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Abstract

Post-socialist urban landscapes often undergo spontaneous transformation where formal
governance is fragmented or discontinuous, yet the spatial logic of these transitions remains
insufficiently quantified. This study examines Krzemionki, a landscape archaeological
heritage site in Krakow, Poland, using multi-temporal land cover classification based
on QGIS-based geospatial analysis, Al-assisted segmentation, and manual verification.
Between 2009 and 2025, spontaneous vegetation cover increased by 36.27 ha, whereas
developed spatial fragments increased by only 4.82 ha, revealing substantially unequal
dynamics between ecological regeneration and anthropogenic spatial persistence. Change
frequency analysis further shows that 76.85% of mapped improvised spatial practice
area was located in areas experiencing zero or one land cover transition. This pattern
suggests a spatial concentration of observable improvised practices in relatively stable
interstitial spaces. This observed pattern may reflect selective spatial anchoring, although
it should be interpreted as an indication of spatial tendency rather than direct evidence of
persistent practices over the entire study period. By integrating ecological regeneration,
fragmented development, and everyday spatial practices into a unified framework, this
study identifies three differentiated types of spatial logic—expansion, persistence, and
spatial distribution of observable practices—that characterise the observed landscape
transition. Selective spatial anchoring is further proposed as one possible interpretation of
these patterns. These findings support differentiated planning responses based on spatial
stability, including selective formalisation in stable areas, temporary or adaptive use in
low-frequency transition zones, and limited intervention in highly dynamic areas.

Keywords: cultural heritage; land-use transition; informal spaces; urban regeneration;
geospatial Al

1. Introduction
1.1. Background

The urban-rural fringes of post-socialist cities represent some of the most dynamically
changing areas in Central and Eastern Europe, where significant land use transformations
have occurred [1]. Following the institutional transformation around 1990, the pre-existing
land use order in these areas was disrupted: large-scale industrial facilities from the socialist
period were gradually decommissioned and abandoned, while collective agricultural land
was increasingly underused [2,3]. Under the institutional and functional transition after
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socialism, urban fringe areas developed into ambiguous and marginalised spaces: aban-
doned industrial sites gradually lost their original functions, while remaining structures
and informal everyday practices contributed to new forms of spatial appropriation beyond
formal planning frameworks [4,5]. This spatial restructuring, shaped by ecological pro-
cesses, material remnants, and everyday practices, represents a form of landscape heritage
that is neither solely the result of natural succession nor a product of deliberate urban
planning, but a form of landscape transformation occurring beyond conventional planning
frameworks [4,6].

However, existing research still has a limited understanding of the spatial dynamics of
post-socialist landscapes. A large body of literature focuses on suburbanisation and urban
sprawl in post-socialist cities [7], while this research focuses on urban fringe areas in an
intermediate state—neither completely abandoned nor formally incorporated into redevel-
opment agendas—and examines their internal spatial logic through systematic quantitative
analysis. More specifically, it asks how ecological regeneration and built heritage transform
over time and how observable improvised spatial practices are spatially distributed within
these dynamics. These questions have not yet been adequately answered. Addressing this
gap can strengthen the empirical basis for understanding landscape transition and inform
more context-sensitive land planning and urban regeneration.

1.2. Literature Review

Over the past three decades, post-socialist landscape research has developed several
important scholarly strands. The first strand focuses on land use change in urban fringe
areas. Studies have shown that the urban—rural fringe of post-socialist cities in Central and
Eastern Europe are one of the most dynamic areas of land use changg, a trend that remains
pronounced even under conditions of population stagnation or decline [8]. Urban sprawl
in these areas has caused significant environmental damage, largely because local planning
and land use management have not been adequately implemented [1]. The second strand
centres on spontaneous vegetation recolonisation of post-industrial sites. Spontaneous
vegetation succession on abandoned industrial sites can support the development of di-
verse and ecologically valuable ecosystems. A comparative study of coal mining spoil
heaps across Central Europe found that spontaneous revegetation can provide greater
conservation value than forestry reclamation [9]. The third strand focuses on informal
spatial practices in post-socialist cities. In Bucharest, the green spaces of socialist housing
estates were initially shaped by informal, temporary land use arrangements under social-
ism, which encouraged gardening and agricultural activities. After that period, residents
continued to hold informal rights to these spaces, using them for gardening, temporary
structures, and home extensions [10].

Although the above studies provide an important foundation for understanding post-
socialist landscapes, a key theoretical gap remains in the interactive relationships among
the spatial forces have not yet been integrated into a unified analytical framework. Most
studies tend to examine ‘ecological restoration,” ‘developed heritage,” or ‘improvised spaces’
separately, while neglecting the structural relationships in which these three coexist and
interact within the same site. It is precisely this gap that constitutes the theoretical starting
point of this study.

1.3. Research Objectives and Questions

Based on the above background and literature review, this study takes the palimpsest
landscape cultural heritage site of Krzemionki in Krakow, Poland, as a case study and
proposes the following research questions:
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1.  What area changes and spatial restructuring occurred in spontaneous vegetation
cover and fragmented developed area in Krzemionki over the sixteen-year period
(2009-2025)?

2. What spatial distribution pattern does improvised spatial practice exhibit within
observed landscape transition?

3. What do the observed spatial and temporal patterns imply for land planning and
urban regeneration in Krzemionki area?

The theoretical contribution of this study lies in bringing ecological succession, frag-
mented development, and improvised spatial practices into a unified analytical framework
for examining landscape transition. Rather than treating these elements as independent
characteristics of the Krzemionki landscape, this research investigates how they exhibit dif-
ferentiated spatial and temporal logics: active ecological expansion, relative persistence of
anthropogenic spatial fragments, and selective anchoring of everyday spatial practices. In
particular, the concept of “unequal dynamics’ is used to characterise the markedly different
capacities and trajectories through which ecological and anthropogenic spaces transform
and persist, while the spatial distribution of improvised practices is examined to explore
their relationship with areas of changing and relatively stable land cover. This study devel-
ops a semi-automated land cover classification workflow based on QGIS and Al-assisted
segmentation, combining graphic and text prompt segmentation with manual verification.
Land cover is classified at four time points (2009, 2015, 2021, and 2025), and longitudinal
change frequency analysis is used to quantify spatial transformation and examine the
relationship between land cover dynamics and improvised spatial practices and examine
the spatial distribution of improvised spatial practices in relation to land cover dynamics.

2. Materials and Methods
2.1. Research Area

The study area is located in the southern part of Krakow, Poland, within the Pod-
gorze district, approximately 3 km south of the city centre (Figure 1). Located within the
Krzemionki Hills in the Podgorze district of Krakow, the post-industrial heritage Liban
Quarry has a long history of limestone extraction, dating back to approximately the 14th
century, with large-scale quarrying beginning around 1873 [11]. During the Nazi occu-
pation (1942-1944), the quarry was converted into a labour camp, leaving the site deeply
marked by wartime violence. Mining activities at the Liban Quarry continued on a large
scale from the late nineteenth century until their termination on 30 June 1986 [11].

The Krzemionki landscape is characterised by a layered palimpsest of cultural her-
itage, extraction, industry, wartime persecution and commemoration, and tourism activities.
Major infrastructure such as roads, beside railways, and industrial zones has fragmented
the natural areas. In 2007, the Krakow City Council adopted the Miejscowy plan zagospo-
darowania przestrzennego obszaru ‘Krzemionki’ (Local Spatial Development Plan for the
Krzemionki area, Figure 2), which defined the study area boundary (approximately 123 ha),
and the spatial boundary defined by this 2007 plan serves as the unified spatial framework
for all analyses in this study. The 2007 planning documents are presented as contextual
information and were not used to define the land cover classes or the temporal transition
analysis. The operational spatial categories analysed in this study were identified using an
Al-assisted workflow and manual visual verification.
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Figure 1. Location map of the study area: (a) national context; (b) Krakow context.
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Figure 2. Study area and 2007 planning designations used as contextual information.

2.2. Data Sources
2.2.1. Primary Data

Four primary data sources were employed in this study (Table 1).

Multi-temporal, very-high-resolution satellite imagery covering the study area ac-
quired in the years 2009, 2015, 2021, and 2025 was accessed through the Krakow Spatial
Information System (MSIP) online map composition tool (Figure 3). The imagery was
exported as GeoTIFF format, and it had a sub-metre spatial resolution (<1 m); then, it was
georeferenced to the ETRF2000-PL/CS2000/21 (EPSG:2178) to ensure spatial consistency
across all temporal phases.

The spatial boundary (Figure 3) of the study area was defined according to the 2007
Local Spatial Development Plan for the Krzemionki area, obtained from the Krakow City
Hall Public Information Bulletin (BIP). The planning map was digitised as a vector polygon
layer in QGIS. Administrative boundary data were sourced from the Polish Geoportal and
supplemented with OpenStreetMap data, which are available under the Open Database
License (ODbL).

Field reconnaissance was conducted in 2025 to record plant cover and improvised
spatial features within the study area. Using a handheld GPS device, the spatial locations
of informal use points—including temporary cultivation plots, informal footpaths, and
makeshift structures—were logged.
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Table 1. Multi-temporal satellite imagery and ancillary spatial data used in this study.

. Key Access/Retrieval Purpose in This
Data Category Data Source/Provider Details/Identifier Date Study

satellite imagery . - . base data for land

(2009,2015,2021,2025) Krakow Spatial official online map Accessed: 10 cover classification
. Information System observerer for .
sub-meter resolution o August 2026 and multi-temporal
(MSIP) historical imagery .
change detection.

(<1 m)

Document ID: 418311 defines the official

lanning boundar Krakow City Hall Public  Data published: 2 Accessed: 10 ’Ktl)'(z):;?gfl}lii(’) fsjtdllz
p 5! y Information Bulletin July 2007 ) ey
and zoning data (BIP) Data updated: 8 June August 2026 area and provides
p 2026 ’ land use policy
context.

. . provides base
admnlligilsi::tlieve Polish Geoportal g};te(f (izoﬁeségii Accessed: 6 administrative
boundary data (mapy.geoportal.gov.pl) (%BUI:()}i}I;) August 2026 division for the study

area location map.
traffic and urban QpenStreetMap . Open Database Accessed: 6 provide urban
Contributors (via Polish . context for the study
context data Geoportal) License (ODbL) August 2026 area location map

(a) image/data source: MSIP

Figure 3. Multi-temporal satellite imagery of the Krzemionki study area.

2.2.2. Time Nodes

The year 2009 serves as a baseline two years after the enactment of the 2007 Local Spa-
tial Plan. The year 2015 coincides with the commencement of infrastructure projects such as
the Krakow—Krzemionki railway link, representing a period of concentrated anthropogenic
intervention [12]. The year 2021 provides an intermediate observation point spanning the
COVID-19 period. The year 2025 represents the recent available imagery, reflecting the
current landscape state.
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Vegetation succession following agricultural abandonment may involve the establish-
ment of woody species within the first decade [13]. A 4-6 year interval is more sufficient to
capture identifiable changes in vegetation structure, reflected in changes in tone progression
and texture progression, while reducing noise introduced by annual fluctuations.

Selected orthophotos correspond to the available cloud-free, high-resolution imagery.
All imagery is sourced from the same official data source, the Krakow Spatial Information
System (MSIP), ensuring data consistency and comparability.

The four images were identified as observations from the selected images through com-
parison with additional satellite imagery from nearby dates, which was used to assess the
consistency of vegetation conditions around each selected time node. However, differences
in image acquisition timing may affect the degree of above-ground development and spec-
tral visibility of perennial herbaceous vegetation. This is potentially relevant at Krzemionki,
where perennial herbaceous species such as Arrhenatherum elatius and Festuca rupicola have
been recorded in the field work. The former is a relatively tall, vigorous perennial grass
that can form dense stands, while the latter is a lower-growing, tussock-forming grass
associated with relatively dry grassland conditions, and the above-ground development
of both may vary with the timing of image acquisition. Consequently, some herbaceous
vegetation may have been less apparent at certain stages of seasonal development, po-
tentially resulting in variation in the apparent extent of vegetative cover. The selected
images were therefore considered suitable for temporal analysis, while acknowledging
that differences in acquisition timing may introduce a degree of uncertainty in the absolute
extent of the maps.

2.3. Data Processing
2.3.1. Al-Assisted Workflow

Land cover classification was performed through a human-calibrated, Al-assisted
workflow. The workflow integrated multiple QGIS plugins and models to enhance segmen-
tation robustness and classification accuracy (Table 2). By delegating geometric boundary
extraction to the SAM algorithm, this workflow reduces the subjective drift and errors
commonly associated with purely manual interpretation.

The primary segmentation was generated using the SAM 2.1 base model; to cross-
compare and refine results, the SAM 2 base and SAM 3 models were also utilised. The use
of multiple models served as a form of methodology, allowing the study to compare and
integrate respective outputs. During the training and debugging phase of the Al-assisted
segmentation models, multiple sources of satellite imagery were used to optimise model
performance and prompting strategies. In addition to deploying graphic prompts with
varying configurations to select target areas, inverse selection—e.g., selecting and removing
unwanted portions—was also employed as a complementary cross-comparison measure.

By iteratively adjusting the type, placement, and density of graphic prompts, the
optimal prompting strategies for different land cover classes were determined. After the
model parameters and prompting strategies were stabilised, the imagery used for final
classification was entirely replaced with high-resolution orthophotos from the Krakow
Spatial Information System (MSIP).

All Al-generated polygons (Figure 4) were then systematically reviewed and manually
corrected by a single trained operator against the official, very-high-resolution satellite
imagery. This manual review process followed a consistent set of interpretation keys based
on tonal and textural characteristics. The final, manually calibrated vector layers across the
four temporal sections form the basis of all subsequent analyses.
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Table 2. Al model configuration and comparison workflow for land cover classification.
Plugins . .
Workflow Stage Tool/Method (Models) Inputs Outputs Calibration
multi-year N
geoOSAM o initial vector .
1 QGIS (SAM2.1 base) satel.hte imagery polygons
+ point prompts
multi-year .
2 QGIS ge0OSAM satellite imagery compartson -
(SAM3) + text prompts vector polygons
multi-year .
3 QGIS geoSAM satellite imagery compartson -
(SAM2 base) . vector polygons
+ point prompts
systematic
original satellite per-polygon
4 manual review ) imagery + Al final verification

and refinement

outputs from
previous stages

and correction
against reference
imagery

vector layers

[ ] AI Fragmentation Frame

| | |
0 200 400 metres

Figure 4. All original Al plugin-generated polygons.

2.3.2. Graphic Identification

The three spatial categories employed in this study are defined through graphic
identification keys derived from direct visual inspection of very-high-resolution satellite
imagery. These keys are grounded in tonal, textural, geometric, and contextual cues
observable on true-colour orthophotos, enabling consistent manual recognition across all
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temporal phases. These categories are based on observed landscape characteristics rather
than planning designations and were applied consistently across all time nodes.

Mapped spontaneous vegetation cover is identified primarily by green spectral tones,
with light green corresponding to grass and fields and darker green tones indicating tree
cover; texture and spectral characteristics can further assist in distinguishing grass, shrub,
and tree classes [14]. This class represents spatially continuous patches of spontaneous
vegetation cover, irrespective of specific geometric boundaries. Vegetated areas under active
human maintenance or management are classified as anthropogenic spatial fragments
rather than spontaneous vegetation cover, because they result from deliberate design
and regular upkeep rather than spontaneous ecological processes. In boundary cases,
classification was based not solely on vegetation appearance but also on the spatial context,
relationship to maintained structures, and temporal consistency across the four observation
years. For example, the two allotments located at the northwestern and southwestern
parts of the site occupy relatively stable spatial footprints on the maps and are surrounded
by clearly maintained vegetation strips and rows of trees, which provide spatial and
morphological cues for distinguishing maintained vegetation from adjacent spontaneous
vegetation. Where image resolution, shadow, or other visual obstructions prevented a
reliable distinction, the area was retained as unclassified rather than assigned to any
category by inference.

Mapped developed spatial fragments were identified using object-level visual cues,
including tone, geometric shape, regular boundaries, and spatial context [15], with grey,
grey-white, and reddish-brown tones and regular rectangular or linear configurations
commonly indicating artificial surfaces. This class includes roads, artificial green belts,
buildings, hardened surfaces, and other constructions that are directly visible as distinct
anthropogenic features on the imagery.

Mapped improvised spatial practices encompass a diverse range of low-intensity,
non-permanent human activities that leave detectable but often subtle traces on the land
surface. The 2025 field observation was used to support the identification and interpretation
of improvised spatial practices rather than provide longitudinal data for the classifications
in four time sections. These practices were identified from satellite imagery for each
observation year, with the 2025 field observation serving as a contemporary ground-
level reference for interpreting their spatial characteristics. Improvised spatial practices
in the imagery were identified through systematic visual interpretation of observable
spatial features and their recurrence across the image series (Figure 5). This reduces the
certainty of attributing individual field observation features to improvised spatial practices;
therefore, the analysis focuses on spatial patterns and change frequency relationships.
Unlike spontaneous vegetation cover and spatial fragments, which are primarily area-
based classes, improvised spatial practices are characterised by smaller and more diverse
spatial signatures. Some manifestations, such as graffiti and campfire remnants, are too
small to be reliably delineated as spatial units in the imagery and were therefore not
mapped (Figure 6). By contrast, informal footpaths have a clear linear spatial form that can
be identified and mapped from satellite imagery. Although their physical forms vary, they
share a common function as localised and informal forms of spatial appropriation rather
than constituting distinct land cover types. Spatial elements that are under construction
but not yet physically completed are also excluded from the improvised spatial practices
category as they lack the spontaneous, bottom-up appropriation that defines this class.

https://doi.org/10.3390/1and15101791
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Figure 6. Field photographs illustrating minor human appropriations: (a) graffiti on abandoned
structure; (b) temporary seating traces. These features are spatially associated with trail networks,
confirming their classification as ancillary elements. (Photographs taken by the author in Septem-
ber/October 2025).

2.3.3. Data Validation

The accuracy of the mapped spatial categories was assessed using independent
reference-point interpretation based on the very-high-resolution, sub-meter satellite im-
agery available for each observation year. For spontaneous vegetation cover and devel-
oped spatial fragments, 300 spatially random validation points were generated within
the approximately 123 ha study area using simple random sampling. The result includes
unclassified areas.

The unclassified category was included only for accuracy assessment and was not
treated as a land cover category in the subsequent spatial analysis. Reference labels were
assigned through independent visual interpretation of the corresponding sub-meter satellite
imagery. For accuracy assessment, the very limited polygon overlap was assigned a single
class at each validation point based on the dominant identifiable spatial feature, while
the original polygon delineations, including these localised overlaps, were retained and
considered in the final mapping.

Confusion matrices were counted separately for the Al-assisted segmentation stage
and the subsequent manual calibration stage (Appendixes A and B). Overall accuracy (OA),
user’s accuracy (UA), producer’s accuracy (PA), and Kappa were calculated to compare
the two stages (Table 3). This procedure enabled comparison of the accuracy between the
Al-assisted segmentation and manual calibration stages.

Improvised spatial practices were evaluated separately because they constitute a rela-
tively small and spatially distinct mapping component. Because the Al-assisted mapping
improvised spatial practice component occupied only a small proportion of the study
area, a larger total of random sample points was used to obtain sufficient observations
within this class for accuracy assessment. Each point was assigned a binary reference label
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(improvised /non-improvised) through independent visual interpretation of the correspond-
ing high-resolution imagery. Because most validation points fell within the non-improvised
area, the OA and the UA and PA of the non-improvised category were not used as primary
indicators as these measures could be strongly influenced by the dominant non-improvised
class. Instead, the comparison between the Al-assisted and manually calibrated stages
focused on Kappa, UA, and PA for the improvised spatial practice category (Table 3).

Table 3. (a) Overall accuracy and Kappa coefficients of the spontaneous vegetation cover and
developed spatial fragments classifications. (b) Producer’s and user’s accuracy and Kappa coefficients
of the improvised spatial practice classification.

(a)
Year Initial AI Classification Final Corrected Classification
OA (%) Kappa OA (%) Kappa
2009 78.33 0.64 91.00 0.86
2015 68.67 0.51 89.67 0.84
2021 78.67 0.68 91.67 0.87
2025 77.00 0.65 89.33 0.83
(b)
Year Initial AI Classification Final Corrected Classification
PA (%) UA (%) Kappa PA (%) UA (%) Kappa
2009 61.70 53.70 0.56 77.78 93.33 0.85
2015 48.84 43.75 0.44 77.14 87.10 0.81
2021 47.50 41.30 0.42 78.57 88.00 0.83
2025 37.93 25.58 0.29 69.23 85.71 0.76

Note: OA, overall accuracy; Kappa, Kappa coefficient; PA, producer’s accuracy; UA, user’s accuracy.
Unclassified /Non-improvised spatial practice was included as a validation category and was not
treated as mapped analytical land cover classes. Complete error matrices and class-specific data are
provided in Appendixes A-C and the Supplementary Materials.

For the manually calibrated improvised spatial practice layer, additional validations
were conducted using the same binary reference procedure using simple random sampling
(Table S3). These additional verifications were used for further validation and served as
the final reference for accuracy assessment of the manually calibrated improvised spatial
practice layer. The larger sample size increased the number of reference observations
available for evaluating the small spatial component. For the improvised spatial practices
area, the accuracy assessment was used to evaluate the reliability of the mapped observable
features rather than to establish complete detection of all practices present on the site. The
resulting accuracy measures were treated as supplementary evidence for the reliability of
the manually calibrated mapping. The relatively small spatial extent and heterogeneous
visual characteristics of improvised spatial practices introduce sampling uncertainty, which
is acknowledged as a limitation in the interpretation of this layer.

2.3.4. Methods and Future Prospects

The Al tools employed in this study fall within the category of interactive Al-assisted
segmentation rather than machine learning classification. Directly transferring supervised
machine learning to the long-term historical remote sensing scenarios in this study context
in fact encounters three practical difficulties. First, reliable ground-truth samples for his-
torical periods are often limited, making direct supervised classification across different
temporal phases or sensors challenging. Deep learning-based classification is highly depen-
dent on the similarity between labelled source and target data, and cross-spatiotemporal
applications can suffer from severe domain shifts that reduce classification transferability.
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Temporal model transfer may further introduce prediction biases and temporal inconsis-
tencies when models are applied beyond their training periods [16,17]. Second, traditional
machine learning largely relies on pixel-level spectral features for discrimination and is
often incapable of handling the phenomenon of ‘same spectrum, different objects,” easily
producing systematic misclassification [18]. Third, pixel-level classification outputs gener-
ally exhibit a ‘salt-and-pepper effect,” which can fragment spatially continuous land cover
patches and compromise the delineation of coherent parcel boundaries [18,19], thereby
limiting the reliability of parcel-based landscape morphology analysis.

For these reasons, this study does not blindly pursue a fully automated paradigm.
Instead, it adopts promptable interactive segmentation based on pretrained SAM, leverag-
ing the generalised geometric priors acquired through pretraining on the massive SA-1B
data set to generate initial masks [20]. It then introduces expert knowledge for systematic
calibration. This approach achieves a rational trade-off between algorithmic efficiency
and semantic discrimination accuracy under conditions of scarce annotated samples. This
methodological choice does not reject end-to-end automation; rather, it represents a prag-
matic response to the current constraints of data scarcity and spatiotemporal heterogeneity.
Looking ahead, as adaptive foundation model frameworks such as SA4L continue to ma-
ture [21], semantic reasoning and SAM-based geometric delineation are likely to become
increasingly integrated in land cover mapping. The grid-based conversion framework
developed here provides a flexible basis for such integration and supports large-scale,
multi-site comparative research on landscape transition.

2.4. Analytical Framework

The analytical framework progresses from macro-theoretical context to micro-
operational indicators, integrating qualitative and quantitative analyses into a unified
system (Figure 7).

Satellite Imagery Official Planning Document

Preliminary Classification

s
Pixelation

QGIS | SAM2.1 base/SAM3

transitional phenomenon case study
Governance Fragmentation Krzemionki Manual Calibration Polygon Identification .
J \ Resultant Data
p . R O =
Ecological Succession i |Sp0nlancous Vegetation Cover | i
i i
'n o ; . . . . '
Everyday Use o : { Improvised Spatial Practice | |
il i y, i
~ 1 N T |
Fragmented Development /) ' |Dcvclopcd Spatial Fragmcntauon| }‘5 |
driving forces : ]
/ i i
2 ' micro-operational indicators E
e e e i
Land Transition Data | |Tra11silion Analysis
Conclusions
nequa i apta ili (role in urban regeneration and planning)
Inequality Adaptability(rol ban reg i planning

Figure 7. Analytical framework diagram drawn by the author.

Post-socialist transformation is not merely a change of political and economic regime,
but also a significant spatial restructuring. In this transformation, the original socialist
planning system was weakened and progressively restructured and governance powers
and responsibilities were decentralised to local governments, while property rights under-
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went substantial institutional reconfiguration, with formal and informal rights increasingly
intertwined [22]. Post-socialist cities have undergone ongoing political, institutional, so-
cioeconomic, and spatial transformations rather than remaining spatially static [22]. These
transformations provide the institutional background for understanding how spatial change
is produced and differentiated at the site level.

Following the transition from socialism, Poland underwent a substantial transfor-
mation of its spatial planning system, characterised by liberalisation and the increasing
influence of market-oriented development after 1989 [23]. However, the exercise of plan-
ning authority was shaped not only by formal rules but also by institutional ambiguity
and inconsistent practices; post-socialist urban planning has been characterised by weak
institutional capacity, inconsistent policy agendas, and limited synchronisation between
policy agendas and regulatory practices [24] (pp. 767-775). Thus, post-socialist spatial
transformation involved not only a shift in planning principles, but also a more differenti-
ated and fragmented institutional environment in which planning, development, and land
use practices could vary across space.

These transformations often exacerbated rather than alleviated spatial fragmenta-
tion [25]. Urban welfare infrastructure complexes were divided, enclosed, and repurposed
to accommodate commodification, privatisation, and isolated particularism [25]. The
regional economic geography of Central and Eastern Europe follows a spatial logic associ-
ated with the socialist legacy [26]. Taken together, these processes indicate a fragmented
institutional and spatial context in which planning authority, land use decisions, and devel-
opment processes became increasingly differentiated across space. Studies of post-socialist
de-industrialised areas have documented how such institutional and spatial fragmenta-
tion can be accompanied by abandoned or underused industrial land and difficulties in
coordinating subsequent regeneration processes [27]. Rather than treating this broader
context as a direct determinant of specific land cover outcomes, this study considers it the
broader institutional context within which ecological succession, developed fragments, and
improvised spatial practices become spatially observable.

The post-socialist institutional context is superimposed on a longer and complex histor-
ical landscape. During the Nazi occupation, the Krzemionki-Plaszow area was associated
with the German Nazi forced labour camp established in 1942, which was transformed
into a concentration camp in 1944 and became a site of mass persecution and death during
World War 1I [28]. The wartime history subsequently became an important component of
the site’s heritage significance, with surviving traces of the former camp, cemeteries, land-
scape modifications, and commemorative sites contributing to its contemporary historical
identity [29]. This historical layer is therefore treated as part of the inherited landscape
context within which post-socialist transformation and contemporary spatial change are
interpreted. This legacy forms part of the broader context shaping contemporary planning,
commemorative interventions, and patterns of site use.

In some urban settings, underused and vacant areas may emerge through processes of
de-industrialisation and urban restructuring [30] and may persist in relatively underused
conditions, thereby retaining potential for future redevelopment or regeneration. When
such spaces remain underused or unmanaged, spontaneous vegetation can progressively
colonise abandoned surfaces and produce spatial patterns that are observable through multi-
temporal remote sensing. Accordingly, in this study, ‘ecological succession’ is operationally
represented by spontaneous vegetation cover that can be identified from satellite imagery.
This operational definition does not equate vegetation cover with the entirety of ecological
succession; rather, it provides an observable spatial proxy through which the process of
ecological regeneration can be examined longitudinally.
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At the same time, limited planning coordination does not imply the cessation of de-
velopment. In the absence of systematic planning coordination, development activities
continue in a fragmented manner [27]. At the site level, such processes may become visible
as spatially discontinuous anthropogenic interventions such as scattered road extensions,
isolated garage buildings, discontinuous infrastructure, and other localised interventions
that can persist alongside ecological regeneration. In this study, ‘developed spatial frag-
ments’ refer to these spatially discontinuous anthropogenic interventions and their resulting
fragmented spatial configuration. Mapped developed spatial fragments is therefore op-
erationalised as an observable spatial configuration rather than inferred solely from the
institutional history of the site. This distinction keeps the institutional explanation at
the contextual level while defining fragmented development through directly observable
spatial evidence.

Amid institutional ambiguity and changing regimes of access and use, informal spatial
practices emerge through the spontaneous appropriation of spaces outside formal regula-
tion [31]. Informal spatial practices develop in the interstitial spaces of residence, expressed
through spatial occupation, everyday care, and repair protocols [31]. In the Krzemionki her-
itage context, this framework operationalises this broader concept as observable improvised
spatial practices, primarily represented by informal routes and paths and where spatially
identifiable, small-scale occupation is featured. This extends the framework beyond land
cover change by incorporating observable forms of everyday spatial use as a third process
within the same longitudinal analysis.

The resulting analytical framework therefore links a macro-level institutional context,
a historically layered site context, and three site-level observable spatial processes: sponta-
neous vegetation cover, development spatial fragments, and improvised spatial practices.
Al-assisted segmentation combined with manual visual interpretation is used to extract
vector data from multi-temporal imagery for four time points (2009, 2015, 2021, and 2025).
These data are then subjected to complementary quantitative analyses of area change and
land cover conversion. The resulting spatial patterns are then interpreted in relation to the
broader institutional and historical context, with particular attention to the differentiated
spatial and temporal relationships among the three processes and their implications for
landscape heritage transformation. Within this analytical framework, the driving forces
are analysed in the Discussion and then integrated into the overall framework. The frame-
work thus connects contextual explanation, spatial operationalisation, quantitative analysis,
and interpretive discussion, allowing the case to serve not only as a description of local
change but also as empirical evidence for understanding the spatial logic of landscape
heritage transformation.

3. Results
3.1. Spontaneous Vegetation Cover

Figure 8 illustrates the spatial distribution and changes in spontaneous vegetation
cover in the Krzemionki study area from 2009 to 2025.

As shown in Figure 8, spontaneous vegetation cover in Krzemionki exhibited a contin-
uous expansion over the study period, increasing from 27.35 ha in 2009 to 63.62 ha in 2025,
representing a net increase of 36.27 ha. The expansion was accompanied by a progressive
increase in the spatial connectivity and extent of vegetation patches across the study area.

In 2009, spontaneous vegetation covered 27.35 ha and was mainly concentrated in
the woodlands in the western and southeastern parts of the research area. In the cen-
tral area, vegetation occurred as several spatially isolated patches, with exposed ground
and abandoned quarry areas separating the individual patches. The overall spatial pat-
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tern was therefore characterised by relatively concentrated vegetation in the western and
southeastern areas and fragmented patches in the central area.

By 2015, spontaneous vegetation cover had increased to 39.96 ha, an increase of 12.61 ha
compared with 2009. Vegetation expanded outward from the existing patches, particularly
in the southeastern part of the study area, where previously isolated patches became
increasingly connected. This expansion resulted in the gradual formation of elongated
vegetation patches extending along a northwest-southeast axis. Spontaneous vegetation
cover also expanded along the margins of existing woodland and quarry areas, increasing
the overall spatial continuity of the vegetation cover.
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Figure 8. Spontaneous vegetation cover in Krzemionki ((a) 2009, (b) 2015, (c) 2021, (d) 2025).

In 2021, spontaneous vegetation cover further increased to 59.86 ha, representing an
increase of 19.90 ha from 2015. Vegetation occupied most of the southeastern core area,
while additional expansion occurred in the central part of the study area. In the eastern
part, areas that had previously been characterised by bare soil or temporary storage yards
were increasingly covered by vegetation. Compared with 2015, the vegetation patches
became substantially larger and more spatially connected.

By 2025, vegetation cover reached 63.62 ha, the largest extent recorded during the
study period. Compared with 2009, the total vegetation area had increased by 36.27 ha,
corresponding to an increase of approximately 132.7%. The vegetation patches in the west-
ern and central parts became increasingly connected, while a large continuous vegetation
patch was established in the southern-centre part of the study area.

The spatial expansion was not uniform across the study area. Spontaneous vegetation
expansion was more pronounced toward the north and southeast, whereas the western
and northwestern boundaries remained comparatively stable. In the northeastern corner
and southwestern parts of the study area, vegetation boundaries showed limited inward
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movement throughout the study period, resulting in relatively stable spatial boundaries
between spontaneous vegetation and adjacent land cover types. Overall, the temporal
sequence indicates a transition from fragmented spontaneous vegetation patches in 2009
toward larger and more spatially connected spontaneous vegetation areas by 2025.

3.2. Spatial Fragmentation

The total area of spatial fragments and roads remained relatively stable throughout
the study period. The mapped area increased from 34.48 ha in 2009 to 39.30 ha in 2025,
representing a net increase of 4.82 ha. Compared with the substantial expansion of sponta-
neous vegetation cover, the spatial extent of fragments and roads exhibited limited changes
over the 16-year period.

In 2009, spatial fragments were mainly distributed in the peripheral parts of the
study area, including allotment areas, former industrial buildings, and ancillary facilities
associated with the heritage site. These fragments formed a discontinuous spatial pattern
surrounding the central open areas.

By 2015, the total area of spatial fragments increased to 37.22 ha. Changes were mainly
observed in the central parts of the study area. Several former industrial areas in the north
remained spatially identifiable as fragment units, while additional constructed surfaces
appeared in the central area associated with the temporary open-air museum facilities.

In 2021, the spatial fragment area reached 37.83 ha. Compared with 2015, the central
intervention areas decreased in extent, while some northern areas showed reduced intensity
of spatial use and changes in the condition of existing structures. However, the overall
spatial distribution pattern of fragments remained largely unchanged.

By 2025, spatial fragments reached their maximum extent of 39.30 ha. The increase
mainly occurred through the addition of small-scale fragmented units rather than large-
scale spatial transformation. The northern heritage-related landscape and allotment areas
remained as persistent spatial components, while newly appeared interventions were
distributed sporadically within the study area (Figure 9).
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Figure 9. Spatial fragments in Krzemionki ((a) 2009, (b) 2015, (c) 2021, (d) 2025).
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The counted land use area (Table 4) indicates limited bidirectional conversion between
spatial fragmentation and spontaneous vegetation cover during the study period. Some
spatial fragment areas were converted into vegetation, particularly in the central part of the
study area between 2015 and 2021, whereas some vegetation-covered areas were replaced
by newly developed spatial fragments, such as the residential development area within
the northeastern quarry enclosure. Nevertheless, the overall conversion area between
these two categories remained limited compared with the total increase in spontaneous
vegetation cover.

Table 4. Mapped land cover categories (ha) and change trends, 2009-2025.

Year Spontaneous Vegetation Cover  Spatial Fragmentation = Improvised Spatial Practice
2009 27.35 34.48 1.10
2015 39.96 37.22 0.69
2021 59.86 37.83 0.63
2025 63.62 39.30 0.58
Total Transition +36.27 +4.82 —0.52

(2009-2025)

Spatially, the spontaneous vegetation to anthropogenic developed spatial fragments
transitions were concentrated in the southwestern part of the study area, where the KL
Plaszow Museum and associated open museum site interventions are located. In the 2015-
2025 imagery, localised transitions between spontaneous vegetation and anthropogenic
developed spatial fragments can be observed in this area.

3.3. Improvised Spatial Practice

Figure 10 illustrates the distribution and changes of mapped improvised spatial
practice area across the four years.
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Figure 10. Mapped improvised spatial practice in Krzemionki ((a) 2009, (b) 2015, (c) 2021, (d) 2025).
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As shown in Figure 10, mapped improvised spatial practices covered 1.10 ha in 2009
and were already spatially established across the eastern study area. The mapped practices
were mainly concentrated in transitional areas between spontaneous vegetation and spatial
fragments, particularly along spaces between formally developed areas and larger vegeta-
tion patches. The main linear traces extended predominantly along a northwest-southeast
axis, connecting the built-up area in the north with the more open areas in the south.

By 2015, the mapped area of improvised spatial practices had decreased to 0.69 ha,
followed by a further decrease to 0.63 ha in 2021. Despite this reduction in total area,
the locations of the principal spatial traces remained broadly consistent across the three
observation periods. Changes were mainly observed in secondary branches and peripheral
sections, where some paths disappeared and reappeared in adjacent locations.

In 2025, the mapped area of improvised spatial practices decreased further to 0.58
ha, representing a net reduction of 0.52 ha, or approximately 47.3%, compared with 2009.
Despite the reduction in mapped extent, the overall spatial configuration remained rela-
tively stable. When the networks identified in 2009 and 2025 were overlaid, main corridors
remained in approximately the same locations, while changes were concentrated primarily
in secondary branches and peripheral segments.

3.4. Classification Accuracy Assessment

The accuracy assessment was conducted before and after manual visual correction
(Table 3). For spontaneous vegetation cover and developed spatial fragments across the
four time sections, the initial Al-generated classifications achieved overall accuracy of
68.67-78.67% and Kappa coefficients of 0.51-0.68 (Table 3). Following manual calibration,
overall accuracy increased to 89.33-91.67%, while Kappa coefficients increased to 0.83-0.87,
corresponding to an increase of 12.33-21.00 percentage points in overall accuracy. For
improvised spatial practices, PA increased from 37.93-61.70% to 69.23-78.57%, UA from
25.58-53.70% to 85.71-93.33%, and Kappa from 0.29-0.56 to 0.76-0.85 following manual
correction (Table 3).

4. Discussion
4.1. Unequal Dynamics

The quantitative data on land cover change in Krzemionki over the 16-year study
period reveal pronounced differences in the magnitude and direction of spatial change.
Spontaneous vegetation cover increased by 36.27 ha, from 27.35 ha in 2009 to 63.62 ha in
2025, whereas the area of spatial fragments increased by only 4.82 ha, from 34.48 ha to
39.30 ha. The estimated areas were subject to sampling uncertainty, with 95% confidence
intervals reported in Appendix C. The net increase in spontaneous vegetation cover was
therefore approximately 7.5 times that of developed spatial fragments. These contrasting
trajectories indicate that spatial transformation in Krzemionki was uneven, providing an
empirical basis for examining the differentiated dynamics of ecological recovery and spatial
persistence.

The unequal expansion of vegetation was spatially selective rather than uniform.
Spontaneous vegetation primarily expanded into abandoned or low-intensity-use areas,
particularly around woodland margins and quarry edges, whereas little inward expansion
occurred in areas characterised by intensive anthropogenic intervention (Figures 8 and 9).
This asymmetry suggests that ecological regeneration and anthropogenic land use were
not engaged in continuous competition for the same spaces. Rather, their trajectories were
spatially differentiated, producing a pattern of demarcation and coexistence: vegetation
expanded into spaces released from intensive use, while relatively stable boundaries
persisted where anthropogenic intervention remained concentrated.
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The contrast in the magnitude of change further indicates that these two processes
possessed different capacities to transform space. Spontaneous vegetation was able to
extend progressively into spaces released from intensive use, whereas the expansion of
spatial fragments remained comparatively limited and spatially constrained. This difference
is crucial because landscape transition is shaped not only by the direction of change, but also
by the different capacities of spatial processes to expand and persist. Studies of post-socialist
urban transformation have emphasised the fragmentation and selective redevelopment of
formerly integrated spatial structures, particularly under changing governance, ownership,
and market conditions [25,32]. By contrast, research on post-socialist green space change has
shown that ecological trajectories may follow different spatial dynamics after the transition
from centralised to market-oriented planning [33,34]. The Krzemionki heritage case brings
these processes into the same spatiotemporal framework and shows that they do not
possess equivalent capacities to transform available space. Mapped ecological regeneration
could progressively occupy newly available space, whereas mapped anthropogenic spatial
fragments retained a greater degree of spatial persistence.

This difference in transformation capacity helps explain the resulting landscape con-
figuration. Rather than replacing the inherited anthropogenic structure wholesale, mapped
ecological regeneration progressively expanded around and between relatively persistent
spatial fragments. The landscape heritage consequently developed as an expanding eco-
logical matrix containing residual and persistent anthropogenic elements, rather than as
a simple transition from a built landscape heritage to a naturalised one. Similar tensions
between ecological succession, redevelopment, and heritage preservation have been identi-
fied in contemporary post-industrial landscapes, where different transformation pathways
can produce markedly different relationships between ecological recovery and inherited
industrial structures [35,36]. What is distinctive in the case study is therefore not the pres-
ence of mapped spontaneous succession or mapped fragmented development individually,
but their unequal capacities operating within the same landscape over time. The resulting
configuration suggests that landscape heritage transition is produced not only by land
cover conversion itself, but also by the different abilities of spatial processes to expand,
persist, and occupy newly available space.

This configuration provides a useful way to understand the landscape heritage char-
acter of Krzemionki beyond a simple opposition between natural recovery and built de-
velopment. The post-socialist landscape was produced through different temporalities
of change: ecological regeneration proceeded extensively once space was released from
intensive use, whereas fragmented anthropogenic elements changed more slowly and
remained spatially persistent. Their unequal dynamics consequently generated a layered
and heterogeneous landscape in which ecological regeneration progressively reworked the
spaces surrounding inherited anthropogenic structures without eliminating them. In this
sense, the landscape heritage of Krzemionki is not constituted solely by the persistence of
built or cultural elements, but also by the uneven ecological processes that have developed
around, between, and alongside them.

4.2. Observed Spatial Patterns of Mapped Improvised Spatial Practices

The distribution of mapped improvised spatial practices within the change frequency
map (Figure 11) constitutes the second core finding of this study. A total of 76.85% of
mapped improvised spaces area was located in zero- or one-time low-frequency change
zones (Table 5). This spatial distribution pattern situates improvised spaces within the
transition framework described above and reveals a distinct spatial position.
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Figure 11. Transition frequency map of Krzemionki (2009-2025) with improvised spatial practice.

Table 5. Transition frequency distribution of mapped improvised spatial practice area.

Change Frequenc o
(Number of Tfansiti?)ns, 2(}),09—2025) Percentage (%)
0 changes 22.37
1 change 54.48
2 changes 15.78
3 changes 3.43
outside detection area 3.94
total 100

The mapped improvised spatial practices were concentrated in relatively stable areas
rather than areas undergoing intensive ecological or anthropogenic transformation. De-
spite their heterogeneous physical forms, these practices were interpreted as an analytical
category because they represent informal modes of spatial use outside formally planned
or maintained, while being distinct from spontaneous nature and therefore not primarily
driven by ecological processes. The observed pattern suggests otherwise: mapped im-
provised spatial practice areas were concentrated in relatively stable zones and were less
prevalent in the highest change frequency. Their spatial distribution therefore indicates a
spatial pattern distinct from both ecological regeneration and built heritage.

The expansion of mapped spontaneous vegetation cover is driven by ecological pro-
cesses such as seed dispersal, plant colonisation, and succession and is expressed spa-
tially through progressive expansion. By contrast, the persistence of mapped developed
fragments primarily reflects the physical continuity of inherited structures and facilities,
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resulting in a relatively passive form of spatial persistence. Improvised spatial practices
emerge through a different mechanism: they reflect the everyday spatial needs and repeated
movements of local users rather than either ecological process or formal development de-
cision. Their spatial behaviour is therefore better characterised as selective anchoring,
whereby routes and spaces that remain accessible and usable may be repeatedly used
and maintained.

This distinction is particularly evident in the temporal pattern of mapped improvised
spatial practice. Their core spatial skeleton remained stable over the 16-year period. Impro-
vised spatial practice therefore neither expanded progressively like spontaneous vegetation
cover nor simply persisted as fixed physical structures like built fragments. Instead, they
were selectively maintained within relatively stable interstitial spaces between ecological
regeneration and anthropogenic intervention. In this sense, improvised spatial practices
can be understood as a third spatial process that contributes to the observed landscape tran-
sition through patterns of repeated everyday use, adding a human behavioural dimension
to the ecological and developmental dynamics described above.

These dynamics help explain why the spatial persistence of improvised spatial practice
cannot be reduced to the survival of temporary or residual land uses. Once established,
these routes may persist through repeated use and continued accessibility, even as sur-
rounding ecological and anthropogenic conditions change. The resulting pattern indicates
that mapped improvised spatial practices were not randomly distributed across the transi-
tion landscape; rather, they tended to be less prevalent in areas undergoing intensive spatial
change and became anchored in relatively stable zones. This selective spatial anchoring
represents a distinct spatial logic of informality, complementing existing understandings
that have primarily emphasised its institutional, socioeconomic, and everyday practice
dimensions [10,31]. Research on informal gardening and everyday spatial practices in
post-socialist Bucharest demonstrates how such practices can persist and adapt through re-
peated community use despite changing urban conditions [10,31]. Studies of post-socialist
allotments in Budapest similarly show that informal self-help practices can remain spatially
embedded while adapting to changing socioeconomic and institutional contexts [37-39].

Their persistence also gives improvised spatial practices a significance beyond that of
temporary or residual land use. By maintaining access and connectivity within relatively
stable parts of a changing landscape, established routes may provide an existing spatial
framework through which subsequent activities are organised or accessed. Improvised
spatial practice may therefore function as spatial precursors for subsequent use, rather
than merely responding to the landscape produced by ecological regeneration and frag-
mented development. Their significance lies in their capacity to carry everyday patterns of
movement and access across successive phases of landscape change.

Taken together, these findings suggest that improvised spatial practice constitute a
persistent adaptive spatial layer within landscape transition. Unlike mapped spontaneous
vegetation cover, which transforms space through progressive ecological expansion, or
mapped built spatial fragments, which persist primarily through the continuity of inherited
physical structures, improvised practices persist through repeated human use and ‘selective
spatial anchoring.” Their contribution to the formation of the landscape therefore lies
not in competing directly with ecological regeneration or fragmented development, but
in occupying and maintaining relatively stable interstitial spaces between them. This
reveals a third and distinctly human temporal logic of landscape heritage transformation:
while ecological processes expand and built structures persist, everyday spatial practices
selectively reproduce access and movement, potentially shaping how the landscape is
subsequently used and experienced.
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As these interpretations are derived from a single case study, the identified spatial
logic should not be understood as universally applicable to other post-socialist heritage
sites. Their broader applicability requires comparative research across sites with differ-
ent conditions.

4.3. Driving Mechanism

The observed ecological human-made unequal dynamics should be understood in
relation to the institutional transformation of post-socialist urban space. After 1989, the tran-
sition from state ownership and centralised planning toward privatisation, market-based
land allocation, and decentralised planning fundamentally changed the actors and mech-
anisms involved in urban development in Central and Eastern Europe [23,40]. Hirt and
Stanilov describe the post-socialist transition as involving the shift toward market-based
urban development, extensive privatisation, and substantial changes in the organisation
and use of urban space [40] (pp. 25-26). These transformations were associated with
fragmented ownership structures and uncertainty that shaped uneven redevelopment
pressures in areas where former industrial and public uses had declined [41].

This context provides an institutional explanation for the spatial pattern observed in
Krzemionki. The 36.27 ha increase in spontaneous vegetation between 2009 and 2025 cannot
be attributed to ecological succession alone without detailed information on ownership
changes and planning implementation. In Krzemionki, this pattern is also reflected in
spatially selective institutional interventions. More recently, institutional intervention
has intensified within and beyond the southwestern part of the study area through the
development of the KL Plaszow Memorial Museum. The project involved substantial
vegetation removal in 2021 including 275 permitted trees and 250 additional non-protected
trees and shrubs while the outdoor exhibition opened in March 2024 and construction of
the memorial building began in July 2024 [42]. Thus, the unequal dynamics identified in
this study may reflect not only ecological processes but also the differentiated capacity of
particular areas to be redeveloped, maintained, or actively managed.

Planning and infrastructure interventions further shaped this process. In post-socialist
cities, planning institutions operated within increasingly decentralised governance systems,
while differences in legal frameworks and the institutionalisation of plan implementation
contributed to divergent planning responses and spatial outcomes [43]. In Krzemionki,
such institutional conditions may help explain why intensive anthropogenic interventions
remained spatially concentrated. At the same time, the persistence of improvised spatial
practices suggests that everyday uses can remain anchored in spaces that are neither fully
incorporated into formal development nor completely natural. Together, these patterns
point to the coexistence of institutional interventions and locally anchored practices within
a landscape undergoing ecological succession. These interpretations do not establish direct
causal relationships between post-socialist institutional changes, ownership conditions,
particular policies, and individual land cover changes; they identify institutional and
socioeconomic conditions that interacted with ecological succession and local practices to
produce the observed landscape instead.

4.4. Implications

The fundamental implication of Krzemionki’s palimpsest heritage research is that
urban fringe areas are not blank canvases awaiting cumbersome planning to fill, but
activated arenas of transitions already shaped by ecological processes, built elements, and
informal everyday practice. The net increase of 36.27 ha in vegetation over sixteen years
provides evidence of substantial ecological regeneration rather than simply representing
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temporary vegetation cover. What landscape planners face is not ‘vacant land,” but a highly
structured landscape that has already developed its own spatial logic.

The conventional regeneration paradigm tends to treat abandoned industrial areas
as resources ‘awaiting development [44]'—clearing vegetation, demolishing dilapidated
buildings, and re-parcelling land to make way for new development. However, the land
data and social phenomena observed in Krzemionki suggest that such an approach may
overlook existing ecological and spatial values. Research in Central Europe has shown
that spontaneous revegetation can provide greater nature-conservation value and higher
species richness than forestry reclamation, while studies of post-industrial and brownfield
landscapes highlight the often-overlooked ecological value of spontaneously developing
vegetation [9,44,45]. Where ecology has already claimed most of the land through prior
occupancy, the primary task of planning is not to automatically replace this existing spatial
condition, but to recognise and respect its internal logic.

Studies on landscape transformation in post-socialist urban fringe areas further sup-
port this view. Research on the suburban areas of large Polish cities has demonstrated
that development at the urban fringe intensifies land use conflicts and agricultural land
conversion to non-agricultural uses [46,47]. The case of Krzemionki shows that in these
zones, ecological processes may have already altered the spatial conditions within which fu-
ture land use decisions will be made, including through extensive spontaneous vegetation
regeneration. Planners need to acknowledge this has been accomplished.

The finding that 76.85% of mapped improvised spatial practice area was located in
zero- or one-time low-frequency change zones provides planners with a potential spatial
screening indicator.

Improvised spatial practices are not spatially uniform; their observed concentration
may reflect repeated or recurrent use of particular locations. The areas with mapped
improvised practices were predominantly associated with zones showing relatively low
frequencies of ecological-developmental transition. Given the limited temporal field
observations and the potential obstruction of small-scale practices by vegetation canopies,
this pattern should be interpreted as an observable spatial tendency and should not be
interpreted as direct evidence of persistent collective use throughout the sixteen-year
period (Table 6).

Table 6. Improvised zoning framework for urban regeneration based on change frequency and space
distribution. Percentages of land change categories: stable (0 changes), resilient (1 change), and active
(2 changes and 3 changes).

. Improvised Space . Intervention
Zone Transition Frequency Share (%) Planning Strategy Intensity

formalisation

stable zones 0 changes 22.37 or selective low to medium

recognition
r§§111ent 1 change 54.48 temporary use low
transition zones

active transition monitor only;

2 changes and 3 changes 19.21 no active none/very low

zones

intervention

Note: The three categories sum to 96.06% because the remaining 3.94% was excluded from the
analysis (see the Limitations section for details).

The core logic of this framework is that the intensity of planning intervention could be

differentiated according to the frequency of land cover change. In the existing literature on
the governance of informal spaces, scholars have proposed three strategic pathways: ‘strate-
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gic hands-off,” ‘formalisation,” and ‘temporary use [48].” The Krzemionki’s data provide an
empirical basis for considering the spatial allocation of these strategies. Change frequency
can serve as a quantifiable spatial indicator to support the preliminary differentiation of
management approaches, rather than as a standalone determinant of which strategy should
be applied to a given area. If planners can recognise and appropriately accommodate these
already observable use patterns while avoiding interventions that disregard existing spatial
practices, they may better accommodate existing patterns of use.

4.5. Conceptual Positioning

The concept of unequal dynamics is related to broader discussions of uneven spatial
transformation, including Harvey’s theory of uneven development, which links spatial
differentiation to the uneven geographical organisation of capital accumulation and de-
velopment [49] (pp. 413-429). In post-socialist urban studies, comparative research has
documented divergent planning responses and spatial transformation trajectories as cities
adapted to changing economic, social, and institutional conditions [43]. Building on these
perspectives, this study uses unequal dynamics at the site level to describe the different
magnitudes, rates, and degrees of persistence of spatial processes within the same land-
scape. The concept provides an analytical lens for examining how spatial practices follow
differentiated temporal and spatial trajectories.

The concept of selective spatial anchoring is grounded in research on informal and
everyday spatial practices in post-socialist cities, which has documented how residents
appropriate, adapt, and maintain particular spaces amid changing institutional and so-
cioeconomic conditions [31]. While existing studies emphasise the persistence, adaptation,
and appropriation of informal practices, this study uses the term to highlight their selec-
tive spatial concentration and relative temporal persistence within particular parts of a
changing landscape. Thus, unequal dynamics characterises the differentiated relationships
among multiple spatial processes, whereas selective spatial anchoring specifies the localised
persistence of improvised spatial practices within those dynamics.

4.6. Contribution to Sustainability

The proposed regeneration framework contributes directly to multiple Sustainable
Development Goals (SDGs) [50].

SDG 11.2: Provide safe, affordable, and sustainable transport systems [50]. The
informal path network within improvised spaces is itself a relative complete pedestrian
and micro-mobility network. Upgrading it into a community slow-mobility system is more
consistent with residents” actual movement needs than planning a brand-new pedestrian
network from scratch. SDG 11.3: Enhance inclusive and sustainable urbanisation [50].
Zoning based on the distribution of improvised spaces is essentially a bottom-up planning
approach. Rather than starting from an abstract urban design blueprint, it proceeds from
residents’ actual spatial use patterns, thereby transforming daily practices into formal
planning documents. SDG 11.7: Provide safe, inclusive, and accessible green public
spaces [50]. The stable areas anchored by improvised spaces (22.37% within zero-change
areas) constitute spontaneously emerging public space carriers. Through low-cost path
formalisation and the addition of facilities, the surfaces already used by residents can be
transformed into formal green infrastructure, without the need for land acquisition or
large-scale earthworks.

SDG 13: Climate action [50]. Over the study period, Krzemionki experienced a net
vegetation increase of 36.27 ha. The ‘strategic non-intervention’ zoning strategy proposed
in this framework protects this spontaneously formed carbon sink and avoids the carbon
release that would result from its redevelopment into artificial surfaces. SDG 15: Protect,

https://doi.org/10.3390/1and15101791


https://doi.org/10.3390/land15101791

Land 2026, 15, 1791

24 of 31

restore, and promote sustainable use of terrestrial ecosystems [50]. Designating high-
frequency spatial conversion zones (2-3 changes) as ‘strategic non-intervention areas’
according to their own conditions allows ecological succession to proceed spontaneously,
thereby avoiding unnecessary artificial intervention in ecologically sensitive areas.

4.7. Limitations

This study has limitations at three levels: methods, object of analysis, and conclu-
sions. At the methodological level, land cover classification employed a semi-automated
workflow combining geoOSAM/geoSAM automatic segmentation with manual correction.
Although manual correction reduced apparent classification errors, uncertainties remain
that cannot be fully eliminated, including spectral confusion between vegetation and bare
soil, the identification accuracy of improvised spaces in imagery (e.g., spaces not captured
due to tree canopy occlusion), and systematic bias potentially introduced by differences in
illumination and months among images from different years. Because land cover identifi-
cation combined Al-assisted segmentation with manual visual interpretation, subjective
judgment in delineating land cover boundaries and handling ambiguous features may
also have introduced discrepancies in edge details, particularly in the improvised spatial
practice layer. Minor spatial overlaps may occur between some classification categories,
particularly along ambiguous or transitional boundaries, which may introduce a small
degree of uncertainty into the mapped area. These localised overlaps were retained in
the final mapping but were not included in the transition analysis. Nevertheless, the
conclusion of this study—that mapped improvised spatial practice tends to be distributed
in low-frequency change zones and less prevalent in high-frequency transition zones—is
based on the overall spatial distribution of mapped practice areas rather than the precise
boundary. Even if edge details differ, the macroscopic spatial distribution trend is unlikely
to change fundamentally. The study area estimates themselves are also subject to sampling
uncertainty, with 95% confidence intervals reported in Appendix C; confidence intervals
were not calculated for improvised spatial practices because their mapped extent was
used primarily to characterise spatial distribution and change patterns rather than as a
principal area-based estimate. In addition, the spatial union of improvised practices across
the four observation years, consistent with the transition analysis, emphasises cumulative
rather than inter-annual spatial distribution and may slightly overestimate their apparent
persistence. Meanwhile, 3.94% of mapped improvised spatial practice area fell outside the
coverage of the change detection analysis and was not included in the frequency analysis;
however, this proportion is extremely small and does not affect the core conclusions. The
relatively small-mapped area of improvised spatial practice and the limited number of sam-
pled points within these areas also increase the potential for sampling variability in their
accuracy assessment. Differences in image acquisition months, illumination, and seasonal
vegetation conditions may further affect the consistency of visual interpretation across
the four time sections, particularly where vegetation phenology influences the distinction
between spontaneous and maintained vegetation.

At the level of the object of analysis, Krzemionki as a cultural heritage palimpsest in
Krakow is characterised by topography, a specific vegetation succession trajectory, and a
local policy environment (planning constraints imposed by the cultural value protection
zone), all of which limit the transferability of the proposed planning framework and the
broader applicability of the identified spatial logic. This framework should be understood
as a spatial diagnostic method instead of a directly transferable planning scheme; different
landscapes need to adjust it according to local ecological conditions and social needs. As the
empirical analysis is based on a single case, the identified unequal dynamics and selective
spatial anchoring should likewise not be interpreted as universally applicable to other
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heritage sites with a context similar to Krzemionki; their broader applicability requires
comparative research under different historical, institutional, and ecological conditions.

At the level of conclusions, this study reveals spatial change patterns and examines
potential socioeconomic driving forces behind them. However, the analysis of these driving
forces remains constrained by the limited availability and systematic analysis of socioeco-
nomic and institutional data. In particular, the effects of property rights transformation,
planning and policy changes, and other socioeconomic factors cannot be separately iden-
tified from the available evidence. This limitation affects the analytical inference: while
the study can identify spatial associations and provide some interpretations of the factors
underlying observed changes, it cannot determine the relative contribution of individual
socioeconomic factors or establish direct causal relationships between these factors and
specific spatial changes. Further investigation through sociological, anthropological, and
qualitative approaches is therefore needed to substantiate and differentiate these driv-
ing mechanisms. Moreover, the 20092025 time range only captures the later stage of
post-socialist transformation according to planning policy documents, failing to cover the
period of intense social change in the early 1990s—2000s. The actual onset of ecological
recolonisation may have occurred earlier. Future studies extending the temporal scope
would provide a more complete transformation trajectory. Although field observations
were conducted only in 2025, they provided ground-level insights that informed the identi-
fication and interpretation of improvised spatial practices. The absence of corresponding
historical field records limits direct verification of these practices in the 2009, 2015, and 2021
imagery. Consequently, the observed concentration of mapped improvised spatial practice
in relatively low-frequency change zones provides evidence of a spatial association, but it
cannot establish that the same practices or user groups persistently occupied these locations
throughout the sixteen-year period. The interpretation of selective spatial anchoring should
therefore be understood as a spatiotemporal inference derived from the relationship be-
tween contemporary field observations and the historical change frequency pattern, rather
than as direct evidence of long-term behavioural persistence, repeated collective use, or
continuous occupation. This limitation means that selective spatial anchoring should be
treated as a tentative interpretive concept describing an observed spatial tendency, rather
than as a demonstrated behavioural mechanism.

5. Conclusions

Taking the Krzemionki landscape palimpsest heritage as a case study, this study
identifies a specific transition logic within the urban fringe of contemporary Krakow.
Longitudinal spatial analysis shows that mapped spontaneous vegetation cover and spatial
fragments exhibited markedly unequal dynamics, with vegetation increasing by 36.27 ha
compared with only 4.82 ha for spatial fragments. Improvised spatial practice followed
a distinct logic of spatial distribution: 76.85% of the mapped improvised spatial practice
area occurred in low-frequency change zones, while their core spatial skeleton remained
relatively stable despite a decline in total area. By integrating ecological regeneration,
fragmented development, and everyday spatial practices into a unified framework, this
study demonstrates three differentiated spatial logic—expansion, persistence, and spatial
concentration—within the case that jointly shape the landscape. Methodologically, the
combination of change frequency mapping and the spatial distribution of improvised
spatial practices provides an analytical approach for examining these relationships, whose
broader applicability requires comparative research across other sites. For planning and
regeneration, the findings support differentiated intervention based on spatial stability,
including recognition and selective formalisation in stable areas, adaptive or temporary
use in low-frequency transition zones, and limited intervention in highly dynamic areas.
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Krzemionki landscape heritage should therefore not be treated simply as vacant land
awaiting redevelopment, but as an already transformed landscape in which ecological
regeneration, persistent anthropogenic elements, and observable informal spatial practices
have developed differentiated spatial patterns that planning can recognise and work with.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/land15101791/s1, Table S1. Initial Al-generated classification
validation of improvised spatial practices. Table S2. Preliminary validation of the manually cor-
rected improvised spatial practices. Table S3. Additional validation for the corrected improvised
spatial practices.
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Appendix A

Table Al. Confusion matrices for initial Al-generated land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2009.

Spontaneous Spatial User’s Accurac
Classified\ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 4 3 25 75 56.00
Cover
Spatial Fragmentation 1 62 1 64 96.88
Unclassified 20 10 131 161 81.37
Total 63 80 157 300 -
Producer’s Accuracy (PA%) 66.67 77.50 83.44 - -

Table A2. Confusion matrices for initial Al-generated land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2015.

Spontaneous Spatial User’s Accurac
Classified \ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 57 7 29 88 59.09
Cover
Spatial Fragmentation 2 60 9 71 84.51
Unclassified 25 22 94 141 66.67
Total 79 89 132 300 -
Producer’s Accuracy (PA%) 65.82 67.42 71.21 - -
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Table A3. Confusion matrices for initial Al-generated land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2021.

Spontaneous Spatial User’s Accurac
Classified \ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 84 10 9 103 8155
Cover
Spatial Fragmentation 13 81 7 101 80.20
Unclassified 21 4 71 96 73.96
Total 118 95 87 300
Producer’s Accuracy (PA%) 71.19 85.26 81.61
Table A4. Confusion matrices for initial Al-generated land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2025.
Spontaneous Spatial User’s Accurac
Classified\ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 99 1 16 126 78.57
Cover
Spatial Fragmentation 13 63 6 82 76.83
Unclassified 15 8 69 92 75.00
Total 127 82 91 300 -
Producer’s Accuracy (PA%) 77.95 76.83 75.82 - -
Appendix B
Table A5. Confusion matrices for final manually corrected land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2009.
Spontaneous Spatial User’s Accurac
Classified \ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 65 4 3 7 90.28
Cover
Spatial Fragmentation 1 82 4 87 94.25
Unclassified 12 3 126 141 89.36
Total 78 89 133 300 -
Producer’s Accuracy (PA%) 83.33 92.13 94.74 - -
Table A6. Confusion matrices for final manually corrected land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2015.
Spontaneous . p
Classified \ Reference Vegetation Spatial . Unclassified Total User’s Af)curacy
Fragmentation (UA%)
Cover
Spontaneous Vegetation 76 2 3 81 93.83
Cover
Spatial Fragmentation 8 73 2 83 87.95
Unclassified 7 9 120 136 88.24
Total 91 84 125 300 -
Producer’s Accuracy (PA%) 83.52 86.90 96.00 - -
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Table A7. Confusion matrices for final manually corrected land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2021.

Spontaneous Spatial User’s Accurac
Classified \ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 132 4 1 137 95.35
Cover
Spatial Fragmentation 6 78 2 86 90.70
Unclassified 9 3 65 77 84.42
Total 147 85 68 300 -
Producer’s Accuracy (PA%) 89.90 91.76 95.59 - -
Table A8. Confusion matrices for final manually corrected land cover classification of spontaneous
vegetation cover and developed spatial fragments in 2025.
Spontaneous Spatial User’s Accurac
Classified\ Reference Vegetation P . Unclassified Total o y
Fragmentation (UA%)
Cover
Spontaneous Vegetation 131 5 6 142 92 25
Cover
Spatial Fragmentation 6 86 3 95 90.53
Unclassified 8 4 51 63 80.95
Total 145 95 60 300 -
Producer’s Accuracy (PA%) 90.34 90.53 85.00 - -
Appendix C

As an auxiliary consistency check, validation-based area estimates and approximate
95% confidence intervals were derived from 300 randomly generated validation points
using simple random sampling. The 95% confidence intervals were calculated using the
Clopper—Pearson binomial method and converted to area by multiplying their lower and
upper limits by 123 ha. These intervals are reported as supplementary reference values for
consistency checking.

Table A9. Estimated areas and 95% confidence intervals for spontaneous vegetation cover and
developed spatial fragments.

Year Estimated Spontaneous Estimated Spatial
Vegetation Cover Fragmentation

2009 31.98 ha (95% CI: 36.49 ha (95% CL:
25.99-38.56 ha) 30.20—43.28 ha)

2015 37.31 ha (95% CI: 34.44 ha (95% CI:
30.97-44.13 ha) 28.28-41.14 ha)

2021 60.27 ha (95% CIL: 34.85 ha (95% CL:
53.15-67.42 ha) 28.66—41.57 ha)

2025 59.45 ha (95% CIL: 38.95 ha (95% CL:
52.34-66.60 ha) 32.52-45.83 ha)

Total Transition 107 47 1046

(2009-2025)

The validation-based area estimates are provided as an independent reference for
assessing the uncertainty of the mapped areas rather than as replacements for the map-
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derived temporal measurements. Differences in their year-to-year values may reflect sam-
pling variability among the independent validation samples. Notably, the mapped areas
for spontaneous vegetation and developed spatial fragments fall within the corresponding
95% confidence intervals for all four observation years.

The 95% confidence interval was not reported for improvised spatial practices because
this class mainly consists of small, narrow, and fragmented features, making polygon area
estimation highly sensitive to spatial delineation and sampling. The analysis therefore
focuses on its spatial distribution and temporal transition patterns rather than precise
area estimates.
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