilizing the water table in the soil profile closest to the river.

Keywords: groundwater; organic soils; beaver; riparian zones; wildlife habitat

1. Introduction

Groundwater in meadow habitats is closely tied to environmental conditions, human
economic activities, and other factors, such as the presence and activities of beavers [1].
The settlement of beavers and their activities induce environmental changes, particularly
in water levels and retention in streams and ditches [2-7].

Due to their rapid adaptation to environmental conditions, beavers colonize areas
characterized by high natural and climatic diversity [8-12]. Their ability to survive and
adapt to aquatic—terrestrial environments stems from both their body structure and high
dietary tolerance [13]. Beaver activities are often associated with forest stand damage
and an increase in the volume of retained water, estimated at around 5% [14]. This is a
significant volume, especially when the threat of drought intensifies [15-17].

The increase in soil moisture in the riparian zone induces changes in the composition
of plant species. In beaver ponds, there is often an observed increase in the number of
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fish, invertebrates, and amphibians, with a concurrent rise in bird and small mammal
populations in their vicinity, fostering biodiversity development [18]. Losses in the forest
stand caused by beaver activities lead to increased sunlight exposure, with a preference
for certain plant and animal species [19,20]. Sunlight exposure alters soil temperature,
influencing biological processes such as the decomposition of organic matter [21,22].

The activity of beavers restricts water outflow in drainage systems with a dense net-
work of ditches where maintenance activities are no longer conducted [23]. This causes
an increase in moisture, which holds particular significance for shallow peat soils, as
it limits their subsidence and disappearance [24]. The primary countermeasure to ad-
dress these phenomena involves blocking surface water drainage and raising the water
table [12]. This is achieved through interventions utilizing existing gravitational systems of
drainage-irrigation ditches and modified drainage systems equipped with impounding
devices [25-31], complemented by modern computational techniques [32,33]. Accelerating
climate changes exacerbate the deficit of atmospheric precipitation during the growing
season and worsen soil-water—air relations [34,35]. In Poland, the annual rainfall ranges
from 400 to over 600 mm, with 712.5 mm recorded in 2020 and an average national rainfall
of 644.0 mm in 2021 [36].

In this article, changes in land use patterns were identified both before the establish-
ment of habitat protection forms and during the implementation of protection measures,
coinciding with the settlement of beaver families. The influence of beaver dam occurrences
on the groundwater regime of the area, which is part of a seepage irrigation system on
shallow organic soils, was determined. The dynamics of groundwater changes on a section
of the Laki Soleckie site were presented in relation to the periodic presence of beaver dams.
In the assessment of this influence, the primary predictors (X1, X2) included surface water
levels in two drainage ditches that serve as inflows to the Mala River. The predictor group
was supplemented with factors characterizing the location (X3) of cross-sections in relation
to the dams on the Mata River, soil conditions (X4), and meteorological precipitation (X5)
influencing beaver activity.

2. Materials and Methods
2.1. Research Facility

The research was conducted on a segment of an area situated on organic soils in the
valley of the Mata River, where agricultural production and planned water management
are not practiced. The analyzed plot is part of the protected habitat area known as Laki
Soleckie (area number PLH140055), located in the Mazowieckie Voivodeship, Piaseczno
County, in the municipality of Géra Kalwaria (Figure 1). The protected area encompasses
the peat-filled valley of the Mata River, a right tributary of the Jeziorka River. The Mata
River watershed covers an area of 72.8 km? [37]. The botanical composition of the peatland
includes low mossy and mossy-reed peats with an intermediate degree of decomposi-
tion [38]. The site has seen a rapidly acclimatizing beaver population and, at the same
time, the human abandonment of crops in support of increased natural habitat. This is an
example of change where humans tolerate and yield to the impact of the sustainable use of
natural environmental resources. In this case, humans consciously share environmental
resources with beavers.

In the 1970s, 62 drainage-irrigation ditches were constructed in the peatland area,
forming part of the seepage irrigation system [39]. Currently, this system is no longer
utilized for irrigation purposes. At the beginning of the 21st century, agricultural production
was discontinued, and recreational activities were developed, associated with the operation
of a nearby horse stable. Simultaneously, European beaver (Castor fiber) activity, involving
the construction of dams along the Mata River channel, was observed in this area.
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Figure 1. Map of the development of the research facility area: (a)—year 2001.06, (b)—year 2011.05,
(c)—year 2020.08, (d)—year 2022.07, (e)—PLH140055 Laki Soleckie, (f)—research quarter.
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The studied plot, covering an area of 3.15 hectares, is situated within the northwestern
part of the Laki Soleckie complex, spanning 36.8 hectares. It is located north of National
Road No. 79, along the left bank of the Mata River, extending to the border of the Chojnéw
Landscape Park (Figure 1). Over the past two decades, the utilization of this meadow
complex has undergone changes. The documented land use in 2001, as shown in Figure 1a,
was exclusively for agricultural production. In 2011, the protected Natura 2000 area Laki
Soleckie PLH140055, covering an area of 222.06 hectares, was established. The central
part of the studied complex, occupied by a horse stable and designated for breeding
and recreational purposes, was excluded from this area (Figure 1b). By 2020, another
recreational center with a horse stable was established in the studied area. Simultaneously,
the intensive mowing of meadows was discontinued, limited to a single cut each year,
carried out on 22 July 2020, 16 June 2021, and 25 June 2022. Beavers also appeared along
this stretch of the Mata River during this period (Figure 1c,d). Beaver activity led to water
retention in the river and nearby ditches, preventing hay harvests. In 2020, only 68% of
the usable area of the plot was mowed (Figure 1c). The existing beaver dam and high
groundwater levels prevented the entry of agricultural machinery into the part of the plot
located along the Mata River.

For detailed analyses, a plot located within the immediate range of three beaver dams
was selected (Figure 1) (EPSG:2180: N: 52°02'17.187", E: 21°05'48.759”). Dam D1 at km
8+350 was present in 2020, while dams D2 at km 8+195 and D3 at km 8+045 existed from
2021 to 2022. The analyzed plot is situated on the left bank of the Mala River and lies
between the mouth of drainage ditch R-29, measuring 320 m at km 8+395 (X1r.29), and the
mouth of drainage ditch R-27, measuring 360 m at km 8+305 (X2r.p7) (X1, X2—analyzed
predictors). The spacing between the ditches is 90 m. Four cross-sectional profiles, P1,
P2, P3, and P4, perpendicular to the longitudinal axis of the plot and the ditch axis, were
delineated on the site. The distances (L) of the profiles from the Mata River are as follows:
L1 =70 m (X31), L2 = 150 m (X3p2), L3 = 216 m (X313), L4 = 300 m (X314) (Figure 1)
(X3—analyzed predictor).

In the measurement cross-sections P1, P2, and P3, shallowly drained peat-muck soils
are present to a depth of 0.45 m, followed by medium-grained sand below [40]. For the active
peat layer in these cross-sections, the average filtration coefficient is k¢ = 5.2 x 107® m-s~!
(0.4471 m-d 1) (X4, X4yo, X413) (X4—analyzed predictor) [41]. In the upper part of the
plot, from measurement cross-section P4 to its boundary, there is mineral soil formed from
loose sands (pl), with an average filtration coefficient k, = 3.0 x 1074 m-s~1 (2592 m-d71)
(X4yq) [40]-

2.2. Research Methodology

During the measurement periods of the years 2020-2022 (from 1 April to 31 October), a
total of 642 days, including 214 days each year, M = 180 observational series were conducted
(Table 1). In 2020, 62 series were conducted, in 2021, 60 series were conducted, and in 2022,
58 series were completed. Each series included measurements of water levels in the Mata
River near the existing dams, in ditches R-29 and R-27 (at the boundaries of measurement
cross-sections P1-P4), and in wells S1, S2, S3, and S4 (Figure 1). The dataset size for the
four measurement cross-sections was Mj_4 = 720 data points (Table 1). The analysis was
conducted in the following stages of the procedure:

El—presentation of measurement results for individual cross-sections for M = 180 series
and for the combined set M;_4 = 720 data points;

E2—selection of measurements without daily precipitation using the criterion
Pd = 0.0 mm, while satisfying the criterion of the presence of beaver dams, resulting
in N = 81 series, N1_4 = 324 data points;

E3—selection of measurements without periodic precipitation over time since the previ-
ous measurement based on the criterion P, = 0.0 mm, W = 41 series, W1_4 = 164 data points;
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E4—selection of measurements without precipitation over a period not shorter than
5 days before the measurement based on the criterion Pygs = 0.0 mm, Z = 18 series,
Z1_4 =72 data points;

E5—identification of predictors, linear correlation analysis, and multiple linear regres-
sion analysis, followed by model verification on the training set Z;_4 = 72 data points and
on the basic set M;j_4 = 720 data points.

Table 1. Precipitation conditions for the measurement period.

No. Stage Description of Measurements and Criteria 2020 ;{(‘)3;; 2022 Series Total Data
1 2 3 4 5 6 7 8
1 Days of the observation period 214 214 214 642
2 E1 No precipitation days 105 95 107 307
3 M—number of measurements 62 60 58 180 720
5 No. precipitation measurements 28 25 34 87 348
6 E2 N—no precipitation with dams 22 25 34 81 324
7 E3 W-—no preceding precipitation 11 12 18 41 164
8 E4 Z—no precipitation 5 days before 7 3 8 18 72
9 Pp7—over 7 months precipitation 524.2 385.5 298.2

10 Over 7 months average daily precipitation 2.45 1.80 1.39

2.3. Surface Water Levels

Water level measurements in the Mata River above and below the beaver dams, as
well as in the ditches, were taken using water gauges, while groundwater measurements
in the wells were conducted using a hydrogeological brass whistle with a diameter of &
25 mm and a length of 235 mm with plates (so-called correction rings are used for more
accurate measurement +/1 cm). In this article, the dataset included measurements of all
the variables studied from the M set (720 items). This was the basic dataset used only at the
E-1 stage. By applying different, increasingly difficult criteria at subsequent analysis stages
E-2, E-3, and E-4, an increasingly smaller dataset was obtained each time.

2.4. Precipitation and Beaver Activity

The following precipitation measurements and criteria limiting the number of series
were analyzed in the article (Table 1):

P4 (mm)—daily precipitation measured. During the period of beaver dams, the
criterion of no daily precipitation Pd = 0.0 mm occurred in N = 81 measurement series;

Pp (mm)—periodic precipitation, daily precipitation sums in the period between
measurements. Criterion Pp = 0.0 mm occurred for W = 41 measurement series;

P45 (mm)—>5 days or more without precipitation. The five-day period was determined
based on the reaction time of the water level in the middle of the plot to the elevated water
level in the ditch [42]. Under average conditions observed in ditch R-29 and the irrigated
plot during the three-year measurement period, the average travel time was 4.7 days.
According to the criterion P45 = 0.0 mm, Z = 18 measurement series were established;

Pp, (mm)—monthly precipitation and the monthly average;

Pp7 (mm)—over a 7 month precipitation measurement period and the daily average
over the 7 month period.

2.5. Groundwater Levels

The selected measurements for further analysis represent a dataset of groundwater
elevations on the site influenced by beaver dams, with limited rainfall impact. The influence
of beaver dams on groundwater elevations was determined by the water levels in the
ditches X1g.o9 (m.a.s.l.) and X2g.»7 (m.a.s.l.). The maintained water levels in the dams were
related to water availability and beaver activity. Monthly rainfall sums X5p, (mm) were
utilized as an indicator of water resources affecting beaver activity.
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2.6. Predictive Model

The overall relationship describing groundwater elevations in the center of the plot was
characterized by variables influenced by the existing beaver dams, with the simultaneous
elimination of other influences not related to the presence of dams. The linear model,

defined by five predictors, takes the following form:

where Ys—groundwater level in wells S1, S2, S3 and 54 (m.a.s.1.); X1gr.o9—water level in
the ditch R-29 (m.a.s.l.) (Figure 2); X2r.o;—water level in ditch R-27 (m.a.s.l.) (Figure 2);
X3 —cross-section distance from the river L (m) (Figure 1); X4,—filtration coefficient in
the cross-section k (m-s~1); X5pm—monthly precipitation sum P, (mm) (Table 2); and m;,

Ys = m1X1go9 + mpX2g.o7 + m3X3, + my X4y + msX5py, + B

my, m3, my, ms, and B—function coefficients.
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Figure 2. Elevation of water levels in ditches and wells in cross section: (a)—P1, (b)—P2, (¢)—P3,

(d)—P4. Pg—daily precipitation (mm), P,—periodic precipitation (mm).
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Table 2. Values of the predictor X5py,, monthly precipitation Py, (mm).

Year

No. Month 2020 2021 2022
1 2 3 4 5
1 v 7.7 65.1 40.5
2 \Y% 79.5 17.7 414
3 VI 160 31.9 333
4 VII 429 118.9 68.5
5 VIII 77.0 93.7 40.5
6 X 62.9 47.6 126
7 X 94.2 10.6 314

3. Results and Discussion
3.1. Surface Water Levels

In the year 2020, there was a beaver dam (D1) in the channel of the Mata River,
positioned halfway across the analyzed plot, between the outlets of ditches R-29 and R-27
(Figure 1). This dam influenced the water levels in ditches R-29 and R-27 (2020 in Figure 2).
After 21 May 2020, due to the beavers raising the dam and intense rainfall, the water table
rose above dam D1, and in cross-sections P1 and P2 of ditch R-29, it increased by 60.0 cm,
in P3 by 40.0 cm, and in P4 by 20.0 cm relative to ditch R-27. After the dismantling of dam
D1 on 26 June 2020, the water level in cross-sections P1 and P2 of ditch R-29 decreased.
When dam D1 was rebuilt on 25 July 2020, the water impoundment in cross-sections P1
and P2 of ditch R-29 rose again to a height of 50.0 cm relative to ditch R-27. The subsequent
removal and reconstruction of the dam on 10 August 2020 and 5 September 2020, along with
intense rainfall, led to the maintenance of an elevated water table in ditch R-29 compared
to ditch R-27.

On 10 September 2020, another beaver dam (D2) was formed, located at km 8+195
(Figure 1). Dam D1 existed until 22 September 2020, when it was removed once again, and
it was not rebuilt by beavers in that location. After the destruction of dam D1, the ditches
supplying the plot remained under the influence of the water level in the upper part of
dam D2. This caused the difference in water table elevations in both ditches to fluctuate in
the range of 0.0-20.0 cm (2020 in Figure 2).

In 2021, beaver dam D2 was present in the Mata River channel, located 105 m below
the confluence of ditch R-27 (Figure 1). Both analyzed ditches remained under the influence
of the water level in the upper part of dam D2 (2021 in Figure 2). The changes in the water
table in ditches R-29 and R-27 followed a similar pattern. The greatest differences in water
table elevations, amounting to 30.0 cm, occurred in cross-section P4, while the smallest,
at 10.0 cm, were observed in cross-section P1. Increased beaver activity was noted on 8
June 2021, when they raised dam D2, causing an increase in the water table elevation in
ditch R-29. During this time, the water in ditch R-27 remained 30 cm lower than in ditch
R-29. On 20 August 2021, there was an increase in the water table elevations in both the
upper and lower parts of dam D2 due to the appearance of another beaver dam, D3, located
150 m below D2. This temporarily raised the water level in ditch R-27, while ditch R-29
reacted only slightly to this change. Dam D3 was destroyed on 5 September 2021, causing
the difference in water levels in the ditches to fluctuate within a range of 20.0 cm in P4 and
10.0 cm in P1 (2021 in Figure 2).

As of 1 April 2022, two beaver dams, D2 and D3, were present (Figure 1), and the
outlets of both ditches, R-29 and R-27, were located above dam D2. The existing dam D3
did not have a direct impact on the water levels in the ditches. During this period, the
water level difference in ditch cross-section P4 was 25.0 cm, with smaller differences in the
cross-sections closer to the river. In cross-section P1, the difference was negative, meaning
that the water in ditch R-27 settled below the elevations in ditch R-29. From 5 May 2022,
there was an increase in the water table elevation in the upper part, due to the raising of



Sustainability 2024, 16, 4135

8 of 16

dam D2. This led to the stabilization of water elevations in ditch R-29 at a level 20.0 cm
below ditch R-27, and this situation persisted until the end of 2022 (2022 in Figure 2).

The interactions at individual dam locations, D1, D2, and D3, differed mutually. In 2020,
with the highest cumulative precipitation over the seven-month period (Py,y = 524.2 mm,
seven-month daily average 2.45 mm, Year 2020; Figure 2d), beaver activity was determined
to be the lowest. During this year, beavers built and maintained one dam at location
D1. The average activity was defined in 2021 with a precipitation sum of P,y = 385.5 mm
(seven-month daily average 1.80 mm, Year 2021 Figure 2d) and the highest monthly sums
in July and August. In this year, beavers moved the dam to location D2 and started
building another dam at location D3. The highest activity was observed in 2022 with the
lowest precipitation sum of P,y = 298.2 mm (seven-month daily average 1.39 mm, Year
2021; Figure 2d) and evenly distributed monthly sums. In 2022, the beavers maintained
two dams, one at location D2 and the other at location D3, where they maintained the
highest retention levels. It can be observed that beaver behavior was mostly correlated
with monthly rainfall periods, and this can be considered an indicator of their activity.
Depending on the monthly precipitation values, beavers had a direct impact on water
conditions in the river, as well as indirectly in the ditches and within the analyzed plot.

The beaver dams, by maintaining impoundment in the Mala River, influenced the
water levels in the ditches R-29 and R-27, causing water to flow from the ditches into the
interior of the plot. Comparing the groundwater levels in wells for the plot cross-sections
in different years, it is evident that they depend on the distance of the cross-section from
the Mata River (Figure 2). A predictor X3, representing the distance of the cross-section
from the Mata River, was introduced into the analysis. Along the plot cross-sections, there
are variable soil conditions, with shallow organic soils occurring in cross-sections P1, P2,
and P3, while mineral soil is present in cross-section P4. The variability of these conditions
is described by the predictor X4y, expressing the value of the filtration coefficient of the
active soil layer present in the cross-section.

3.2. Precipitation and Beaver Activity

Changes in water levels in the Mata River resulting from dam construction have had
various effects on ditches and groundwater within the plot (Figure 2, Table 2). Short-
term changes in water levels in the river were not noticeable in the center of the plot,
whereas longer periods of stabilization of the water level in the river also caused changes
in groundwater levels within the plot.

Precipitation was divided into two forms of impact: the first, as rainfall on the surface
of the study area directly influencing groundwater, and the second, as rainfall occurring
outside the field, affecting the water resources of the river dammed by beavers. The
measurement series with the first form of rainfall impact were excluded from the analysis.
Only series without rainfall were considered for further analysis, in accordance with the
criterion. Monthly precipitation (P in mm) from Table 2 was adopted as the predictor
(X5pm) describing beaver activity.

Changes in elevations (meters above sea level) in the subsequent steps of the conducted
procedure using the described criteria are presented in Figure 3 in the form of graphs
S = f(R-29, R-27). The analysis of the original measurement data (Figure 3a) allowed for
the identification of data characterizing changes in groundwater elevations during the
existence of beaver dams. Applying the criterion of no rainfall during measurements and
the criterion of the existence of dams resulted in the dataset shown in Figure 3b. For the
criterion of no periodic rainfall, the graph of the dataset is presented in Figure 3c. The
dataset after applying the criterion of no rainfall for a period of 5 days or longer before the
measurement is illustrated in Figure 3d. The application of individual criteria limited the
datasets to values representative of rainless periods, during which water levels remained
under the influence of beaver-dammed water levels in the Mata River.



Sustainability 2024, 16, 4135

9of 16

S(masl) S(mas.l)
100.80 100.60
100.50 100.50
100.40 100.40

10030 100.30
~100.20 100.20
100.10 100.10
100.00 100.00

99.90 99.90

29.80 99.80

09.70 99.70

99.60 99.60

(a) (b)

S(m.as.l)

S(masl)

100.50 100.30
100.40 100.20
100.30
100.20 100.10
100.10 100.00
100.00 99.90
99.90
99.80 9980
99.70 99.70
99.60 99.60
(9 (d)

Figure 3. Groundwater level S;_4 relation to the surface water in ditches R-29 and R-27 for measure-
ments: (a)—M;_4 =720 data, (b)—without precipitation for existing dams N1_4 = 324 data, (c)—without
periodic precipitation Wy_4 = 164 data, (d)—b5 days or more without precipitation Z;_4 = 72 data.

3.3. Groundwater Levels

Subsequent stages of the criterial analysis of groundwater elevations showed that ex-
tracting measurements without the influence of rainfall from the base dataset M4 = 720 data
points resulted in a reduction in the range of maximum elevations in the cross-sections
(Figure 4). At the same time, the minimum elevations increased, especially in cross-sections
P2 and P4. The average elevations underwent minor changes. The implementation of
stages E1_4 of the procedure, involving a reduction in rainfall impact, caused the greatest
drop in maximum elevation values in cross-section P4, which is located furthest from
the river on sandy soils (Figure 4). In this cross-section, measurements that showed the
influence of rainfall on groundwater levels were eliminated. Consequently, the indicated
criteria identified a dataset for which the proposed linear model is stable in the range of
changes in rainfall factors and reacts in a limited way to rainfall directly falling on the site.
The internal polygon in Figure 4 indicates the range of elevations for the dataset Z;_4 =72
used to determine the prediction model.
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Figure 4. Ranges of the groundwater levels S for cross sections: M. .. Z—maximum and minimum
elevations in sections; sM. . . sZ—average elevations in sections; P—cross section.
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3.4. Predictive Model

The independence of predictors in Equation (1) was verified based on the Pearson
correlation coefficient (rs) (Table 3). A lack of a linear relationship or a weak correlation
was observed in the case of six variable pairs. A moderate relationship characterizes two
variable pairs, and a fairly strong dependence was found in two pairs.

Table 3. Pearson’s correlation coefficient (rs) test of independence of predictors.

No. X; X1Rr-29 X2R-27 X3L X4y X5pm Correlation Level
1 2 3 4 5 6 7 8 9
1 X1Rr29 1.00 lrsl <0.2 no connection
2 X2R07 0.75 1.00 02<lIrsl <04 weak
3 X3, 0.48 0.09 1.00 04 < Irsl <0.7 moderate
4 X4y 0.56 0.20 0.80 1.00 07 < Irsl <0.9 quite strong
5 X5pm 0.04 0.03 0.00 0.00 1.00 lrs| > 0.9 very strong

At the E5 stage of the procedure, the inference about the influence of beaver activity
on changes in groundwater levels was based on Equation (1). For this purpose, a simple
regression analysis Yg = f(X;) was performed for each of the five selected variables, in-
dicating the impact of beaver activity on the values of groundwater levels in wells. The
predicted relationship Ys with individual predictors was determined by calculating the
parameters of the linear correlation for X1 ,g—water levels in the R-29 channel (m.a.s.1.);
X2gr.o7—water levels in the R-27 channel (m.a.s.l.); X3; —distances of channels from the river
L (m); X4, —soil filtration coefficients in the cross-section k (m-s~!); and X5p,,—monthly
precipitation Pm (mm) (Table 4).

Table 4. Parameters of the linear simple regression function according to Equation (1).

No. X; ml m2 m3 m4 m5 B Equation
1 1 0.887 0 0 0 0 11.417 2)
2 2) 0 0.460 0 0 0 54.138 3)
3 ®) 0 0 1.23 x 1073 0 0 99.812 (4)
4 4) 0 0 0 4.535 x 107 0 99.997 )
5 ®) 0 0 0 0 —2.247 x 1073 100.110 6)

The changes in the obtained statistical values for simple linear regression Y = {(X;)
according to formulas from Equation (2) to Equation (6) in Table 4, illustrating the fit of
the regression curve of the linear model, are shown on the left scale of Figure 5. For each
analyzed predictor from 1 to 5, the coefficient of determination R?; decreases, while the
standard error of the estimation function sY; (m) increases. The best fit is provided by the
variable X1g.o9 (RZg29 = 0.457 sYR_p9 = 0.155 m). The variable X1 was adopted as the first in
the multiple regression analysis.

The changes in the obtained statistical values for multiple linear regression Y = f(Xy.;),
according to formulas from Equation (7) to Equation (10) in Table 5, are shown on the
right scale of Figure 5. With an increasing number of predictors (I < 5), while maintaining
their order, the coefficient of determination R?,_; increases, and the value of the standard
error of the estimation sY;.| decreases. In the final stage of verification, the best fit and
the maximum value of the coefficient of determination R2(1_5) =0.698, and the minimum
values of the standard error of the estimation sY(;_5) = 0.119 m were obtained for all
I =5 predictors (Equation (10), Table 5). This equation was used for verification calculations.
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Figure 5. Statistics of the linear simple and multiple regression function according to Equation (1):
R2—determination coefficient; sY—standard error of the estimate.

Table 5. Parameters of the linear multiple regression function according to Equation (1).

No. Xg-) ml m2 m3 m4 m5 B R? sY Equation
1 (1-1) 0887 0 0 0 0 11417 0457  0.155 )
2 (1-2) 1052 —0.179%4 0 0 0 12.833 0470  0.154 @)
3 (1-3) 0806  —0.0486 4.929 x 10~* 0 0 24282 0494 0152 )
4 (14 1073 —01113 1524x10% —1.052 x 103 0 3.740  0.632  0.130 )
5 (1-5) 1104 —0.1196 1514x 1073 —1.066 x 103 —2577 x 1073 1.577 0.698 0.119 (10)

The calculated values of groundwater levels in the training set (Z;4 = 72), calculated
using the formula in Equation (10), are shown in Figure 6a. The Nash—Sutcliffe model effi-
ciency coefficient (NSE) for comparing measured data to simulated data from Equation (10)
is equal 0.698. The obtained values exhibit a smaller range of maximum values, indicating
that the developed prediction model, in accordance with the assumption, models the factor
of direct rainfall to a small extent.

S (m.as.l) S(m.as.l.)
100.60
100.50
100.40
100.30
100.20
100.10
100.00
; 99.90
99.70 = L 0 (/. N - 99.80

100.20

10010 | 50
100.00
99.90
99.80

99.60 Y A LA g ) 99.70

99.60

(a) (b)

Figure 6. Calculated according to Equation (10), groundwater levels S (m.a.s.l.) relation to the surface
water in ditches R-29 and R-27: (a)—Z;_4 = 72 data; (b)—Mj_4 = 720 data.

Equation (10) was used to calculate groundwater levels in the wells for all measure-
ments in the basic set M4 = 720, including rainy periods (Figure 6b). These values indicate
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groundwater levels resulting from beaver activity, reduced by the influence of direct rain-
fall. In Figure 7, the ranges of groundwater level values S (m.a.s.L.) for successive stages
of analysis are presented. The groundwater levels calculated in stage E5 according to
Equation (10) exhibit a smaller range of changes than the measured groundwater levels
analyzed in stages E1—4.

M= 720
101.0 —— Max (E14)
S(m.as.l) 1005
100.0
Eqg. 10 (M) 90 5 b, M=324 MMean (E1-¢}
99.0
9.5 Min (E1-4)
98.0
Ty Max (E5)
Fato@ W=1e4 e Mean (E5)
Calculated (E5) Observed (E14) | ====" Min (E5)
Z=72

Figure 7. Ranges of the groundwater levels for procedure stages: El-4—stages of data analy-
sis; E5—model verification stage according to Equation (10). Max—maximum; Min—minimum;
Mean—average value.

The time analysis of the calculated groundwater levels for the studied cross-sections
(Figure 8) indicated that the proposed prediction model accurately reflects the assumptions
of the research procedure. During periods of increased rainfall, the calculated levels S
(m.a.s.l) do not respond to direct precipitation falling on the surface of the area. The model
is stable to the direct impact of precipitation, and at the same time, the indicated predictor
X5pm effectively describes the periodic influence of beavers. The presented methodology
and the obtained Equation (10) can therefore be used to separate groundwater resources
originating from precipitation from the amount of water retained above beaver dams.
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Figure 8. Cont.
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Figure 8. Measured (5i) and calculated (Y_Si) groundwater level in wells in cross section: (a)—P1,
(b)—P2, (¢)—P3, (d)—P4. P1_S1, P2_S2, P3_S3, P4_S4—measured groundwater level in cross sections;
Y_S1,Y_S2,Y_S3,Y_S4—calculated groundwater levels in cross sections according to Equation (10).

4. Conclusions

From the conducted research and analysis of their results, the following conclusions

have been formulated:
1.

The water resources of the Mata River and adjacent ditches were closely related to
atmospheric precipitation and the activity of beavers in the analyzed fragment of
the drainage system. In 2020, with the highest sum of seven-month precipitation
Py = 524.2 mm, beaver activity was determined to be the lowest. In that year, beavers
built and maintained a single dam in location D1. The average activity was defined
in 2021 with a precipitation sum of Pp,y = 385.5 mm. In that year, beavers moved
the dam to location D2 and began building another dam at location D3. The highest
activity was observed in 2022 with the lowest precipitation sum of P,y = 298.2 mm. In
2022, beavers exploited two dams, namely D2 and D3, maintaining the highest water
retention levels (Figure 2).

By employing the data standardization method, five significant variables describ-
ing the impact of beaver activity on groundwater conditions in the study area were
obtained. These variables belong to three groups: ditches, cross-sections, and pre-
cipitation. In the ditches group, two variables were identified: X1r.9 (m.a.s.l.), the
water level in ditch R-29, and X2g_p7 (m.a.s.l.), the water level in ditch R-27, whose
temporal variability is shown in Figure 2. The cross-sections group is represented by
two parameters: X3L (m), the distance of cross-sections from the Mata River according
to Figure 1, and X4y (m-s™!), the filtration coefficient of the active layer of peat soil
(k¢ =5.2 x 107 m-s~1) and mineral soil (kp, = 3.0 x 1074 m-s~1). In the precipita-
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tion group, one variable was isolated: Py, (mm), the monthly sum of precipitation
according to Table 1.

3.  The most significant impact on changes in groundwater levels was exerted by water
levels in ditches directly adjacent to the study area. Adding successive variables to the
linear prediction model increased the coefficient of determination, which, in the final
verification stage, reached the value R2(1_5) = 0.698, with a simultaneous reduction in
the standard error of estimation to the value sY(;_5) = 0.119 m (Figure 5).

4. The groundwater table elevations in the middle of the study area depended on the
water levels in ditches, the distance of cross-sections from the river, the soil filtration
coefficient, and monthly rainfall sums affecting beaver activity. All the specified
i = 5 predictors showed a significant impact on the final model outcome. Model
verification on the training set Z = 72 (points in Figure 8) and the base set M = 720
(lines in Figure 8) demonstrated the stability of the developed model to the direct
impact of rainfall. The indicated predictor X5py, effectively describes the influence of
rainfall on seasonal beaver activity.
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