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Abstract: Closed depressions (CDs) are widespread geomorphological features of the young glacial landscapes of
northern Poland; however, they remain insufficiently studied despite their important hydrological and ecological
functions. This study aims to analyse the spatial distribution, morphometric characteristics, and land use/land cover
(LULC) structure of closed depressions, distinguishing between infiltration (CD;) and evapotranspiration (CDg)
forms, and to examine the relationships between their morphology and the surrounding landscape. The research was
conducted in the Zbrzyca River sub-catchment, located in northern Poland. Spatial analyses were performed in
a GIS environment using digital elevation model, cartographic materials, hydrographic datasets, and LULC
databases. Morphometric parameters, including area, perimeter, denivelation, slope, and catchment development
index, were calculated and compared between the two depression types. A total of 2,154 closed depressions were
identified within the study area. Infiltration closed depressions were the dominant type, covering 108 km?* (46.5% of
the analysed catchment). They were generally more circular, steeper, and predominantly covered by forests and
semi-natural vegetation.
catchment), were characterised by larger contributing areas and longer perimeters, and occurred mainly within
agricultural landscapes. The spatial distribution of both depression types reflects the geological and
geomorphological development of the catchment. These multifunctional geoecosystems play a key role in water

Evapotranspiration closed depressions occupied 31.5 km? (13.5% of the analysed

retention, groundwater recharge, and biodiversity conservation. Their ecological significance and increasing
anthropogenic pressure highlight the need for their effective protection and inclusion in sustainable land
management and spatial planning strategies.

Keywords: geographical information system (GIS), geomorphological diversity, hydrological type, spatial analyses,
topography, young glacial landscape

INTRODUCTION

Closed depressions (CDs) are terrain features characterised by
their own catchments and the absence of surface outflow. A group
of several such landforms constitutes a closed-drainage area,
whose boundaries are defined by watershed divides (Drwal,
1975). In Poland, they are widespread and occur in both young

glacial landscapes (Major, Chudzinska and Majewski, 2024) and
loess regions (Kolodynska-Gawrysiak, 2017), where they occupy
substantial areas.

In young glacial regions, their origin is linked to the activity
of the Scandinavian Ice Sheet during the last Baltic glaciation,
which shaped numerous hills, valleys, and CDs of diverse genesis
(Liberacki, 1958; Galon, 1972). These forms may also have an
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anthropogenic origin (Sobczynska, 2015; Kotodynska-Gawrysiak
and Poesen, 2017), in areas affected by past military activities,
they can develop as bomb craters (Payne et al., 2018).

The literature reveals considerable terminological diversity
regarding CDs, which typically function as evapotranspiration
systems. They are referred to, among others, as “kettle holes”
(Vasi¢ et al, 2020), “ponds” (Celcewicz and Goldyn, 2021),
“prairie potholes” (Johnson, Oslund and Hertel, 2008), “isolated
wetlands” (Whigham and Jordan, 2023), or “karst depressions”
(Pardo-Iguzquiza et al., 2016). The choice of terminology depends
primarily on regional context or genesis.

Interest in these landforms dates back to the late nineteenth
century, when Keilhack (1891) described the occurrence of
closed-drainage areas in Central Europe. Subsequent research-
ers, including Spethmann (1912) and Martonne de and Aufrére
(1928), confirmed their widespread distribution. Martonne de
and Aufrére (1928) introduced the concepts of “areism” and
“endorheism” to describe areas lacking river drainage. In Poland,
the study of CDs also has a long research tradition. This topic
was further developed by Werner-Wieckowska (1952), Werner-
Wieckowska (1953), Maruszczak (1954), Zynda (1959), Kowals-
ka (1968) and Kowalska (1971), who analysed both the
geomorphological processes leading to the formation of these
closed landforms and the role of depressions in shaping the
hydrological cycle. At that time, the concepts of “surface closed
drainage” and “total closed drainage” were introduced. Recogni-
tion of the importance of CDs within the hydrographic structure
was reflected in successive editions of the guidelines for the
preparation of the “Hydrographic map of Poland at a scale of
1:50,000” (Klimaszewski, 1959; Celmer, 1964). These guidelines
introduced a division into two types of depressions, and the term
“surface endorheism” was replaced by the concept of an
“infiltration closed depression”. The significance of the differ-
entiated roles of CDs was formally established in “Guide for field
hydrographic studies”, prepared at the request of the Hydro-
graphic Commission of the Polish Geographical Society (Pol.:
Komisja Hydrologiczna Polskiego Towarzystwa Geograficzne-
go), in which Drwal (1989) ultimately distinguished between
“infiltration closed depressions” (CD;) and “evapotranspiration
closed depressions” (CDg).

From a hydrological perspective, CDs are important
components of young glacial landscapes, functioning as natural
accumulation zones for precipitation and snowmelt. Their
presence contributes to delayed runoff and stabilises water
regimes in catchments with poorly developed river networks
(Soczynska, 1997; Gerke et al., 2010). They also influence local
microclimatic conditions (Hayashi and Kamp van der, 2000). The
functioning of these landforms strongly depends on their
morphometric characteristics, such as area, depth, and slope
gradients, which determine their retention capacity and water
circulation dynamics (Hayashi and Kamp van der, 2000;
Whigham and Jordan, 2003). In closed-basin lakes, interactions
with groundwater are variable and may be either recharge- or
discharge-dominated, depending on seasonal conditions (No-
wicka and Lenartowicz, 2004).

An important research direction in the study of CDs is the
systems-based approach initiated by Drwal (1974), in which
depressions are treated as elements of a complex environmental
system. Within this framework, the interplay among topography,
hydrological conditions, substrate permeability, and vegetation

cover is key. Analysis of these components enables a more
comprehensive understanding of the functioning of the entire
geoecosystem. In subsequent years, research expanded to include
ecological aspects, highlighting the role of depressions as
geoecosystems (Major, 2010) that support biodiversity (Bedla
and Kuczera, 2007; Rittenhouse and Semlitsch, 2007). Therefore,
CDs can be considered as providers of multiple ecosystem
services (Vasié et al., 2020).

Studies of sediments infilling CDs provide insights into their
origin and evolution. The presence of both mineral and biogenic
deposits indicates a multi-stage development and underscores
their importance as archives of environmental change (Micun,
2014; Karasiewicz and Jusgkiewicz, 2017). Lithological variability
reflects diverse depositional processes controlled by environ-
mental conditions and landscape history (Forysiak et al., 2017;
Nitzsche et al., 2017). In loess regions, the complex genesis of
these forms and their value as records of Holocene environmental
changes are particularly emphasised (Kolodynska-Gawrysiak,
2017).

In recent years, digital tools such as Geographic Information
Systems (GIS) and Digital Terrain Models (DTMs) have become
increasingly important for analysing CDs. These tools enable
detailed inventorying, spatial pattern analysis, and automated
extraction of morphometric and functional parameters, signifi-
cantly expanding research capabilities at the scale of entire
catchments (Pardo-Iglizquiza and Dowd, 2021; Szafraniec, 2024;
Esposito et al., 2025).

Despite the growing number of studies, comprehensive
approaches that integrate morphometric analysis, hydrological
functioning, and contemporary land use/land cover (LULC)
remain relatively scarce. In particular, the relationships between
the physical characteristics of these forms and anthropogenic
pressure, as expressed through LULC structure, remain insuffi-
ciently understood, limiting a more complete assessment of their
role in young glacial landscapes.

In this context, this study aims to analyse the spatial
structure and morphometric variability of CDs, distinguishing
between CDy and CDy types, and to examine their relationships
with LULC. The study focuses on the sub-catchment of the
Zbrzyca River, located within a transitional zone between
moraine islands and fluvioglacial deposits formed during the
recession of the Baltic glaciation ice sheet. This area is
characterised by high natural value and lies within the buffer
and transition zones of the “Bory Tucholskie” Biosphere Reserve.
In this study, a CD is treated as a single geoecosystem
encompassing both the depression and its contributing catch-
ment, following the concept proposed by Major (2010).

The following study questions were formulated:

- what are the key morphometric differences between CD; and
CDg?

- how are these types of CDs related to LULC?

- what do these relationships reveal about their contemporary
hydrological functioning in a young glacial landscape?

The contribution of this study lies in integrating spatial
datasets describing the physical characteristics of CDs. This
approach enables the identification of relationships and spatial
patterns that are not apparent in studies focused on individual
aspects or conducted at smaller spatial scales. Consequently, it
provides a more comprehensive understanding of the role of CDs
in the functioning of young glacial landscapes.
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MATERIAL AND METHODS

STUDY AREA

The study area is located in northern Poland, within the Zbrzyca
River catchment, a left-bank tributary of the Brda River. The
analysed section includes the upper and middle parts of the
catchment up to the confluence with the Kulawa River and covers
approximately 232.3 km® The area lies within the Charzykowy
Plain and the Tuchola Forest, which form part of the South
Pomeranian Lakeland (Solon et al., 2018). It represents a typical
young-glacial landscape, shaped during the Pomeranian phase of
the last Baltic glaciation.

The terrain relief of the area is diverse, with extensive
outwash surfaces and subglacial valleys as the dominant land-
forms. Older glacial landforms clearly control the present-day
river network. In the central and southern parts, areas of
undulating ground moraine occur, intersected by ridges of push
moraines. A hummocky marginal zone and terminal moraine
ridges dominate the northern part. In sections associated with the
Zbrzyca River valley, Holocene floodplain terraces have devel-
oped. The entire area displays a mosaic-type relief (Fig. 1)
(Szafraniec, 2010). Elevations range from 121 to 206 m a.s.l.

Quaternary deposits, such as sands, gravels, and glacial tills,
overlie Tertiary and Cretaceous sediments. Their thickness
reaches up to 200 m (Jutrowska, 2007). Highly permeable
sediments favour infiltration and groundwater recharge, whereas
local occurrences of tills and clays limit groundwater flow and
promote water retention (Pazdro and Kozerski, 1990). The
youngest deposits are Holocene in age and fill various types of
topographic depressions, both on outwash surfaces and on
uplands. These include sands and gravels in river valleys, as well
as fine-grained sands and lacustrine chalk that surround and infill
lake basins and river valleys (Jutrowska, 2007).

The catchment is characterised by a dense hydrographic
network composed of the Zbrzyca River, numerous lakes, small
ponds, and intermittent streams. Flow-through ribbon lakes
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dominate, along with small closed-basin dystrophic water bodies
(Wysocka, 2005). Groundwater is most commonly confined. In
the south-western part of the catchment, numerous springs
confirm a strong hydraulic connection between surface water and
groundwater (Nowicka, 2003).

The climate is temperate transitional, with a mean annual
air temperature of approximately 8.0-8.5°C and annual precipita-
tion totals of about 600-650 mm. Snow cover persists for roughly
40-50 days per year (Tomczyk and Bednorz, 2022). High air
humidity prolongs waterlogging in topographic depressions.

Forests and seminatural areas and arable land occupy
approximately 65% and 27% of the catchment area, respectively,
while grasslands and peatlands occur mainly within river valleys.
The diverse post-glacial landscape makes this area particularly
suitable for studies on CDs.

ANALYSIS OF THE HYDROLOGICAL TYPE
AND LAND USE/LAND COVER
OF CLOSED DEPRESSION CATCHMENTS

Hydrological types and LULC catchments of CDs were analysed
using ArcGIS for Desktop 10.8.2 (ESRI, 2021). Catchment
boundaries were delineated based on 1:10,000 topographic maps
obtained from the GUGIK WMS service.

Maps of CD; and CDg were prepared using two comple-
mentary approaches. In the first approach, catchment boundaries
were overlaid with a surface-deposit permeability map. This map
was compiled from a 1:50,000-scale map of surface deposits
(Surface Deposits Map 1978a; 1978b; 1978¢; 1987d) - sheets:
Brusy, Karsin, Koscierzyna, Studzienice. Lithological units were
assigned to permeability classes following the classification of
Pazdro and Kozerski (1990) (Tab. 1). Deposits with hydraulic
conductivity values exceeding 10™* m-s™' were classified as
permeable, while those with lower values were considered
impermeable. Closed depressions were classified as CD; when
permeable deposits predominated beneath their bottoms, and as
CDg when impermeable deposits were dominant.
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Fig. 1. Geomorphology of the study area; source: own elaboration based on Szafraniec (2010)
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Tabela 1. Permeability characteristics of surficial deposits
occurring in the Zbrzyca River sub-catchment

Type of surficial deposits Hydrauhinc:slzii)uctlwty k Permeability
Glacial till 107%-10°°

Silt, sands, and lacustrine 105-10-5

chalk impermeable
Peat 107°-10°

Mud deposits 10°%-107*

Clay, silt and lake sands 107%->10"°

Fluvial sands and gravels 107*->107

Sands and glaciofluvial 107451073

gravels permeable
Sands, gravels ané boulders 10451073

of terminal moraines

Sands, gravels and glacial 1074510~

boulders

Source: own elaboration.

In the second approach, catchment boundaries were
analysed using data from the Hydrographic Map of Poland at
a scale of 1:10,000 (HMP10) (Barszczynska et al., 2013), in its
updated version (Grela et al., 2017), together with data from the
Topographic Objects Database (BDOT10k), developed in 2012-
2013 in accordance with Ministry of the Interior and Adminis-
tration guidelines (Rozporzadzenie, 2011). The HMP10 provided
information on surface water bodies and drainage ditches, whereas
BDOTI10k supplied data on wetlands. This combination of
datasets allowed verification of the actual occurrence of wetlands,
small water bodies, and lakes within the depressions (Fig. 2a).
Depressions lacking any water body, drainage ditch, or wetland
were classified as CDy. In contrast, those containing such features
were classified as CDg (Fig. 2b). Depressions connected to surface
outflow via drainage ditches were excluded from further analysis.
Both classifications are based on desk analysis and have not been

L S

dg4 4g
0
PRECIPITATION

validated in the field using hydrological measurements. It is also
important to note that the second approach uses hydrological
conditions corresponding to the state at the time the spatial
datasets were developed, so seasonal variations in moisture
conditions were not accounted for.

Land use/land cover within the CDs was identified through
spatial analysis using BDOT10k LULC data. The original
23 BDOT10k categories were aggregated into seven LULC classes:
artificial surfaces, arable land, meadows and pastures, fallow land,
forest and seminatural areas, wetlands, and surface waters
(Tab. 2), following the approach proposed by Kutyta (2020).

MORPHOMETRIC ANALYSIS OF CLOSED DEPRESSIONS

The morphometric analysis of the CDs was based on spatial
analyses conducted in ArcGIS for Desktop 10.8.2 (ESRI, 2021),
which enables efficient calculation of basic morphometric
parameters of catchments (Bielczynska and Kutyla, 2022). For
all CDs, the following morphometric indices describing their size
and shape were calculated: area (A), perimeter (P), maximum
denivelation (AH), catchment development index (K), and mean
catchment slope (J).

Catchment area and perimeter were calculated using the
Calculate Geometry function. Terrain denivelation, defined as the
elevation difference between the highest and lowest points within
the catchment boundaries, was determined using a DTM derived
from Light Detection and Ranging (LiDAR) data, with a spatial
resolution of 1 x 1 m and a vertical accuracy of 0.2 m, applying
the Zonal Statistics as Table tool. Terrain slopes were calculated
from a slope map generated with the Slope function, using the
same DTM. Water body areas were removed from the slope layer
to prevent underestimating mean slope values and overestimating
flat areas within the CDg. Mean slope values were extracted in the
same manner as relief, using the Zonal Statistics as Table tool.
The development of the catchment was determined according to
the Equation (1):

(1)

b)

)

dgd
(]

PRECIPITATION

Fig. 2. Cross-section and simplified diagram of the water cycle in closed depressions: a) infiltration form (CDy),
b) evapotranspiration form (CDg); source: Bajkiewicz-Grabowska and Mikulski (2006), modified
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Table 2. Clustering of the land use/land cover classes according to
BDOT10k to classes used in this study

Land use/land covers class according to

BDOTI10K Land use/land cover class

Apartment buildings

Single-family homes

Industrial and storage buildings

Commercial and service buildings

Other buildings

Land under roads artificial surfaces

Land under railroads

Place

The area under technical devices or
construction

Industrial and storage area

Allotment garden

Plantation

arable lands
Orchard

Cultivation on arable land

Grass vegetation meadows and pastures

Excavation sites fallow lands

Forest
Groves forests and seminatural
Coppices areas
Shrubs
Inland marshes
wetlands

Inland wetlands

Stagnant water surface waters

Source: Kutyla (2020).

012 4 6 8
O kM

This index expresses the degree to which the catchment shape
approaches a circle (K = 1). A modified classification after Lange
(1993) was applied:

- 1.00-1.25 - low development,

- 1.26-1.75 - moderate development,

- >1.75 - high development.

STATISTICAL ANALYSES

The distribution of morphometric parameters and CDs LULC,
divided into CD; and CDg was presented using box-and-whisker
plots. Data distribution normality was assessed using the
Shapiro-Wilk test. Due to deviations from normality, compar-
isons of morphometric indices and LULC characteristics between
CD; and CDg were performed using the nonparametric Mann—
Whitney U test. Each analysed depression was treated as
a separate unit to which a single, unambiguous hydrological type
was assigned. It was therefore assumed that the observations
approximately satisfied the independence assumption. At the
same time, potential spatial autocorrelation arising from geo-
morphological conditions was accounted for. Similar types of
depressions may co-occur within the same landform units, such
as outwash plains or moraine areas, leading to spatial similarity
among the analysed entities. All analyses were performed using
Statistica 12 (StatSoft Inc., 2014).

RESULTS

PERMEABILITY OF SURFACE DEPOSITS

The dominant group of surface deposits in the study area consists
of glaciofluvial and fluvial sands and gravels, covering about half
of the area (Fig. 3). They occur mainly in the central part of the
area and along valleys, forming zones of high permeability and
promoting intensive infiltration. Approximately one quarter of
the surface is occupied by sands, gravels, and boulders of end
moraines and other glacial deposits, present, for example, in the

N
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Fig. 3. Surface deposits map of the study area; source: own elaboration based on Surface Deposits Map
(1978a; 1978b; 1978¢; 1978c) — sheets: Brusy, Karsin, Koécierzyna, Studzienice
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northern and south-western parts of the area. Their filtration
properties are also high.

Glacial till deposits cover around 10% of the area and appear
mainly in the western and southern parts of the catchment. Due
to their low permeability, they limit infiltration and favour surface
water retention. Lacustrine sediments such as silts, clays, sands,
and lacustrine chalk occupy several percent of the surface,
occurring, for instance, in the north-western and southern parts
of the area. These deposits are impermeable or poorly permeable.
Muds and peats form small patches, accounting for only a few
percent of the area, and occur locally in depressions and along
valley margins. Their very low permeability promotes water
stagnation.

Overall, about 70-75% of the area is built of well-permeable
deposits, while the remaining 25-30% consists of low-perme-
ability soils that define zones of reduced infiltration (Fig. 4).

HYDROLOGICAL CHARACTERISTICS
OF CLOSED DEPRESSIONS
AND THEIR SPATIAL DISTRIBUTION

A large number of CDs were identified in the analysed part of the
Zbrzyca River catchment. Based on 1:10,000 topographic maps,
2,154 such landforms were mapped. Their classification varied

A

({3 zbrzyca River sub-catchment

B Lakes

Drainage ditches

Legend

~A~ Rivers
Permeability
Impermeable

| Permeable

Fig. 4. Map of surficial deposit permeability in the study area; source: own
study
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Closed depressions
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depending on the source materials used. Data from the 1978
surface deposits map allowed the distinction of 1,814 CD; and
340 CDg (Fig. 5a). In contrast, the use of HMP10 and BDOT10k
datasets resulted in an increase in the number of CD; to 1,914,
while the number of CDg decreased to 240 (Fig. 5b). The results
obtained from the second approach were adopted for further
analyses.

This choice follows the definition proposed by Drwal
(1975), who classifies CDg as depressions with water present at
the bottom, including small ponds, minor water bodies, wetlands,
drainage ditches, or areas with a shallow water table. In contrast,
CD; are defined as depressions with a dry bottom and function as
infiltration features.

Evapotranspiration closed depressions covers an area of
31.5 km?, which corresponds to 13.5% of the total catchment area.
Infiltration closed depressions occupy a much larger area of
108 km? representing 46.5% of the analysed Zbrzyca River
catchment. The remaining part consists of exorheic areas
covering 92.8 km? which is about 40% of the study area.
Infiltration closed depressions are distributed throughout the
entire catchment, whereas CDg are concentrated mainly in the
southern and north-eastern parts. Most CD; occur within the
Brda Outwash, while CDg dominate on moraine uplands and
within river valleys.

MORPHOMETRIC CHARACTERISTICS
OF CLOSED DEPRESSIONS

The spatial structure of the morphometric parameters of CDs
shows a mosaic pattern. Against this background, moraine island
areas stand out clearly, as illustrated in Figure 6. Moreover, the
comparison of results clearly confirms pronounced morpho-
metric differences between CD; and CDy, including their size,
shape, and topographic attributes (Tab. 3).

Evapotranspiration closed depressions are characterised by
a larger area and perimeter, indicating a more extensive spatial
form compared to CD;. Differences in denivelation were also
statistically significant, although less pronounced than those
observed for size-related parameters (Fig. 7).

The K parameter, describing the degree to which a shape
approaches a circular form, further confirmed the morphological
contrast between the two types of depressions. Infiltration closed

b)

Fig. 5. Spatial distribution of closed depressions in the Zbrzyca River sub-catchment: a) based on Surface Deposits Map (1978a;
1978b, 1978¢; 1988d), b) based on HMP10 (Barszczynska et al., 2013) and BDOT10k (Rozporzadzenie, 2011); source: own study
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depressions tends to be more circular than CDg, which suggests
a more regular geometry and weaker morphological development.
Among the analysed variables, only the ] parameter showed
a higher median value for CD;, suggesting differences in slope
inclination. The effect size values (|r|) indicate that the observed
differences between groups are generally small. For the analysed
parameters, |r| ranged from 0.07 to 0.18 (Fig. 7).

LAND USE/LAND COVER CHARACTERISTICS
OF CLOSED DEPRESSIONS

Land use/land cover within the catchments of CDs showed clear,
statistically significant differences between the hydrological types
(Fig. 8). The weakest effect size was observed for artificial surfaces
(7] = 0.19). Higher effect sizes were obtained for meadows and
pastures (|r| = 0.27) and arable lands (|r| = 0.35). The strongest
effect size was found for forested and seminatural areas
(|r] = 0.44), where the relationship with infiltration depressions
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Fig. 6. Spatial differentiation of closed depressions by their morpho-
metric characteristics; abbreviations: a) area (A), b) perimeter (P),
¢) denivelation (AH), d) development of a catchment (K), e) average
slope (J); source: own study

is the most pronounced. The |r| values were not calculated for
wetlands and surface water categories because they were absent in
CD; (Fig. 8).

In CDj, forests and seminatural areas were dominant and, in
many cases, covered the entire catchment. Arable land occurred
much less frequently and on average occupied about 10% of the
area. Other LULC forms were of marginal importance, with their
share generally not exceeding 1.5%.

In CDg, the LULC structure was distinctly different. Arable
land dominated, with a mean share exceeding 50%. Forests and
seminatural areas formed the second-largest category, showing
very high variability, ranging from catchments entirely covered by
forest and seminatural vegetation to those with no such LULC.
The share of meadows and pastures usually did not exceed 8%.
Owing to the nature of these depressions, wetlands and surface
waters were also observed, occupying, on average, 0.5% and 2.6%
of the area, respectively.
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Table 3. Morphometric characteristics of closed depressions
divided into infiltration and evapotranspiration

Infiltration closed Evapotranspiration
Morphometric depressions closed depressions
characteristics
n % n %
<10.0 1642 85.8 147 61.2
10.1-30.0 256 134 66 27.5
A (ha)
>30.0 16 0.8 27 11.3
sum 1914 100.0 240 100.0
<900.0 1050 54.9 77 32.1
900.1-1800.0 734 38.3 100 41.7
P (m)
>1800.0 130 6.8 63 26.3
sum 1914 100.0 240 100.0
<10 929 48.5 106 44.2
10.1-20.0 793 414 80 333
AH (m)
>20.0 192 10.1 54 22.5
sum 1914 100.0 240 100.0
<1.25 1209 63.2 126 52.5
1.26-1.75 699 36.5 113 47.1
K (=)
>1.75 6 0.3 1 0.4
sum 1914 100.0 240 100.0
<4.0 839 43.8 138 57.5
@ 4.1-7.0 895 46.8 92 38.3
Je
>7.0 180 9.4 10 4.2
sum 1914 100.0 240 100.0

Explanations: n = number of closed depressions, A = area, P = perimeter,
AH = denivelation, K = development of a catchment, ] = average slope.
Source: own study.

DISCUSSION

Closed depressions are a permanent element of the landscape in
young glacial areas of the temperate climate zone and occupy
a substantial part of these regions (Major, 2010). They develop as
a result of hydrological and geological processes and are
characterised by the absence of natural surface outflow.
Determining their spatial extent and spatial attributes is a key
step in systemic analyses of these geomorphological forms
(Drwal, 1982), including studies of water balance (Major, 2009)
and sedimentation processes (Micun, 2014).

In recent years, Digital Terrain Models (DTMs) have
increasingly been used to identify similar geomorphological
features (Pardo-Iguzquiza and Dowd, 2021; Esposito et al., 2025).
It should be noted, however, that such approaches are most
effective in areas with more pronounced relief, higher gradients,
and greater denivelation. Automatic delineation of topographic
catchments based on DTMs requires prior data processing,
primarily the filling of spurious depressions that could interrupt
simulated flow paths and artificially drain certain areas (Ufa,
2013; Lidberg et al., 2017). This procedure does not allow true
depressions to be distinguished from artefacts, potentially leading
to the omission of small, genuine landforms. In addition,
infrastructure elements such as bridges and roads crossing
drainage structures may be represented as “digital dams” (Li
et al., 2013), artificially increasing the number of detected CDs.
For these reasons, despite the availability of a high-resolution
DTM with a vertical accuracy of 0.2 m, catchments in the present
study were delineated using 1:10,000 topographic maps. This
approach identified 2,154 landforms lacking surface outflow. The
actual number would likely be higher; however, as observed in the
Bory Tucholskie National Park by Nowicka (2016), a large
proportion of evapotranspiration closed depressions (CDg)
forms have been drained as a result of land reclamation and
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Fig. 7. Morphometric characteristics of infiltration (CDy) and evapotranspiration (CDg) closed depressions: a) area (A), b) perimeter (P), c) denivelation
(AH), d) development of a catchment (K), e) average slope (J); significance level in the U Mann-Whitney test: *** p < 0.001, ** p < 0.01; |r| = absolute

value of size effect; source: own study
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incorporated into the direct drainage network. Vasi¢ et al. (2020)
note that issues related to the drainage of CDs are also observed
in other countries, including Germany, the United States, and
Canada.

According to Drwal (1975) and Gillijns, Poesen and Deckers
(2005), the spatial distribution of CDs is controlled by the
lithological mosaic of the area. This is consistent with the results
obtained in the present study. Infiltration closed depressions are
located predominantly on outwash surfaces built of highly
permeable sands and gravels, whereas CDg occur mainly on till
deposits and lacustrine sediments. In some cases, CDg appears in
areas where surface deposits are mapped as highly permeable.
This may partly result from the level of generalisation inherent to
the map scale, but also, as noted by Nowicka (2016), from the
presence of less permeable sediment lenses within otherwise
permeable substrates, which locally impede infiltration.

Morphometric analysis indicates that CDg landforms are
generally larger than infiltration closed depressions (CDy) forms.
They are characterised by longer perimeters, greater denivelation,
and gentler slopes, whereas CD; more frequently exhibit near-
circular shapes. These differences primarily reflect the conditions
under which these forms developed during the retreat of the ice
sheet, where a key role was played by the burial depth of dead ice,
which controlled the subsequent degree of hollowing and thus the
magnitude of denivelation (Maizels, 1977; Semiromi et al., 2025).
Infiltration closed depressions, which formed mainly on outwash
surfaces through the melting of dead-ice blocks with relatively
regular geometry, tends to preserve more symmetrical, circular
forms.

Post-formational processes are also of considerable im-
portance. Research by Juselius-Rajaméki, Viliranta and Korhola
(2023) demonstrates that peatlands in Finland can expand
laterally at rates of up to 6.4 cm per year. Over longer timescales,
peat accumulation promotes the gradual coalescence of adjacent

peat-filled depressions, leading to the development of larger areas
dominated by evapotranspiration processes and extensive catch-
ments. These processes are absent in CDj, which helps explain
their smaller size and shorter perimeters.

Differences in slope gradients may also be related to land
use and land cover (LULC). The CDg forms are more frequently
utilised for agricultural purposes. As reported by Johnston (2013),
many of these forms have been anthropogenically modified by
infilling with soil to level the terrain and adapt it for agricultural
use, further contributing to slope smoothing. In addition, Gillijns
Poesen and Deckers (2005) indicate that cultivation-related
erosion leads to progressive slope reduction. In contrast, CDy,
which are more commonly located in forested environments,
experience limited erosional modification due to vegetation cover,
which protects slopes and allows for a longer preservation of their
original morphology.

Comparing morphometric parameters of CDs with those
reported by other authors is challenging, primarily because of
differences in delimitation methods. There is no consensus in the
literature on where to draw the boundary between a CD and its
catchment. In the case of CDg, the boundary is usually defined
relatively easily, based on the shoreline of a pond or the extent of
a peatland (Major, 2008). Greater difficulties arise for CDj, for
example, Major (2009) defines them as concave landforms
enclosed by a double contour line with an inward-pointing spur.
Owing to the lack of a clear definition, some authors (eg. Gillijns
Poesen and Deckers, 2005; Nowicka, 2016), as in the present
study, treat the CD as the entire landform catchment.

Using the BDOT10k database rather than the more
commonly used CORINE Land Cover 2018 (EEA, 2018) provided
a much more detailed picture of LULC, particularly important
given the small size of many CDs. CORINE Land Cover 2018 is
based on generalisation typical of 1:100,000-scale maps, which is
suitable for large-scale analyses but does not adequately capture
small landscape features. The BDOT10k corresponds to 1:10,000-
scale mapping accuracy and therefore allows the identification of
finer landscape elements. For this reason, BDOT10k is frequently
used in Poland for studies of catchments and buffer zones, as
confirmed by previous research (Kutyla, Kolada and Lawniczak-
Maliniska, 2024).

Surface deposits primarily control LULC within CDs. In
CDy, forest and semi-natural cover predominates because these
depressions are mainly situated on sandy substrates. Their low
water and nutrient retention limits agricultural use (El-Akhdar
et al., 2024; Holanda de, Vargas and Granada, 2025). In contrast,
CDg, are much more frequently associated with agricultural land,
as they occur mainly on substrates where soils of good or very
good agricultural quality develop, such as alluvial and clay soils
(Parikh and James, 2012; Kabata, 2022).

The presence of ponds, small lakes, and wetlands within CDs
means that part of the matter circulating within their catchments,
including nutrients, does not enter the river system directly but is
deposited or temporarily retained (Micun, 2014). Only during
periods of increased catchment wetness, such as spring snowmelt
or intense rainfall, may this material be released into the river
network (Major, Pietruszynski and Cieélinski, 2021). As a result,
CDs may help maintain the good ecological status of the Zbrzyca
River, as confirmed in 2024 (GIOS, 2025). Unfortunately, due to
climate change and anthropogenic activities, CDs, especially CDE,
are being degraded (Vasi¢ et al., 2020).
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CONCLUSIONS

The results indicate that morphometric differences between
infiltration closed depressions (CDy) and evapotranspiration closed
depressions (CDg) are statistically significant; however, their effect
size is small. This means that morphometric parameters alone do
not provide a sufficient basis for unambiguous classification of, for
example, depressions’ hydrological types. At the same time, clear
relationships were identified between CDs types and land use and
land cover (LULC) structure. Evapotranspiration closed depression
occurs more frequently in agricultural areas, whereas CD; are
mainly associated with forested environments. This suggests that
anthropogenic factors largely shape the contemporary functioning
of CDg. The results confirm that closed depressions (CDs) should
be regarded as complex geoecosystems, following the approach
proposed by Major (2010), in which morphometry reflects their
origin and development, while hydrological type influences their
functioning within postglacial landscapes. Consequently, their
analysis requires an integrative approach combining morphometric
characteristics, hydrological context, and LULC conditions within
the catchment.

From an applied perspective, the findings highlight the
important role of CDs in landscape-scale water retention and in
shaping environmental quality, particularly in agricultural land-
scapes. These forms may act as nutrient traps, provide habitats for
a wide range of plant and animal species, often of conservation
concern, and may also be incorporated into nature-based
solutions supporting water retention and climate change mitiga-
tion. Therefore, they should be explicitly considered in spatial
planning and water management strategies.

The observed relationships may also apply to other young
glacial regions with similar environmental conditions; however,
local factors such as land-use intensity or lithology may modify
these conditions.

Accordingly, future research on CDs should focus on field-
based verification of their hydrological functioning, including
analyses of water balance and temporal variability, as well as the
development of spatial analytical methods accounting for spatial
autocorrelation. Expanding analyses to other regions would further
enable a more robust assessment of the generality of the results.

ACKNOWLEDGEMENTS

The authors would like to thank the Director of Zaborski
Landscape Park for providing spatial data illustrating the
boundaries of closed depression catchments within the park.
The first author would like to express sincere gratitude to
Dr. Maciej Lenartowicz (University of Warsaw, Poland) for his
support and guidance during the initial steps in spatial analysis
using ArcGIS software.

CONFLICT OF INTERESTS

All authors declare that they have no conflict of interests.

DATA AVAILABILITY

A digital topographic map (1:10,000 scale) can be accessed via
WMS services at https://mapy.geoportal.gov.pl/wss/service/img/
guest/TOPO/MapServer/ WMSServer, accessed on 12 November

2025. Other datasets used and/or analysed during the current
study are available from the corresponding author on reasonable
request.

DECLARATION OF GENERATIVE Al
AND AI-ASSISTED TECHNOLOGIES

During the preparation of this work, the authors used Grammarly
to proofread the text for correctness in language style, grammar,
and punctuation. After using this tool, the authors reviewed and
edited the content as necessary, taking full responsibility for the
publication’s content.

REFERENCES

Bajkiewicz-Grabowska, E. and Mikulski, Z. (2006) Hydrologia ogélna
[General hydrology]. Warsaw: PWN.

Barszczyniska, M. et al. (2013) “Mapa podziatu hydrograficznego Polski
w skali 1: 10 000 - nowe hydrograficzne dane referencyjne [The
hydrographic map of Poland at a scale 1:10 000 — New thematic
reference data for hydrographyl,” Roczniki Geomatyki, 11,
pp. 15-28.

Bedla, D. and Kuczera, M. (2007) “Funkcje oczek wodnych w ksztalto-
waniu réznorodnoéci biologicznej srodowiska przyrodniczego
[Ponds - functions in forming biological diversity of natural
environmen],” Zeszyty Naukowe Akademii Rolniczej im. H. Ko-
tgdaja w Krakowie, 93, pp. 31-38.

Bielczynska, A. and Kutyla, S. (2022) “Geographic Information Systems
(GIS) as supporting tools in the monitoring and water manage-
ment of lakes in Poland: A review,” Environmental Protection and
Natural Resources, 33(1), pp. 1-16. Available at: https://doi.org/
10.2478/0szn-2022-0001.

Celmer, T. (1964) “Instrukcja opracowania mapy hydrograficznej
Polski 1:50 000 [Instruction for preparing a hydrographic map of
Poland at a scale of 1:50,000],” Dokumentacja Geograficzna, 3,
pp. 1-83.

Celewicz, S. and Goldyn, B. (2021) “Phytoplankton communities in
temporary ponds under different climate scenarios,” Scientific
Reports, 11, 17969. Available at: https://doi.org/10.1038/s41598-
021-97516-9.

Drwal, J. (1974) “Préba okreslenia typow obszaréw bezodplywowych
powierzchniowo w warunkach $rodowiska geograficznego Poje-
zierza Kaszubskiego [A trial to sescribe the types of areas without
run-off under the conditions of the geographical environment of
the Cassubian Lake District],” Zeszyty Naukowe Wydziatu
Biologii i Nauk o Ziemi — Uniwersytet Gdanski. Geografia, 4,
pp. 27-50.

Drwal, J. (1975) “Zagadnienia bezodptywowoéci na obszarach mlo-
doglacjalnych [The problem of the lack of outflow in youthful
glacial regions],” Zeszyty Naukowe Wydziatu Biologii i Nauk
o Ziemi — Uniwersytet Gdatiski. Geografia, 3, pp. 7-26.

Drwal, J. (1982) “Wyksztalcenie i organizacja sieci hydrograficznej jako
podstawa oceny struktury odplywu na terenach mlodoglacjalnych
[Development and organization of the hydrographic network as
a basis for assessing the runoff structure in young glacial areas],”
Zeszyty Naukowe, Rozprawy i Monografie, 33. Gdansk: Uni-
wersytet Gdanski.

Drwal, J. (1989) “Dzialy wodne [Watersheds],” in M. Gutry Korycka
and H. Werner Wieckowska (eds.) Przewodnik do hydrograficz-
nych badat terenowych [Guide for field hydrographic studies].
Warsaw: PWN, pp. 70-75.

© 2026. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP - PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)


https://mapy.geoportal.gov.pl/wss/service/img/guest/TOPO/MapServer/WMSServer
https://mapy.geoportal.gov.pl/wss/service/img/guest/TOPO/MapServer/WMSServer
https://doi.org/10.2478/oszn-2022-0001
https://doi.org/10.2478/oszn-2022-0001
https://doi.org/10.1038/s41598-021-97516-9
https://doi.org/10.1038/s41598-021-97516-9

Morphology, hydrology and land use/land cover of closed depressions in the Zbrzyca River sub-catchment...

183

EEA (2018) CORINE Land Cover 2018. Copernicus Land Monitoring
Service. Copenhagen: European Environment Agency.

El-Akhdar, 1. et al. (2024) “Sustainable wheat cultivation in sandy soils:
Impact of organic and biofertilizer use on soil health and crop
yield,” Plants, 13(22), 3156. Available at: https://doi.org/10.3390/
plants13223156.

Esposito, L. et al. (2025) “Mapping of closed depressions in karst
terrains: A GIS-based delineation of endorheic catchments in the
Alburni Massif (Southern Apennine, Italy),” Hydrology, 12(7),
186. Available at: https://doi.org/10.3390/hydrology12070186.

ESRI (2021) ArcGIS Desktop Release 10.8.2. Redlands, CA: Environ-
mental Systems Research Institute.

Forysiak, J. et al. (2017) “Cechy litologiczne wypelnienn wybranych
zagltebien bezodptywowych obszaru Wysoczyzny Lodzkiej [Litho-
logical features of the infillings of selected closed depressions in
the L6dz Upland],” Acta Geographica Lodziensia, 106, pp. 195-
210. Available at: https://doi.org/10.26485/AGL/2017/106/15.

Galon, R. (ed.) (1972) Geomorfologia Polski. T. 2. Niz Polski
[Geomorphology of Poland, Vol. 2. Polish Lowland]. Warsaw:
PWN.

Gerke, H.H. et al. (2010) “Structures and hydrologic function of soil
landscapes with kettle holes using an integrated hydropedological
approach,” Journal of Hydrology, 393, pp. 123-132. Available at:
http://dx.doi.org/10.1016/j.jhydrol.2009.12.047.

Gillijns, K, Poesen, J. and Deckers, J. (2005) “On the characteristics and
origin of closed depressions in loess-derived soils in Europe -
A case study from central Belgium,” Catena, 60, pp. 43-58.
Available at: https://doi.org/10.1016/j.catena.2004.10.001.

GIOS (2025) Ocena stanu jednolitych czgsci wod rzek w latach 2019~
2024 - tabela [Assessment of the status of river water bodies in
2019-2024 - table]. Warszawa: Glowny Inspektorat Ochrony
Srodowiska. Available at: https://wody.gios.gov.pl/pjwp/api/pub-
lications/media/2073 (Accessed: December 03, 2025).

Grela, J. et al. (2017) Metodyka weryfikacji warstw MPHP10 i jednostek
do planowania Wersja 3.0. [Methodology of verification of HMPI0
layers and planning units, Version 3.0.]. Cracow: NWMA.

Hayashi, M. and Kamp van der, G. (2000) “Simple equations to
represent the volume-area — depth relations of shallow wetlands
in a small topographic depression,” Journal of Hydrology, 237,
pp. 74-85. Available at: https://doi.org/10.1016/S0022-1694(00)
00300-0.

Holanda de, S.F., Vargas, LK. and Granada, C.E. (2025) “Challenges
for sustainable production in sandy soils: A review,” Environ-
ment, Development and Sustainability, 27, pp. 53-66. Available at:
https://doi.org/10.1007/s10668-023-03895-6.

Johnson, RR., Oslund, F. T. and Hertel, D.R. (2008) “The past, present,
and future of prairie potholes in the United States,” Journal of
Soil and Water Conservation, 63, pp. 84A-87A. Available at:
https://doi.org/10.2489/jswc.63.3.84A.

Johnston, C.A. (2013) “Wetland losses due to row crop expansion in
the Dakota Prairie Pothole Region,” Wetlands, 33, pp. 175-182.
Available at: https://doi.org/10.1007/s13157-012-0365-x.

Juselius-Rajaméki, T., Viliranta, M. and Korhola, A. (2023) “The
ongoing lateral expansion of peatlands in Finland,” Global
Change Biology, 29(24), pp. 7173-7191. Available at: https://doi.
org/10.1111/gcb.16988.

Jutrowska, E. (2007) Antropogeniczne zmiany warunkéw hydrologicz-
nych w dorzeczu Brdy [Anthropogenic changes in hydrological
conditions in the Brda River basin]. Biblioteka Monitoringu
Srodowiska. Bydgoszcz: WIOS.

Kabata, C. (2022) “Origin, transformation, and classification of alluvial
soils (mady) in Poland - soils of the year 2022,” Soil Science

Annual, 73(3), 156043. Available at: https://doi.org/10.37501/
soilsa/156043.

Karasiewicz, M.T. and Juskiewicz, W. (2017) “Budowa geologiczna
i geneza zaglebienia bezodplywowego w rezerwacie Retno na tle
najblizszego otoczenia [Geological structure and origin of the
closed depression in the Retno Nature Reserve in the context of
its immediate surroundings],” in M.T. Karasiewicz, P. Hulisz and
M. Switoniak (eds.), Postglacjalna historia zaglebienia bezodply-
wowego w rezerwacie Retno (Pojezierze Brodnickie) [Postglacial
history of the closed depression in the Retno Nature Reserve
(Brodnica Lakeland)]. Torun: UMK, pp. 41-48. Available at:
https://repozytorium.umk.pl/server/api/core/bitstreams/907c
6351-de83-4290-8ebl-bc4a65ce3a70/content (Accessed: Janu-
ary 20, 2026).

Keilhack, K. (1891) “Uber die Lage der Wasserscheiden auf der
Baltischen Seenplatte [On the location of the watershed divides in
the Baltic Lakeland],” Petermanns Mitteilungen, 37, pp. 38-41.

Klimaszewski, M. (1959) “Zagadnienia mapy hydrograficznej Polski
[Issues of the hydrographic map of Poland],” Dokumentacja
Geograficzna, 4, pp. 1-10.

Kolodyniska-Gawrysiak, R. (2017) “Zaglebienia bezodptywowe obsza-
réow lessowych Polski. Stan i perspektywy badan [Closed
depressions in the loess areas of Poland. Current state of research
and prospects for further research],” Acta Geographica Lodzien-
sia, 106, pp. 105-116. Available at: https://doi.org/10.26485/AGL/
2017/106/8.

Kolodyniska-Gawrysiak, R. and Poesen, J. (2017) “Closed depressions in
the European loess belt - Natural or anthropogenic origin?,”
Geomorphology, 288, pp. 111-128. Available at: https://doi.org/
10.1016/j.geomorph.2017.02.004.

Kowalska, A. (1968) Obszary bezodptywowe srodkowej czesci Nizu
Polskiego [Closed depressions in the central part of the Polish
Lowlands]. Lublin: UMCS.

Kowalska, A. (1971) “Zagadnienie $rodkowoeuropejskich obszaréw
bezodptywowych w literaturze [The issue of Central European
endorheic areas in the literature],” Czasopismo Geograficzne,
42(4), pp. 353-363.

Kutyta, S. (2020) Wplyw presji hydromorfologicznych oraz struktury
uzytkowania zlewni na stan ekologiczny wybranych jezior w Polsce
[The effect of hydromorphological pressures and catchment land
use on the ecological status of the selected lakes in Poland]. PhD
Thesis. Poznan University of Life Sciences.

Kutyla, S., Kolada, A. and Lawniczak-Malifiska, A. (2024) “How far
from the shoreline? The effect of catchment land use on the
ecological status of flow-through lakes,” Ecohydrology and
Hydrobiology, 24(2), pp. 299-310. Available at: https://doi.org/
10.1016/j.ecohyd.2023.08.010.

Lange, W. (ed.) (1993) Metody badati fizycznolimnologicznych [Meth-
ods of physical limnological research]. Gdansk: UG.

Li, R. el al. (2013) “Drainage structure datasets and effects on LiDAR-
derived surface flow modeling,” ISPRS International Journal of
Geo-Information, 2(4), pp. 1136-1152. Available at: https://doi.
org/10.3390/ijgi2041136.

Liberacki, M. (1958) “Formy wytopiskowe na obszarze sandru i doliny
Brdy [Thermokarst landforms in the outwash plain and the Brda
Valley],” Zeszyty Naukowe Uniwersytetu Mikolaja Kopernika.
Nauki Matematyczno-Przyrodnicze. Geografia, 4, pp. 47-70.

Lidberg, W. et al. (2017) “Evaluating preprocessing methods of digital
elevation models for hydrological modeling,” Hydrological
Processes, 31(26), pp. 4660-4668. Available at: https://doi.org/
10.1002/hyp.11385.

© 2026. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP - PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.3390/plants13223156
https://doi.org/10.3390/plants13223156
https://doi.org/10.3390/hydrology12070186
https://doi.org/10.26485/AGL/2017/106/15
http://dx.doi.org/10.1016/j.jhydrol.2009.12.047
https://doi.org/10.1016/j.catena.2004.10.001
https://wody.gios.gov.pl/pjwp/api/publications/media/2073
https://wody.gios.gov.pl/pjwp/api/publications/media/2073
https://doi.org/10.1016/S0022-1694(00)00300-0
https://doi.org/10.1016/S0022-1694(00)00300-0
https://doi.org/10.1007/s10668-023-03895-6
https://doi.org/10.2489/jswc.63.3.84A
https://doi.org/10.1007/s13157-012-0365-x
https://doi.org/10.1111/gcb.16988
https://doi.org/10.1111/gcb.16988
https://doi.org/10.37501/soilsa/156043
https://doi.org/10.37501/soilsa/156043
https://repozytorium.umk.pl/server/api/core/bitstreams/907c6351-de83-4290-8eb1-bc4a65ce3a70/content
https://repozytorium.umk.pl/server/api/core/bitstreams/907c6351-de83-4290-8eb1-bc4a65ce3a70/content
https://doi.org/10.26485/AGL/2017/106/8
https://doi.org/10.26485/AGL/2017/106/8
https://doi.org/10.1016/j.geomorph.2017.02.004
https://doi.org/10.1016/j.geomorph.2017.02.004
https://doi.org/10.1016/j.ecohyd.2023.08.010
https://doi.org/10.1016/j.ecohyd.2023.08.010
https://doi.org/10.3390/ijgi2041136
https://doi.org/10.3390/ijgi2041136
https://doi.org/10.1002/hyp.11385
https://doi.org/10.1002/hyp.11385

184

Sebastian Kutyta, Barbara Nowicka

Maizels, ].K. (1977) “Experiments on the origin of kettle-holes,” Journal
of Glaciology, 18, pp. 291-303. Available at: https://doi.org/
10.3189/50022143000021365.

Major, M. (2008) “Morphometric differences among basins without
outlets in the southern and central parts of the Parseta
catchment,” Limnological Review, 8(1-2), pp. 43-49. Available
at: https://www.researchgate.net/publication/266603802_Mor-
phometric_differences_among_basins_without_outlets_in_the_-
southern_and_central_parts_of_the_Parseta_catchment (Ac-
cessed: April 21, 2026).

Major, M. (2009) Charakter i funkcjonowanie zaglebieri bezodpltywo-
wych w krajobrazie strefy miodoglacjalnej (Pomorze Zachodnie,
gorna Parseta) [Character and functioning of closed depressions in
the landscape of the young-glacial zone (Western Pomerania,
upper Parseta)]. Poznan: Wyd. PTPN.

Major, M. (2010) “Mozliwoéci zastosowania teorii funkcjonowania
geoekosystemu do badan obszaréw bezodplywowych [Possible
applications of the geoecosystem theory in the study of areas
without outlets],” Przeglgd Geograficzny, 82, pp. 103-113.
Available at: https://doi.org/10.7163/PrzG.2010.1.5.

Major, M., Chudzifska, M. and Majewski, M. (2024) “Wplyw
warunkéw pogodowych na skfad chemiczny i zasilanie oczek
w zaglebieniach meteorytowych (rezerwat ,Meteoryt Morasko”,
Poznan) [The influence of weather conditions on the chemical
composition and supply of kettle ponds in meteorite depressions
(“Meteoryt Morasko” reserve, Poznan)],” Przeglgd Geograficzny,
96(3), pp. 351-366. Available at: https://doi.org/10.7163/
PrzG.2024.3.3.

Major, M., Pietruszynski, L. and Cieslinski, R. (2021) “Zréznicowanie
przestrzenne wybranych skladnikéw biogennych w $rédpolnych
oczkach w Polsce Pélnocnej [Spatial differentiation characteris-
ing selected biogenic components in mid-field kettle ponds of
northern Poland],” Przeglgd Geograficzny, 93(1), pp. 59-81.
Available at: https://doi.org/10.7163/PrzG.2021.1.4.

Martonne de, E. and Aufrére L. (1928) “L’extension des régions privées
d’écoulement vers 'océan [The expansion of regions deprived of
drainage towards the ocean],” Annales de Géographie, 37, pp. 1-
24. Available at: https://www.persee.fr/doc/geo_0003-
4010_1928_num_37_205_9188 (Accessed: November 20, 2025).

Maruszczak, H. (1954) “O oczkach lodowcowych i zaglebieniach bez-
odptywowych [On kettle lakes and closed depressions],”
Czasopismo Geograficzne, 25(1-2), pp. 27-39.

Micun, K. (2014) “Rola zaglebien bezodplywowych jako lokalnych
zbiornikéw sedymentacyjnych w krajobrazie mlodoglacjalnym
Suwalskiego Parku Krajobrazowego [The role of kettle holes as
local sedimentary reservoirs of the early post-glacial landscape of
Suwalki Landscape Park],” Inzynieria Ekologiczna, 40, pp. 196-
207. Available at: https://doi.org/10.12912/2081139X.82.

Nitzsche, K.N. et al. (2017) “Land-use and hydroperiod affect kettle
hole sediment carbon and nitrogen biogeochemistry,” Science of
the Total Environment, 574, pp. 46-56. Available at: https://doi.
org/10.1016/j.scitotenv.2016.09.003.

Nowicka, B. (2003) “Struktura hydrologiczna obszaru [Hydrological
structure of the area],” in M. Przewozniak (ed.) Materialy do
monografii przyrodniczej regionu gdanskiego. T. 9: Zaborski Park
Krajobrazowy, Problem tréjochrony i wspélistnienia z Parkiem
Narodowym ,,Bory Tucholskie” [Materials for the natural mono-
graph of the Gdavisk region. Vol. 9: Zaborski Landscape Park,
the issue of triple protection and coexistence with the
“Bory Tucholskie” National Park]. Gdansk: Wyd. ,Marpress”,
pp. 17-35.

Nowicka, B. (2016) “Hydrologiczna rola zaglebienn bezodplywowych
w PN ”Bory Tucholskie” [Hydrological role of Closed Depres-

sions in the “Bory Tucholskie” National Park],” in A. Choinski,
M. Kochanowska, and W. Marszelewski (eds.) Przyroda abio-
tyczna Parku Narodowego ,,Bory Tucholskie” [Abiotic nature of
the “Bory Tucholskie” National Park]. Charzykowy: Park
Narodowy ,,Bory Tucholskie”, pp. 215-227.

Nowicka, B. and Lenartowicz, M. (2004) “Variability in the process of
the lake feeding by the groundwater (case study of small basin in
South Pomeranian Lake District),” in F. Maraga and M. Arattano
(eds.) Proceedings: Progress in surface and subsurface water
studies at the plot and small basin scale. 10th Conference of the
Euromediterranean Network of Experimental and Representative
Basins (ERB), Turin, Italy, 13-17 October 2004. IHP VI,
Technical Documents in Hydrology, 77. Paris: UNESCO,
pp. 15-20.

Pardo-Iguzquiza, E. and Dowd, P.A. (2021) “The mapping of closed
depressions and its contribution to the geodiversity inventory,”
International Journal of Geoheritage and Parks, 9(4), pp. 480-495.
Available at: https://doi.org/10.1016/j.ijgeop.2021.11.007.

Pardo-Iguzquiza, E. et al. (2016) “Morphometric analysis of karst
depressions on a Mediterranean karst massif,” Geografiska
Annaler. Series A, Physical Geography, 98(3), pp. 247-263.
Available at: https://doi.org/10.1111/geoa.12135.

Parikh, S.J. and James, B.R. (2012) “Soil: The foundation of
agriculture,” Nature Education Knowledge, 3(10), 2. Available
at: https://www.nature.com/scitable/knowledge/library/soil-the-
foundation-of-agriculture-84224268/ (Accessed: November 13,
2025).

Payne, J.E. et al. (2018) “Investigation of relationships between soil type
and condition and crater size for shallow-buried explosive
charges,” International Journal of Protective Structures, 10(2),
pp. 135-153. Available at: https://doi.org/10.1177/20414196
18798382.

Pazdro, Z. and Kozerski, B. (1990) Hydrogeologia ogdlna [General
hydrogeology]. Warsaw: Wydawnictwa Geologiczne.

Rittenhouse, T.A.G. and Semlitsch, R.D. (2007) “Distribution of
amphibians in terrestrial habitat surrounding wetlands,” Wet-
lands, 27, pp. 153-161. Available at: https://doi.org/10.1672/
0277-5212(2007)27[153:DOAITH]2.0.CO;2.

Rozporzadzenie (2011) “Rozporzadzenie Ministra Spraw Wewnetrz-
nych i Administracji z dnia 17 listopada 2011 r. w sprawie bazy
danych obiektéw topograficznych oraz bazy danych obiektéw
ogdlnogeograficznych, a takze standardowych opracowan karto-
graficznych [Regulation of the Ministry of Interior and Admin-
istration from 17 November 2011 On the Topographic Objects
Database and General Geographic Objects Database, as well as
standard cartographic products],” Dz.U. 2011, No. 279 item 1642.

Semiromi, T.M. et al. (2025) “Comparing ecohydrological character-
istics of European kettle holes and prairie potholes for effective
conservation and management,” Wetlands, 45, 83. Available at:
https://doi.org/10.1007/s13157-025-01961-5.

Sobczynska, K. (2015) “Geneza i klasyfikacja antropogenicznych
zaglebieni bezodptywowych w Gérach Swietokrzyskich [Genesis
and classification of anthropogenic closed depressions in the
Swietokrzyskie Mountains],” Annales Universitatis Mariae Curie-
Sklodowska, Sectio B - Geographia, Geologia, Mineralogia et
Petrographia, 70(1), pp. 27-38. Available at: https://doi.org/
10.17951/b.2015.70.1.27.

Soczyniska, U. (ed.). (1997) Hydrologia dynamiczna [Dynamic hydro-
logy]. Warsaw: PWN.

Solon, J. et al. (2018) “Physico-geographical mesoregions of Poland:
Verification and adjustment of boundaries on the basis of
contemporary spatial data,” Geographia Polonica, 91(2), pp. 143-
170. Available at: https://doi.org/10.7163/GPol.0115.

© 2026. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP - PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.3189/S0022143000021365
https://doi.org/10.3189/S0022143000021365
https://www.researchgate.net/publication/266603802_Morphometric_differences_among_basins_without_outlets_in_the_southern_and_central_parts_of_the_Parseta_catchment
https://www.researchgate.net/publication/266603802_Morphometric_differences_among_basins_without_outlets_in_the_southern_and_central_parts_of_the_Parseta_catchment
https://www.researchgate.net/publication/266603802_Morphometric_differences_among_basins_without_outlets_in_the_southern_and_central_parts_of_the_Parseta_catchment
https://doi.org/10.7163/PrzG.2010.1.5
https://doi.org/10.7163/PrzG.2024.3.3
https://doi.org/10.7163/PrzG.2024.3.3
https://doi.org/10.7163/PrzG.2021.1.4
https://www.persee.fr/doc/geo_0003-4010_1928_num_37_205_9188
https://www.persee.fr/doc/geo_0003-4010_1928_num_37_205_9188
https://doi.org/10.1016/j.scitotenv.2016.09.003
https://doi.org/10.1016/j.scitotenv.2016.09.003
https://doi.org/10.1016/j.ijgeop.2021.11.007
https://doi.org/10.1111/geoa.12135
https://www.nature.com/scitable/knowledge/library/soil-the-foundation-of-agriculture-84224268/
https://www.nature.com/scitable/knowledge/library/soil-the-foundation-of-agriculture-84224268/
https://doi.org/10.1177/2041419618798382
https://doi.org/10.1177/2041419618798382
https://doi.org/10.1672/0277-5212(2007)27[153:DOAITH]2.0.CO;2
https://doi.org/10.1672/0277-5212(2007)27[153:DOAITH]2.0.CO;2
https://doi.org/10.1007/s13157-025-01961-5
https://doi.org/10.7163/GPol.0115

Morphology, hydrology and land use/land cover of closed depressions in the Zbrzyca River sub-catchment...

185

Spethmann, H. (1912) “Die Grosse des oberirdisch abflusslosen
Gebietes der Insel Riigen [Size of the endorheic basin on the
island of Riigen],” Petermanns Mitteilungen, 12(7), n. pag.

StatSoft Inc. (2014) STATISTICA (data analysis software system),
version 12.

Surface Deposits Map (1978a) “Brusy” sheet, scale 1:50,000. Warsaw:
Polish Geological Institute.

Surface Deposits Map (1978b) “Karsin” sheet, scale 1:50,000. Warsaw:
Polish Geological Institute.

Surface Deposits Map (1978c) “Koscierzyna” sheet, scale 1:50,000.
Warsaw: Polish Geological Institute.

Surface Deposits Map (1978d) “Studzienice” sheet, scale 1:50,000.
Warsaw: Polish Geological Institute.

Szafraniec, J. (2010) “Zastosowanie wskaznika urzeZzbienia powierzchni
sandrowych jako informacji o charakterze drenazu ladolodu
Wisly na Pomorzu [Application of a relief intensity coefficient of
outwash plain surfaces as the information about the Vistula
glacier drainage nature in Pomerania,” Landform Analysis, 13,
pp. 117-128. Available at: https://bibliotekanauki.pl/articles/
295092 (Accessed: February 14, 2026).

Szafraniec, J.E. (2024) “A dataset of high-resolution digital elevation
models of the Skeidararsandur kettle holes, Southern Iceland.”
Scientific Data, 11, 660 Available at: https://doi.org/10.1038/
§41597-024-03515-6.

Tomczyk, A. and Bednorz, E. (2022) Atlas klimatu Polski (1991-2020)
[Polish climate atlas (1991-2020)]. Poznan: Bogucki Wydaw.
Nauk.

Ufa, M. (2013) Analizy hydrograficzne w ArcGIS, czyli z GIS-em na
glebokg wode [Hydrographic analyzes in ArcGIS, with GIS for deep
water]. Available at: https://www.arcanagis.pl/analizy-hydrogra-
ficzne-w-arcgis-czyli-z-gis-em-na-gleboka-wode/ (Accessed: De-
cember 10, 2025).

Vasi¢, F. et al. (2020) “Ecosystem services of kettle holes in agricultural
landscapes,” Agronomy, 10, 1326. Available at: https://doi.org/
10.3390/agronomy10091326.

Werner-Wieckowska, H. (1952) “Uwagi o prowadzeniu dziatow
wodnych na obszarach bezodptywowych [Comments on deli-
neating catchment of closed depressions],” Gospodarka Wodna,
12(12), n. pag.

Werner-Wigckowska, H. (1953) “Obszary bezodplywowe Mazowsza
[Mazovia’s closed depressions],” Przeglgd Geograficzny, 23,
pp. 127-136.

Whigham, D.F and Jordan, T.E. (2003) “Isolated wetlands and water
quality,” Wetlands, 23(3), pp. 541-549. Available at: https://doi.
0rg/10.1672/0277-5212(2003)023[0541:IWAWQ]2.0.CO;2.

Wrysocka, A. (ed.) (2005) Zaborski Park Krajobrazowy — Natura 2000.
Informator turystyczno-przyrodniczy [Zaborski Landscape Park -
Natura 2000, Tourist — Nature Guide]. Chojnice: ZBK.

Zynda, S. (1959) “Z badan nad zaglebieniami bezodplywowymi
pochodzenia glacjalnego [Some notes on research work on
depressions without outlets of glacial origin],” Zeszyty Naukowe
Uniwersytetu Adama Mickiewicza w Poznaniu, Geografia, 21(2),
n. pag.

© 2026. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP - PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)


https://bibliotekanauki.pl/articles/295092
https://bibliotekanauki.pl/articles/295092
https://doi.org/10.1038/s41597-024-03515-6
https://doi.org/10.1038/s41597-024-03515-6
https://www.arcanagis.pl/analizy-hydrograficzne-w-arcgis-czyli-z-gis-em-na-gleboka-wode/
https://www.arcanagis.pl/analizy-hydrograficzne-w-arcgis-czyli-z-gis-em-na-gleboka-wode/
https://doi.org/10.3390/agronomy10091326
https://doi.org/10.3390/agronomy10091326
https://doi.org/10.1672/0277-5212(2003)023[0541:IWAWQ]2.0.CO;2
https://doi.org/10.1672/0277-5212(2003)023[0541:IWAWQ]2.0.CO;2

	INTRODUCTION
	MATERIAL AND METHODS
	STUDY AREA
	ANALYSIS OF THE HYDROLOGICAL TYPE AND LAND USE/LAND COVER OF CLOSED DEPRESSION CATCHMENTS
	MORPHOMETRIC ANALYSIS OF CLOSED DEPRESSIONS
	STATISTICAL ANALYSES

	RESULTS
	PERMEABILITY OF SURFACE DEPOSITS
	HYDROLOGICAL CHARACTERISTICS OF CLOSED DEPRESSIONS AND THEIR SPATIAL DISTRIBUTION
	MORPHOMETRIC CHARACTERISTICS OF CLOSED DEPRESSIONS
	LAND USE/LAND COVER CHARACTERISTICS OF CLOSED DEPRESSIONS

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTERESTS
	DATA  AVAILABILITY
	DECLARATION OF GENERATIVE AI AND AI-ASSISTED TECHNOLOGIES
	REFERENCES

