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Abstract: The article presents the changes in a hydrographic network resulting from the construction
and functioning of nine water mills located in the Struga Rychnowska catchment (Poland). Two ponds
(Bierzgiet and Oleszek) have been chosen for a detailed study—both with similar basin origins
and morphological settings, but different morphometries, paths of water delivery and discharges
from the mill, and water retention times. An attempt was made to restore the course of the deposit
sedimentation process in mill pond basins on the basis of historical sources, archived cartographic
materials, fieldwork, and laboratory analyses (sedimentology, palynology, and *C dating). The studies
allowed determining the scope of anthropogenic impact on the environment on the example of small
river catchment, both when the ponds were in use, and afterwards. Decommissioning of water
mills induced a number of serious changes in water resources. The most important of them include:
the loss of water retention capacity in the Struga Rychnowska catchment, and decreased ground
water level in immediate vicinity of former water reservoirs. Currently, a renewed interest in the old
locations of water mills is present, in order to restore retention, and use them for the purposes of
modern small hydropower plants (SHP).

Keywords: water mills; retention reservoirs (mill ponds); sedimentation; bottom sediments

1. Introduction

From the Middle Ages until the 1950s, water mills and their ponds were important elements in
the landscapes of small river valleys in Poland [1]. They had an impact on the course of morphological
processes, including riverbed processes and water resources in their area. Water mill location is
an effect of the relationship between natural conditions prevailing at the time, and socioeconomic
conditions [1,2]. The research carried out in Struga Rychnowska catchment can provide results of:
the changes in hydrographic network [2,3], the sizes and types of anthropogenic landscape features,
and sediments deposited in mill pond basins [2,4,5]. They allow determining original condition of
geographical environment in the catchment [2,4,5] and the nature of introduced transformations [1,2,4].
The analyses of bottom pond sediments are commonly used as indicators of anthropogenic impact on
the environment [6-10]. The development of mill ponds could have been the important stimulus of
sedimentation in historic times [6,8,11,12]. Itis also worth noting that the issues of water mill functioning
require interdisciplinary studies. The main research fields include: physical and geographical
determinants of water mill locations with reference to prehistoric and early medieval settlement [13,14];
and the issues of modifications in riverbeds and valley floors in the context of water-driven energy
use for economic purposes, as a result of the supply and retention of water for the needs of the
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mills; e.g., construction of dykes, dam, mill trenches, mill channels and bypass channels, basins of
dam reservoirs (mill ponds), and levelled surfaces [1,4,6]. Research results allow the determination
of the courses of morphological processes modified due to the construction and operation of water
mills [4,7,15-19]; and determining human interaction with the environment in the context of landscape
development, environment protection and sustainable development [20-23], and the impact of land
usage and non-agricultural pollution sources in the catchment [24-26]. Scientific papers show that
intensive human economic activity based on the use of the energy generated by water mills has caused
major changes in the environment [6-10,24].

As regards the Chelmirskie Lake District and the adjacent part of the Pomeranian Lake District,
the issue of water mill functioning was taken up by: Niewiarowski [13], Podgorski [27], Podgorski
and Luc [28], and Michalska and Szpikowski [17]; however, the environmental changes are not fully
presented in these publications. The studies listed above concerned water mill location characteristics,
without detailed specifications of form sizes and the dependence of forms on natural predispositions
of landscape features and water resources respectively.

The accumulation of sediments in mill reservoirs was characterized by describing changes in
the relief associated with the operation of water mills. Only a few publications contain detailed
research results in this field [17,29-31]. Several publications concerned the presence of water mills in
the landscape-the development of the mill landscape [2,20]. The aim of Mendyk and Sykuta’s [32]
research was also to assess the spatial variability of real soil moisture, pH, and loose soil electrical
conductivity of soil surface levels in a former mill pond.

The authors, aiming to supplement the state of knowledge about the role of water mills in the
transformation of the natural environment, have carried out a detailed analysis of their location and
the deposited bottom sediments. The main purpose of the study was to determine (using various
methods, including bottom sediment analysis collected from mill ponds in selected catchments of
the Chetminskie Lake District) changes in the human-environment relationship as a result of the
construction and operation of water mills and the effects of this anthropopressure. In addition, the aim
of the research was to determine the character and extent of anthropogenic changes in the relief of the
land and surface waters caused by the construction and functioning of watermills. The problem was
associated with the intensity of human economic activity, which is reflected in the number of water
mills, which is changing in the research area. Studies of this scope have not been carried out previously
for the catchment area located in this part of Poland and Europe. However, bottom sediments related to
the functioning of water mills were analyzed by other researchers in the context of the role of mill dam
in regional erosion and sedimentation [33]. Also, along the middle course of the Havel, sedimentary
sequences available for geoarchaeological and paleoecological research were analyzed in order to
reconstruct regional water level dynamics [34]. The objective of a study in Germany (Wurm River) and
in the Netherlands (Geul River) was to determine how the construction and later removal of water
mills had influenced the longitudinal bed profile of a river and its floodplain sedimentation [35]. As
presented in that article, a certain research focus is now important, because elimination of water mills
induced many serious changes in water resources, including the loss of water retention capacity and
decreased ground water level in immediate proximity of water reservoirs. Removal of the mill pound
caused higher runoff of the catchment area and the sediment transport process intensified. Currently
in Poland, a renewed interest in the old locations of water mills has been observed in the context of
restoring the so-called small retention [2,36].

2. Materials and Methods

2.1. Study Area

The research area covers the Struga Rychnowska River, where 9 water mills were operated
altogether in the past (Figure 1). The chronological range of the research was determined by the date of
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installation of the oldest water mill in this area—the 14th century [29], and the date of the field study’s
completion—the year 2019.
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Figure 1. The Struga Rychnowska catchment with longitudinal profile of Struga Rychnowska [37-41].
Notation: Ponds: A—Oleszek, B—Juda, C—Krupka, D—Strus, E—Skrobacz, F—Papiernia, G—Szerokostaw,
H—DBierzgiet, [—Pachura.

The Struga Rychnowska catchment is located in early post-glacial landscape area; it was formed
during the kujawska and krajerisko-wabrzeska subphase of the Vistulian glaciation (ca. 18-17 thousand
years ago) (Figure 1). The original terrain was modified in the late Pleistocene and Holocene as a
result of natural morphological processes and human activity, which began there in the early Neolithic
area [13,27].

The research area consists of the Neogene sediments, with base made of Pliocene clays. Quaternary
deposits are 30-50 m thick. Usually, these are boulder clay layers (up to 3 levels) of different thickness,
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separated by glacilacustrine or fluvioglacial deposits. The basic morphological units in catchment area
include: a fragment of morainic plateau, part of Chelmza sandr/outwash, and a subglacial channel,
which is oriented NNW-SSE and is running along eastern edge of the sandr, extended by the Drweca
Valley. The origin of Struga Rychnowska channel is connected with subglacial activity of continental
glacier waters in the kujawska subphase, and its further filled by winter ice. Ice melting proceeded
approximately 13,000-11,000 years BP [13]. Many flow-through ponds appeared in the newly-formed
melt pits in the late glacial period and in early phases of the Holocene. The ponds/lakes were separated
by thresholds located in channel narrows. These ponds were slowly overgrowing, and sometimes also
temporarily disappearing due to climate changes. The ponds finally declined as a result of gradual
splitting of thresholds by Struga Rychnowska.

For morphological conditions, the most important for water mill locations were: the deep cutting
and variable width of the channel, its local curves, the occurrence of secondary branches, and a
rough bottom with many pits and thresholds. Equally important was the potential abundance of
water resulting directly from the volume of waterflow, water stage fluctuations, and its decrease
in longitudinal profile. Specified predispositions of the area are mostly illustrated by Figure 1 and
morphometric data contained in Table 1.

Table 1. Set of morphometric parameters of selected mill ponds with an average ponding level in the
years 1872-1874 [38,39,42-46].

Name of Surface Length (L) Width (W) Depth Capacity Coefficient of Pond Development of
Watermill ~ Area [in ha] [in m] Max[inm] Av. [inm] [m] [thous. m3] Extension (A = L/W,y) Shoreline (K*)
Krupka 0.18 46 49 40.2 1.5 14.7 1.1 1.07
Strus 0.30 101 43 29.9 1.0-14 51 34 1.20
Papiernia 0.52 224 35 23.2 0.8-1.3 43 9.6 1.81
Bierzgiet 0.65 186 45 34.9 1.3 46.2 53 1.36
Pachura 0.67 215 49 31.4 1.4 12.6 6.8 1.68
Skrobacz 1.20 221 87 54.1 1.3-15 10.0 41 1.34
Juda 1.30 349 41 37.1 14 7.6 9.4 1.75
Oleszek 2.37 458 86 51.7 14 224 8.9 1.71

* K is the relation between the length of the shoreline (L) and the circumference of the circle whose surface area
equals the surface area of the pond.

2.2. Struga Rychnowska

In the medieval age, Struga Rychnowska was flowing out of a vast depression south of
Kamionkowskie Lake [13]. Before 1798 [45] the course of the river was extended in order to increase
water flow for the purposes of water mills [2] (Figure 1, Table 2). As a result of those projects,
Struga Rychnowska flows out from bifurcating Mlewieckie Lake (at altitude 86.5 m above sea level)
and has its river mouth into the Drweca River (altitude 43.5 m above sea level). The watercourse is
characterized by diverse river bed, with lower levels for sections in depressions (ca. 0.5 m) and higher
(up to 3 m) in plateau sections. As a result of introduced changes, watercourse reached 15.2 km in
length, and the catchment area increased to 49.27 km? [47,48].
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Table 2. The Struga Rychnowska catchment increases according to measurements of a topographic
map (1:10,000) [39].

Watercourse Catchment Surface Area Altitude (m above Sea Watercourse Valley Bottom Fall
Profile Name Length (in m) (in km?) Level) (in %o)

];’ertov}-]iizz Increment Sum above mill  below mill ?,i:;le:: Av. ll),:‘gle:: Av.

Mlewieckie L. 0 0 0 86.5 0 0 0 0
Oleszek 6580 15.06 15.06 79.5 77.6 1.06 1.06 1.35 1.35
Juda 1355 19.80 34.86 76.2 725 244 1.30 3.76 1.76
Krupka 695 3.06 37.92 71.8 69.8 6.33 1.71 3.88 1.94
Skrobacz 765 0.67 38.59 67.3 64.5 5.88 2.05 6.93 2.34
Strus 230 0.32 38.91 64.6 63.0 11.74 2.28 2.52 2.44
Papiernia 670 0.43 39.34 62.5 60.4 3.13 2.33 3.88 2.54
Bierzgiet 3525 7.81 47.15 52.5 49.6 2.84 2.46 3.06 2.67
Pachura 835 1.44 48.59 47.0 45.5 6.59 2.70 491 2.80
Drweca R. 675 0.68 49.27 43.5 5.26 2.83 3.03 2.83

2.3. Runoff Conditions

Among all climate elements, total precipitation is most important for water mill functioning.
In multiannual cycles, the analyzed area is characterized by low average annual precipitation,
which affects the volume of renewable resources in the catchment. For the nearby Chetmza Station
(around 8 km in the north-west direction from Kamionkowskie Lake), the value determined for the
average annual precipitation across the years 1960-1980 is 586 mm [2]. In an annual cycle, precipitation
between May and October prevails—ca. 65% of average annual precipitation. On the average, there are
159 days per year with precipitation.

A distinct lead of the underground water supply (ca. 70%-75%) is observed in the Struga
Rychnowska system, continuously all over the year [49]. Intense water supply occurs in two periods
during a year. The first one is from February until April, when intense snowmelt is followed by
inhibited water penetration into frozen ground. The second phase of increased water supply is
observed in July, due to heavy rainfall. Currently, the majority of occurrences of the highest water level
in a hydrological year are in the winter half-year (95%). The lowest water levels occur primarily in
July (35%).

In the analysed area, runoff (q) is smaller than average for Poland (this affects the rate of
bottom sediments accumulation in the ponds in the specified sub-catchments) ranging from 3.94 to
4.14 dm® s~! km™2. Tt is also smaller than the average runoff for selected rivers of Eastern Europe
(4.6 dm3 s~! km~2) or Central and Western Europe (10.0 dm? s~ km~2) [50]. Flow levels calculated for

the Skrobacz-Stru$ section are: mean low water—0.054 m3 s~!; summer high water—4.896 m3 s71;
winter high water—7.061 m3 s [51].

2.4. Methods

The data from historical sources and archive cartographic materials allowed determining the
construction and operation dates for water mills and neighboring ponds [42-46,52-59]. Surface areas
of mill ponds located in the bottom of the Struga Rychnowska channel were calculated on the basis of
enlarged aerial photos and topographic maps [39,41-46,53-56].

Two ponds were chosen for a detailed analysis: Bierzgiet and Oleszek (Tables 1 and 2). The results
of both geomorphological mapping [37,38] and analyses of bottom sediments were used to reconstruct
the genesis and history of mill ponds [13,42-46,52-59]. Field works carried out in Bierzgiet and Oleszek
mill ponds in the years 1999-2001, 2013, and 2019 allowed specifying bottom sediment layer thickness,
identifying their basic physical features, determining accumulation rate, and sediment sampling.

Laboratory analyses were performed to determine grain composition and content of organic
matter and carbonates for 37 sediment samples from the reservoir in Oleszek (from all sedimentary
layers with 6 trenches—cross sections: A—90 cm, B—100 cm, C—60 cm, D—100 cm, E—60 cm, and
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F—125 m) and for 17 sediment samples taken from the Bierzgiet pond basin (from all sedimentary
layers with 3 trenches—cross sections: G—120 cm, H—50 cm, and I—130 cm).

Grain composition was examined using the following methods: sieve [60]—sand and gravel
sediments, laser with LPS “analysette 22" [61]—silt and clay sediments, and combined—diamicton
type sediments (multi-fraction). The results were processed using distinctions and nomenclature
according to the standard by Polish Geological Institute in Warszawa [62].

Organic matter and carbonate contents were determined using the gravimetric method—the
samples were burned in mulffle furnace at the temperatures 550 °C and 925 °C, respectively. Mass
decrement after roasting was identified with organic matter content in the first case, and with carbonate
content in the second case [63,64]. Organic matter and carbonate content analyzed using this method
were compared to the classification of lake deposits from Rzepecki [65].

A few statistical indicators of graining were used to determine sediment origin and to interpret the
dynamics of depositional environments. It was decided that average grain diameter (Mz), sorting (o),
skewness (Sk;), and flatness (Kg) would be good indicators of depositional environment, taking into
account diversity of transport energy and transport duration [66]. Additionally, first percentile (C) and
median (M) were used to evaluate transportation methods of fluvial sediments [67,68].

Moreover, palynological analyses for 11 samples of biogenic sediments [29], and 2 peat samples’ [2]
age determination by '*C dating method done at the Laboratory of the Institute of Physics of the Silesian
University of Technology—were performed for sediments deposited in Oleszek pond (Gd-12365;
Gd-12363). We calibrated radiocarbon dates with “IntCal 13” software [69]. Palynological expertise was
carried out at the Palynological Laboratory of the Nicolaus Copernicus University in Toruri. The samples
were prepared according to the methodology recommended by Berglund and Ralska-Jasiewiczowa [70].
From the sediment (40 cm of monolith), the top sample did not have sporomorphs (i.e., spores and
pollen grains). However, three bottom samples, due to the poor condition of the materials, were
not included in the diagram. Because all the sedimentary materials contained small mineral parts,
they were macerated for 4 days with hydrofluoric acid (HF), and only then the acetolysis method by
Erdtman [71] was done. The results are presented in the form of a percentage diagram. The sum of trees
(AP) and herbaceous plants (NAP) was used as the basis for percentage calculations. Pollen material
from shrubs was included in the sum of trees, and prostrate shrubs in herbaceous plants. Spores and
pollen of local plants were excluded from the total, but their contribution was also calculated in relation
to AP + NAP = 100%. The diagram first includes the curves of Pinus sylvestris and Betula against the
background of the ratio of trees to herbaceous plants; then, the curves of other trees, herbaceous plants,
and local plants excluded from the sum of local plants.

Waterflow analysis was carried out in order to determine sedimentation conditions in mill ponds.
The analyses were based on an indicator—water retention time, calculated as the ratio of average
annual water runoff from catchment (in a given profile) to pond capacity [72]. Capacities of mill ponds
were compared to the volumes of average annual runoff from sub-catchments. Calculations were
performed for maximum pond capacities (highest known water level).

3. Results

3.1. Construction and Operation of Water Mills in the Struga Rychnowska Catchment

The oldest transformations of landscape features and surface water due to the construction of
water mills were documented in the area in the first half of the 14th century. Individual locations
of water mills were chosen while the area belonged to the Order of Brothers of the German House
of Saint Mary in Jerusalem and the Culmer Handfeste law was in force. Regal privileges defined the
locations of watermills, the damming, and the changing of the courses of rivers. The mills in the lower
watercourse section were built during the first stage of water mill location, before the turn of 14th and
15th centuries. When the analyzed area was incorporated into Poland in 1466, six of the nine water
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mills described were in operation (Figure 2). In 1772, the mill in Oleszek was built as the last one, and
provided with a retention pond of the largest capacity (Figure 2).
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Figure 2. Operation of water mills in the Struga Rychnowska catchment. Notation: periods of watermill
operation: 1—confirmed, 2—conjectured; ponds A-I: as in Figure 1.

The locations of water mills were analyzed in detail due to separate physiographic features.
Their systems of water supply to the mill, the water retention method, and the discharge after use were
different. Detailed studies show that at the Bierzgiet mill water retention took place in a pond built on
a mill channel, by way of separating bottom section with a dyke (Figure 3). Water supply for this pond
was controlled with a weir located below mill stream outflow. Water, after use, was discharged via
mill stream into the river. On the other hand, retention water for the Oleszek mill was kept in a flow
pond built at the back of a dyke built across the valley’s axis. After use, water was discharged straight
into the river, whereas surplus retention water was sent to the bypass channel flowing into the river
(Figure 4).
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Figure 3. The Bierzgiet site on Struga Rychnowska. Notation: 1—subglacial channel: escarpments
with degradation and aggradation zones, 2—ice marginal streamway erosional terrace, 3—biogenic
plain, mainly peat, 4—upper slope escarpments with relative heights of (a) up to 10 m and (b) 10-20 m,
5—existing watercourses, 6—artificially deepened or widened watercourse channels, 7—existing
melioration ditches, 8—non-extant melioration ditches, 9—water reservoirs, 10—outline of the mill
pond basin in 1873, 11—watermill location, 12—dykes and (a) and dams (b), 13—road incisions and
embankments, 14—levelled surfaces, 15—absolute heights.
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Figure 4. The Oleszek site on Struga Rychnowska. Notation: (A) The geomorphological map: 1—flat
moraine plateau, 2—outwash, 3—subglacial channels, 4—melt water valleys, 5—Holocene V-shaped
valleys of the gully type, 6—biogenic plains, mainly peat, 8—mediaeval stronghold, 9—road incisions
(a) and embankments (b), 10—dykes (a) and dams (b), 11—farmsteads, 12—water reservoirs and
watercourses, 13—absolute heights, 13—watermill location; (B) 1—break and gentle slope of mill
pond basin, 2—watercourse, 3—bypass channel, 4—dyke, 5—watermill locations, 6—investigated
profiles, 7—profile line.
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The dates of Bierzgiet and Oleszek mill pond construction are not precisely known. The oldest
historic note concerning Bierzgiet mill dated 1382 contains no information on the mill pond. However,
interpretation of other historic notes indicates that Bierzgiel pond was in use at the beginning of the 15th
century, whereas, Oleszek pond (as indicated by age of peat sediments and settlement development
in the nearby Boréwno) was formed at the beginning of the 18th century, or at the latest before 1747.
The oldest outline of Oleszek pond is shown in the Zimmerman plan of 1798. In order to lift Struga
Rychnowska waters, a flow-through mill pond with surface area of ca. 2.5 ha was set in the basin of
the disappearing lake.

The areas of the ponds changed many times. The Bierzgiet pond was at its largest at 1910-3.56 ha,
and at its smallest at 1873-0.65 ha. On the other hand, the pond in Oleszek had the highest water
level at the beginning of the 19th century, and the lowest (3.5-3.7 m) at around 1873. As a result of
this, the pond backwater reach dropped from ca. 820 m to ca. 460 m. Their detailed morphometric
characteristics are contained in Table 3.

Table 3. Changes in selected morphometric features of mill ponds at the turn of the 19th and
20th centuries.

Name of Year Surface Area Length (L) Width (W) Coefficient of Pond  Development
Watermill (in ha) (in m) Max (in m) Av. (in m) Extension (A) of Shoreline (K)

1873 0.65 186 45 349 5.3 1.36
Bierzgiet 1910 3.56 369 223 96.4 3.8 1.28
1992 1.03 107 103 96.0 1.1 1.04
1798 4.29 819 101 52.3 15.6 1.97
ol " 1802 4.38 809 109 54.2 149 1.85
csze 1873 237 458 86 51.7 8.9 171
1924 2.60 615 74 422 14.6 2.28

3.2. Characteristics of Sediments in Oleszek and Bierzgiet Ponds

The oldest sediments found in Oleszek document final phases of functioning of these ponds
(Figure 5, profile F: 85-125 cm). These are: silts (clayey or clay-sandy), gyttjas (silty or silty-limestone),
and peats. Therefore, the lower peat layer (Figure 5, profile F: 100-103 cm; preserved in form of
decay) was formed at the beginning of 13th century. On the other hand, the upper peat layer (Figure 5,
profile F: 85-95 cm), contained 5.4% carbonates and 60.1% mineral parts. The initial period of the
pond functioning is documented by silt-limestone gyttja lying on peat (Figure 5, profile F: 80-85 cm),
containing 23.1% organic matter and a high content of carbonates (reaching 48.1%). The process of peat
formation in Oleszek pond was interrupted. The upper layer is silt-limestone gyttja (Figure 5, profile F:
75-78 cm), containing 23.8% organic matter and 22.2% carbonates. The layer from this period consists
of clayey silt with high carbonate content—15.1% (Figure 5, profile F: 72-75 cm). The overlying layer
(Figure 5, profile F: 60-70 cm) contains very low contribution of organic matter (1.1%) and carbonates
(2.1%). The layer 65-68 cm (Figure 5, profile F) consists of clayey-sandy silt with minor contents of
organic matter (2.2%) and carbonates (6.2%). The diversity of graining in sandy-clayey silts which
defines layers in Figure 5, profile F (62-65 cm) and Figure 5, profile F (60-62 cm), is relatively small.
The results of different contents of organic matter (1.1% and 5.1%, respectively) and carbonates (2.8%
and 12.6%) are significant.
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Figure 5. Concentration (%) of organic matter and carbonates in selected depths of sediments of
Bierzgiet and Oleszek mill ponds. Notation: A-I—investigated profiles like those on Figures 3 and 4;
sediment classifications: 1—silty-clay gyttja, 2—silty gyttja, 3—silty-limestone gyttja, 4—limestone
gyttja, 5—peat, 6—silty-sand clay, 7—sandy clay, 8—clayey silt, 9—clayey-sandy silt, 10—sandy-clay
silt, 11—sandy silt, 12—silty-clay sand, 13—clayey fine sand, 14—fine sand, 15—fine sand with gravel,
16—medium sand, 17—sandy gravel.

Sediments in Oleszek pond are lake type biogenic sediments (gyttjas and peats prevail), and poorly
and very poorly sorted (o7 = 1.23-3.09) silts and organic clays (Mz-3.98¢9—6.88¢) dominate among
mineral sediments. The average Mz value is 4.73¢ (0.037 mm) with extreme values from 1.59¢
(0.33 mm) to 6.88¢ (0.009 mm), and a definite majority of samples have Mz values in the range of
4.0-5.0¢. These deposits are, therefore, very fine-grained, and their degree of sorting weak or very
poor. The average sort value is 1.91 (at extreme values: 0.92-3.09). Skewness values vary. In a similar
proportion they are both negative and positive-skewed, as well as symmetrical.

Two sediment groups with different volumes can be distinguished in Bierzgiet pond: (A) sandy-silty
sediments, and (B) silty—clayey sediments. Graining parameters of the distinguished sediment groups
are as follows: (A) moderately, poorly, and very poorly sorted (o = 0.6-2.44) sands and silty sands with
gravel (Mz——1.85¢-3.97¢); and (B) poorly and very poorly sorted (o7 = 1.41-2.44) silts and organic
clays (Mz—4.52¢-7.36¢).

Palynological analyses confirmed radiocarbon dates from bottom (710 + 40 cal BP-1240 AD) and
top (530 =+ 45 cal BP-1420 AD) layers of the analysed sediments. The result of palynological studies
is a pollen diagram (Figure 6). Grains of Pinus sylvestris (average 52.9%) dominate in all spectra of
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the measured sediments; Almus (11.4% average) has a lower occurrence. Betula, Carpinus betulus,
Quercus, and Salix are represented by continuous curves but with values not exceeding 10.0%. Fagus,
Tilia, Populus, and Ulmus pollen grains occur sporadically. Of the shrubs, Corylus avellana is the most
abundant; the Juniperus communis pollen, and single grains of Rhamnus carhartica and Sambucus were
also found. Among the herbaceous plants (NAP) presented in the diagram, next to Gramineae undiff.
and Cyperaceae, there is a contribution of taxa considered as anthropopressure indexes: including
cultivated plants—rye (Secale cereale), other cereals (Ceralia undiff.), millet (Fagopyrum), weeds cereals
such as Centaurea cyanus; animal grazing indicator—Plantago lanceolate, P. maior/media, Melampyrum,
Calluna vulgaris, and Rumex; ruderal species—Artemisia, Urtica, Chenopodiaceae and Asterioodeae undiff.,
Cichorioideae undiff. Local vegetation is represented by Equisetum and cenobia of Pediastrum. The [ollen
of such reed plants also appeared in smaller amounts: Sparganium, Typha latifolia, Myriophyllum spicatum,
Nyphaea, Potamogeton, and Lemna. One pollen grain of the Stratiotes aloides plant, which is rare today,
was found.
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Figure 6. The Oleszek pollen diagram (selected plants).
4. Discussion

4.1. Construction and Operation of Water Mills in the Struga Rychnowska Catchment

Over the last 200 years, the changes in landscape features and surface water resulted from the
development and modernization of water mills [1,2]. An analysis of historical cartographic materials
shows that the water supply and drainage systems have been adapted to their new purposes. In the
case of the Bierzgiet mill (Figure 3) mill pond and mill ditches were modified [43,44]. In the case
of the Oleszek pond (Figure 4), to increase retention capacity, a drainage channel from arable areas
was provided [45,46]. Also, new surfaces for mill buildings and storehouses levelled and access
roads widened [2,43,44]. The discussed trend was imposed by changes in runoff conditions, and very
rapid technological progress, including the introduction of water turbines since 1849. The fact that
side milling production (e.g., papermaking and fulling) started to become independent in the 19th
century [73] was relevant in many cases of water mill decommissioning; e.g., the Papiernia mill [2,57].
Also, mill decommissioning was the effect of replacing water drop energy by steam machines, and
from the end of the 19th century—of steam engines and electric motors [74] and transformations of the
socioeconomic system in Poland after World War II [1].
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Due to the fact that both Oleszek and Bierzgiet water mills were decommissioned in 1950s, it is
hard to determine the processes and the rate of bottom sediments” accumulation in the ponds prevailing
more than seven decades ago. Therefore, to evaluate the changes in the sediments of the mill ponds, it
is crucial not only to determine the date of their last clearing (dredging or emptying in order to erode
bottom sediments), but also to divide them into layers connected to the deposition in conditions of
normal water mill functioning and in the period of using it for retention purposes only. Therefore,
approximate size and progress of this process can be concluded only on the basis of completed field
studies and selected results [2,29,31].

4.2. Sedimentation in Bierzgiet and Oleszek Ponds

The basins of Oleszek and Bierzgiet mill ponds were formed in much the same way—both
were developed in the bottom of subglacial channel cut by snowmelt water during the Vistulian
glaciation [13]. Later, during continental glacier stagnation, the channel was secured by glacier ice
blocks or winter ice. In the Allerdd (approximately 11,800-10,700 years BP), the eastern branch of the
channel—the Oleszek reservoir basin—was exhumed, whereas ice melting in lower section of the
channel (Bierzgiet reservoir basin) could have occurred even earlier, under the impact of waters flowing
towards the Drweca Valley [13]. The second stage of basin formation started when thresholds emerged
and water filled pits appeared in channel bottom. Thus, it initiated the phase of the natural flow-through
water reservoirs. The nature and structure of the oldest sediments (Figure 5, profile F:85-125 cm)
indicates that they were deposited by slowly flowing waters, and pond depth was changing a lot. These
changes resulted from either annual rhythm of its supply with water and climate fluctuations, changes
in catchment surface development, or slow threshold cutting by Struga Rychnowska. The upper peat
layer (Figure 5, profile F: 85-95 cm) was formed as a consequence of evident pond shallowing. It was
particularly visible in upper part of the pond and in its shore areas. Therefore, peat layer occurrence
was not observed in other pond sections, where different environmental conditions prevailed. The
cyclic appearance of hygrophilous plants is another proof of water table fluctuations in already shallow
Oleszek pond. Then, Bierzgiet pond probably declined as a result of threshold cutting and water runoff,
whereas, Oleszek pond existed in its residual form in the 16th century, meaning that most probably
lake decay process was not complete before construction of water mill. The sediment (Figure 5, profile
F: 80-85 cm) was formed in the shore zone. Also, there were a lot of the remains of mollusk shells. In
its central section (Figure 4—profiles A and B), the pond was slightly more fertile than in its upper
part, and evidently more stable. Undoubtedly, the flow characteristics of the pond supported good
oxygenation of water, and bottom direction of water mass movement was different than the course of
Struga Rychnowska riverbed today. The sediment layer 75-78 cm (Figure 5, profile F) was developing
in conditions typical for a deep reservoir. The high carbonate content in sediment layer (Figure 5-site
F: 72-75 cm) was due to the presence of numerous concentrations of small shells, and probably also
precipitation of carbonates, which were occasionally washed out from exposed (emerged from water)
fractions of older bottom sediments and re-accumulated in water [31]. Periodic water level fluctuations
in the reservoir directly related to the operation of the water mill were adopted as the main reason for
this process. Identified among others, were shells of Anodonta cygnea and Unio tumidus. These species
reach the highest abundance in reservoirs with high trophy. They are sensitive to water pollution
and oxygen deficits [75]. The increased carbonate content was probably also due to the biogenic
precipitation, but sediments have not been studied in this aspect. The upper layers are a material
embedded in flowing water; e.g., mud loam sand (Figure 5-site F: 60-70 cm).

As a result of Oleszek mill decommissioning at the beginning of World War II, water was
discharged from the pond. This is proven by deep cut of layers (Figure 5-site F: 60-75 cm). However,
later water level was lifted again, and the restored water reservoir was used for retention purposes even
in the 1950s. The nature of sediments from this period proves that water level was considerably lower,
and sandy series formations were settling in short time and at variable flow rate. In some sections of
the pond directly next to channel slopes, river sediments are covered by deluvia. Mass movements
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were fostered by water escapes and seepages occurring in this level. Whereas, as regards Bierzgiet mill,
it is known that it was still working in 1948.

Two ponds were formed in the basin after Bierzgiet mill decommissioning in the 1950s, whereas
water flow-off from Oleszek reservoir was abrupt in nature. This conclusion can be drawn from the fact
that silt-limestone gyttjas appear directly on the surface in A-C profiles (Figure 5). Pond elimination
resulted in rapid deep-seated erosion process. Within ca. 50 years, some bottom sediments deposited
in natural water reservoir and then covered by mill pond sediments and fractions of river sands were
cut in profile F to the depth of ca. 1.5 m. Meadow soil developed on sediments filling basin bottom,
which were transported out of the watercourse bed. Decommissioning of the mill pond in Oleszek was
the result of drastic drop in Struga Rychnowska water supply volume. The immediate reason was the
construction in the late 1940s and early 1950s of a water lifting weir on the river at the mouth from
Mlewieckie Lake, which limited water inflow almost only to spring flood periods [76].

The vegetation development phase, which can be traced using a pollen diagram, should be
attributed to the sub-Atlantic period. Based on cereal curves, and especially Secale cereale, whose values
in some spectra exceed 1.0%, it can be thought that it refers to the younger part of the sub-Atlantic
period. Palynological analyses were confirmed by radiocarbon dates from the bottom and top layers of
the tested sediment. The poor condition of sporomorphs in the bottom part of the examined profile
indicates that the sediment was deposited in unstable or low water levels in contrast to the sediment
from a depth of 8097 cm. The sediments of the ceiling section of the profile accumulated under
relatively stable conditions of not very high water level. This is evidenced by the constant presence in
this section of the profile of the Pediastrum cenobites, as well as pollen grains of aquatic and reed plants.

Analysis of distribution of these sediment samples in the C/M diagram of R. Passega [67,68]
allows concluding that these sediments were accumulated primarily from homogeneous suspension,
with minor contributions from grains transported in traction—both at low flows and from a
homogeneous suspension in still water. The maximum flow rate of water in the reservoir, determined
on the basis of the interpretation of the distribution of the value of the first percentile (C) on the diagram
of A. Sundborg [77,78], was at least 0.5 m min~!. It was found in relation to a series of sediments
at the river mouth to the pond in which normal fractional graining occurs in the layer of sands and
silts. Their deposition occurred at an increasing speed of water flow, from about one to several meters
per second. Sedimentation in the central part of the reservoir took place under slightly higher flow
conditions, at a river speed of a few to about 10 m min~!. Compared to bottom sediments in other
dam reservoirs at mills analyzed within Chelmiriskie Lake District, sediments in Oleszek pond are the
most fine-grained and the least sorted [31].

The rate of sediment accumulation in the Bierzgiet pond, located on the mill ditch, is demonstrated
by the thicknesses of the bottom sediments deposited in the central part of this reservoir (Figure 3—site
I). The sediments document the period from around 1910 (time from the change of the surface of this
reservoir) to 1939 (until the water mill stopped working). This means that for about 29 years, slit
and sand sediments were accumulated with a thickness of about 1.25 m. In the given period, the
accumulation rate remained at the level of about 4.3 cm year~!. However, it cannot be excluded that
the pond was cleaned during this time.

In the case of the flow-through pond in Oleszek, only the rate of accumulation in the coastal part
of the upper section of the reservoir could be determined (Figure 4—site F). The period of functioning
of the pond covering the aforementioned site, documented in historical sources, began in 1798, which
corresponds to the silt-limestone gyttja (80-85 cm) lying on peat. In turn, the youngest sediment
deposited in this profile is clay-sandy slit with organic matter. After the liquidation of the water mill
(around 1939), the water of the Struga Rychnowska was raised in a retention reservoir, the range of
which no longer covered the F site. It was assumed that over a period of about 141 years, the sediment

accumulation rate was only 0.6 cm year ™.
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The results of research obtained by other authors show that the rate of bottom sediment
accumulation in mill ponds can reach very different values: 3.2 cm year~! [17]; 0.5 cm year™! [24];
5.4 cm year™!; and 7-8 cm year! [2].

The studies on the dynamics of mill pond sedimentation process make an excellent supplement to
the research on denudation volume in those catchments, for which monitoring data is unavailable.
Runoff denudation volume (suspended material transport) from catchments located in the area of
Chelminskie Lake District ranges from 2 to 3 t km~2 year™! [79]. According to the results of studies
by Michalska and Szpikowski [17], it can be assumed that in case of the mill ponds we analyzed,
deposition imposed by the conditions in these ponds could have been ca. 60% of bedload volume
carried out of the catchment in the suspended form. It should be also noted that these studies allow
not only determining current denudation intensity, but also estimating denudation volumes in historic
times. This data can be used in modelling of rubble transport dynamics in small catchments depending
on climate changes.

4.3. Water Retention Time

The rate of dam reservoir silting up is inversely proportional to the rate of water exchange in
these reservoirs [80]. An analogical relationship applies to mill ponds as well. Water exchange of this
sort, imposed by flow-through nature of the pond, should by qualified as the so-called horizontal
exchange, taking into account only the volume of water flowing through the pond and contained in it.
The volume of this exchange is given by water retention time, which may be considered as an indicator
of pond hydraulic loading with mineral and organic matter originating from the entire catchment.

Completed analyses indicate that mill ponds were reolimnic type flow—through reservoirs.
It means that water was exchanged more than 10 times per year [72]. Water retention time in millponds
fluctuated from 0.35 to 11.39 days, and this value was dependent on its capacity. For example, water
retention time in Oleszek pond located in upper part of the watercourse, with maximum capacity
ca. 61,300 m? and average annual flow 62 dm® s7!, reached over 11 days, and in Bierzgiet pond
situated further down the watercourse, with capacity 46,250 m® and average flow 186 dm? s~!—it was
less than 3 days. Highly diverse water retention times indicate extremely different pond functioning
conditions, in spite of their locations being in the same catchment. This is a result of the impact of
the above-mentioned natural and anthropogenic determinants. The most important of them were:
pond location with reference to the main river, and morphometric parameters. Considering this,
water retention time in mill ponds depended most on the intensity of anthropogenic impact on the
environment. Very short water retention time in flow-through mill ponds was also pointed out by
Jespersen [81], who observed that most of multiple wheel mills operated in Denmark used water
accumulated overnight during the next working day. This regularity was also confirmed by Gotdyn [82],
who analyzed water retention time in three former mill ponds situated on the Cybina River. Average
values calculated for intervals 1951-1990 and 1990-1995 were from 0.6 to 3.1 days. Moreover, because
in the Middle Ages, water mills were working throughout a year for ca. 100 days (on the average),
and they worked ca. 125 days in the 16th century, ca. 150 days in the 19th century, and up to 180 days
in the 20th century, it should be assumed that water exchange process was intense only for part of
a year, and for the rest it was much less intense (although it was uninterrupted) [2]. As a result, as
regards the whole year, it was less repeatable.

5. Conclusions

Based on the results of conducted studies on changes of the dynamics and nature of sedimentation
in the mill ponds of Struga Rychnowska (Chelmno Lake District, Poland), the following conclusions
were drawn:

1.  Archival (since 1796) and modern cartographic materials—historical sources containing data
on the functioning of water mills—allowed us to determine changes in economic activity in the
studied catchment. Thus, it revealed that the patterns in agricultural and forestry land use in
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the Struga Rychnowska drainage basin were insignificant. Agriculture is still dominating at the
moraine plateau, while the forest area has increased in the sandr area. All water mills have been
closed down.

2. Sediments accumulated in mill ponds (operating in the research area since the 14th century)
document changes in the catchment environment during the operation of the mills and after
their closing, provided the reservoirs kept the function of water retention. Valuable sources
of information about the deposited sediments are their features: granulometric composition,
carbonate content, etc.

3. Palinological and C analyzes are useful in studying the genesis of mill ponds. It was found,
among other things, that mill ponds were placed in natural depressions of the land, usually
located above steps occurring in narrowings of the subglacial channel, in which the Struga
Rychnowska currently flows. In such cases, the formation of ponds was a restitution of a natural
water reservoirs (e.g., the Oleszek reservoir). This was confirmed by the age of the youngest
sediments determined by the *C method (530 +/— 45 cal BP-1420 AD), which were deposited in
the disappearing water reservoir at the Oleszek site. It follows that these sediments were formed
about 300 years earlier before the waters of the Struga Rychnowska were dammed in this place
for the needs of the water mill.

4.  Different water retention times indicate different conditions of pond functioning, despite their
locations being in the same catchment area.

5. The rate and progress of the process involving basin filling with bottom sediments were affected
by: the volume of water mass supplying the ponds and its proportion to total reservoir capacity;
morphometric parameters of reservoirs, particularly basin depth and length; location in relation
to other elements of hydrographic network directly connected with water mill (e.g., bypass
channel); fluctuations of water level in the pond.
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