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MORPHOMETRIC CLASSIFICATION
AND SPATIAL DISTRIBUTION OF
DOLINES IN SOUTHERN SLOVENIA

Sado Stefanovski, Mateja Ferk, Timotej Verbovsek, Uros Stepisnik

UROS STEPISNIK

Dolines of the Rajndol corrosion plain.
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Saso Stefanovski', Mateja Ferk?, Timotej Verbovsek?, Uros Stepisnik!

Morphometric classification and spatial distribution of dolines in southern Slovenia

ABSTRACT: Dolines have traditionally been classified based on qualitative descriptions. This research pre-
sents the first attempt to connect a morphometric classification of dolines with existing morphological
typologies in Slovenia. Using an automatic detection algorithm on a digital elevation model, we identi-
fied 179,288 standalone dolines and classified them into four classes based on morphometric characteristics.
The classes were interpreted using statistical and spatial analyses. Dolines in Slovenia can be grouped into
bowl-, funnel-, well-shaped, and elongated types. The type and distribution of dolines reflect the proper-
ties of karst, particularly sediment coverage and cone karst features. This research marks an initial step
toward the systematic study of dolines, laying a foundation for further research.

KEYWORDS: karst, typology, data clustering, digital terrain model, Slovenia

Morfometri¢na klasifikacija in prostorska razporeditev vrta¢ v juzni Sloveniji

POVZETEK: Vrtace so bile tradicionalno razvr$¢ene na podlagi kvalitativnih opisov. Ta raziskava je prvi
poskus povezave morfometri¢ne klasifikacije vrta¢ z obstoje¢imi morfoloskimi tipizacijami v Sloveniji.
Z uporabo algoritma za samodejno zaznavanje vrta¢ na podlagi digitalnega modela visin smo identifici-
rali 179.288 samostojnih vrta¢ in jih razvrstili v $tiri razrede glede na njihove morfometri¢ne znacilnosti.
Razrede smo interpretirali s statisticnimi in prostorskimi analizami. Vrtace v Sloveniji lahko po obliki razvrs-
timo v skledaste, lijakaste, vodnjakaste in koritaste tipe. Tip in razporeditev vrta¢ odrazata lastnosti krasa,
zlasti prekritost s sedimentom in prisotnost kopastega krasa. Ta raziskava pomeni zacetni korak k sistemati¢nemu
preucevanju vrta¢ in postavlja temelje za nadaljnje raziskave.

KLJUCNE BESEDE: kras, tipizacija, podatkovno razvricanje, digitalni model visin, Slovenija
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1 Introduction

Karst is a distinctive geomorphic system characterised by the predominance of subterranean water flow.
The primary geomorphic process governing karst development is chemical denudation of bedrock, pri-
marily via dissolution. Dissolution also extends deep within the subsurface, resulting in the formation of
cavities with high effective permeability (White 1988). The heterogeneous nature of surface denudation,
which is predominantly influenced by dissolution and supplemented by other mechanical processes that
facilitate the transfer of material across the surface and into the subsurface, leads to the development of
a complex karst landscape. This landscape is marked by a diversity of geomorphological features, includ-
ing both positive and negative topographical forms (Jennings 1985; Habic¢ 1986; Ford and Williams 2007).
A very common surface landform in karst areas within the temperate climate zone is a doline or a sink-
hole (Sauro 2003). This term refers to circular depressions, typically up to 100 m diameter and around 10
m deep (Gams et al. 1973; Jennings 1985; White 1988; Gams 2003; Ford and Williams 2007; Mihevc and
Mihevc 2021; Stefanovski et al. 2024). Due to their prevalence, dolines are often considered the most typ-
ical or even diagnostic landform of karst landscapes (Sweeting 1973; Ford and Williams 2007; Sauro 2019).
These landforms exhibit a wide variety of shapes and sizes, making their classification both challenging
and crucial for understanding karst dynamics. Despite this, classification and typification of dolines are
mostly based on their formation processes (e.g., Cramer 1941; Waltham and Fookes 2003; De Waele and
Gutiérrez 2022) rather than on morphometric or morphographic characteristics (e.g., Cviji 1893; Gams
etal. 1962; Jeanpert et al. 2016). The morphogenesis of certain dolines has been well-documented in pre-
vious studies, leading to the widespread adoption of classification systems centred on their morphogenetic
mechanisms. Cviji¢ (1893) was among the first to categorise dolines by their formation processes. Cramer
(1941) upgraded the findings of Cviji¢ (1893) and introduced a systematic morphogenetic typology that
remains largely relevant today, distinguishing dolines into types such as collapse, subsidence, solution, suf-
fosion, and alluvial dolines.

Geomorphological investigations involve various methods and steps. Morphological analysis describes
dolines qualitatively, focusing on their shape, while morphometric analysis measures their numerical prop-
erties. The two are closely linked, as morphometric data provide exact values about the same features that
morphological analysis describes (Pavlopoulos et al. 2009). Modern morphometric and morphographic
typologies of dolines are relatively uncommon. Morphometric approaches mostly focus on the calcula-
tion and interpretation of general morphometric properties (e.g., Bondesan et al. 1992; Telbisz et al. 2009;
Segina et al. 2018; Verboviek and Gabor 2019). Cviji¢ (1893) proposed the earliest typology, classifying
dolines into bowl-shaped, funnel-shaped, and well-shaped types based on the depth-to-diameter ratio and
slope inclination. Subsequent typologies have largely built upon Cviji¢’s findings (e.g., Gams et al. 1962;
Gams et al. 1973; Gams 1974; Gams 2003; Sauro 2003; Ford and Williams 2007; Jeanpert et al. 2016; De
Waele and Gutiérrez 2022). In the past, morphometric and morphographic classifications were less prac-
tical due to the time-consuming nature of field data collection through geomorphological mapping and
measurements. Consequently; classifications of dolines were predominantly qualitative, with limited quan-
titative classifications (Péntek et al. 2007; Jeanpert et al. 2016). With the availability of high-resolution digital
terrain models (DTMs) and advances in computer technology, manual geomorphological mapping is increas-
ingly being complemented or replaced by advanced GIS-based delineation methods. Since dolines are one
of the main features of karst surfaces, various methods for their delineation have been developed (e.g., Obu
and Podobnikar 2013; Grlj and Grigillo 2014; Telbisz 2021; Ciglic¢ et al. 2022). For instance, Mihevc and
Mihevc (2021) created a comprehensive doline database for the karst areas of Slovenia using machine learn-
ing-supported U-Net segmentation. Their work also provides a valuable description of doline distribution,
representing a significant contribution to karst research in Slovenia.

However, some limitations of the approach of Mihevc and Mihevc (2021) merit consideration. First,
the delineation of dolines was not entirely precise, as the study did not define dolines as closed depres-
sions, leading to the inclusion of false positives cases (gullies and other concave features) in the database.
Second, the classification of dolines was based on genesis — categorised into collapse dolines, solution dolines,
and suffosion dolines — primarily relying on the authors’ terrain knowledge. While this approach offers
valuable insights, it is inherently subjective, as it lacks explicitly defined quantitative or qualitative crite-
ria for classification. The absence of such criteria or parameters makes it challenging to replicate or validate
their classifications fully.



Sado Stefanovski, Mateja Ferk, Timotej Verbovsek, Uros$ Stepisnik, Morphometric classification and spatial distribution ...

A recent study by Stefanovski et al. (2024) explored new approaches to doline delineation, compar-
ing existing methods with a newly developed approach. Their findings suggest that the new method achieves
higher accuracy in delineating dolines than previously employed methods (Obu and Podobnikar 2013;
Zumpano et al. 2019; Mihevc and Mihevc 2021).

This study focuses on three main objectives. First, it aims to use the detailed spatial database based on
the method provided by Stefanovski et al. (2024) to classify dolines in Slovenia based on their morphometric
characteristics. Second, it seeks to connect the existing morphographic classifications and terminology to
a new updated typology of dolines using this data, with the aim of bridging existing knowledge with cur-
rent methods to ensure consistency and avoid unnecessary introduction of new terms or definitions. Instead,
the study refines and enhances what has already been described, ensuring continuity and consistency in
doline research. Third, it aims to analyse the relation between doline types, sediment presence, corrosion
plains and cone karst areas. This analysis will help us better understand how dolines are distributed across
various karst landscapes; however, it does not address their formation processes, as doing so would be over-
ly speculative and require a dedicated, in-depth study focused specifically on these aspects.

2 Review of doline typologies: a theoretical overview

Dolines are typical geomorphological features of temperate karst landscapes. Some authors regard them
as among the most characteristic karst landforms (Ford and Williams 2007) or even as diagnostic forms
of karst surfaces (Sweeting 1973). However, it is important to note that dolines do not occur in all karst
environments, but rather in areas where the vadose zone is developed. This type of karst is defined as deep
karst (Serko 1947; Bogli 1980; Sustersi¢ 1994). In other karst settings, such as fluviokarst, glaciokarst, or
shallow karst, they are either absent or the karst depressions are not classified genetically as dolines (Stepisnik
2024). Due to the large number of dolines in karst areas of temperate geographic latitudes, early studies
aimed to classify these landforms. Since the first detailed descriptions and studies of dolines, numerous
typologies have been proposed by various authors (e.g., Cviji¢ 1893; Cramer 1941; Gams et al. 1962). Although
these typologies are diverse, they can generally be grouped into four main categories. The first category
includes morphometric and morphographic typologies (e.g., Cviji¢ 1893; Gams 2003; Sauro 2019), which
are the focus of this research and are therefore examined in greater detail in the first part of the subse-
quent literature review. Dolines can also be categorised based on geological settings, morphogenetic and
morphodynamic processes (e.g., Cramer 1941; Gams 2000; Car 2001; Péntek et al. 2007; Verbovsek and
Gabor 2019; De Waele and Gutiérrez 2022).

Morphometric typologies of dolines are relatively uncommon, even though most studies have
included general morphometric analyses, such as depth, area and elongation, within their research (e.g.,
Bondesan et al. 1992; Telbisz et al. 2009; Segina etal. 2018; Verbovsek and Gabor 2019; Ciglic et al. 2022).
The sheer number of dolines can make data collection extremely time-consuming (Sustersi¢ 1994;
Sustersi¢ 2006; Sustersi¢ 2017). Before the availability of LIDAR data in Slovenia, these measurements had
to be collected manually in the field, or by examining large scale topographic maps (e.g., Car 1982; Car
2001; Frelih 2014; Car 2018) further adding to the difficulty and effort required.

Morphographic typologies are more common, but are rarely supported by morphometric descrip-
tions, which would make them more reliable and objectively comparable. The earliest morphographic
typology of dolines was developed by Cviji¢ (1893) who used morphometric properties to provide a more
precise description. He described the depressions we now define as dolines as round or elliptical in plan,
with depths ranging from 2 to 20 m and diameters between 10 and 120 m. These features can appear either
individually or in dense clusters, with more than 50 per km?. Cviji¢ (1893) distinguished three main types
of ordinary dolines based on the ratio of depth to diameter and slope inclination. These types are: bowl-
shaped or basin-shaped dolines, which have a small depth relative to their diameter, with the diameter being
approximately ten times the depth. The slopes of these dolines are generally gentle, ranging from 10° to 12°.
Funnel-shaped dolines, on the other hand, have a diameter about two to three times greater than the depth,
with steeper slope inclinations, mostly between 30° and 45°. Well-shaped dolines are characterised by depths
that are roughly equal to or even greater than their diameter, with slope inclinations exceeding 45°, result-
ing in very steep sides.
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Cviji¢ (1893) also identified a special type known as elongated dolines, which he described as valley-
like depressions typically found at higher altitudes, though he did not provide specific morphometric criteria
for these elongated forms.

Gams et al. (1962) developed a second morphographic typology of dolines, largely based on the work
of Cviji¢ (1893) as seen in Table 1. They characterised well-shaped dolines as having steep, sometimes ver-
tical walls, and a flat floor. Kettle-shaped dolines were also noted for their steep slopes, but with a concave
floor. While they acknowledged the existence of bowl-shaped and funnel-shaped dolines due to their dis-
tinctive cross-sectional profiles, they did not provide detailed descriptions of these types.

The morphometric analysis of dolines by Gams (1974) did not provide specific morphometric values
for each type of doline but instead offered their general dimensions. He found that the depth-to-diame-
ter ratio at the upper edge of dolines typically ranges from 1:6 to 1:10. He also identified regional variations,
observing that some areas are characterised by small dolines only a few meters wide, while others con-
tain larger dolines with diameters ranging from 50 to over 100 m.

Péntek et al. (2007) provided a morphodynamic typology of solution dolines based on their morphometric
properties. They used depth, horizontal extension and slope shape as the three main morphometric para-
meters. The solution dolines were classified as dolines widening at rim and base, dolines widening at base,
dolines widening at rim and dolines, that are deepening, but not widening.

Jeanpert et al. (2016) developed a morphometric typology based on their analysis of a pseudokarstic
environment on ultramafic rocks in New Caledonia. They identified several types of dolines: collapse dolines,
which are characterised by an average slope exceeding 30°; bowl-shaped dolines, where the average slope
ranges between 15° and 30°; and flat-bottomed dolines, defined by an average slope of less than 15°. The
flat-bottomed dolines are further classified into large and small, depending on whether their diameter is
greater or less than 10 m.

Sauro (2019) categorised dolines into three distinct types based on their shape: the most common are
bowl-shaped dolines, followed by funnel-shaped dolines, which are also fairly common, and the least com-
mon are well-shaped dolines. He uniquely linked the shape of dolines to their formation processes, identifying
funnel-shaped and bowl-shaped dolines as typical forms of suffosion processes in covered karst areas. He
suggested that funnel-shaped dolines may result from either suffosion or collapse processes, making their
precise morphogenetic origin challenging to determine. He refers to these as drawdown corrosion dolines.

Cviji¢ (1893) also classified dolines based on morphostructural characteristics, distinguishing them
by the presence of sediment or water at the bottom, including »empty dolines« and those that are occa-
sionally or permanently flooded. Car (2001) expanded this by categorising dolines according to the structural
conditions in which they form, identifying six basic types, which are stratification dolines, fissure dolines,
bedded-fissured dolines, broken dolines, near-fault dolines, and fault dolines along with contact and repro-
duced dolines.

Cviji¢ (1893) first classified dolines based on morphogenetic mechanisms, linking different types to
processes like corrosion, collapse, and tectonic influences. Cramer (1941) introduced a systematic typol-
ogy, categorising dolines into collapse dolines, subsidence, solution, suffosion, and alluvial types. Gams
expanded these classifications, adding terms like rocky dolines and fossil dolines, and highlighting compound

Table 1: Most notable morphological doline classifications with the original terms used.

Author, year Doline shape

Language Bowl-shaped Funnel-shaped Well-shaped Additional type

(vijic, 1893 Schiisselformige Dolinen Trichterfdrmige Dolinen Brunnenfdrmige Dolinen Dolinen mit grofsen Durchmessern
German (Dolines with large diameters)
(vijic, 1895 Karlicaste vrtace Levkaste vrtace Oknaste vrtace Nepravilne vrtace

Serbian (Irregular dolines)

Gamsetal, 1962 Skledaste vrtace Ljjakaste vrtace Vodnjakaste vrtace Kotlaste vrtace

Slovenian (Cauldron-shaped)

Sauro, 2019 Bowl-shaped Funnel-shaped Well-shaped /

English
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and double dolines (Gams et al. 1962; Gams et al. 1973; Gams 1974). Maksimovic¢ (1963) classified dolines
by the dominant formation processes as solution dolines, suffosion dolines, subsidence dolines and erosion
dolines, including polygenetic types, that are a combination of these processes, while Gams (2003) described
the morphological evolution from funnel-shaped to bowl-shaped forms. Sauro (2003) further refined clas-
sifications, adding categories like accelerated solution dolines and intersection dolines. Waltham and Fookes
(2003) provided a widely accepted typology in engineering geology, focusing on collapse dolines and suf-
fosion dolines. De Waele and Gutiérrez (2022) simplified the typology to solution dolines and subsidence
dolines, while Stepi$nik (2020; 2024) categorised different dolines based on their formation processes and
emphasised the difficulty in distinguishing late-stage collapse dolines from solution dolines. He catego-
rized dolines as collapse dolines, suffosion dolines and solution dolines.

A review of morphometric and morphographic typologies shows that dolines are typically categorized
based on parameters such as the extent of the flat floor, the ratio between depth and diameter, and slope
inclination. These approaches often classify dolines based on their qualitative descriptions rather than based
on morphometric properties, frequently without establishing specific morphometric criteria for different
groups. Our analysis builds upon these existing typologies by integrating morphometric parameters to clas-
sify dolines more objectively. By applying quantitative criteria, we aim to bridge the gap between existing
descriptive typologies and measurable geomorphological characteristics, providing a more consistent and
reproducible classification framework.

3 Data and methods
3.1 Data

For the delineation of dolines, we used data from Stefanovski et al. (2024) and feature layers from recent
studies on the Slovenian karst (Gostin¢ar and Stepi$nik 2023; Stepisnik and Ferk 2023; Con¢ et al. 2024;
Mazej 2024; Stepi$nik 2024). For this study, we delineated dolines in Slovenia using a DTM with 1 x 1 m
spatial resolution. The visual results are only shown for southern Slovenia, as karst prevails in those regions.

Sava \é’/ deep karst (4960 km?)
7// corrosion plains (752 km?)

\\_\k\\ cone karst (1235 km?)

N Content and map by: SaSo Stefanovski
0 12.5 25 50 Data source: Mazej 2024; Stepisnik and Ferk 2023; Stepisnik 2024
A | I | L | km Basemap: ARSO 2015

Figure 1: Extent of corrosion plains and cone karst in Slovenia.
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Karstic regions in southern Slovenia are less fragmented, which simplified the interpretation of spatial pat-
terns and the relationship between doline types and the characteristics of the karst landscape. Two main
types of surface topography in deep karst where dolines are most common were identified: corrosion plains
and cone karst (Figure 1). Corrosion plains are broad, flattened bedrock surfaces that cut horizontally across
geological structures and are typically dotted with dolines and occasional conical hills (Stepi$nik and Ferk
2023). In contrast, cone karst is a highly dissected terrain dominated by steep, conical hills and uvalas, formed
by uneven vertical chemical denudation and the absence of surface water flow (Mazej 2024). The division
into these two types of surface topography was chosen to investigate whether the types of dolines are influ-
enced by the type of deep karst. These are currently the only two types of deep karst topography with precisely
defined spatial extents, making them the sole input data for the analysis. The spatial extent of corrosion
plains was obtained from Stepi$nik and Ferk (2023) while cone karst extent was determined by Mazej (2024).
For areas that do not fall into either category, there is currently insufficient information available to include
them in the study. These areas are mostly karst slopes and areas with limited cone karst features that are
not flat, based on the extent of cone karst and corrosion plains in Figure 1.

The general surface topography of karst in Slovenia is characterised by significant barren surfaces, though
some areas are entirely covered by fine sediments (Gostinc¢ar and Stepi$nik 2023), referred to as uncov-
ered and covered karst, respectively (Ford and Williams 2007). The extent of uncovered karst features in
deep karst was calculated using the outcrop feature layer presented by Con¢ et al. (2024). Outcrops were
identified based on Topographic Position Index (TPI) values equal to or greater than 1 standard devia-
tion, combined with slope thresholds that varied according to lithology. Our analysis aimed to explore whether
the types of dolines are influenced by the distribution of sediments.

3.2 Doline delineation and classification

For the delineation of dolines, we applied the method presented by Stefanovski et al. (2024). Firstly, we
identified dolines based on hydrological filling of sinks (Obu and Podobnikar 2013; Kobal et al. 2015; Cigli¢
etal. 2022; Con¢ et al. 2022). Then their boundary was determined using Sky-View Factor (SVF) (Zaksek
etal. 2011; Kokalj and Somrak 2019; Stefanovski et al. 2024). Since the goal was to classify standalone dolines,
we excluded compound features and did not delineate dolines near roads, other routes, or buildings (with-
in 5 meters). We removed all collapse dolines, that form with undermining in the subsurface, with the use
of the collapse doline registry (Stepisnik 2010; Stepi$nik 2024). The perimeters were smoothed by first shrink-
ing each doline by % of its width and then expanding it by the same factor. Features where the length exceeded
the width by more than a factor of 2 were removed, as dolines are generally circular or slightly elongated
(Gams et al. 1973; Gams 2003). These elongated features can be considered as other landforms, such as
unroofed caves or landforms of fluvial origin. This process resulted in 179,288 standalone dolines used
for classification.

We then calculated the basic morphometric properties of the dolines. Existing typologies typically dif-
ferentiate doline types based on slope steepness and the extent of the doline floors, so we focused on these
basic parameters for classification (Table 2). To calculate slope, we first applied a low-pass 3 x 3 mean fil-
ter to the DTM to smooth the surface. We used a value of 30° as the threshold for steep slopes. The threshold
value for steep slopes was chosen as a previous study discussed this value as a threshold for active slopes,
which indicate slopes where mass wasting is present (Stepi$nik and Kosec 2011). Gently sloped terrain
primarily indicates the doline floors. The 7° threshold was determined through testing on various exam-
ples to effectively capture doline floors, as lower values often failed to identify rugged floors. This value
proved to be reliable for distinguishing doline floors from surrounding slopes, despite their gradual tran-
sitions, as floor morphology plays a crucial part in doline classifications (Cviji¢ 1893). The calculated value
represents the share of a doline’s surface area that meets the specified slope threshold used for classifica-
tion. The perimeter axial ratio was also included, as elongation may indicate specific morphogenetic processes,
such as horizontal cave denudation or the influence of fluvial activity (Sauro 2003; Grlj and Grigillo 2014;
Stepi$nik 2024). Perimeter axial ratio value of 100 represents dolines, where both axes are the same dis-
tance. A value of 50 represents dolines with lengths twice their width. Importantly, the classification lacks
clearly defined morphometric thresholds, as the classes are continuous and gradually transition into one
another.
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Table 2: Morphometric parameters used in the process of classification.

Morphometric parameter Description Value

Percentage of steep slopes Percentage of area with steep slopes (30° or more) 0-100
Percentage of gently sloped terrain Percentage of area of gently sloped terrain (7° or less) 0-100
Perimeter axial ratio Ratio between width and length 50-100

The classification was performed using ArcGIS Pro 3.0.0 software. Since the classification is raster-
based, the morphometric parameters had to be rasterised. First, the polygon feature layer was converted
into a point layer, so each doline was represented by a single 10 m? cell during rasterization. The point layer
was then rasterised three times, once for each parameter. These layers were merged using the composite
function and classified using ISO (Iterative Self-Organising) clustering, an unsupervised method ideal for
identifying natural groupings without prior knowledge and suitable for parameters lacking a normal dis-
tribution (Jensen 2016). We defined a maximum of four classes, based on a literature review of typologies
(Cviji¢ 1893; Cramer 1941; Gams 2003; Sauro 2003; Sauro 2019). While the results were homogeneous,
it was not immediately clear which doline type each class, based on the literature, corresponded to. This
was determined through class interpretation, where an observer identifies the existing classes and assigns
them appropriate labels or descriptions (Ostir 2006).

3.3 Class interpretation

Class interpretation is a crucial step in unsupervised classification, transforming data-driven clusters into
actionable insights by assigning meaningful labels. This ensures practical and relevant results. This was
done by analysing the correlation between doline classes, extent of cone karst or corrosion plain and the
presence of sediment cover. We began by interpreting the classification results, examining parameter dis-
tribution by class and analysing class distribution within corrosion plains and cone karst areas. The chi-square
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Figure 2: Extent of uncovered karst in 10ha hexagons.
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test was used to assess correlations between these deep karst types and doline classes, identifying signif-
icant relationships. The analysis was conducted in two steps: first, by comparing the classification (4 classes)
with the presence or absence of corrosion plains, and second, by comparing the same classification with
the presence or absence of cone karst areas.

To interpret the results, we also created density maps for each doline class using a 570 m radius in the
point density tool, covering about 1 km? per calculation. These layers were standardised to a 0-1 scale using
the fuzzy membership tool and displayed with a minimum-maximum stretch. The proportion of uncov-
ered karst features in deep karst was calculated using a feature layer from Con¢ et al. (2024) with the study
area divided into 10 ha hexagons. The Summarise Within tool calculated the extent of uncovered karst per
hexagon (Figure 2). We used IBM SPSS Statistics 26 for correlation analysis and the Mann-Whitney U test
for comparing two independent groups. Both tests were chosen for their suitability with non-normally
distributed data (Sheskin 2007).

4 Results

4.1 Morphometric properties of classified dolines

Figure 3 shows that the distribution of active slope percentages in dolines is strongly left-skewed, which
means that dolines with a smaller share of steep slopes are more common. Specifically, 57,504 dolines fea-
ture steep slopes that account for 1% or less of their total area. The distribution of gently sloping terrain
is similar, showing that dolines with a smaller percentage of gently sloped terrain are more common. This
suggests that, on average, dolines have a small proportion of steep slopes and gently sloping terrain, with
slope inclinations between 7° and 30° being most common. These dolines make up approximately 85%
of doline cases analysed. The axial ratio distribution is peaking around the interval between 82 and 84,
indicating a more normal distribution. This suggests that most dolines have a slightly elongated shape rather
than being perfectly circular. Table 3 shows the mean, median and 95™ percentile of morphometric para-
meters used in the classification.

Table 3: Basic descriptive statistics of morphometric parameters used in the process of classification.

Morphometric parameter Mean Median 95th Percentile
Percentage of steep slopes 8 3 29
Percentage of gently sloped terrain 15 9 51
Perimeter axial ratio 78 80 92

4.2 Classification results

In this study, dolines were classified into four classes using the ISO clustering method, an unsupervised
classification approach where the number of classes was set by the user according to literature suggesting
three to four doline types. The classification criteria included the proportion of steep slopes, gently inclined
slopes, and axial ratio (Table 4; Figure 4).

Class 0 is characterised by a small proportion of steep slopes and gently sloping terrain, with approx-
imately 85% dolines having slope inclinations between 7° and 30° and being slightly elongated but rounder
than the average of all the dolines in the study area, which is 78. Class 1 differs from other classes primarily
in having a large area of steep slopes (Figure 4), with most dolines featuring over 10% active slopes and
being more elongated than those in Class 0. Class 2 typically lacks extensive areas of steep slopes, is char-
acterised by gently sloping terrain, and includes dolines that are more elongated compared to Class 0 and
1, as indicated by a right-skewed axial ratio histogram. In contrast to Class 2, Class 3 shows a decrease in
steep slopes and gently sloping terrain, with a left-skewed slope inclination histogram, and these dolines
are distinctly elongated, as reflected by their axial ratio.
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Figure 3: Histograms of morphometric parameters of dolines with descriptive statistics.
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Table 4: Basic descriptive statistics of morphometric parameters used in the process of classification based for each class.

Morphometric parameter Statistic (lass 0 (lass 1 (lass 2 (lass 3 Al classes
Percentage of steep slopes Mean 3 23 1 7 8
Median 2 19 0 4 3
95" Percentile 9 50 4 3 29
Percentage of gently sloped terrain Mean 11 4 52 12 15
Median 9 4 47 9 9
95™ Percentile 27 12 89 29 51
Perimeter axial ratio Mean 84 83 75 66 78
Median 84 83 75 6/ 8
95th Percentile 92 93 90 74 92

4.3 Spatial distribution of doline classes

Class 0 dolines are the most numerous in Slovenian deep karst, followed by Class 3 (Figure 5). Class 1 is
only slightly less common, being 4% behind Class 3, while Class 2 is the rarest. In corrosion plains, the pro-
portion of Class 0 dolines is even higher than the general distribution, with a notable increase in the percentage
of Class 2 dolines, suggesting that Class 2 dolines may be typical of corrosion plains. Class 1 dolines are
the least common in these areas. In contrast, cone karst areas show a different pattern, where Class 1 dolines
are more prevalent, and Class 2 dolines are the least common. The percentage of Class 3 dolines also is
higher in cone karst areas, though Class 0 dolines remain the most common type in these regions.

The chi-square results are indicating a strong correlation between class distribution and whether the
area is a corrosion plain or a cone karst area (Table 5). The p-values, all below 0.05, further confirm a sig-
nificant correlation. This suggests that the distribution of doline classes is not random but is instead related
to the specific type of karst, meaning certain classes are more likely to be found in particular karst envi-
ronments.

The highest density of Class 0 dolines is found in corrosion plains of all types, with the Logatec-Begunje
dry polje having the highest concentration. Lower densities are observed on high karst plateaus such as
Nanos, Sneznik, and Trnovski Gozd, although Class 0 dolines still occur in these areas. Overall, Class 0
dolines are present across nearly all deep karst regions in Slovenia (Figure 6).

Class 1 dolines show a markedly different spatial distribution compared to Class 0. The highest den-
sity of Class 1 dolines is found in the cone karst area of Koc¢evski Rog. Some parts of the corrosion plains
also exhibit higher concentrations of Class 1 dolines. Additionally, there are localised areas of high den-
sity in the Ljubljanica River catchment, particularly in the hinterland of major ponors and springs.

Class 2 dolines rarely exhibit high densities, and when they do, these are very localised. Notably, high-
er densities are observed in areas of corrosion plains, with the highest densities found in the Karst corrosion
plain, as well as Kocevje corrosion plain and Bela Krajina corrosion plain.

Class 3 dolines are more densely concentrated in areas with greater slopes, such as the sloping ter-
rain between Nanos and Hrusica. Menisija also exhibits a high density of Class 3 dolines. These dolines
are more frequently observed in cone karst areas and especially in dolostone karst.

Table 5: Chi-square test results for correlation between doline classes and the two karst types.

Karst type Chi-square value P-value Null hypothesis
Corrosion plain 78733 0.00 Rejected
Cone karst 33755 0.00 Rejected
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Figure 4: Histograms of dolines 150 classification parameters.
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Figure 5: Distribution of doline classes across different karst types.

4.4 Doline classes and sediment cover

Some doline classes are more prevalent in karst environments extensively covered by sediment (Figure 7).
Notably, Class 2 stands out, with approximately three quarters of its dolines in covered karst with 5 m?
or less outcrops in their surroundings, and it also has the lowest mean and median values. In contrast,
Class 1 shows the opposite trend, having the fewest dolines that are completely covered by sediments com-
pared to other classes. Class 1 dolines are the most frequent class in areas with 25 m* or more outcrops
in their surroundings, and they exhibit the highest mean and median values, indicating a preference for
rocky terrain. Nearly half of the Class 0 dolines have little to no outcrops nearby, with the remainder most-
ly showing low values. Class 3 is similar to Class 1 regarding covered karst area, with the second-high-
est mean and median values and a high percentage of dolines with more than 25 m? of outcrops in their
surroundings.

Table 6 displays the results of the Mann-Whitney U test. The differences in the share of uncovered
karst between the classes are statistically significant, since the p-value does not exceed 0.05. Thus, we can
reject all null hypotheses. This suggests that some doline types are linked to areas with continuous sedi-
ment cover, while others occur in regions with sparse or minimal sediment.

Figure 6: Doline density by class. » p.20
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Table 6: Results of Mann-Whitney U test.

(lasses U-statistic P-value Null hypothesis
0,3) 1.47x10° 0.00 Rejected
0,2 1.04x10° 0.00 Rejected
0,1 0.99x10° 0.00 Rejected
3,2 0.64x10° 0.00 Rejected
6,1 0.68x10° 0.00 Rejected
2,1 0.19x10° 0.00 Rejected

5 Discussion

Using parameters such as steep slopes, gently sloping terrain, and perimeter axial ratio, we conducted an
unsupervised ISO classification with four doline classes, based on literature. The results were then linked
to morphographic typologies. We applied established doline terms from the literature, clearly defining them

both morphographically and morphometrically. This is visible in Figure 8.

Figure 8: Morphological types of dolines and their main features. » p. 22
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Class 0 dolines are characterised by the presence of steep slopes, though these constitute only a small
portion of the doline. The slope inclination between 7° and 30° prevails in this class, with a low proportion
of gently sloping terrain. Majority of Class 0 dolines have an axial ratio between 80 and 90. Morphologically,
they get narrower with depth and have narrow floors, with a slightly elongated ground plan. Cviji¢ (1893)
first described these as funnel-shaped dolines, wide at the top and narrow at the bottom. Gams et al. (1973)
also used the term funnel-shaped based on their cross-sectional profile. As this term is still widely used (Gams
2000; Gams 2003; Sauro 2019) we propose maintaining the usage of »funnel-shaped dolines« (sl. lijakaste
vrtace) for this type.

Class 1 dolines are characterised by a large proportion of steep slopes, with most having an area of
10% or more. Gently sloping terrain is rare, with 68% of these dolines having 5% or less of such terrain.
The axial ratio is slightly lower than in Class 0 dolines, but they remain only slightly elongated. These dolines
have steep slopes, often with walls, and narrow floors are more common than larger ones. Cviji¢ (1893)
first described dolines with steep, vertical, or inclined slopes, which he termed well-shaped. Gams’ descrip-
tions (Gams et al. 1962; Gams et al. 1973; Gams 2000; Gams 2003) align Class 1 dolines with well-shaped
and kettle-shaped dolines, though the term kettle-shaped is problematic, as it is typically used for
glaciokarst features (Kunaver 1983; Zebre and Stepisnik 2015; Ferk et al. 2017). Therefore, we recommend
using the term »well-shaped dolines« (sl. vodnjakaste vrtace) for those with a high proportion of steep
slopes, regardless of floor morphology.

Class 2 dolines are characterised by the near absence of steep slopes, with almost all having less than
5% of their area comprising steep slopes. Conversely, these dolines have the largest percentage of gently
sloped terrain, with nearly all having at least 30% gently sloped terrain. The axial ratio varies, but most
dolines fall between 70 and 80, indicating slight elongation. These dolines rarely experience mass wast-
ing processes and typically feature extensive, flat floors, often due to anthropogenic alterations. Given their
gentle slopes and broad floors, these dolines are generally shallow. Cviji¢ (1893) first described such dolines
as bowl-shaped, noting their small depth relative to their diameter and lack of steep slopes. The term »bowl-
shaped doline« (sl. skledaste vrtace) remains widely used (Gams 2003; Sauro 2019; De Waele and
Gutiérrez 2022), making it an appropriate term for this class.

Class 3 dolines exhibit a wide range of morphometric characteristics, with their number decreasing
as the proportion of steep slopes and gently sloping terrain increases. The most distinguishing feature of
these dolines is their axial ratio, which typically ranges from 50 to 75, indicating significant elongation.
This elongation is the primary characteristic that sets these dolines apart from other types. Cviji¢ (1893)
was the first to identify such elongated dolines, referring to them as valley-shaped dolines, though he did
not provide detailed morphological descriptions. While elongation in dolines is sometimes associated with
compound features (Gams et al. 1962; Gams et al. 1973; Gams 2003), this study focuses exclusively on stand-
alone dolines. Previous research on karst anisotropy, also identified elongated dolines as significant
geomorphological features in karst landscapes (Verbovsek 2024). The term »valley-shaped doline« can be
misleading due to its derivation from the Slavic word for valley (dolina), which could cause confusion. As
elongation is the main parameter defining the shapes of these dolines, we propose the term »elongated
dolines« (sl. podolgovate vrtace), as it accurately reflects their defining morphometric characteristic. By
»elongated«, we refer to dolines, that are distinctly elongated, somewhat linear depressions with a profile
resembling a shallow channel or trough, rather than a circular or bowl-like pit.

We then analysed their spatial distribution in Slovenia and investigated the correlation between doline
types and morphogenetic karst types (Stepisnik and Ferk 2023; Stefanovski et al. 2024; Stepisnik 2024).
The distribution of doline types and karst types shows a strong correlation, with certain doline types being
more characteristic of specific deep karst environments.

Bowl-shaped dolines (Class 2) are mainly found on corrosion plains, with the highest densities on cov-
ered karst areas (Figure 9). Well-shaped dolines (Class 1) are most common in cone karst areas with greater
elevation changes, though they also appear less frequently on corrosion plains and are more common in
semi-covered karst areas. Funnel-shaped dolines (Class 0), the most prevalent type in Slovenian deep karst,
occur in both cone karst regions and corrosion plains, with higher densities in covered and semi-covered
karst. Elongated dolines (Class 3) are found in cone karst areas, corrosion plains, and covered and semi-
covered karst regions. They fall into two distinct groups. The first group is located in the hinterland, where
high-discharge watercourses contribute to allogenic recharge in karst systems, and their shape can be linked
to the gradual collapse of horizontal cave passages (Bahun 1969; Mihevc and Zupan Hajna 2007; Hajna
et al. 2024). The second group is found on slopes, particularly on covered karst slopes in dolostone cone
karst areas, where elongated dolines are especially characteristic.
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Figure 9: A map of deep karst in southern Slovenia based on the predominant type of dolines.

Although this article does not focus on the morphogenetic interpretation of doline formation, the dis-
cussion reveals that doline distribution is closely linked to the prevailing karst type. Deep karst types, shaped
by varying denudational processes and sediment presence, suggest that doline types are also accredited
to distinct morphogenetic and morphodynamic processes. Sauro (2019) noted that funnel-shaped and bowl-
shaped dolines are typical of suffosion dolines, and our study confirms that bowl-shaped dolines are common
in covered karst, where suffosion dolines predominate. Well-shaped dolines correspond to earlier stages
of collapse dolines, gradually becoming more funnel-shaped as the slope angle decreases (Sustersi¢ 1973;
Sustersi¢ 1994; Sustersi¢ 2000; Waltham et al. 2005; Sauro 2012; Lipar et al. 2019; Sauro 2019). Their spa-
tial distribution indicates this, with higher densities found in areas with collapsed dolines due to denser
cave systems (Stepi$nik 2010). Funnel-shaped dolines may represent a morphogenetic convergence of both
collapse and suffosion types, making their exact origin difficult to determine in later stages. Elongated dolines,
appear in areas where high-discharge watercourses contribute to allogenic recharge in karst systems, linked
to the gradual collapse of horizontal cave passages, and on slopes, particularly covered karst slopes in dolo-
stone cone karst areas, where they are especially characteristic.

6 Conclusion

In this study, we classified dolines in Slovenian deep karst based on their morphometric characteristics and
studied their spatial distribution in southern Slovenia. We focussed on classifying dolines based on the extent
of steep slopes, floor extent and perimeter elongation, as previous morphographic descriptions of dolines
was mainly centred on describing these characteristics. Development in GIS now enables precise morphometric
analyses. We defined four different morphometric types of dolines that are consistent with existing typolo-
gies. These include funnel-shaped dolines, which narrow with increasing depth; well-shaped dolines,
characterised by steep slopes that often form walls; bowl-shaped dolines, characterised by a low slope incli-
nation and a flat, extensive floor; and elongated dolines, which are notable for their significant elongation
of the ground plan. The results show that the shape of dolines is closely related to different karst types, sug-
gesting that their formation is driven by processes characteristic of specific karst types.
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Reconstruction of palaeoflow and depositional dynamics from the Merjasec unroofed
cave, Laze Plain (central Slovenia)

ABSTRACT: Sparsely preserved unroofed cave deposits are ancient remains of cave systems. The Merjasec
unroofed cave is a perfect example of poorly preserved cave deposits where conventional sedimentologi-
cal study revealed a greater potential for the reconstruction of local to regional palaecoenvironmental
conditions. Cave deposits are characterised by polymictic conglomerates, pebbly sandstones and flowstone
belonging to five distinct sedimentary facies. Sedimentary features indicate deposition of channel-related
bedforms in a narrow cave-connecting conduit, activated only during extreme pulsating floods under
epiphreatic conditions. In this sense, it mimics the current hydrology of the regional system and shows
that the hydrological history of the cave system is strongly dependent on climatic conditions. Moreover,
this study demonstrates a methodological approach that can be successfully applied to similary exposed
cave deposits elsewhere, showing that even fragmentary or eroded remnants, when analysed in detail, can
significantly contribute to understanding of karst palaeohydrology.

KEYWORDS: karst, denuded cave, clastic cave deposits, facies, fluvial, depositional dynamics, palacoen-
vironment

Rekonstrukcija paleotoka in dinamike zapolnjevanja brezstrope jame Merjasec,
Laski ravnik (osrednja Slovenija)

POVZETEK: Redkeje ohranjeni sediment brezstropih jam so ostanki starejsih jamskih sistemov. Brezstropa
jama Merjasec je odli¢en primer slabo ohranjenih jamskih sedimentov, kjer so konvencionalne sedimentoloske
$tudije pokazale velik potencial za rekonstrukcijo lokalnih do regionalnih paleookoljskih razmer. Jamske sed-
imente predstavljajo polimikti¢ni konglomerati, prodnati pesc¢enjaki ter sige in so organizirani v pet razli¢nih
sedimentnih faciesov. Sedimentne znacilnosti kazejo na odlaganje v ozkem, povezujo¢em kanalu aktiviranem
le med ekstremnimi pulzirajo¢imi poplavami pod epifreati¢nimi pogoji. V tem smislu posnema sedanjo
hidrologijo regionalnega sistema in kaze, da je hidroloska zgodovina jamskega sistema mo¢no odvisna od
podnebnih razmer. Poleg tega ta $tudija prikazuje metodoloski pristop, ki ga je mogoce uspesno uporabiti
za podobno razgaljene jamske sedimente drugje, in kaze, da lahko celo fragmentirani ali erodirani ostanki,
¢e jih podrobno analiziramo, pomembno prispevajo k razumevanju kraske paleohidrologije.
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1 Introduction

Caves are natural archives which contain a wide spectrum of clastic, chemical, and organic deposits that
preserve valuable information about surface and subsurface palacoenvironmental conditions (White 2007;
Laureano et al. 2016; Caldeira et al. 2021; De Waele and Gutiérrez 2022). Volumetrically most abundant
cave deposits are clastic autochthonous and allochthonous sediments; the former originate locally in the
cave due to mechanical and chemical weathering of the host rock, whilst the latter were transported into
the cave from outside (White 2007; Herman et al. 2012). The composition of clastic cave sediments depends
mainly on their provenance, while their textures and structures relate on transportation and depositional
processes (De Waele and Gutiérrez 2022). Cave sedimentary environments closely resemble surface fluvial
systems, however, subterranean waterflows are strongly influenced by the resistant nature of the bedrock
morphology and prone to dramatic changes in flow velocities, resulting in rapid local variations in trans-
port and deposition processes (Trappe 2010; Bella et al. 2020; De Waele and Gutiérrez 2022). In this context,
understanding the sedimentological processes, their depositional dynamics, and the facies concepts of clas-
tic cave sediments (Bosch and White 2007; Trappe 2010; Campaniia et al. 2017; Campana et al. 2023) is crucial
for reconstructing the hydrological history of cave systems, which is the starting point for advanced stud-
ies of palaeoclimate and land evolution in karst areas. Clastic cave sediments are found in recent cave systems
and also unroofed caves exposed by denudation or human activity. These are of special importance for the
reconstruction of temporal and spatial geomorphologic evolution of the area spanning over millions of years.

Unroofed caves, are ancient cave conduits that underwent a transition from phreatic or epiphreatic
to vadose conditions until they were surface-exposed due to denudation (Mihevc 1996; Mihevc and Zupan
Hajna 1996; Sustersi¢ 1998; Sebela 1999; Bosak et al. 2000; Sebela and Sasowsky 2000; Zupan Hajna
et al. 2020). They can be identified by elongated, shallow depressions such as trenches or dolines, and by
the sediment characteristics for caves (Mihevc 1999). They resemble the oldest still identifiable fragments
of cave systems, which emphasises their value as they store the only preserved information on regional
underground palaeohydrology. The preservation of unroofed cave deposits is often very sparse, so their
interpretation can be very challenging as their sedimentary characteristics may be blurred or even unrecog-
nisable. In this case, the study of such deposits requires a very comprehensive sedimentary analytical approach
and diverse knowledge of various surface and underground processes (Caldeira et al. 2021), allowing the
identification of sedimentary facies and their vertical and lateral distribution, which provide information
about processes and the environment of the deposition (Reading 2001).

In this paper we reconstruct the cave palacoenvironment and its palaeohydrological regime from the
sparsely preserved Merjasec unroofed cave deposits from Laze Plain (slv. Laski ravnik), also known as Logatec-
Begunje Plain (slv. Logasko-Begunjski ravnik), in central Slovenia using a conventional sedimentological
methodology. This study demonstrates that even fragmentary remnants of unroofed cave deposits can yield
valuable insights into karst palaecohydrology, highlighting the importance of applying similarly detailed
methodologies to palaeocave deposits in other regions.

2 Geological and geomorphological setting of the research area

The low-relief elevated plain of Laze Plain structurally belongs to the NW part of the External Dinarides
(Placer 2008) (Figure 1A) and was in the Mesozoic part of the Adriatic Carbonate platform (Vlahovi¢
et al. 2005). During the Cenozoic, a complex northwest - southeast trending thrusting, divided the area
into several thrusts and nappes (Placer 2008; Korbar 2009). The area was later in Neogene cut by dextral
strike-slip faults with the most significant structural element represented by the Idrija Fault zone (Figure 1A).
The Idrija Fault zone is characterised by chaotically displaced blocks separated by minor faults (Sustersi¢
1996; Car 2010) and plays an important role in the development of surface and subsurface karst forms and
in determining the regional hydrological network (Sustersi¢ 1996; Car 2018; Gabrovsek et al. 2022). The
karst of Laze Plain is mainly formed in Jurassic, well-bedded limestone (micritic and oolithic) and coarse-
crystalline dolomite (Buser 1978; Borenovi¢ 1993), as well as in Cretaceous, bedded limestone (micritic,
bioclastic) and crystalline dolomite (Jez and Otonicar 2018), and the Upper Triassic bedded dolomites.
The latest have proven to be the least permeable and are therefore less susceptible to karstification (Figure 1B).

Geomorphologically, the Laze Plain is a corrosion plain (Figure 1B), defined as a dry polje (Stepi$nik and
Ferk 2023), which extends parallel to the Planina Polje (i.e., a karst polje) in the NW-SE (Dinaric) direction
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Figure 1: Location and geological characteristics of the investigated area. A) Structural map of Slovenia (Placer 2008). The yellow rectangle marks the
investigated area. B) Geological map (Plenicar et al. 1970) of the investigated area with the exact location of the Merjasec unroofed cave (45052'57.90"N;
14017'23.34"E).
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and is extremely rich in surface and subsurface karst forms (Figure 1B), especially solution dolines and
caves (Sustersi¢ 1994; Sustersi¢ 2002). Laze Plain is a part of the Ljubljanica river recharge area and has
avery complex structure of epiphreatic and vadose zones, where caves occupy multiple levels and are char-
acterised by a very irregular geometry (Blatnik et al. 2019). The thickness of the vadose zone ranges from
a few dozen to more than hundred metres, which allows a very dynamic epiphreatic zone in which water
can rise up to 60 m during flood events (Gabrovsek and Turk 2010). A very complex organisation of the
cave system is also detectable on the surface, where several cave conduits of phreatic or epiphreatic ori-
gin and outcrops of clastic cave sediments are exposed (Sustersi¢ 1998).

3 Methods

The unroofed cave sediment represents a unique archive of ancient cave system. Unfortunately, the exposed
cave deposits are predominantly composed of fine-grained clays and silts that have been completely or par-
tially transformed by pedogenetic processes. In this study we therefore focussed on coarse-grained cave sediments
(conglomerates and pebbly sandstones) of Laze Plain, which are much rarer but can hold a rich archive of
the past environmental events. Even though the exposed conglomerate outcrops are often highly eroded, under-
standing their sedimentary characteristics, facies types and architectural elements is crucial for reconstructing
the depositional environment and interpreting the evolution of individual cave conduit, which, due to their
inherent connectivity within the cave network, provide essential insights into the wider ancient cave system.

The investigated Merjasec unroofed cave represents one of the best preserved outcrops of cave deposits
of Laze Plain. These deposits were analysed using conventional methods for clastic sedimentary rocks (Boggs
2009). The sedimentary succession was logged on a scale of 1:10 using a standard sedimentological pro-
cedure. A total of 22 samples were collected to prepare polished slabs, which were used to determine and
interpret the sedimentary structures and textures. The main criteria for determining the facies types and
architectural elements was based on Miall (1977; 1996 in conjunction with existing facies classifications
for clastic cave sediments (e.g., Bosch and White 2007; Ghinassi et al. 2009; Trappe 2010; Laureano et al. 2016;
Campana et al. 2017; Campana et al. 2022). The identified facies types and sedimentary bodies (architectural
elements) were used to reconstruct the depositional dynamics and evolution of the conduit.

4 Results

4.1 Unroofed cave

The Merjasec unroofed cave is characterised by its unique deposits, which are the only clear indicators of
the cave s existence. The surface around the cave is mostly flat and characterised by solution dolines. The
cave was formed in Late Jurassic shallow-marine, well-bedded carbonates and is now surface-exposed on
the southern slope of the doline. The cross-section of the cave conduit (Figure 2) is irregular and ellipti-
cal, at least 500 cm wide and 110 cm high. The cave conduit was most probably of phreatic origin and later
modified by epiphreatic and alluviation processes. The outcrop is characterised by eight clearly detectable
cave deposit remnants (Figure 2). The best preserved and most exposed is remnant 7 (Figure 2), where
a detailed cross-section was recorded. Other remnants (Figure 2), on the other hand, are poorly preserved
polymictic conglomerates, that are mostly covered by soil.

4.2 Merjasec section

The investigation of the Merjasec section (Figure 3A) in remnant 7 (Figure 2) of the unroofed cave out-
crop revealed that it is a completely filled palaeocave conduit characterised by well-stratified polymictic
conglomerates, pebbly sandstones and flowstone (Figure 3A; Table 1). The basal contact with the hostrock
is covered. The cave deposits are organised into five sedimentary units (Figure 3C; Table 1) separated by
major erosional contacts, representing five cut-and-fill sequences in which five distinct facies (Gh, Gp, Sp,
Ss and Flowstone; see Table 1 for full names) and three architectural elements (CH, SB, GB; see Table 1
for full names) were identified (Figure 3A, B). Conglomerate (Gh, Gp) and sandstone (Sp, Ss) facies are
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Cave deposit remnants

Crossection of the conduit

Merjasec section

Figure 2: The cross-section of the Merjasec unroofed cave. White line marks the clearly detectable cross-section, white dashed line marks the possible
cross-section of the conduit with no clear contact between the hostrock and cave deposits.

Table 1: List of facies, depositional environments, characteristics of depositional units, architectural elements and interpretation.

Facies Facies characteristics ~ Depositional Depositional  Architectural Interpretation

environment  unit elements
Gh — clast-supported  Bedded, graded, Fluvial LIV, V- GB - gravel bars and Channel lags or low relief
conglomerate imbricated bedforms, CH — channel  longitudinal bars
Gp — cross-stratified  High-angle, Fluvial I (B - gravel bars and Migration of longitudinal
clast-supported cross-stratified bedforms and transverse bars
conglomerate
Sp — cross-stratified ~ High-angle, cross- Fluvial I SB - sand bars and Migration of longitudinal
pebbly sandstone =stratified, imbricated bedforms and transverse bars
Ss— pebbly Non-stratified, Fluvial IV (H - channel, Rapid channel-fill of coarse
sandstone imbricated SB - sand bars bedload or final deposit during

and bedforms flood’s waning stage

FI — flowstone Laminated Precipitation IV / Weak supersaturated sheet flows

under sub-aerial conditions

Figure 3: Merjasec unroofed cave. A) Merjasec section with distribution of sedimentary units and facies. B) Architectural elements and their bounding
surfaces. C) Outcrop of the Merjasec section and the sedimentary unit distribution (white dashed lines mark the erosional contacts; the length of the

measuring rod is 80 cm). » p. 35
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characteristic for fluvial environment, while flowstone facies (Fl) represents autochthonous sediment accu-
mulation. Clast composition is very similar throughout the entire section. Most abundant are coarse-grained
dolomite clasts and various types of limestone clasts, while quartz, chert, iron oxide/hydroxide and speleothem
clasts are less common.

4.3 Description of sedimentary facies

Facies Gh (clast-supported conglomerate) is the most abundant and is present in every unit of the section
(Figure 4A, B). This facies forms 2-31 cm thick beds, which are graded and imbricated (Figure 5A, B) or may
locally express plane-parallel stratification (Figure 4B). The contact between beds is usually irregular or
erosional. The conglomerate is characterised by a clast-supported texture and consists of moderately to
well-sorted, mostly subangular to rounded granule- to pebble- sized clasts and a fine-grained carbonate
matrix.

Facies Gp (cross-stratified clast-supported conglomerate) is represented in unit II of the section
(Figure 4C). This facies forms up to 3 cm thick lenticular beds, which underlie and overlie sandstones of
Facies Sp. The high-angle cross-stratified conglomerate is moderately sorted, clast-supported and consists
of angular to subrounded granules and rarely pebbles. Matrix is fine grained carbonate.

Facies Sp (cross-stratified pebbly sandstone) is present in Unit II of the section (Figure 4B, C). This
facies forms a high-angle cross-stratified, up to 2 cm thick lenticular bodies with weakly developed imbri-

Figure 4: Details from the Merjasec unroofed cave deposits. A) Basal part of the section. Erosional contact (white dashed line) between conglomerate
(facies Gh) of Unit | and conglomerate (facies Gh) of Unit 1. B) Pebbly-sandstone (facies Sp) overlaying plane-parallel bedded conglomerate (facies Gh)
of Unit I1. C) Pebbly-sandstone (facies Sp) and conglomerate (facies Gp) from Unit Il. D) Flowstone layer covering the irreqular surface pebbly-sand-
stone of Unit V.
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Figure 5: Polished slabs of Merjasec unroofed cave deposits. A) Graded and imbricated conglomerate (facies Gh) of Unit Il. B) Imbricated conglomer-
ate (facies Gh) of Unit IV. C) Cross-stratified pebbly-sandstone (facies Sp) of Unitl.

cation (Figure 5C), that are present as insets in conglomerates of facies Gp. The cross-stratified pebbly sand-
stone is characterised by a clast-supported texture and is poorly to moderately sorted. It consists of angular
and rounded medium to coarse sand sized clasts and rare granules and pebbles. Matrix is mostly com-
posed of fine-grained carbonate.

Facies Ss (pebbly sandstone) is present in Unit IV of the Merjasec section. This facies forms lenticu-
lar shaped or sheet-like beds up to 5 cm thick, which are overlying erosional bounding surfaces or gravel
lags of facies Gh. The pebbly sandstone is clast-supported and moderately to poorly sorted. It consists of
mostly subrounded to subangular medium to coarse sand clasts and rare granules and pebbles that exhib-
it moderate imbrication. The matrix is mostly fine-grained carbonate.

Facies FI (flowstone) is present in Unit IV of the section (Figure 4D). The facies forms a 3 cm thick
bed precipitated over an irregular bed surface of pebbly sandstone (facies Ss). The flowstone is charac-
terised by the alternation of thin microcrystalline laminae and thicker laminae of sparry calcite crystals
covered by columnar calcite.

4.4 Description of sedimentary architectural elements

Gravel bars and bedforms (GB) are represented by coarse-grained facies Gh and Gp (Figure 3B). GB deposits
characterised by sheet-like bed geometry or rarely lenticular geometry. Irregular, low-relief scoured bases
are common. These gravels mostly occur as conduit-wide conglomerate deposits.

Minor channel deposits (CH) (Figure 3B) are represented by deposits of facies Gh and Ss and are char-
acterised by sharp, high-relief erosional base. The channel infills consist of massive conglomerates or
conglomerates and lenticular bodies of pebbly sandstones. The channel deposits are covered by sheet-like,
bedded conglomerates of the element previously described.

Sand bar and bedform (SB) (Figure 3B) are represented by deposits of facies Sp and Ss and are char-
acterised by a lenticular geometry. They occur as interbeds in gravel bedforms (facies Sp) or minor channel
fills (facies Ss).

5 Discussion

The sparsely preserved Merjasec unroofed cave deposits were deposited in a very dynamic, high-energy
underground environment, mainly characterised by channel-related bedforms with a multistorey architecture
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controlled by fluvial forces and the resistant nature of the hostrock. The coarse-grained clastic cave mate-
rial mostly consists of carbonates, which means that it is a product of underground erosion of the conduit
walls — the corrosion of caves is much more intense during flood waters than during low waters (Palmer
2007) or is related to collapse of the tectonically weakened zones (Zupan Hajna et al. 2024) or a combina-
tion of both processes. The presence of channel-related bedforms, erosional surfaces and the complete absence
of fine-grained overbank flood sheets, crevasses and levées indicates that deposition took place in a nar-
row cave-connecting conduit, where the open channel flow may become a pipe-full flow during floods
(Ghinassi et al. 2009; Trappe 2010; Herman et al. 2012; Laureano et al. 2016; Bella et al. 2020). During these
flood events, a conduit-wide stream channel was formed, in which the mobilisation of the riverbed gener-
ated bedforms similar to those in surface rivers (Trappe 2010; Bella et al. 2020).

5.1 Facies interpretation

Conglomerate facies Gh is present in every unit and is characterised by sheet-like bedded or minor chan-
nel-fill, clast-supported conglomerates. The abundant clast-supported framework, graded bedding, clast
imbrication, and scoured erosive surfaces indicate deposition in a bedload-dominated fluvial system in
which the flow conditions change rapidly from high-energy to waning-energy flows. Therefore, the facies
is interpreted as a channel lag deposit or low relief longitudinal bars developed by ephemeral high-ener-
gy dynamic events (seasonal floods) (Miall 1977; Miall 1996. In this scenario, gravels are moving and
accumulating along the riverbed, while fine-grained sediments are washed downstream, forming open-
work conglomerates in which pores were filled by filtration of suspended load during the waning phase
of the flood event (Ramos and Sopefia 1983; Zhang et al. 2020).

Conglomerate facies Gp occurs in Unit II in lenticular beds of high-angle, cross-stratified and clast-
supported conglomerate. Facies is in direct contact with cross-stratified sandstones, which indicates channel
deposition and migration of longitudinal and transverse bar forms (Miall 1981; Miall 1996).

In general, the Merjasec cave conglomerate facies exhibit similar characteristics to other cave envi-
ronments. Ghinassi et al. (2009) described the clast-supported gravels of the channel-lag deposits (facies
Gh in the present study) as a result of the erosive and rising phases of the stream floods and cross-bed-
ded gravels (facies Gp in the present study) as alternate or side bars. Campana et al. (2017) and Laureano
etal. (2016) interpreted clast-supported gravels (facies Gh in the present study) as deposits of water flow
in fluvial channels, while according to the classification of Bosch and White (2007), investigated deposits
are mainly characteristic for the thalweg facies, although they could also be determined as »gravelly« chan-
nel facies deposits due to the presence of fabrics (imbrication, normal grading) and sedimentary structures
(horizontal bedding, cross-stratification).

Sandstone facies Sp occurs in Unit IT as lenticular bodies of high-angle, cross-stratified coarse-grained
sandstone with a weakly imbricated pebbly admixture. Facies is imbedded in channel lag/bar conglom-
erates and was deposited from traction by a unidirectional current, which indicates a downstream
migration of longitudinal and transverse bar forms (Miall 1977; Miall 1981; Miall 1996; Oplustil et al. 2005).

Sandstone facies Ss occurs in unit IV as a lenticular or sheet-like bodies of non-stratified mainly coarse-
grained sandstone with abundant granule- to pebble-sized clasts that exhibit moderate imbrication. Facies directly
overlies scoured basal surface of channel lag conglomerates, indicating rapid channel-fill deposition of coarse
bedload (Miall 1996), or it covers conglomerate lags as a final deposit during the flood’s waning stage.

Compared to other investigated caves (Ghinassi et al. 2009; Laureano et al. 2016), similar sandstone
facies were mostly described as channel bedforms (bars, side-bars, dunes) formed as a result of localised
sediment deposition related to channel floor irregularity, channel widening, channel migration or as chan-
nel-fill deposits accumulated by vertical accretion.

Flowstone facies Fl occurs in Unit IV as laminated bed precipitated over conglomerate. Facies indi-
cates a cessation of fluvial sedimentation and beginning of flowstone formation under sporadic or weak
supersaturated sheet flows under sub-aerial conditions with typically slow accretion (Fairchild et al. 2007;
Ford and Williams 2007; De Waele and Gutiérrez 2022). Flowstone indicates a hiatus in the stratigraphic
sections, which means that during its precipitation, other sediments should not be deposited (Gillieson 1986).

Flowstones, which are very common authigenic deposits in caves are described as a very useful indicator
for palacoenvironmental conditions (Fairchild and Baker 2012; Nehme et al. 2015) and geochronology (Bosdk
2002; Fairchild et al. 2006; Laureano et al. 2016; Ferk et al. 2019; Sierpien et al. 2021; Zupan Hajna et al. 2021).
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5.2 Architectural interpretation

The Merjasec cave conduit represents a complex, channel-fill sequence consisting of various types of intra-
channel bars and minor channel deposits, mostly separated by erosional bounding surfaces (Figure 3).
Investigated cave deposits have been recognised as three distinct architectural elements defined by their
geometries, bounding surfaces and sediment fills. The most common are deposits of gravel bars and bed-
forms (GB) interbedded with rare deposits of minor channels (CH) and sand bars and bedforms (SB).

Gravel bars and bedforms (GB) form multistory sheets, rarely lenses composed of facies Gh, and Gp,
and represent an intra-channel (conduit-wide) bar (longitudinal, transverse) deposited during pulsating high-
water discharge (Miall 1996).

Minor channels (CH) were incised into underlying conglomerate sheets of element GB during the
erosional stage of the flood and were filled rapidly after the formation of the channel. Two types of channels
were recognised. First is a single channel with a complex fill of pebbly sands (facies Ss) and gravels (facies Gh)
and the second is a single channel with a simple fill of gravels (facies Gh) (Ramos and Sopefia 1983; Miall
2014).

Sand bars and bedforms (SB) record intra-channel deposits, which were probably generated by migrat-
ing dunes within the shallower part of the conduit (facies Sp) (Oplustil et al. 2005; Miall 1996) or by the
flood’s wanning stage (facies Ss) (Miall 1996).

5.3 Reconstruction of palaecodepositional dynamics

Stratigraphy and sedimentary characteristics of the exposed cave deposits reveal five cut-and-fill sequences
(Figure 6), which describe the local palaeohydrological evolution of the investigated cave conduit and resem-
ble the palaeohydrological conditions of the regional system. The architecture of the sediments indicates
ephemeral, high-energy dynamic events terminated by a longer period of subaerial exposure under epiphreat-
ic conditions.

The first sequence S1 (Figure 6) indicates the deposition of conduit-wide sheet-like gravel lags during
the high-energy pulse generated by the rising stage of the stream flood.

Second sequence S2 (Figure 6) begins with an erosive phase during the rise of the flood, followed by
a conduit-wide aggradation of sheet-like gravel beds during the high-energy flow, which were covered by
the migration of longitudinal and transverse bars by the pulsating moderate- to low-energy flow during
the waning of the flood.

The sequence S3 (Figure 6) recorded a reactivation of flooding-induced erosion and a subsequent accu-
mulation of gravel lag under high-energy flood flow conditions.

The sequence S4 (Figure 6) records one of the two major erosional events, forming a channel incised
into the underlying gravel pavement, which was filled with a complex-fill of gravels and gravelly sands imme-
diately after the flood s erosional phase. A conduit-wide aggradation covers the channel deposits under
high-energy flow conditions and accumulates gravel lags that were covered by a sheet-like sand bed dur-
ing the flood’s waning stage. The accumulation of flowstone over slightly irregular surface records a break
of the fluvial activity in the conduit.

After this quiet period, the sequence S5 (Figure 6) records an upstream barrage breakthrough and
arestoration of epiphreatic flood-induced fluvial activity with a second major, very intensive erosional event
that cuts the stream channel through the flowstone into the deposits of the fourth sequence, which was
filled with gravel immediately after the flood s erosional phase and covered by a conduit-wide gravel lag
during later phase of the flood that eventually completely filled the conduit. Sequence 5 thus documents
the last known erosional and depositional activity in the conduit before it was abandoned.

5.4 Energy fluctations of palacoflow

Merjasec cave palaeoflow was characterised by high-energy ephemeral flood-flows and intra-channel depo-
sition, as evidenced by upper-flow regime features such as planar bedding, the predominance of
coarse-grained material, erosional surfaces and the presence of speleothem debris, indicating also an upstream
erosion of older cave deposits.
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Figure 6: Schematic evolution of depositional dynamics in the Merjasec unroofed cave conduit. lllustration (not to scale) represents erosional and
depositional phases in each of the five sequences. A description of each sequence is provided in section 5.3.
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All recorded floods in Merjasec cave are characterised by an early erosional and subsequent deposi-
tional stage, developing a cut-and-fill sequence (Simms 1994; Adams et al. 2019). However, a detailed analysis
of the facies and architecture reveals that the floods differ in their flow energy, resulting in different ero-
sional bounding surfaces and different channel bedforms. The low-relief, conduit-wide erosions indicate
a high-energy, laterally stable flow and occur in the early erosional flood stage in sequences 1, 2 and 3.
These low-relief erosional surfaces were in the later depositional stage covered by conduit-wide gravel bars
of the facies Gh. High-relief erosion with increased localised incisions represents the early flood stages in
sequences 4 and 5, indicating thalweg migration within the conduit-wide stream channel, probably asso-
ciated with oscillations in flow velocity (Collinson 1970). High-relief incisions were later covered by minor
channel fills of facies Gh and Ss (also noticed by Miall 1996; Ghinassi et al. 2009; Scherer et al. 2015; Fambrini
et al. 2017; Bella et al. 2020).

Low-energy bedforms are rare in Merjasec cave and were only found in the sequence 2. They are char-
acterised by a lenticular geometry and cross-bedded structure composed of facies Gp and Sp. They represent
a downstream migration of subaqueous dunes and bars in lower flow regime (Miall 1977; Miall 1996; Miall
1996; Fambrini et al. 2017). Direct stacking of high-energy conglomerates and low-energy sands clearly demon-
strate relatively fast changes in the flow energy and consequently depositional dynamics (Ramos and Sopena
1983). Sequence 2 is therefore the only one that records the flood s waning stage, while in other sequences
the deposits of this stage were probably washed away by the rising and erosive stage of the flood in other
sequences (Zupan Hajna et al. 2024).

5.5 Regional implications

The regional underground palaeohydrology, mostly characterised by periodic, pulsating flooding, as evi-
dent from the Merjasec section, was probably controlled by climatic conditions (Ghinassi et al. 2009; Hercman
et al. 2023; Zupan Hajna et al. 2024), which transferred larger amounts of rainwater into the cave system
during storm periods or to processes related to allogenic recharge, leading to a sudden rise in the water
table and thus to the reactivation of several levels in the epiphreatic zone of the cave system, including the
investigated conduit. Similar conditions are also present in a current hydrological regime of the regional
system with variable recharge conditions, characterised by increased discharge of influent rivers, causing
pulsating flooding of the system (Prelovsek et al. 2008; Gabrov$ek and Turk 2010; Gabrovsek et al. 2014;
Blatnik et al. 2019).

The end of sequence 4 record a significant change in the depositional environment and thus in the
depositional dynamics. The formation of the flowstone layer over the irregular morphology of the fluvial
deposits indicates a break of fluvial activity (Bella et al. 2020; Hercman et al. 2023; Zupan Hajna et al. 2024).
It is possible that the irregular contact between the flowstone and the underlying fluvial deposits record
yet another flood event with only detectable erosional stage, as conduits can undergo several phases of
deposition and removal without leaving clear indicators (Zupan Hajna et al. 2024), but this remains only
a conjecture as this part of the section is very sparsely exposed. This sudden change in environmental con-
ditions from repetitive flooding (epiphreatic) to calm, intermittent thin flows in sub-aerial exposed conduit
and back again could be explained by the temporary drier conditions or underground flow bypass creat-
ed by the upstream blockage of the conduit due to cave-roof collapses (Bella et al. 2020).

Sequence 5 records the last active phase in which the conduit was completely filled with clastics. After
this phase, the conduit became completely abandoned, which can be related to (a) base level drop and region-
al uplift that moved the conduit to higher levels of the system, where it became out of reach even for large
flood events (b) clogging of the conduit and therefore forcing flood waters through different pathways or
(c) the deflection of flood waters by faults that can act as very effective underground flow barriers.

Regarding the morphological features and sedimentary characteristics, the investigated cave was most
likely connected to the main regional drainage system and functioned as a bypass conduit that was fully
activated only during extreme floods under epiphreatic conditions. Such conduits are usually draining flood
waters from the main conduit, a characteristic of a cave systems with a complex, interconnected conduit
network.

The detailed sedimentological investigation of the Merjasec section highlights the significant value of
unroofed cave deposits in reconstructing past subsurface and surface environmental conditions, despite
their typically sparse preservation, poor exposure, and frequent erosion. The present study demonstrates
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that, when examined in detail, such deposits can yield far more than just confirmation of ancient fluvial
activity; they can provide insights into the provenance, energy, and dynamics of palaeoflow; offering an under-
standing of past hydrological conditions. The Merjasec case further underscores the potential of unroofed
cave deposits to act as key pieces in deciphering the evolution and hydrodynamics of regional cave systems,
particularly in areas like Laze Plain where few caves intersect the epiphreatic zone (Blatnik et al. 2019).
Importantly, this work also demonstrates a methodological approach that can be successfully applied to sim-
ilarly exposed deposits elsewhere, showing that even fragmentary or degraded remnants, when analysed
with appropriate techniques, can significantly enrich our understanding of karst palaeohydrology.

6 Conclusion

The sedimentological characterisation of sparsely preserved Merjasec unroofed cave deposits from Laze

Plain (central Slovenia) provided very valuable information about past regional hydrological conditions:

1) Stratigraphy and sedimentary characteristics of the exposed cave deposits reveal five cut-and-fill sequences
formed during high-energy ephemeral flood-flows and intra-channel deposition, terminated by a longer
period of subaerial exposure under epiphreatic conditions.

2) Most of the bedforms indicate high-energy flows generated by the rising stages of stream floods, while

low-energy bedforms indicate the flood s waning stages.

3) The direct stacking of high-energy bedforms and low-energy bedforms indicates fast changes in the
flow energy and consequently depositional dynamics. The interpreted sediment characteristics indi-
cate that the flood flows range from conduit-wide and laterally stable flows to oscillating flows with
increased localised incisions formed by thalweg migration. Sedimentary data of the Merjasec cave sug-
gests that the regional palaeohydrology was mostly affected by the storm periods and/or allogenic
discharge, leading to a sudden rise in the water table and epiphreatic zone reactivation.

Similar conditions are also present in a current hydrological regime of the regional system with vari-
able recharge conditions, characterised by increased discharge of influent rivers, causing pulsating flooding
of the system.

This work demonstrates that even fragmentary or degraded remnants of unroofed cave deposits, when
studied in detail, can provide most valuable information about karst palaeohydrology and therefore should
not be overlooked. We suggest that a similar detailed methodological approach in studying comparable
palaeocave deposits in other regions.
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of two Hungarian counties

ABSTRACT: Social innovation has emerged as a strategic tool to foster development in disadvantaged areas.
The study analyzes the spatial distribution and temporal changes of social innovation potential and its link
to population dynamics in two disadvantaged Hungarian counties. Using indicators classified into input,
output, and impact categories, a composite index was constructed for municipalities over three census years
(2001, 2011, 2022). Moran I statistics and clustering tested spatial dependence of social innovation poten-
tial and the relationship between clusters and migration balance. Findings show positive spatial
autocorrelation weakened over time. A strong link exists between social innovation potential and migra-
tion balance, with innovative settlements showing lower outmigration.
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Prostorska razporeditev potenciala za druzbene inovacije na obmocjih z razvojnimi
omejitvami: primer dveh madzarskih Zupanij

POVZETEK: DruzZbene inovacije so se uveljavile kot stratesko orodje za spodbujanje razvoja na obmog¢jih
z razvojnimi omejitvami. Clanek analizira prostorsko razporeditev in ¢asovne spremembe potenciala za
druzbene inovacije ter njegovo povezavo z gibanjem prebivalstva v dveh madzarskih Zupanijah z razvo-
jnimi omejitvami. Na podlagi kazalnikov, razvr$cenih v kategorije izhodis¢, rezultatov in ucinkov, je bil
oblikovan sestavljeni indeks za obcine v treh popisnih letih (2001, 2011 in 2022). Z Moranovo statistiko
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povezava med skupinami in selitvenim saldom. Izsledki kazejo, da je pozitivna prostorska avtokorelacija
v opazovanem ¢asovnem intervalu oslabela. Obstaja mo¢na povezava med potencialom za druzbene ino-
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1 Introduction

In recent years, social innovation has become an increasingly prominent concept in regional development,
especially in addressing spatial inequalities and revitalizing disadvantaged and peripheral areas. Social inno-
vation is increasingly understood as a systemic, multi-actor, and iterative process embedded in institutional
and structural contexts, analogous to technological and economic innovation (Dawson and Daniel 2010;
Cajaiba-Santana 2014; Veresné Somosi and Varga 2021; Varga and Téth 2024). Broadly, it encompasses
novel and effective responses to unmet societal needs, aiming to enhance community well-being, coop-
eration, and local capacities (Szendi 2018; Varga and Téth 2021). Based on the literature review, social
innovation can be defined as a process that, beyond measures aimed at improving living standards, encom-
passes the emergence of new structures, the stimulation of societal agency, as well as both top-down policy
mechanisms and bottom-up civic initiatives. Consequently, it enables a dual-perspective approach that can
be assessed through input, output, and impact indicators. Within this context, social innovation poten-
tial refers to the aggregate of institutional, human, and economic capacities that enable a locality to initiate
and sustain socially innovative practices (Benedek et al. 2015; Varga et al. 2023). These capacities are spa-
tially uneven and rooted in structural and demographic legacies.

Past studies examined social innovation processes, stakeholders, and their relation to technological
innovation, with a focus on measuring social innovation potential and its link to competitiveness (Varga
and Téth 2021; Nagy and T6th 2021; Varga and Téth 2024). We adopt the widely accepted view that social
innovation addresses needs unmet by the market and can provide alternative pathways to development
in lagging regions (Benedek et al. 2015; Bosworth et al. 2016; Szendi 2018; Vercher 2022). In Hungary’s
most disadvantaged settlements, these needs are associated with unemployment, educational inequalities,
health challenges, and poor housing. These areas suffer from low population retention, underdeveloped infra-
structure, low-income levels, and a negative migration balance. The local economy is weak and lacks innovation
capacity. In such contexts, social innovation is critically needed (Woolcock 1998; Mumford et al. 2002; Hazel
and Onaga 2003; Mulgan et al. 2007; Pol and Ville 2009; Young 2011; European Commission 2013; Castro
Spila et al. 2016; Unceta et al. 2016; Kleverbeck et al. 2019; Varga et al. 2023; Varga and Téth 2024).

Social innovation potential is not identical to social innovation itself but represents its preconditions —
such as institutional infrastructure, human and social capital, and local governance - that together define
alocality’s innovativeness and adaptability (Cajaiba-Santana 2014; Szendi 2018; Kleverbeck et al. 2019; Varga
and Téth 2021). Settlements with high social innovation potential are more likely to mobilize local actors,
foster participation, and develop cross-sectoral collaboration. These capacities support resilience, improve
quality oflife, and can enhance both competitiveness and population retention. In contrast, areas with low
social innovation potential may reinforce social inequality and suffer continuous decline.

As Nemes Nagy (2006) argues, spatial structures are relatively stable in the short term, with signifi-
cant changes occurring only over medium (10-15 years) or long-term horizons. While this issue has been
explored theoretically (Schmitz et al. 2013; Castro Spila et al. 2016), empirical studies remain scarce (Benedek
et al. 2015; Szendi 2018; Nagy and T6th 2019).

Our approach draws on a narrower economic interpretation of spatial structure, focusing on the dis-
tribution of economic activity. Spatial configuration affects macroeconomic growth by concentrating benefits
and externalities, both positive (e.g., economies of scale) and negative (e.g., congestion, high land prices)
(Varga 2005). In line with Hungarian literature, we define territorial development using per capita
income, which best reflects local conditions and is widely accessible (Nemes Nagy et al. 2001; Németh 2008;
Pénzes 2014). While unemployment data once served as a complementary measure (L8csei 2010; Téth and
Nagy 2013), its utility has declined with the rise of public work schemes. Few empirical efforts have explored
the social innovation potential and development nexus (Szendi 2018; Nagy and Téth 2019). We also include
settlement size as a variable, given its relevance to spatial structure.

Based on literature, methods for measuring social innovation primarily focus on assessing macro-level
social innovation processes (Cajaiba-Santana 2014; Carvache-Franco et al. 2018; Varga et al. 2023; Cunha
et al. 2024). Although macro-level initiatives dominate, methods aimed at quantifying the processes and
impacts of local and regional efforts are emerging with increasing intensity. Building on the reviewed lit-
erature and our previous research (Varga et al. 2020; Varga and Té6th 2021; Veresné Somosi et al. 2023),
aresearch gap can be identified that motivates further investigations. We revisit the municipalities of two
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Hungarian counties to determine whether spatial patterns of social innovation potential show regularity
or randomness, and whether they correlate with migration and development outcomes.

Our current analysis examines the measurement and spatial distribution of social innovation poten-
tial in two disadvantaged counties, using census data from 2001, 2011, and 2022. This time frame allows
us to track temporal changes and compare them with earlier findings, while raising new questions. We
analyze social innovation potential alongside demographic processes, particularly internal migration, to bet-
ter understand why certain disadvantaged areas show greater resilience to depopulation. Our primary research
question is: To what extent is there a spatially observable relationship between social innovation potential
and the migration balance of municipalities in disadvantaged areas? We also explore whether social inno-
vation potential can alter spatial structural patterns.

Based on previous findings, two of Hungary’s most structurally disadvantaged counties — Borsod-Abauj-
Zemplén and Szabolcs-Szatmar-Bereg — were selected to examine the spatial distribution of social innovation
potential, since social innovation can be identified as a new tool and model for fostering the convergence
of disadvantaged peripheral regions.

2 Literature review

Based on prior analyses of local, regional, and national measurement approaches (Veresné Somosi and
Varga 2021; Varga and Téth 2024), various efforts have been made to evaluates social innovation process-
es and capacities. Despite these efforts, a universally accepted methodology remains absent (Cajaiba-Santana
2014; Szendi 2018). Initial frameworks primarily relied on economic indicators; however, the core aim of
social innovation — enhancing well-being — requires a broader, more integrated approach (Hochgerner 2011).
Measurement frameworks should account for rural specificities (Bosworth et al. 2016; Vercher 2022; Varga
and Té6th 2024) and the systemic nature of innovation (Dawson and Daniel 2010; Carvache-Franco et al.
2018; Neumeier 2017; Cajaiba-Santana 2014; Benedek et al. 2015; Szendi 2018).

Academic discourse increasingly highlights social innovation’s potential in addressing regional
inequalities, especially in peripheral areas (Neumeier 2017; Veresné Somosi and Varga 2021). In line with
European Union (EU) cohesion policy, social innovation is regarded as a key instrument for reducing dis-
parities (Ewers and Brenck 1992; Benedek et al. 2015; Szendi 2018; De Palo et al. 2018; Widuto 2019).

The measurement of social innovation involves evaluating inputs, outputs, and impacts, with empha-
sis on societal outcomes. Current methodologies focus on assessing social innovation potential - the capacities
enabling innovation (Benedek et al. 2015; Szendi 2018; Kleverbeck et al. 2019; Nagy and T6th 2019; Varga
etal. 2023) - as distinct from the contextual prerequisites required for its emergence (Szendi 2018; Varga
etal. 2023).

Table 1: Methods used to measure social innovation based on a structured review of the literature (based on Veresné Somosi and Varga 2021; Varga
and Tath 2024).

LOCAL MEASUREMENT REGIONAL MEASUREMENT NATIONAL MEASUREMENT

Social Innovation Indicators (IndiSI project, Regional Innovation Capability (IndiS| European Social Innovation Index (ESII)

Kleverbeck et al. 2019) project, Kleverbeck et al. 2019) pilot study without calculation

data collection without calculation elaboration of indicators without calculation

Sodial innovation capacity (Schmitzetal. 2013)  Regional Vulnerability Index (SIMPACT Blueprint of Social Innovation Indicator

data collection without calculation project, Castro Spila et al. 2016) (TEPSIE project, Schmitz etal. 2013)
development of indicators without calculation  pilot study without calculation

Measurement of social innovation process Regional social innovation potential Measuring social impact (OECD, Eurostat 2018)

according to Triple Bottom Line (Dainiené (Benedek et al. 2015) pilot study without calculation

and Dagiliené 2016) Examination of 15 micro-regions

elaboration of indicators without calculation (social innovation potential)

Complex social innovation index (Szendi 2018)  Regional Social Innovation Index (RESINDEX)  Social Innovation Index (SII)
Survey of 610 locallities (social innovation 282 regional organisations Survey of 45 countries (ranking)
potential)
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The methodological approaches for measuring social innovation rely on the use of different indica-
tors at various measurement levels. The individual methods may vary by country, primarily due to the differing
range of available data. There are general recommendations that can primarily be applied to national-level
measurements. A significant portion of the calculations attempt to adapt the indicators involved in macro-
level studies for local and regional measurement. Different measurement methods are interconnected in
a hierarchical system, although there are discrepancies in the indicators used. In the structured review of
the literature, we examined four methods at each level, which are detailed in Table 1.

3 Methods

3.1

The methodological chapter describes the analytical process in three main steps (Figure 1). First, the indi-
cators are defined, forming the basis for measuring social innovation potential. This is followed by an
examination of the spatial distribution of the indicators, which enables the identification of regional dis-
parities and temporal changes. Finally, the analysis addresses the relationship with migration processes,
revealing the connection between social innovation and demographic dynamics.

Establishing and analysis of the indicators

Based on the literature (Kocziszky 2004; Schmitz et al. 2013; Benedek et al. 2015; OECD, Eurostat 2018;
Szendi 2018; Kleverbeck et al. 2019; Nagy and T6th 2019; Varga et al. 2020; Veresné Somosi et al. 2023),
an indicator system and a social innovation potential indicator can be defined to support the measure-
ment of social innovation concerning the municipalities of the examined counties. In this case, we applied
the indicator system compiled based on literature for measuring social innovation. Its complexity requires
a multidimensional measurement framework. Following research and development evaluation models (OECD,
Eurostat 2018), input, output, and impact indicators are used to capture different stages of the process. Inputs
reflect foundational conditions (e.g., institutions, employment, education); outputs represent immediate results
(e.g., participation, service uptake); impacts cover long-term effects (e.g., income, quality of life, attitude
shifts). This threefold structure is especially relevant in disadvantaged regions, where traditional econom-
ic metrics may overlook key aspects of local development and resilience (Varga et al. 2023).

In our study, each group included seven indicators. When compiling the indicator system, it was nec-
essary to consider that the indicators do not always point in the same direction; that is, there are indicators
where an increase is positive, while for others, a decrease is viewed favorably. For indicators where lower
values signify a favorable situation, we calculated the inverse of the indicators. As for the averages of the
input, output, and impact indicator groups, a comprehensive indicator measuring social innovation poten-
tial can be determined. We normalized the indicators within each indicator group to ensure that our data,
which varies in scale, can be compared with one another. We calculated the average of the normalized data
for each indicator group. No weighting was performed during the calculations.

The indicators selected as input, output and impact indicators are presented in Table 2.

Establishing Spatial Examination
and analysis distribution of the

of the analysis of the relationship
indicators indicators with migration

Figure 1: The structure and logic of the methodological framework.
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Table 2: Indicators for the input, output and impact indicator group (based on Varga et al. 2023).

INPUT INDICATOR GROUP

INDICATORS

institutional factors

1. number of non-profit enterprises per 1000 inhabitants (2001, 2011, 2022)

locational factors

2. number of active enterprises per 1000 inhabitants (2001, 2011, 2022)

human factors

3. child population as a percentage of the resident population (2001, 2011, 2022)

4. elderly per 100 children (2001, 2011, 2022)

5. dependency ratio (children (0—14 years) and elderly population (>65 years) as a percentage
of the population aged 15—64) (2001, 2011, 2022)

6. proportion of the population aged 7 and over with primary education (including those who have
not completed school) (2001, 2011, 2022)

activity factors

7. employment rate (2001, 2011, 2022)

OUTPUT INDICATOR GROUP

INDICATORS

economic factors

1. ratio of public employees to the population aged 15—64 (2006, 2011, 2022)

cultural factors

2. number of participants in cultural events per 1000 inhabitants (2001, 2011, 2022)

social factors

3. average amount used for child protection allowances (2006, 2011, 2022)

4. number of individuals receiving social meals per 1000 inhabitants (2001, 2011, 2022)

5. number of individuals receiving home assistance per 1000 inhabitants (2001, 2011, 2022)

6. unemployment rate (2001, 2011, 2022)

7. patient flow per family doctor and pediatrician (2001, 2011, 2022)

INDICATORS

1. per capita income (1000 HUF) (2001, 2011, 2022)

2. proportion of the population aged 7 and over with a high school education and above (2001, 2011, 2022)

3. proportion of single person households (2001, 2011, 2022)
4. proportion of families with three or more children (2001, 2011, 2022)

perception of safety factors 5. number of registered crimes per 1000 inhabitants (2001, 2011, 2022)
factors of social infrastructure 6. number of places in long-term residential care per 1000 inhabitants (2001, 2011, 2022)
factors of environmental conditions 7. municipal green area per 1000 inhabitants (2008, 2011, 2022)

health factors
IMPACT INDICATOR GROUP
factors of social conditions

family factors

In order to examine the internal dynamics of social innovation potential over time, a pair-wise cor-
relation analysis was conducted between the social innovation potential indicator and its three component
dimensions: input, output and impact indicators. As referred to above, the complex indicator of social inno-
vation potential was calculated as the arithmetic average of the normalised values of the input, output and
impact dimensions, without applying any further weighting.

The pair-wise correlation coefficients (r* values) were also calculated between the same components
in consecutive years (2001-2011, 2011-2022 and 2001-2022) and for the social innovation potential com-
plex indicator itself. This approach allowed us to examine:

o how strongly each component correlates with itself over time (persistence over time),
o whether the overall social innovation potential indicator remains stable or changes structurally over the
periods.

3.2 Spatial distribution analysis of the indicators

Furthermore, we aimed to examine the spatial distribution of social innovation potential and sought to
determine whether any regularities, spatial patterns, or instead a random distribution could be observed.
To test spatial dependency, we applied Moran’s I statistic. Like all spatial autocorrelation tests, Moran’s I
starts with the null hypothesis that there is no spatial dependence in the sample. This is what we explored.
The formula for Moran’s I (Equation 1) is as follows (Moran 1948):
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I = (Equation 1),

where 7 is the number of settlements, y, represents the social innovation potential in each settlement, y
is the arithmetic mean of the social innovation potential, A denotes the number of neighborhood con-
nections, and the coefficient §; equals 1 if i and j are neighbors, otherwise, it is 0 (Dusek 2004; Dusek and
Kotosz 2016).

For interpreting the data, it is important to consider that the calculated indicator should be understood
within the following ranges and manner:

I>-1/(N-1) > positive spatial autocorrelation,
I=-1/(N-1) - no spatial autocorrelation,
I < -1/(N-1) > negative spatial autocorrelation.

In the next step, we aimed to examine the spatial pattern in more detail. Following Anselin (1995),
research on spatial autocorrelation emerged, often referred to in international literature as LISA (Local
Indicators of Spatial Association).

Anselin (1995), by introducing Moran’ I, developed one of the most widely used methods for quanti-
fying and visualizing spatial autocorrelation: Local Moran’s I statistic. According to the notation introduced
by Getis and Ord (1996), the definition of I is given in Equation 2:

Zi—-Z

I = * Z?’=1[WU «(Z; = 2)] (Equation 2),

where Z is the average of all units, Z, is the value of unit i, Sz° is the variance of the Z variable across all
examined units, and W is the distance weight factor between units i and j, derived from the neighbor-
hood matrix W.

For determining the neighborhood matrix, we applied the so-called queen contiguity criterion, meaning
that settlements are considered neighbors if they share either an edge or a corner.

For the obtained Local Moran’s I values:

« negative values indicate negative autocorrelation,
o positive values indicate positive autocorrelation.

However, the function’s range extends beyond the [-1, +1] interval.

The Local Moran’s I statistics are useful for identifying areas that are like or different from their neigh-
bors. The higher the Local Moran’s I value, the stronger the spatial similarity. Conversely, a negative value
suggests that the spatial distribution of variables approaches randomness.

The scatter plot categorizes settlements into four groups based on their quadrant placement:

1. High-High (HH): areas with high values where the neighboring units also have high values.
2. High-Low (HL): areas with high values surrounded by low-value neighbors.

3. Low-Low (LL): areas with low values where the neighboring units also have low values.

4. Low-High (LH): areas with low values surrounded by high-value neighbors.

The groups labeled with odd numbers indicate positive autocorrelation, while those with even num-
bers indicate negative autocorrelation. Choosing Local Moran’s I as a local spatial autocorrelation indicator
is particularly useful when identifying spatial outliers. It reveals:

» where HH and LL values cluster in space, indicating regions with strong spatial similarity,
o where HL and LH areas appear, highlighting territorial units that significantly differ from their neigh-
bors.

3.3 Examination of the relationship with migration

Drawing on the clusters identified by Local Moran’s I statistics, the relationship between social innova-
tion potential and migration was systematically examined. Social innovation potential - as previously noted -
can be understood as a proxy for well-being. In line with earlier studies (Lockley et al. 2008; Wright 2012;
Moralli 2023; Varga et al. 2023), the analysis of migration provides an empirically grounded way to
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understand how people perceive well-being, which underlies their mobility decisions. Building on this
rationale, our study examines whether social innovation potential clusters are quantitatively linked
to internal migration patterns: is there a measurable relationship between social innovation potential (as
a quasi-well-being indicator), people’s perceptions of it, and resulting migration decisions. Recent research
underscores why this linkage is critical (Moralli 2025). Methodologically, mixed-method approaches com-
bining quantitative migration modeling with qualitative insights deliver deep, context-rich evidence.
Moreover, advanced quantitative tools such as network analyses of migration flows and multilevel mod-
eling illuminate how spatial clusters of social innovation potential influence movement dynamics
(Salamoniska 2022). Our investigation advances understanding of how social innovation capacity impacts
population retention and movement — and vice versa.

4 Results and discussion

4.1 Spatial and temporal shifts in social innovation potential

Our findings indicate a substantial transformation in the social innovation potential of municipalities between
2001 and 2022, as past data do not correlate with recent data (Table 3). The most significant shifts occurred
in input indicators. Declining correlation values — particularly for input indicators and the overall social
innovation potential - indicate growing spatial divergence and imply that the structural determinants of
social innovation have substantially changed over time.

Table 3: Pair-wise correlations between social innovation potential and its components (r%).

Indicators 20017201 201172022 2001/2022
Input indicators 0,548 0,154 0,005
Output indicators 0,214 0,258 0,764
Impact indicators 0,457 0,390 0,234
Social innovation potential 0,575 0,395 0,222

After reviewing the indicator system - based on the composite indicator measuring social innovation
potential, determined from the averages of the input, output, and impact indicator groups - the 2022 sit-
uation shows that the most favorable conditions are found in the two county seats and the settlements within
their spheres of influence. In contrast, the settlements in the most disadvantaged positions are primarily
peripheral villages. This pattern is consistent with several findings in the international literature on cen-
tre-periphery and migration issues (Avdi¢ et al. 2022; Ljubenovi¢ et al. 2025) and our previous findings,
as is the fact that input indicators play the most significant role in shaping the level of social innovation
potential, as their values are the highest for most settlements. In this regard, our findings are entirely con-
sistent with our previous research (Nagy and Téth 2021; Varga and Téth 2021). The composite indicator
confirms that, although the most advantaged settlements within the two counties are relatively scattered
across space, the proximity to major cities plays a clear role. The most disadvantaged settlements are pri-
marily those near the national border, but in many cases, settlements along county borders also exhibit
similarly unfavorable conditions (Figure 2 and 3).

4.2 Spatial clustering of social innovation potential

The Moran I statistic was used to test for spatial dependence. The global spatial autocorrelation of social
innovation potential, covering all settlements in the two counties, in 2022 was: I = 0.230 (in 2001, I = 0.393;
in2011,1=0.334).

Based on this, we can determine that the phenomenon exhibits positive spatial autocorrelation
(I=-1/(577-1) = -0.00174), meaning that the spatial concentration of similar values is higher than what
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would be expected due to natural processes. Settlements with high social innovation potential tend to have

high-value neighbors, while settlements with low values tend to be surrounded by other low-value settle-

ments.

Using Local Moran’s I, we conducted calculations on social innovation potential at the settlement level
for 2022. To analyze whether the high degree of similarity is driven by the concentration of high or low val-
ues of the variable, we compared the Local Moran’s I results with the initial data using Moran scatter plots.

As a next step, we plotted the standardized values of the observation units on the horizontal axis of
the diagram, while the vertical axis represented the corresponding standardized Local Morans I values
(i.e., the average values of neighboring units).

Based on their placement in the respective quadrants of the scatter plot, the municipalities categorized
into four groups can be presented as follows:

o The HH cluster primarily includes the most advantaged settlements, with a total of 57 settlements. Most
of these are part of the Miskolc agglomeration and the Nyiregyhdza urban area (both are cities with coun-
ty status). Beyond these two groups, Sarospatak and two neighboring settlements, as well as some villages
in the Kisvarda region, also belong to this cluster. However, urban status alone does not guarantee inclu-
sion in the HH cluster, as several cities in the two counties do not belong to any cluster at a 95% significance
level.

o The LL cluster consists of 37 settlements, representing the most disadvantaged areas of the two coun-
ties. Within this cluster, two distinct groups emerge: the external peripheries along the national border
(e.g., Lonya, Barabas, Hidasnémeti, Pusztaradvany), and the internal peripheries near county borders
(e.g., Szabolcs) and settlements far from urban centers (e.g., Vaja, Porcsalma), which also face signifi-
cant disadvantages.

o The LH cluster includes 13 settlements, primarily located near HH cluster settlements. Among the most
substantial are Tunyogmatolcs and Sajépetri.

o The HL cluster consists of 17 settlements, primarily neighboring areas with low social innovation poten-
tial. The most significant among them are Csengersima and Krasznokvajda.

Building on earlier studies (Nagy and Téth 2021; Varga and Téth 2021), the overall spatial structure
of social innovation potential remains consistent; however, the number of settlements within each clus-
ter has particularly increased. Given the absence of methodological changes and the observed decline in
global spatial autocorrelation, this trend points to the emergence of localized clusters with similar inno-
vation dynamics. To assess cluster stability, a bivariate spatial autocorrelation analysis was conducted,
comparing 2022 values with neighboring settlements’ 2001 data (Figure 2, Figure 3).

Minor spatial shifts were observed in the cluster dynamics. In Sarospatak, the absence of significant
similarity with its surroundings in 2001 - due to neighboring settlements’ low innovation potential - sug-
gests improvements in adjacent areas over time (Borsod-Abauj-Zemplén county). In regions such as the
Cserhat, Rakaca Basin, and Torna Hills, several settlements remained in LL or HL clusters, while others
lost statistical significance, reflecting stagnation or modest improvement (Borsod-Abatj-Zemplén county).
Conversely, in the vicinity of Matészalka (e.g., Nyirmeggyes, Kocsord), former HH cluster settlements lost
statistical significance by 2022, indicating a relative decline in innovation potential, while modest improve-
ment is observed in the neighboring settlements of Kisvarda (Szabolcs-Szatmar-Bereg county).

4.3 The impact of social innovation potential on migration

We examined how belonging to different clusters is reflected in the migration balance. It was found that
there is a clear relationship between cluster membership and the magnitude of migration balance. HH clus-
ter settlements have the lowest outmigration, while LL cluster settlements experience the highest
outmigration. In this case, it can be concluded that there is a fundamentally strong and positive relation-
ship between social innovation potential and migration balance. However, in the case of the two outlier
clusters (LH, HL), this relationship is much less evident (Table 4, Figure 4).

Figure 2: Local Moran’s | of the composite indicator measuring social innovation, 2022. » p. 56
Figure 3: Bivariate Local Moran's | of the composite indicator measuring social innovation, 2022/2001. » p. 57
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Table 4: Migration balance per 1,000 inhabitants in the examined clusters.

Clusters 1990-1999 2000-2009 2010-2019 2020-2022 1990-2022
Not significant —43 -6, -8,0 -76 -6,2
High—High =27 —40 38 —4,7 3,6
Low—Low -8 -9,6 -105 -149 -99
Low—High =33 =55 -1 =95 -6,8
High—Low -3,0 -56 -9,0 -7,0 —6,0
Average -38 =55 —6,5 6,7 =53

Across all clusters, negative trends are prevalent, with the LL cluster experiencing the most pronounced
decline over time. Some clusters, especially LH and HL, exhibit fluctuations, indicating periods of insta-
bility or short-term improvements that were not maintained. In contrast, the High-High cluster showed
greater stability, with gradual declines over the years, but without the sharp drops observed in other clus-
ters.

The data reveals a consistent decline across all clusters, with the most significant decrease observed
in the LL cluster (areas with low values where the neighboring units also have low values). While regions
with high innovation potential have generally seen less drastic declines, the overall trend indicates that
social innovation potential has weakened in most areas over the time periods examined. This suggests a need
for targeted interventions to address the challenges faced by the most disadvantaged regions.

LL and LH clusters require targeted interventions to reverse negative trends, HL regions need poli-
cies to fully realize their innovation potential, and HH clusters benefit from measures that sustain or modestly
enhance it.
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Figure 4: Migration balance per 1,000 inhabitants in the examined clusters.
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4.4 Discussion

The results of the study provide important insights into the spatial dynamics of social innovation poten-
tial and its relationship with demographic trends in two disadvantaged Hungarian counties. However, beyond
the general trends and clusters identified, several methodological and interpretative considerations
deserve attention. The study used a carefully selected composite set of indicators, comprising 21 variables
in three main categories: input, output and impact indicators. Although this three-dimensional structure
reflects the systemic nature of social innovation - similar to technological or economic innovation process-
es — it is important to recognise the different levels of sensitivity and explanatory power between these
dimensions.

Notably, the input indicators proved to be the most volatile and determinant over time, while the impact
indicators showed greater stability over time. Output indicators fell in between. These differences high-
light the need for greater selectivity in the use of indicators: future research and policy evaluation efforts
should favour indicators that are theoretically sound and empirically sensitive to local changes. In disad-
vantaged regions, where data gaps are common and overly complex, composite indicators may mask rather
than clarify meaningful differences.

The proposed use of the variables of social innovation potential indicator is presented in Table 5.

Table 5: Proposed use of the variables of social innovation potential indicator.

Indicator group Example of variables Analysis framework Proposed use
Input employment rate, number of nonprofits, strongly reflects local dynamics for short- and medium-term policy
age structure, education level design and trend analysis
Output participation in cultural activities, indicates activation and short-term to monitor program implementation
social services uptake effects or early-stage impact
Impact per capita income, crime rate, captures structural outcomes for long-term evaluation, complement
housing quality with contextual analysis

Further examination of intra-county differences is crucial. Key tasks include analyzing settlements with
slightly lower social innovation potential than county seats, targeting border areas lacking social founda-
tions with locally tailored programs, identifying stakeholders, planning resources, and fostering communication
and institutional support (Dusek and Szalka 2012; Schmitz et al. 2013; Veresné Somosi and Varga 2018;
Kleverbeck et al. 2019; Cappellano et al. 2022; Varga et al. 2023). Additionally, linking measurement lev-
els and methods, and assessing the long-term impact of social innovation initiatives (Varga et al. 2020; Cunha
et al. 2024; Téth and Varga 2024; Schwab Foundation ... 2025), may reveal important correlations and explain
outlier clusters. A clear limitation of the current study is the scope of available indicators and the lack of
a deeper examination of the relative positional changes of individual settlements. Reflecting these rela-
tive positional changes in terms of migration balance remains a subject for further research. The key question
is whether declining positions coincide with the settlements most affected by outmigration in the coun-
ties and to what extent an improving position translates into a more favorable migration situation over
time. While spatial statistical methods identify patterns, social innovation is inherently qualitative and con-
text-dependent, shaped by local actors, norms, and networks (Mulgan et al 2007; Veresné Somosi and Varga
2018; Schwab Foundation ... 2025; Bresciani et al. 2025). Future research should integrate embedded case
studies and qualitative methods within HH, LL, HL, and LH categories to explore the mechanisms behind
observed spatial patterns, including institutional drivers in HH areas or latent capacities in LL areas, and
to explain gaps in HL and LH municipalities.

5 Conclusion

Based on our latest study of settlements in Borsod-Abatj-Zemplén and Szabolcs-Szatmar-Bereg counties,
we conclude that the social innovation potential of settlements has changed between 2001 and 2022. Due
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to the relatively slow changes in spatial processes, we aimed to analyze a longer time span. This approach
allows for a comparison between our previous studies and current research while also providing a foun-
dation for assessing the direction and extent of these changes. The most striking transformation is observed
in the input indicators (institutional, locational, human, and activity factors), suggesting that the resources
and conditions underlying social innovation have partially changed. The most significant shifts are pri-
marily visible in the demographic and employment conditions of the settlements.

Our research also showed a correlation between social innovation potential and the population reten-
tion capacity of settlements in the two examined counties. In settlements with improving social innovation
potential, less population decline was observed during the analyzed period, indicating that more social-
ly innovative settlements are more attractive to residents. Our analysis revealed a correlation between social
innovation potential and migration balance in the two disadvantaged counties of Hungary. Settlements
with higher social innovation potential experienced lower emigration rates, reinforcing the idea that social
innovation plays a crucial role in the population retention capacity of settlements. Conversely, settlements
with worsening positions exhibited the highest emigration rates.

Opverall, the research results confirm that social innovation is a key factor in the development and pop-
ulation retention of settlements. The promotion of social innovation may contribute to reducing spatial
inequalities and supporting the integration of lagging settlements, reaffirming our previous research find-
ings. According to the reviewed literature (Moulaert and Nussbaumer 2005; McNeill 2017; Liptak 2019;
Castro-Arce and Vanclay 2020; Alina 2023) and our earlier studies (Varga et al. 2023; Varga and Téth 2024),
the social innovation potential of settlements aligns with their current development status. However, social
innovation may generate positive transformation potential in the medium term, in line with slow-chang-
ing spatial processes. Investing in, promoting, and strengthening social innovation has a fundamental impact
on competitiveness and, ultimately, on improving quality of life.
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Spatiotemporal analysis of light pollution in Samsun (Turkey) using spatial statistics
and algebra from SNPP/VIIRS satellite imagery

ABSTRACT: This study analyzes the spatiotemporal changes in light pollution in Samsun (Turkey) from
2012 to 2024 using remote sensing and geographic information systems. SNPP/VIIRS satellite data from
five years were examined using spatial statistics and algebraic methods to measure nighttime light varia-
tions. Results show a sharp decline in dark sky areas and expansion of high light zones from 85.9 km? to
139.5km?, and medium zones from 87.6 km? to 145.5 km?, driven by urbanization and industrial growth.
Rapid changes occurred in Atakum, Ilkadim, Canik, and Tekkekoy, affecting sensitive ecological and astro-
nomical sites. The strong correlation between light emissions and socio-economic indicators highlights
the need for sustainable lighting policies to mitigate adverse environmental impacts.

KEYWORDS: light pollution, remote sensing, geographic information systems, spatiotemporal analysis,
SNPP/VIIRS, urbanization, environmental sustainability

Prostorsko-casovna analiza svetlobnega onesnazenja v Samsunu (Turcija) z uporabo
prostorske statistike in algebre na podlagi satelitskih posnetkov SNPP/VIIRS

POVZETEK: Clanek na podlagi daljinskega zaznavanja in geografskih informacijskih sistemov analizira
prostorsko-¢asovne spremembe svetlobnega onesnazenja v tur§kem mestu Samsun med letoma 2012 in
2024. Za merjenje sprememb nocne svetlobe so bili na podlagi prostorske statistike in algebrskih metod
preuceni satelitski podatki SNPP/VIIRS za pet let. Rezultati kaZejo izrazito kréenje obmocij temnega neba
ter Siritev povrine mo¢no osvetljenih obmodij s 85,9 km” na 139,5km? in srednje osvetljenih obmodij z 87,6 km?
na 145,5km?, Kkar je posledica urbanizacije in industrijske rasti. Najhitrej$e spremembe so bile zabeleZene
v Cetrtih Atakum, Ilkadim, Canik in Tekkekoy, kar vpliva na ob¢utljiva ekoloska in astronomska obmodja.
Zaradi mo¢ne povezave med svetlobnimi emisijami in druzbenogospodarskimi kazalniki je poudarjena
potreba po trajnostnih politikah na podrocju razsvetljave, s katerimi bi se zmanj$ali negativni vplivi na
okolje.
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1 Introduction

Light pollution refers to the harmful effects of excessive or misdirected artificial lighting, including sky-
glow, glare, light trespass, and over-illumination. These effects disrupt ecosystems, human health, astronomy,
and energy efficiency (Chepesiuk 2009; Pan and Du 2021). Since the invention of electric lighting in the
19th century, global light emissions have steadily increased, particularly in urban areas, due to expand-
ing residential, industrial, and commercial activity (Nurbandi et al. 2016; Levin and Zhang 2017; Cox et al.
2022). This increase has been further accelerated by uncontrolled urbanization (Hu et al. 2018; Gaston
et al. 2023).

Excessive artificial nighttime lighting disrupts circadian rhythms, causes sleep disorders, and alters wildlife
behavior, including feeding and migration patterns (Butt 2012; Hu et al. 2018; Brayley et al. 2022). It also
impairs the visibility of celestial objects and reduces the effectiveness of astronomical instruments (Faid
et al. 2024). Moreover, inefficient outdoor lighting wastes energy, leading to economic losses (Tong et al.
2022). Light pollution has thus become a growing concern across disciplines, including astronomy, envi-
ronmental science, ecology, and public health (Chepesiuk 2009; Wu and Wang 2019; Green et al. 2022).

Light pollution is measured through both in situ methods and remote sensing (RS) (Mander et al. 2023).
While tools like Sky Quality Meters (SQM) provide local precision, they lack large-scale coverage (Ji et al.
2024). RS enables wide-area monitoring of nocturnal lighting using satellite-based nighttime light (NTL)
imagery, especially from the Defense Meteorological Satellite Program’s Operational Linescan System
(DMSP/OLS) and Suomi National Polar-orbiting Partnership’s Visible Infrared Imaging Radiometer Suite
(SNPP/VIIRS) satellites (Hu et al. 2018; Wu and Wang 2019). Compared to DMSP/OLS, SNPP/VIIRS pro-
vides higher spatial and radiometric resolution and filters out non-artificial light sources for greater accuracy
(Levin and Zhang 2017; Ma et al. 2020).

However, several challenges remain in interpreting SNPP/VIIRS-derived trends. First, the satellite does
not capture blue wavelengths characteristic of modern white Light Emitting Diode (LED) lighting. Second,
the dataset is relatively limited, as SNPP/VIIRS only began recording nighttime radiance in late 2011, with
data available for download from April 2012 onward (Carias et al. 2021; Levin 2025). Despite these con-
straints, SNPP/VIIRS remains a crucial dataset and is widely used to detect long-term urban brightness
patterns and transient events such as wildfires or maritime activity (Cheon and Kim 2020; Yerli et al. 2021).

With the deployment of high spatial resolution NTL data from the Glimmer Imager for Urbanization
(GIU) sensor aboard the Sustainable Development Goals Satellite 1 (SDGSAT-1) by the Chinese Academy
of Sciences (CAS), new opportunities have emerged to address some of the current gaps in light pollution
research (Xie et al. 2024). The GIU sensor provides multispectral NTL imagery with a 40-m resolution
and panchromatic imagery at 10-m resolution. Importantly, these data are globally accessible since September
2022 (Yin et al. 2024), offering the highest quality NTL observations currently available and enabling the
differentiation of light sources, including the effects of LED transitions, which are not always accurately
captured by SNPP/VIIRS (Liu et al. 2024; Wang et al. 2024). Nevertheless, SNPP/VIIRS NTL data remain
indispensable for long-term change detection compared to SDGSAT-1 (Xie et al. 2024). Importantly, recent
studies indicate that NTL radiance values are highly variable, and that the effects of seasonal fluctuations
and cultural events on NTL intensity must be carefully considered (Martinez et al. 2023; Dong et al. 2025).
In change-detection studies, these effects can be minimized by using comparable time periods. Moreover,
RS-derived NTL data are often validated using ground-based measurements (e.g., SQM) or high-resolu-
tion airborne imagery to improve accuracy and reliability (Guk and Levin 2020; Levin 2023).

Many studies have employed RS and geographic information systems (GIS) to analyze the spatial dis-
tribution and temporal dynamics of NTL intensity (Nurbandi et al. 2016; Levin and Zhang 2017; Yerli et
al. 2021; Cox et al. 2022). However, most studies rely on conventional GIS techniques and focus on nation-
al or regional scales, with limited application of spatial statistical or algebraic methods. Consequently, localized
patterns and urban-scale variations often remain underexplored.

Samsun, the most populous and economically developed city in Turkey’s Black Sea region (Samsun
Chamber of ... 2022), encompasses ecologically critical zones such as the Kizilirmak Delta (a Ramsar site),
the Yesilirmak Delta, and Lake Ladik (Eken et al. 2006), as well as one of Turkey’s fifteen astronomical obser-
vatories, located in Atakum as listed by the Scientific and Technological Research Council of Turkey. Rapid
urbanization, industrial expansion, and infrastructure development have led to significant losses in dark sky
areas, affecting both urban and rural zones. Despite these challenges, academic research on light pollution
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in Samsun remains scarce. Existing studies are limited to either a single district (Tiirk and Yavuz 2023) or
national-scale data that ends in 2020 (Yerli et al. 2021), lacking detailed spatial analyses.

This study addresses these gaps by applying SNPP/VIIRS imagery to conduct a fine-grained, district-
level analysis of Samsun from 2012 to 2024. By integrating RS and GIS with advanced spatial statistical
and algebraic techniques, the study moves beyond descriptive mapping and establishes a quantitative frame-
work to detect spatial heterogeneity and temporal trends in artificial lighting, which represents an
approach that has rarely been applied in previous NTL studies.
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Figure 1: Study area: Samsun.
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The study makes three primary contributions: (i) it demonstrates the effectiveness of RS and GIS inte-
gration in identifying light pollution patterns at the sub-city scale; (ii) it advances the underutilized application
of spatial statistics and algebra in NTL research; and (iii) it provides a replicable methodology applicable
to other rapidly urbanizing contexts. These methodological contributions are complemented by the study’s
regional focus, which provides a rare, spatially detailed assessment of a city with significant ecological and
astronomical value. The findings provide practical insights for urban planning, sustainable environmen-
tal management, and dark sky conservation.

2 Study area

Samsun (Figure 1) is located in northern Turkey (40°50"-41°51" N, 34°25"-37°08" E), and by the data from
General Directorate of Mapping, it covers approximately 9,730 km?>. According to data from Statistical
Institute, Samsun had a population of around 1.4 million in 2024, making it the Black Sea region’s most
populous province (Oztiirk and Giindiiz 2019). Comprising 17 districts and a 210 km coastline, it serves
as a metropolitan and industrial hub attracting internal migration (Samsun Chamber of ... 2022).

Samsun is undergoing rapid urbanization, especially in coastal areas such as Atakum, Ilkadim, Canik,
and Tekkekoy, which show the highest population growth (Ozturk 2017). According to the Socio-Economic
Development Index (SEDI) by General Directorate of Development Agencies, Atakum ranks in the top
tier and hosts both an astronomical observatory and a major tourism sector, while the other three districts
fall into the second-highest tier.

While some districts experience intense urban growth, others contain ecologically sensitive zones vul-
nerable to light pollution. The Kizilirmak Delta (31,327 ha), located in 19 Mayis, Bafra, and Alacam, is
one of Turkey’s most biodiverse wetlands, home to 362 bird species and various habitats. It holds Ramsar,
Natural Site, and Wildlife Development Area designations (General Directorate of ... 2019). Similarly, the
Yesilirmak Delta (20,658 ha) spans Carsamba, Tekkekoy, and Terme, supporting over 323 bird species and
serving as a key habitat for waterfowl. Ladik Lake, a nationally important wetland, also hosts rich fish and
bird biodiversity (Eken et al. 2006; General Directorate of ... 2024).

3 Methodology

This study employs RS and GIS to assess district-level changes in light pollution in Samsun between 2012
and 2024. The primary data source is SNPP/VIIRS Day/Night Band (DNB) monthly cloud-free compos-
ite NTL imagery from 2012, 2015, 2018, 2021, and 2024. The values in SNPP/VIIRS DNB are expressed in
nanowatts per square centimeter per steradian (nW/cm?/sr). Data processing was conducted in ArcGIS
10.3 (ESRI, Redlands, CA), using spatial statistics and algebra. With the Zonal Statistics tool, key metrics
(minimum, maximum, mean, and standard deviation) were extracted for each district and Samsun over-
all. To visualize spatial variation, change maps (2012-2015, 2015-2018, 2018-2021, 2021-2024, and
2012-2024) were generated using Algebraic Change Mapping, and a range map (2012-2024) was produced
with the Cell Statistics tool. Light emission values were classified into five categories to generate light pol-
lution maps for each study year, and the area of each class was calculated to evaluate temporal trends. Finally,
Pearson correlation analysis was performed using Multivariate Statistics tools to examine the relationship
between mean light emission and variables such as population, population density, and SEDI scores. An
overview of the methodological workflow is presented in Figure 2.

3.1 Data

This study utilizes SNPP/VIIRS DNB monthly cloud-free composite Version 1 imagery (Earth Observation
Group, Colorado School of Mines 2025) to assess nighttime light emissions. SNPP/VIIRS DNB is a satel-
lite-based dataset widely used in Earth system science for measuring visible and near-infrared nocturnal
light (Wu and Wang 2019; Earth Data, NASA 2025). The cloud-free composite provides globally calibrated
mosaics of monthly average observations, excluding stray light-affected data (Levin and Zhang 2017). The
composites are produced by the Suomi National Polar Partnership, a NOAA (National Oceanic and
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Figure 2: Workflow of the study.

Atmospheric Administration) and NASA (National Aeronautics and Space Administration) collaboration
(Miller et al. 2013; Nurbandi et al. 2016). They are radiometrically calibrated and geometrically correct-
ed, which ensures their suitability for direct scientific analysis (Levin 2017). This study used tile 2 (75N/060W)
for the years 2012, 2015, 2018, 2021, and 2024, focusing on September due to its typically low cloud cover
over Samsun. Data specifications of SNPP/VIIRS DNB are summarized in Table 1 according to the tech-
nical information published by NASA, Earth Data.

Additional data on population, population density, and SEDI were used to examine the relationship
between light pollution and urban characteristics (Table 2). District-level population figures were sourced
from the Statistical Institute, and density was calculated using population and district area data, with bound-
aries provided by the General Directorate of Mapping. SEDI scores and rankings, derived from 56 variables
across six domains, were obtained from the data by General Directorate of Development Agencies. Central
districts (Atakum, Ilkadim, Canik, Tekkekoy) show higher population, population density, and SEDI scores,
whereas rural districts such as Ayvacik, Asarcik, Salipazari, Yakakent, and Vezirkopru have lower values,
reflecting urban-rural contrasts.

Table 1: SNPP/VIIRS DNB data specifications.

Specification Description

Image Resolution 15 arc seconds (~742 m at nadir)
Unit nW/cm?/st

Coordinate Reference System EPSG:4326 (Geographic Lat/Long)
Equatorial Crossing Time 1:30 PM (ascending)

Data Coverage 2012-01-02 to Present
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Table 2: Area, population, population density, SEDI rank, and SEDI score of districts in Samsun (2012—2024).

District Area (km?) SEDI rank SEDI score Population (Population density)
2012 2015 2018 2021 2024
19 Mayis 2331 3 -0.137 24288 24627 26337 26366 28318
(104.2) (105.7) (113.0) (113.) (1215)
Alacam 598.2 4 -0.417 28315 26301 25854 24860 24686
(47.3) (44.0) (43.2) (41.6) (413)
Asarcik 2545 5 -0.745 18215 17238 17628 16278 16128
(71.6) (67.7) (69.3) (64.0) (63.4)
Atakum 3514 1 1.734 139730 169809 202618 238702 253437
(397.6) (483.2) (576.6) (679.3) (721.2)
Ayvacik 3839 5 -0.784 22623 20619 21847 19436 19556
(58.9) (53.7) (56.9) (50.6) (50.9)
Bafra 1502.5 3 0.256 143366 41407 142210 14234 143600
(95.4) (94.1) (94.7) (94.7) (95.6)
Canik 262.2 2 0.553 92201 96541 97564 99369 100591
(351.6) (368.2) (372.1) (379.0) (383.6)
(arsamba 7733 3 -0.015 136802 136775 138840 140439 141850
(176.9) (176.9) (179.5) (181.6) (183.4)
Havza 864.9 3 -0.124 43520 41146 40194 38872 38493
(50.3) (47.6) (46.5) (44.9) (44.5)
IIkadim 154.8 2 1.343 312332 31714 332230 340421 325775
(2017.7) (2078.3) (2146.2) (2199.1) (2104.5)
Kavak 696.8 4 0331 20312 20130 21692 21260 25469
(29.2) (289) (31.1) (30.5) (36.6)
Ladik 543.2 4 -0.260 17274 16474 16734 16320 16309
(31.8) (30.3) (30.8) (30.0) (30.0)
Salipazari 349.0 5 -0.730 19379 18869 22923 19305 20046
(55.5) (54.) (65.7) (55.3) (57.4)
Tekkekoy 3265 2 0.650 48997 49843 52258 55369 58889
(150.1) (152.7) (160.1) (169.6) (180.4)
Terme 557.5 4 -0.202 73094 71910 72354 71366 71720
(131.1) (129.0) (129.8) (128.0) (128.6)
Vezirkopru 1672.2 5 -0.537 102212 97815 95569 91978 88564
(61.1) (58.5) (57.2) (55.0) (53.0)
Yakakent 2045 5 -0.538 9062 8672 8864 8592 8945
(443) (42.4) (43.3) (42.0) (43.7)
Total 97290 1227434 1255257 1309379 1344908 1354058
(SAMSUN) (126.2) (129.0) (134.6) (1382) (1392

3.2 Spatial statistical analysis

Spatial statistics involves applying statistical methods to geographically referenced data, where location
is essential to analysis (Unwin 2009). These methods treat spatial attributes as variables, enabling detec-
tion of patterns and relationships (Forster 2000). This study employed three techniques: Zonal Statistics,

Cell Statistics, and Multivariate Statistics.

Zonal statistics summarize raster data within defined zones such as administrative boundaries
(Winsemius and Braaten 2023), helping to characterize regional patterns (Song et al. 2016). In this study,
the Zonal Statistics as Table tool in ArcGIS was used to calculate the minimum, maximum, mean, and
standard deviation of light emission values for each district. This enabled both temporal comparison and

spatial trend analysis (Levin and Zhang 2017; Winsemius and Braaten 2023).

71



Sarp Doruk Ozturk, Derya Ozturk, Spatiotemporal analysis of light pollution in Samsun (Turkey) using spatial statistics....

Cell statistics are local functions that generate new rasters by applying statistical operations (e.g., max-
imum, minimum, range) across multiple input rasters on a cell-by-cell basis (Ozturk and Kilic 2016). In
this study, the Cell Statistics tool in ArcGIS was employed to determine the range of light emission val-
ues for each cell. This identified areas with the greatest temporal variation in light emissions (Li et al. 2008).

Multivariate statistics examine relationships among multiple variables or data layers. Correlation
analysis is a commonly used multivariate statistical method that quantifies the strength and direction of
linear relationships between variables (Ozturk and Kilic 2016). In this study, Pearson correlation analy-
sis (Profillidis and Botzoris 2018; Xu 2020) was used to assess the linear relationship between mean light
emission values and three urban variables: population, population density, and SEDI scores.

3.3 Spatial algebra

Spatial algebra is a mathematical framework comprising various algebraic, logical, and topological oper-
ations used to analyze spatial data (Kankanhalli et al. 1995; Li et al. 2002; Nobre et al. 2009). In this study,
algebraic change mapping and the classification of light emission values were applied to analyze changes
in light pollution.

Algebraic change detection uses image algebra to highlight temporal changes by calculating pixel-
wise differences, producing a single-band image (Close et al. 2021). It is valued for simplicity, speed, and
sensitivity to radiometric differences (Afify 2011; Goswami et al. 2022). This study used image differencing,
subtracting values in an earlier image (Image 1) from a later one (Image 2), as shown in Equation 1 (Alphan
2011; Tenneson et al. 2023):

Change = Image 2 - Image 1 (Equation 1),

To evaluate light pollution levels, SNPP/VIIRS light emission values are categorized based on eco-
logical and astronomical thresholds. The International Astronomical Union recommends a maximum
artificial sky brightness of no more than 10% above natural levels (~0.25 mcd/m?) for observatory loca-
tions (Lowenthal et al. 2022). In ecological contexts, artificial light exceeding certain thresholds can disrupt
wildlife and ecosystems (Widmer et al. 2022).

Building on the classification by Hiigli (2021), which refines earlier schemes by Hale et al. (2018) and
Hale and Arlettaz (2019), light emission values are divided into five categories (Table 3). In this classifica-
tion, a threshold of 2 nW/cm?/sr represents the typical radiance level associated with small villages or sparsely
populated residential areas. Radiance values around 10 nW/cm?/sr are characteristic of larger towns with rel-
atively high population densities. In extensive urban settlements, where various lighting systems are employed,
measured values commonly reach approximately 20 nW/cm?/sr (Widmer et al. 2022). Light emissions exceed-
ing 2nW/cm?/sr are expected to have at least a minor impact on ecosystems and wildlife (Hale et al. 2018;
Widmer et al. 2022). In this study, light emission values were classified according to the Table 3.

Table 3: Classification of light emission values.

Radiance ("W/cm?/sr) (ategory

<05 Lowest light emission
0.5-2 Very low light emission
2-10 Low light emission
10-20 Medium light emission
>=20 High light emission

4 Results
This section presents the findings from the analysis of SNPP/VIIRS data across Samsun’s districts from

2012 to 2024. The results reveal spatial and temporal variations in light intensity, reflecting trends in urban-
ization, industrial activity, and infrastructure development. The analysis is organized into four components:
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(i) zonal statistics summarizing district-level light emissions; (ii) difference and range mapping highlighting
temporal variation; (iii) light pollution classification showing the spatial distribution of artificial lighting;
and (iv) correlation analysis exploring links between light intensity and socio-economic variables.

4.1 Zonal statistics

Zonal statistics were computed using SNPP/VIIRS data for 2012, 2015, 2018, 2021, and 2024. Key metrics
per district are summarized in Table 4, and temporal trends in mean light intensity are shown in Figure 3.

Table 4: Summary statistics of SNPP/VIIRS light intensity (nW/cm?/sr) by district (2012—-2024).

2012 2015 2018 2021 2024

District min max min max min max min max min max
mean stddev.  mean std dev mean std dev mean std dev mean std dev

19 Mayis 0.15 2732 0.09 23.77 0.24 3374 0.32 3451 0.47 4255

161 299 171 2.82 234 3.62 2.92 388 332 393

Alacam 0.08 19.80 0.00 51.25 0.1 46.95 0.20 5711 0.27 46.84

0.50 114 0.69 249 1.03 267 134 3.07 138 272

Asarcik 0.14 12.36 0.03 12.45 0.14 17.63 0.28 2.1 0.40 18.93

0.40 061 0.44 0.81 0.69 1.11 0.96 131 1.18 1.30

Atakum 0.15 88.36 0.10 70.07 0.21 79.30 0.34 75.19 0.44 67.93

429 1137 490 10.85 5.62 1232 573 12.24 6.01 N7

Ayvacik 0.12 9.08 0.00 10.94 0.09 13.23 0.22 18.38 0.33 14.32

043 063 0.39 0.76 0.58 0.80 0.99 112 1.29 107

Bafra 0.07 5143 0.00 57.49 0.1 72.36 0.16 83.91 0.26 67.22

0.65 228 0.72 291 1.08 3.64 151 407 171 3.69

Canik 0.17 65.28 0.06 7707 0.25 69.99 0.42 80.91 0.55 60.84

177 6.07 232 7.88 2.79 8.54 2.86 792 3.07 6.68

(arsamba 0.14 45715 0.00 42.16 0.10 4718 0.29 65.60 0.38 60.16

1.25 283 1.53 3.50 1.90 3.91 276 487 327 443

Havza 0.09 57.33 0.00 71.98 0.10 61.37 0.25 5452 0.34 5361

0.60 225 0.64 2.80 0.99 3.05 118 279 138 294

[lkadim 0.23 121.14 0.26 88.66 0.46 89.48 0.59 85.76 0.89 73.66

943 18.79 10.14 17.08 12.09 19.58 11.51 1794 10.64 15.09

Kavak 0.13 33.68 0.02 43,63 0.16 40.88 0.25 39.71 036 48.09

0.64 195 0.95 2.85 1.09 2.81 1.21 271 142 270

Ladik 0.10 40.94 0.00 4522 0.14 51.94 0.25 0.25 030 47.14

049 162 0.52 1.97 080 233 0.97 219 119 237

Salipazari 0.14 17.10 0.03 13.84 0.18 26.09 0.29 18.69 0.48 17.52
0.50 0.75 0.47 0.70 0.79 130 1M 124 145 125

Tekkekoy 0.17 42.84 000  171.04 0.21 75.96 038 14697 0.53 48.79
235 549 3.20 9.61 3.95 932 438 9.70 44 7.18
Terme 0.15 5092 0.04 48.43 0.22 59.86 032 49.14 0.47 5398

115 258 1.40 1.40 1.94 3.70 2.58 3.66 295 357

Vezirkopru 0.09 39.83 0.00 5116 0.10 71.63 0.15 73.40 0.28 70.15
041 1.66 0.35 1.90 0.62 263 0.86 294 1.02 284

Yakakent 0.10 9.54 0.00 10.86 0.10 29.78 0.25 32.89 031 23.64
035 073 0.33 0.86 0.92 291 1.05 275 1.06 216
SAMSUN 0.07 12114 000 171.04 0.09 89.48 015 14697 0.26 73.66

1.02 V) 1.18 4.66 157 5.26 190 528 2.10 476
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Figure 3: Change in mean SNPP/VIIRS light intensity.

The results show a general upward trend in light intensity across most districts between 2012 and 2024.
Among all districts, Atakum and Ilkadim consistently recorded the highest mean light levels throughout
the study period. While a sharp increase occurred from 2012 to 2018, the growth rate slowed in 2021 and
2024. Notably, Ilkadim reached a peak mean intensity of 12.09 nW/cm?/sr in 2018, representing the high-
est value across all districts and years. Following 2018, radiance levels in Ilkadim experienced a decline,
which is directly attributable to the implementation of municipal energy conservation and lighting poli-
cies under the framework of Samsun Metropolitan Municipality’s sustainable energy strategies (Samsun
Metropolitan ... 2019).

Canik and Tekkekoy showed a steady increase, peaking in 2024. Similarly, districts with prominent
industrial and commercial zones, such as Bafra, Carsamba, Terme, Havza, and Kavak, experienced a con-
sistent increase in light intensity over the years. Conversely, more rural and low-population districts (e.g.,
19 Mayis, Alacam, Asarcik, Yakakent, Vezirkopru, Salipazari, and Ladik) exhibited consistently low val-
ues, with a gradual increase over time. Overall, the upward trends observed in most districts up to 2018
appear to have partially decelerated in the period following 2018.

4.2 Difference and range maps

Difference and range maps were generated using SNPP/VIIRS data (2012-2024) to analyze spatial and
temporal variations in light emissions (Figure 4). Image differencing was applied to consecutive intervals
and the full study period, with positive values indicating increases and negative values representing decreas-
es. The range map, calculated as the per-pixel difference between maximum and minimum values across
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all years, highlights maximum variation at each location. In Figure 4, colors are scaled to each period’s
min-max values, highlighting relative differences between districts.

Temporal trends in light emissions indicate distinct phases of urban expansion. Between 2012 and 2015,
significant light emission increases were observed in the coastal districts of Atakum, Ilkadim, Canik, and
Tekkekoy, particularly along Atakum’s coastal strip and the Canik-Tekkekoy corridor. These increases align
with rapid urban development and expanding infrastructure. From 2015 to 2018, light pollution continued
to grow in these central districts but also began to spread inland, suggesting the emergence of new residen-
tial and commercial zones. In 2018-2021, the spatial spread of light pollution accelerated, extending from
core urban areas to peripheral and interior districts, indicating a broader geographical expansion of artifi-
cial lighting. By 2021-2024, nearly all districts experienced increased emissions, highlighting intensified urban
sprawl and the proliferation of artificial light even in rural areas. The observed decline in certain areas after
2018 is attributable to energy efficiency measures and urban lighting policies implemented under the frame-
work of Samsun Metropolitan Municipality’s sustainable energy strategies (Samsun Metropolitan ... 2019).
Upgrading streetlights to LED technology, implementing dimming, and optimizing lighting schedules direct-
ly led to reduced light emissions, reflecting the municipality’s efforts to balance illumination needs with
environmental considerations. Furthermore, this slowdown was reinforced by reduced economic activi-
ty following the COVID-19 pandemic.

The long-term difference map (2012-2024) confirms a net increase in light emissions across Samsun,
with hotspots in urban coastal corridors and industrial transport zones, while the range map (2012-2024)
reveals the highest variability in central and coastal districts, while rural areas display minimal change,
reflecting relatively stable light conditions over time. Comparing the difference (2012-2024) and range
(2012-2024) maps reveals similar spatial patterns, indicating that light emission trends have generally fol-
lowed a stable, unidirectional trajectory with minimal fluctuations. Central and coastal areas have
undergone the most dramatic changes, driven by concentrated urbanization, while rural districts remain
less affected by artificial lighting expansion.

4.3 Light pollution classification

Figure 5 displays classified light pollution maps for 2012, 2015, 2018, 2021, and 2024 based on SNPP/VIIRS
satellite data and categorized using the thresholds defined in Table 3. These maps visualize the spatial dis-
tribution of light emissions and their progression over time, revealing a clear and steady increase in artificial
lighting, particularly in urban and peri-urban areas.

Table 5: Area (km?) and percentage distribution of light emission classes in Samsun (2012—-2024).

Year Lowest Very low Low Medium High Total area

2012 67918 24120 3514 87.6 85.9 9729
(69.8%) (24.8%) (3.6%) (0.9%) (0.9%)

2015 6363.8 2644.8 4939 1109 1103 9729
(65.5%) (27.2%) (5.1%) (1.1%) (1.1%)

2018 4935.1 3804.6 7249 129.1 135.0 9729
(50.7%) (39.1%) (7.5%) (13%) (1.4%)

2021 3309.3 47767 1362.5 136.7 143.6 9729
(34.0%) (49.1%) (14.0%) (1.4%) (1.5%)

2024 1853.5 5584.6 2005.6 1455 139.5 9729
(19.1%) (57.4%) (20.6%) (1.5%) (1.4%)

Figure 4: Difference and range maps of light emissions (2012—2024). » p.76-77
Figure 5: Classified light pollution maps (2012, 2015, 2018, 2021, and 2024). » p. 78—79
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In 2012, the highest light intensities were concentrated in the central districts of Atakum, Ilkadim, Canik,
and Tekkekoy, forming a bright corridor along the Middle Black Sea coastal road. In contrast, rural and
inland regions showed predominantly low emission levels. By 2015, emissions intensified in central dis-
tricts and along key transportation routes, indicating early signs of urban expansion and infrastructure
growth. The year 2018 marked a notable shift, with increased emissions spreading inland from the coast.
Significant growth was observed in new residential zones, commercial centers, and industrial areas, espe-
cially in Atakum, Ilkadim, and eastern Tekkekoy. Between 2018 and 2021, light pollution expanded further
into peripheral districts, reflecting continued urbanization and rising infrastructure development. By 2024,

Table 6: Area (km?) and percentage distribution of light emission classes by district (2012 and 2024).

District Year Lowest Very low Low Medium High Total

19 Mayis 2012 89.2 (38.3%) 07 6(46.1%)  27.0(11.6%) 8.7 (3.7%) 0.6 (0.3%) 233.1
19 Mayis 2024 26(1.1%) 2.7 (48.3%) 02 2 (43.9%) 13 7(5.9%) 1.9(0.8%) 233.1
Alacam 2012 464.0 (77.6%) 18 8(19.9%) 3.0(2.2%) 2.4(0.4%) 0.0 (0.0%) 598.2
Alacam 2024 1609 (26.9%)  347.4(58.1%) 3(13.6%) 5.6(0.9%) 2.9(0.5%) 598.2
Asarcik 2012 217.5(855%)  33.8(13.3%) 3.1(1.2%) 0.2(0.1%) 0.0 (0.0%) 2545
Asarcik 2024 20.7(8.1%)  2053(80.7%)  27.2(10.7%) 3(0.5%) 0.0 (0.0%) 254.5
Atakum 2012 137.0(39.0%)  137.6(39.2%)  37.6(10.7%) 17.7 (5.0%) 21.5(6.1%) 3514
Atakum 2024 8.0 (2.3%) 5 (54.5%) 9(29.0%) 5.8 (4.5%) 34 2(9.7%) 3514
Ayvacik 2012 33(81.6%)  63.8(16.6%) 6.8 (1.8%) 0.0 (0.0%) 0.0 (0.0%) 383.9
Ayvacik 2024 54 2(14.1%)  269.8 (70.3%) 58 8 (15.3%) 1(0.3%) 0.0 (0.0%) 383.9
Bafra 2012 9(76.0%)  308.0(20.5%) 3(2.7%) 45(0.3%) 6.8 (0.4%) 1502.5
Bafra 2024 426.5(284%)  738.7 (49.2%) ( .0%) 11.6 (0.8%) 9.6 (0.6%) 1502.5
Canik 2012 121.5 (46.4%) 5.8 (44.1%) 145 (5.5%) 43(1.7%) 6.1(2.3%) 262.2
(anik 2024 00(0.0%) 1926(73.5%) 548 (20 9%) 59(2.3%) 8.8 (3.4%) 262.2
(arsamba 2012 288.1(37.3%) 7.8 (54.0%) 9(6.7%) 7(1.5%) 3.7(0.5%) 7733
(arsamba 2024 9.8 (1.3%) 3248 (42.0%) 4045 (52.3%) 23 8(3.1%) 0.4 (1.4%) 7733
Havza 2012 709.5(820%) 1257 (145%) 243 (2.8%) 2.6(0.3%) 29(0.3%) 864.9
Havza 2024 181.7(21.0%)  566.4(65.5%)  104.7 (12.1%) 8.0 (0.9%) 4.2(0.5%) 864.9
lIkadim 2012 36.7(237%)  61.6(39.8%)  22.3(14.4%) 10.3(6.6%)  24.0(15.5%) 154.8
llkadim 2024 0.0(0.0%)  65.0(42.0%) 45 8 (29.6%) 3.7 (8.8%) 30 4(19.6%) 154.8
Kavak 2012 536 6(77.0%)  140.4(20.1%) 3.2(1.9%) 3.9(0.6%) 2.7 (0.4%) 696.3
Kavak 2024 3.1(10.5%)  5349(76.8%)  79.7 (11.4%) 4.8(0.7%) 4.2(0.6%) 696.8
Ladik 2012 460 9 (84.8%) 0.1(12.9%) 0.0(1.8%) 0.8(0.1%) 4(0.3%) 543.2
Ladik 2024 136.5(25.1%)  349.0(64.2%)  54.0(9.9%) 9(0.4%) 8(0.3%) 5432
Salipazari 2012 257.7(73.8%)  86.8(24.9%) 3.9(1.1%) 0.6 (0.2%) 0.0 (0.0%) 349.0
Salipazari 2024 08(0.2%)  293.7(84.2%)  52.7(15.1%) 8(0.5%) 0.0 (0.0%) 349.0
Tekkekoy 2012 125.7(38.5%)  151.0(46.2%)  27.8(8.5%) 114 (3.5%) 0.6 (3.2%) 326.5
Tekkekoy 2024 0.0(0.0%)  165.8(50.8%) 128.5(39.3%) 4.8 (4.5%) 7.5 (5.4%) 326.5
Terme 2012 1903 (34.1%)  323.5(58.0%)  37.3(6.7%) 4.3(0.8%) 2.1(0.4%) 557.5
Terme 2024 23(04%)  249.7 (44.8%) 2849 (51.1%) 5.9(2.9%) 4.8(0.9%) 557.5
Vezirkopru 2012 512.7(90.5%)  138.7(8.3%) 13.2(0.8%) 4.2(0.2%) 3.4(0.2%) 1672.2
Vezirkopru 2024 702.2 (42.0%)  860.6 ( 5%)  97.6(5.8%) 4.2(0.2%) 7.6 (0.5%) 1672.2
Yakakent 2012 9.1(92.5%) 1(5.4%) 43(2.1%) 0.0 (0.0%) 0.0 (0.0%) 204.5
Yakakent 2024 41(36.2%) 1169 (57 2%) 0.8(5.3%) 6(0.8%) 1(0.6%) 204.5
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artificial lighting had reached its highest levels across all years, with a noticeable spread of medium and
high-emission areas in core districts and an expanding footprint of low-emission lighting in previously
unlit rural zones.

Table 5 quantifies the area and percentage distribution of each light emission class across Samsun from
2012 to 2024. The most significant change is the sharp decline in »Lowest« light emission areas, from 69.8%
(6791.8 km?) in 2012 to just 19.1% (1853.5km?) in 2024, representing a reduction of over 50 percentage
points. This decline is mirrored by an increase in »Very low« and »Low« categories, indicating that pre-
viously dark areas are now exposed to artificial light. Although the »Medium« and »High« categories have
not expanded as dramatically, their steady growth reflects an increased concentration of artificial light-
ing, particularly in commercial and industrial zones.

Table 6 presents the spatial breakdown of light emission classes by district for 2012 and 2024. The »Lowest«
emission class declined significantly across all districts and was entirely eliminated in Canik, Ilkadim, and
Tekkekoy, underscoring intensified urbanization and infrastructure development. The expansion of
»Very low« and »Low« classes across most districts reflects widespread electrification, rural development,
and urban sprawl. While increases in »Medium« and »High« categories were more modest in terms of area,
their concentration in urban cores and industrial zones points to localized intensification of artificial
lighting. Notably, even traditionally rural districts such as Bafra, Carsamba, Terme, and 19 Mayis began
transitioning into higher light emission classes, likely due to increased coastal development and transportation
activity.

To further illustrate the transformation of previously dark areas and the potential ecological impact
of artificial lighting, Figure 6 shows a map of regions with radiance lower than 2nW/cm?/sr as well as areas
where light emissions exceed this threshold for the years 2012, 2015, 2018, 2021, and 2024. This map illus-
trates the progressive reduction of »dark areas« over time, while regions where light emissions exceed
2nW/cm?/sr, a level associated with measurable impacts on ecosystems and wildlife (Hale et al. 2018; Widmer
et al. 2022), have expanded, reflecting the increasing spread of ecologically critical artificial lighting.

4.4 Correlation analysis

To explore the drivers of light emissions, a correlation analysis was conducted between mean SNPP/VIIRS
light emission values and three variables: population, population density, and SEDI score. Across all years,
correlations with population remained consistently strong (r > 0.85), while correlations with population
density were higher (r = 0.94), highlighting the predominant influence of population concentration on
light intensity and, by extension, urbanization. Correlations with SEDI were also substantial (r > 0.80),
indicating that areas with greater artificial lighting correspond to more socio-economically developed regions
characterized by denser infrastructure, services, and economic activity. Yearly correlation coefficients for
all variables are summarized in Table 7.

Table 7: Correlation coefficients of mean light emission with population, population density, and SEDI score.

Relationship 2012 2015 2018 2021 2024
r (Mean light emission-Population) 0.85 0.86 0.86 087 087
r (Mean light emission-Population density) 0.96 0.95 0.96 0.95 0.94
r (Mean light emission-SEDI score) 0.80 0.82 0.81 0.82 0.84

Note: All correlation coefficients are statistically significant at p < 0.001.

Figure 6: Spatial distribution of areas exceeding the ecological threshold of 2 n'W/cm?/sr in Samsun for 2012, 2015, 2018, 2021, and 2024. » p. 8283
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5 Discussion

RS and GIS are essential for tracking spatial and temporal patterns of light emissions (Butt 2012). Using
SNPP/VIIRS DNB satellite data from 2012 to 2024 and spatial analysis methods, this study evaluated light
emission trends in Samsun. The results reflect urbanization, economic growth, and infrastructure expan-
sion, supporting previous research on the value of satellite-derived NTL data for socio-economic monitoring
(Levin and Zhang 2017; Hu et al. 2018).

In 2012, most districts had low or very low emissions, indicating early urban development. By 2024,
the central and coastal districts of Atakum, Ilkadim, Canik, and Tekkekoy showed substantial increases
during the period from 2012 to 2018. Atakum, characterized by high population density, exhibited a sta-
ble and significant increase in light emissions, primarily due to rapid population growth driven by coastal
attractiveness, expansion of residential areas, increased commercial activity, industrial growth, and infra-
structure development. Similar trends were reported by Yerli et al. (2021), indicating a general increase
in light emissions across Samsun. Higher emissions were primarily concentrated in coastal areas, align-
ing with findings from SQM measurements on light pollution in Atakum by Tiirk and Yavuz (2023). Although
direct validation with ground-based SQM measurements or high-resolution airborne imagery was not con-
ducted in this study due to data availability and logistical limitations, the correspondence of observed trends
with these independent measurements suggests that the RS-derived NTL data reasonably reflect actual
light emissions. The observed increase in light intensity also reflects urban sprawl, as noted by Ozturk (2017),
highlighting a shift toward human-centered land use at the expense of natural areas. Ilkadim’s port and
economic base contributed to high values, while Tekkekoy and Canik grew due to industrialization and
urban sprawl. These findings are consistent with studies by Cheon and Kim (2020) in Seoul, South Korea,
which linked major increases in light emissions to urbanization, commercial growth, and industrializa-
tion. Growth slowed post-2018 in major districts, likely due to COVID-19 impacts and energy-saving policies.
Similarly, Bustamante-Calabria et al. (2021) demonstrated that post-pandemic economic downturns in
Granada, Spain, directly impacted light emissions. Meanwhile, moderate increases in light emissions were
seen in Bafra, Carsamba, Terme, and 19 Mayis between 2012 and 2024, tied to trade and local industry.
Rural districts (e.g., Asarcik, Ayvacik, and Yakakent) remained largely stable, consistent with the findings
of Massetti (2020).

Atakum, hosting an observatory, saw »Lowest« emission areas fall from 39.0% to 2.3%, while »Medium«
and »High« zones rose from 6.1% to 9.7%, threatening night sky visibility, as shown in Figure 7. Studies
by Butt (2012) and Green et al. (2022) stress the importance of monitoring such zones to preserve sky
quality. Figure 7 also highlights ecological areas, including the Kizilirmak Delta, Yesilirmak Delta, and Lake
Ladik, which experienced shifts from »Lowest« to » Very low« categories. While still relatively dark, increas-
ing emissions in adjacent areas indicate rising pressure from nearby development. Research by Jagerbrand
and Bouroussis (2021) and Mayer-Pinto et al. (2022) emphasize the ecological risks of light pollution in
sensitive habitats.

A strong correlation exists between light emissions, population metrics, and SEDI, suggesting NTL
data are useful proxies for human activity (Levin and Zhang 2017). While correlation does not imply cau-
sation (Hu et al. 2018), the relationship underscores the need for integrating light pollution management
into urban planning.

This study highlights the utility of RS and spatial techniques in light pollution monitoring. SNPP/VIIRS
provides consistent, wide-scale data with improved radiometric quality. However, spatial resolution
remains a limitation (Levin and Zhang 2017), and the lack of information on the structure of outdoor light-
ing (e.g., unobscured, semi-obscured, fully obscured), shielding, power, and spectral characteristics further
constrains the analysis. The widespread introduction of white LED technology in urban areas has substan-
tially altered the spectral composition of emissions and their spatial distribution. Due to their higher proportion
of blue light, these LEDs intensify atmospheric scattering and amplify light pollution effects, particularly
skyglow. Since SNPP/VIIRS sensors are insensitive to the extreme blue range, this spectral shift cannot
be fully captured, which may partially explain discrepancies in observed radiance trends (Carias et al. 2021;
Levin 2025). Future research incorporating higher-resolution imagery such as the Sustainable Development

Figure 7: Ecologically sensitive areas (Kizilirmak Delta, Yesilirmak Delta, and Ladik Lake) and the astronomical observatory. » p. 85
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Science Satellite 1 - SDGSAT-1/GIU (Xie et al. 2024), ground-based inventories, and spectral measure-
ments would help overcome these limitations, thereby enhancing the precision and robustness of urban
light pollution assessments and enabling finer-scale planning and conservation efforts.

6 Conclusion

This study underscores the effectiveness of integrating RS and GIS techniques by advancing the applica-
tion of spatial statistical and algebraic methods to identify light pollution patterns at sub-city scales. Utilizing
SNPP/VIIRS DNB data spanning 2012 to 2024, the study assessed district-level changes in light pollution
in Samsun. Results show a steady rise in artificial lighting, especially in coastal and central districts. Industrial
zones, transport corridors, and urban sprawl contributed significantly to this increase. Areas with
»Lowest« emissions declined, while »Low« and »Very low« zones expanded, reflecting a widespread dif-
fusion of artificial light.

Light intensity correlated strongly with population, population density, and SEDI. Districts with high
urban and economic activity, such as Atakum, Ilkadim, Canik, and Tekkekoy, showed the most signifi-
cant increases in light pollution. Rural and agricultural districts remained less affected.

The loss of dark zones raises critical concerns regarding environmental sustainability. Atakum’s obser-
vatory and natural areas like the Kizilirmak and Yesilirmak Deltas, and Lake Ladik face increasing pressure
from nearby development. Immediate action is needed to protect these zones through dark sky preser-
vation, lighting restrictions, and urban planning reforms.

The findings of this study demonstrate the significant potential of SNPP/VIIRS nighttime light data
for analyzing artificial light pollution. However, future studies should incorporate higher-resolution imagery
and complementary RS methodologies to assess long-term impacts and guide sustainable urban planning.
The findings provide critical input for policymakers in addressing light pollution and balancing urban growth
with environmental protection.

RESEARCH DATA: For information on the availability of research data related to the study, please visit
the article webpage: https://doi.org/10.3986/AGS.14506.
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3 Special issues
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4 Peer-review process
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5 Publication frequency

Acta geographica Slovenica is published three times a year.
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6 Open-access policy

This journal provides immediate open access to the full-text of articles at no cost on the principle of open
science, which makes research freely available to the public. There is no article processing fee (Article
Processing Charge) charged to authors.

Digital copies of the journal are stored by the repository of ZRC SAZU and the digital department of
the Slovenian national library NUK, dLib.

The journals publication ethics and publication malpractice statement is available online, as well as
information on subscriptions and prices for print copies.

AUTHOR GUIDELINES

Before submitting an article, please read the details on the journal’s focus and scope, publication frequency,
privacy statement, history, peer-review process, open-access policy, duties of participants, and publica-
tion ethics. See also the latest version of the author guidelines online. All the materials are available at
https://ags.zrc-sazu.si.

1 Article structure

Research articles must be prepared using the journal’s template (available at https://ags.zrc-sazu.si) and con-

tain the following elements:

— Title: this should be clear, short, and simple.

- Information about author(s): submit names (without academic titles), affiliations, ORCiDs, and e-mail
addresses through the online submission system (available at https://ags.zrc-sazu.si).

- Highlights: authors must provide 3-5 highlights in the form of bullets. This section must not exceed
400 characters, including spaces.
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- Keywords: include up to seven informative keywords. Start with the research field and end with the
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the article into sections with short, clear titles marked with numbers without final dots: 1 Section title.
Use only one level of subsections: 1.1 Subsection title.

Research articles should have the following structure:

o Introduction: present the background of the research problem (trends and new perspectives), state of

the art (current international discussion in the field), research gap, motivation, aim, and research questions.

o Methods: describe the study area, equipment, tools, models, programs, data collection, and analysis,
define the variables, and justify the methods.
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« Discussion: interpret the results, generalize from them, and present related broader principles and rela-
tionships between the study and previous research. Critically assess the methods and their limitations,
and discuss important implications of the results. Clarify unexpected results or lacking correlations.

« Conclusion: present the main implications of the findings, your interpretations, and unresolved ques-
tions, offering a short take-home message.

Review articles (narratives, best-practice examples, systematic approaches, etc.) should have the following
structure:
o Introduction: include 1) the background; 2) the problem: trends, new perspectives, gaps, and conflicts;
and 3) the motivation/justification.
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 Material and methods: provide information, such as data sources (e.g., bibliographic databases), search
terms and search strategies, selection criteria (inclusion/exclusion of studies), the number of studies
screened and included, and the statistical methods of meta-analysis.

o Literature review: use subheadings to indicate the content of the various subsections. Possible struc-
ture: methodological approaches, models or theories, the extent of support for a given thesis, studies
that agree with one another versus studies that disagree, chronological order, and geographical location.

« Conclusions: provide the implications of the findings and your interpretations (separate from facts),
identify unresolved questions, summarize, and draw conclusions.

- Acknowledgments: use when relevant. In this section, authors can specify the contribution of each author.
- Reference list: see the guidelines below.

The journal also features in-depth articles known as Geoscapes. These are a specialized type of research
contribution that explore selected topics in greater detail. Geoscapes articles are published by invitation
only and must be pre-approved by the editorial board.

2 Article submission

2.1 Open journal system

Author(s) must submit their contributions through the Acta geographica Slovenica Open Journal System
(OJS; available at https://ags.zrc.sazu.si) using the Word document template (available at https:/ags.zrc.sazu.si).
Enter all necessary information into the OJS. Any later addition, deletion, or rearrangement of names
and affiliations of the author(s) in the authorship list should be made and confirmed by all co-authors before
the manuscript has been accepted, and is only possible if approved by the journal editor.
To make anonymous peer review possible, the article text and figures should not include names of the author(s).
Do not use contractions or excessive abbreviations. Use plain text, with sparing use of bold and italics
(e.g., for non-English words). Do not use auto-formatting, such as section or list numbering and bullets.
If a text is unsatisfactory, the editorial board may return it to the author(s) for proofreading or reject
the article. See the section on the peer-review process (available at https//ags.zrc-sazu.si) for details. Author(s)
may suggest reviewers when submitting an article.

2.2 Language

Articles are published in English. All articles have English and Slovenian abstracts.

Articles can be submitted in English or Slovenian.

Authors must take care to produce a high-quality English text. In the case of poor language, the arti-
cle must be proofread/translated. In such a case, the translation or copyediting costs are borne by the author(s)
and must be paid before layout editing. If authors are not Slovene native speakers, Slovenian abstracts are
prepared by the editorial board.

2.3 Graphic file submission

Graphic files (figures) need to be submitted to the OJS packed in a single zip file not exceeding 50 MB.
Multiple zip files can be uploaded if needed. See chapter 6 for details on how to prepare figures.

3 In-text citation

In-text citations should include the last name of the author(s) or the name of the publisher and the year
of publication. Arrange citations by year of publication; for example: (Melik 1955; Melik et al. 1963; Gams
1982a; Gams 1982b; United Nations 1987; Royal Australian ... 1988; Ford and Williams 2007). For refer-
ences with more than two authors, cite only the first, followed by et al.: (Melik et al. 1956). Give page numbers
only for direct quotations, for example: Perko (2016, p. 25) states: »Hotspots are ...« For indirect citations,
use this format: (Gunn 2002, cited in Matei et al. 2014).
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When presenting publicly archived data, such as statistical and spatial data, describe the name of the
dataset, the time frame, and the data provider in the main text, for example: »The 2000-2020 population
data used in the analysis were provided by Eurostat« If the statistical data were published as a report, cite
the document, for example: (European Commission ... 2023).

When citing legal sources such as legislative acts, white papers, etc., provide the short formal title and
the year, for example: »The European Commission’s White paper on transport published in 2011 sets out
ten strategic goals for a competitive and resource-efficient transport system.«

4 References
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authors, list the first seven followed by et al.
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Authors can use the Zotero and Endnote AGS Style templates, which are available in the Article sub-
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Easterbrook, D. J. 1976: Geologic map of western Whatcom County, Washington (1-854-B). 1:62,500
map. United States Geological Survey.

Flezar, U.,, Hocevar, L., Sindic¢i¢, M., Gomerci¢, T., Konec, M., Slijepcevi¢, V., Bartol, M. et al. 2022:
Surveillance of the reinforcement process of the Dinaric - SE Alpine lynx population in the lynx-mon-
itoring year 2020-2021. Technical report. LIFE Lynx.

Hawking, S. 1966: Properties of expanding universes. Ph.D. thesis. University of Cambridge. https://doi.org/
10.17863/CAM.11283

Hrvatin, M. 2016: Morfometri¢ne znacilnosti povrsja na razli¢cnih kamninah v Sloveniji. Ph.D. thesis.
Univerza na Primorskem.

Sifrer, M. 1997: Povrsje v Sloveniji. Technical report. Geografski institut Antona Melika ZRC SAZU.

4.5 Sources without authors

Use in-text citations (see Chapter 3). If sources need to be listed in the references use the following style:
Publisher/Institution Year: Title. Type of document. https://doi.org/...

Geodetska uprava Republike Slovenije 1998: Drzavna topografska karta Republike Slovenije 1 : 25.000
(Brezice). 1:25,000 map.

Royal Australian Survey Corps 1988: Australia 1:50 000 topographic survey (Tamborine, Queensland).
1:50,000 map.

United Nations 1987: Report of the World Commission on Environment and Development: Our
common future. Report.

European Space Agency 2022: Copernicus Sentinel-2 MSI Level-1C TOA Reflectance. Dataset.
https://doi.org/10.5270/S2_-742ikth

5 Tables

Number all tables in the article uniformly and provide their own titles. The number and the title text are
separated by a colon, and the title ends with a period. A table title is located above the corresponding table.
Examples:

Table 1: Number of inhabitants of Ljubljana.
Table 2: Changes in average air temperature in Ljubljana (Velkavrh 2009).
Tables must be indicated in the main text in parentheses, for example: (Table 1), or as a part of the

sentence, for example »... as can be seen in Table 1.« Tables should contain no formatting and must be
inserted in the article file.
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6 Figures

Figures encompass different graphic presentations used in the article: photography, graphs, illustrations,
maps, etc.

Number all figures in the article uniformly and provide their own titles. The number and the title text
are separated by a colon, and the title ends with a period. A figure title is located below the correspond-
ing figure. Example:

o Figure 1: Location of measurement points along the glacier.

Figures must be indicated in the main text in parentheses, for example: (Figure 1), or as a part of the sen-
tence, for example »... as can be seen in Figure 1.«

Figures should be exactly 134 mm wide (one page) or 64 mm wide (half page, one column), and up to
200 mm high.

Titles should appear in a caption only. Save colors in CMYK. Use Times New Roman font with a minimum
size of 6.

Figures must be submitted as separate files. Multiple graphic files should be uploaded in one zip file.
Figures should also be inserted in the main text file in order to ease the review process.

Regardless of the graphic/cartographic software used, save or export figures to the following formats:

o jpg or tiff file for regular photos (use a minimum of 300 dpi),

o xlsx file for graphs made with MS Office Excel,

o pdf or similar common files for maps and illustrations with vector drawings and/or text (embed the font
if possible). See chapter 6.3 for details.

If the graphic files cannot be uploaded according to the guidelines, consult the editorial board (ags@zrc-sazu.si)
in advance.

To make anonymous peer review possible, the authorship of figures can be added by authors at a later
(copyediting) stage, after the review has been completed.

6.1 Photos

Photos must be in raster format with a resolution of at least 300 dpi, preferably in jpg or tiff format.

Figures containing a screenshot should be prepared at the highest possible screen resolution. A figure
can be made using Print Screen, and the captured screen is pasted to the selected graphic program (e.g.,
Paint) and saved as a tiff or jpg file. The size of the image or its resolution must not be changed.

6.2 Graphs

Graphs should be made using MS Excel on separate sheets and accompanied by data.
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6.3 Maps and illustrations

Maps should be informative and prepared according to the journal size limitations (see general guidelines
defined in chapter 6). Use Times New Roman for the legend (size 8) and colophon (size 6). List scale, source,
and copyright in the colophon. List the authors of the content and authors of the maps if needed. Write
the colophon in English. Use a graphic scale if possible.

Example of the colophon structure:

Content by: Name Surname

Map by: Name Surname

Source: Institution Year

© Year, Copyright holder

Maps should be submitted in an editable form if possible so that minor errors can be corrected even in
the final stages of article production. The preferred submission file is pdf. As an exception, maps can be
produced in digital raster form with at least 300 dpi resolution, preferably in jpg or tiff format.

Please, pay attention when exporting maps from these software packages:
if using QGIS, ESRI ArcGIS Pro or similar, maps should be exported as a pdf file,
if using Gimp, Inkscape, CorelDraw, Adobe Illustrator or similar, two separate files should be prepared:
the original software file (e.g. cdr if using CorelDraw) and a pdf file,
if using ESRI ArcGIS Desktop (ArcMap) with raster layers and vector layers (e.g., a geotiff file for shaded
relief and a shp file for roads), three files should be exported and submitted: a pdf or an ai file with all the
vector content without transparency (polygons, lines, points, legend, colophon, labels, etc.), a tiff file with
a raster background, and a jpg file with all of the content (vector and raster elements) together showing
the final version of the map; see an example of the correct file structure (available at https://ojs.zrc-sazu.si/
ags/libraryFiles/downloadPublic/14) for submitting a map created with ESRI ArcGIS Desktop.

Mlustrations should be prepared according to the journal size limitations (see general guidelines defined
in chapter 8). Use Times New Roman font size 8. The preferred submission file is pdf. As an exception,
illustrations can be produced in digital raster form with at least 300 dpi resolution, preferably in jpg or tift
format.

7 Research data

Authors have to make the research data used in the article published in Acta geographica Slovenica pub-
licly available in a recognized online repository and provide the editorial board with a link.

The publication of the data in the repository must indicate that the data are part of the published
article. The article must be properly cited when using the data.

See detailed information on our research data management web page.
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SUBMISSION PREPARATION CHECKLIST

As part of the submission process, authors are required to check off their submission’s compliance with all
of the following items, and submissions may be returned to authors who do not adhere to these guidelines.

o I, the corresponding author, declare that this manuscript is original and is therefore based on original
research, done exclusively by the authors. All information and data used in the manuscript were prepared
by the authors or the authors have properly acknowledged other sources of ideas, materials, methods,
and results. The authors followed the ZRC SAZU guidelines for responsible use of AL

o Authors confirm that they are the authors of the submitting article, which is under consideration to be
published (print and online) in the journal Acta geographica Slovenica by Zalozba ZRC, ZRC SAZU.

All authors have seen and approved the article being submitted.

o The submission has not been previously published, nor it is under consideration in another journal (or
an explanation has been provided in Comments to the Editor). Authors have disclosed any prior posting,
publication or distribution of all or part of the manuscript to the Editor.

Upon publishing an article in the journal, the authors agree to license non-exclusive copyrights to ZRC

SAZU (Zalozba ZRC): they retain the copyright in the scope that enables them to continue to use their

work, even by publishing it in one of the personal or institutional repositories before the publication of

the article in the journal.

« Authors consent to the publication of their works under Creative Commons Attribution-ShareAlike 4.0
International (CC BY-SA 4.0).

o Permission has been obtained for the use (in printed and electronic format) of copyrighted material from
other sources, including online sources. Restrictions on the transfer of copyright on this material have
been clearly indicated.

o All the necessary permits to work with people have been obtained in the research related to the article

(in accordance with the applicable laws and institutional guidelines and approved by the relevant insti-

tutions).

o The journal policies and guidelines have been reviewed and followed.

o The metadata (title, abstract, keywords, authors, affiliation, ORCIiD, etc.) are provided in English (Slovenian
authors must also provide the metadata in Slovenian).

o The list of authors is complete. Failure to do so may result in co-authors not being listed on the article
at publication.

o The submission is in Microsoft Word format and the document template was used (single-spaced text,
12-point font, no formatting except italics and bold).

The article has been checked for spelling and grammar.

Figures are provided as separate graphic files: editable vector format (e.g., cdr, ai, pdf) for maps and
illustrations; jpg or tiff for photographs; xlsx for graphs.

Tables are placed in the Word file with text in the appropriate place.
o The reference list was prepared following the guidelines.
All references in the reference list are cited in the text.

o Where available, URLs and DOI numbers for references are provided.

Graphic files are in one zip file.

o Authors agree that any costs of English proofreading are borne by the author(s). No additional costs are
associated with the submission.

o The instructions for ensuring a double-blind review have been followed.

If the article is accepted, the authors will provide unique information (e.g., a DOI) about the online
repository where the research data underlying the article is located. This information must be provided
before the article is published. Metadata of the data in the repository must indicate that the data are part
of the published article in the journal Acta geographica Slovenica. The article must be properly cited
when using the data.
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ACTA GEOGRAPHICA SLOVENICA EDITORIAL REVIEW
FORM

This is the review form for editorial review (version 15) of an article submitted to the AGS journal.

This is an original scientific article.
(The article is original and the first presentation of research results with the focus on methods, theoretical
aspects or a case study.)

o Yes
« No

The article follows the standard IMRAD/ILRAD scheme.
o Yes
« No

The article’s content is suitable for reviewing in the AGS journal.
(The article is from the field of geography or related fields of interest, the presented topic is interesting for the
readers of Acta geographica Slovenica and well presented. In case of a negative answer, add comments below.)

o Yes
« No

Editorial notes regarding the article’s content.

The reference list is suitable (the author cites previously published articles with similar topics from other
relevant geographic scientific journals).

o Yes, the author cited previously published articles on a similar topic.

« No, the author did not cite previously published articles on a similar topic.
Notes to the editor-in-chief regarding previously published scientific work.
Is the language of the article appropriate and understandable?

RECOMMENDATION OF THE EDITOR

o The article is accepted and can be sent to the review process.
« Reconsider after a major revision (see notes).

o The article is rejected.
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ACTA GEOGRAPHICA SLOVENICA REVIEW FORM

This is the Acta geographica Slovenica review form (version 8).

1 RELEVANCE

Are the findings original and is the article therefore a significant one?
. yes
e NO

o partly

Is the article suitable for the subject focus of the AGS journal?
o yes

e NO

2 SIGNIFICANCE

Does the article discuss an important problem in geography or related fields?
. yes
e no

o partly

Does it bring relevant results for contemporary geography?
. yes
e No

o partly

What is the level of the novelty of the research presented in the article?
« high

» middle

o low

3 ORIGINALITY

Has the article already been published or is it too similar to already published work?
o yes

e NO

Does the article discuss a new issue?

o yes

e NO

Are the presented methods sound and adequate?
o yes

e NO

o partly

Do the presented data support the conclusions?
. yes

e NO

o partly
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4 CLARITY

Is the article clear, logical, and understandable?
o yes
e NO

If necessary, add comments and recommendations to improve the clarity of the title, abstract, keywords,
introduction, methods or conclusion:

5 QUALITY

Is the article technically sound? (If not, the author should discuss with the Editorial Board [ags@zrc-sazu.si]
for assistance.)

o yes

e NO

Does the article take into account relevant current and past research on the topic?
o yes

e NO

Propose amendments if no is selected:

Is the references list at the end of the article adequate?
o yes

e NO

Propose amendments if no is selected:

Is the quoting in the text appropriate?
. yes
e NO

o partly

Propose amendments if no is selected:
Which tables are not necessary?

Which figures are not necessary?

COMMENTS OF THE REVIEWER

Comments of the reviewer on the contents of the article:
Comments of the reviewer on the methods used in the article:

RECOMMENDATION OF THE REVIEWER TO THE EDITOR-IN-CHIEF

Please rate the article from 1 [low] to 100 [high] (this will NOT be presented to the author):
Personal notes of the reviewer to the editor-in-chief (this will NOT be presented to the authors):

Would you like to review the article again after corrections (in case the article needs them and is not declined)?
The second review is expected to be done in 14 days.

o yes

e NO
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COPYRIGHT NOTICE

Authors that publish with this journal agree to the following terms:

The authors confirm that they are the sole authors of the article submitted for publication (print and
online) in the journal Acta geographica Slovenica of ZRC SAZU, Zalozba ZRC. The names of the authors
will be evident in the article in the journal. All decisions regarding the layout and distribution of the
article are in the hands of ZRC SAZU.

The authors guarantee that the work is their own original creation and that it does not violate any legal
or common-law copyright or property rights of third parties. In the case of any third-party claims, the
authors agree to defend the interests of the publisher and to pay any costs.

The copyright of the work published in this publication remains with the authors. The author licenses
ZRC SAZU the right to publish, reproduce, and distribute the article in print and electronic form in var-
ious formats in the ZRC SAZU journal. The authors agree that, if the article is reused, ZRC SAZU obtains
attribution to the original publisher, and the article shall be made available to the public under Creative
Commons Attribution-ShareAlike 4.0 International (CC BY-SA 4.0). Users may access and use all journal
archives and individual articles published therein under the terms of this license. This does not apply
to third-party materials published in the articles.

The same applies to some (older) articles, in which the indications »© authors and ZRC SAZU« or
»© ZRC SAZU« are used: the authors are the sole copyright holders.

Authors may enter into separate, additional contractual arrangements for the nonexclusive distribution
of the version of their work that appears in the journal (e.g., place it in an institutional repository or pub-
lish it in a book), provided that they acknowledge that the initial publication was made in this journal.

Authors may and are encouraged to post the final pdf version of their article online (e.g., in institutional
repositories or on their websites) because this may lead to productive sharing and earlier and greater
citation of the published work.

Authors grant permission to the publisher to modify the article to comply with the publisher’s guidelines.
No honoraria are paid for articles in Acta geographica Slovenica or for reviews.
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JOURNAL HISTORY

Acta geographica Slovenica (print version: ISSN: 1581-6613, digital version: ISSN: 1581-8314) was founded
in 1952. It was originally named Geografski zbornik / Acta geographica (print ISSN 0373-4498, digital ISSN:
1408-8711). Altogether, 42 volumes were published. In 2002 Geographica Slovenica (ISSN 0351-1731, founded
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The online version of the journal has been available since 1995. In 2013, all volumes of the magazine
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