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Abstract 
 
Land use/ land cover (LULC) datasets derived from remote sensing are widely used in geospatial applications for environmental 
management, natural capital assessment, and spatial planning. However, their spatial resolution, thematic consistency, and accuracy 
are often insufficient for complex analyses including landscape connectivity, fragmentation metrics and spatial inequality assessments. 
This paper presents Data4Land, an open-source Python-based workflow that systematically enriches land use/land cover datasets with 
auxiliary vector data, such as OpenStreetMap and the World Database on Protected Areas. The tool is demonstrated for two contrasting 
case study areas, using multi-temporal LULC time series: Catalonia in Spain (2012-2022) and Northern England (2020-2023). 
Integrating road, railway, watercourse and protected area features substantially changed habitat connectivity indices at multiple scales. 
Enrichment accuracy was validated against Ordnance Survey vector data using a confusion matrix approach. Data4Land is distributed 
as a modular Python package with Docker containerisation and is freely available on GitHub.  
 

1. Introduction 

1.1. Land Use and Land Cover in Geospatial Studies 

Land use and land cover (LULC) datasets derived from satellite 
remote sensing are foundational inputs for a broad range of 
environmental applications, including spatial planning, 
deforestation and habitat degradation monitoring, ecosystem 
service assessment, agricultural tracking, and urban footprint 
analysis (Wang et al, 2023). Despite continuous advances in 
Earth observation technology and the proliferation of open-
access products such as ESA WorldCover and Corine Land 
Cover, these datasets remain imperfect: they can be spatially 
incomplete, thematically inconsistent, or insufficiently detailed 
for the specific ecological or planning context in which they are 
applied. One recurring and ecologically consequential limitation 
is the systematic underrepresentation of narrow linear 
infrastructure, particularly roads and railways, in widely-used 
medium-resolution products such as Landsat or Sentinel-2. The 
detection of these features is limited not only by pixel size, but 
also by spectral confusion arising from shadows cast by adjacent 
vegetation canopy (Immitzer et al, 2016). Such infrastructure 
dissects natural and semi-natural habitats, acting as barriers to 
wildlife movement and fundamentally altering the functional 
connectivity of landscapes (Cork et al, 2024). 
 
Accurate and spatially consistent LULC datasets are a 
prerequisite for tools used in ecological studies, particularly those 
concerned with habitat connectivity and species dispersal 
modelling (Pechanec et al, 2025). A central derived metric in 
such analyses is landscape resistance, also termed impedance or 
friction, which characterises the difficulty experienced by 
individuals of a given species when migrating between different 
land cover types, such as urban hard surfaces, open water, or 
grassland (Beier et al, 2008; Keely et al, 2021). Resistance 
surfaces are typically parameterised from LULC data, meaning 
that omissions or errors in the underlying map propagate directly 
into connectivity model outputs (Zeller et al, 2012; Prima et al, 
2024). When linear barriers such as roads are absent from the 
LULC input, the modelled landscape falsely appears more 
permeable than it is in reality. This bears potentially significant 
consequences for conservation planning decisions (Brennan et al, 
2025). Beyond connectivity analysis, enriched LULC datasets 

have demonstrated utility in modelling future land conversion 
trajectories and in quantifying land surface temperature dynamics 
and urban heat island effects (Mahamune and Gavankar, 2025).  
 

1.2. OpenStreetMap Data for Land Use and Land Cover 
Analysis 

OpenStreetMap (OSM) represents a compelling complementary 
data source for addressing many of these limitations. As a global, 
continuously updated, open-access volunteered geographic 
information (VGI) platform, OSM describes an exceptionally 
wide range of spatial features. This includes road networks, 
railways, water bodies, protected areas, and land use polygons at 
a thematic and geometric detail that medium-resolution satellite 
products cannot replicate (Haklay, Weber, 2008). Studies have 
demonstrated that OSM-derived land cover products can 
outperform established satellite-based datasets such as Corine 
Land Cover in thematic detail and classification accuracy, 
especially in heterogeneous landscapes (Shultz et al, 2017). The 
historical contribution logs of OSM, accessible via APIs such as 
Ohsome, enable the reconstruction of feature geometries at past 
timestamps, opening the possibility of producing temporally 
consistent enriched LULC time series, which has received 
comparatively little attention in the literature. 
 
Despite these strengths, OSM data quality varies geographically, 
with urban and well-mapped regions generally exhibiting higher 
completeness and positional accuracy than rural or data-sparse 
areas (Viana et al, 2019), a consideration that users must account 
for when integrating OSM features into analytical workflows. 
Some prior studies have applied preprocessing strategies similar 
in spirit to LULC enrichment. These include work on improving 
habitat connectivity inputs (Sahraoui et al, 2017), as well as 
enrichment for non-ecological purposes (Patriarca et al, 2019). 
However, existing tools have notable shortcomings. The OSM 
LandUse interactive web-GIS tool (Shultz et al, 2017), for 
example, employs fixed data extraction parameters and a rigid 
layer-writing structure, and does not distinguish ecologically 
important linear barriers such as road networks. More broadly, 
the flexibility to adapt extraction logic, spatial buffering, and 
feature prioritisation to species- or taxa-specific requirements has 
been lacking. Integration of temporal OSM snapshots to generate 
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historically consistent enriched LULC maps has also not been 
particularly explored. This is an important capability for studies 
that analyse landscape change over time or seek to 
retrospectively model species responses to infrastructure 
development. 
 

1.3. Data4Land for LULC Enrichment 

In this paper, we present Data4Land, a semi-automatic, open-
source tool that addresses these limitations by enabling the 
enrichment of raster LULC datasets with external vector sources 
of higher spatial accuracy and thematic consistency, primarily 
OSM. Originally developed to reintroduce narrow linear features. 
such as roads and railways, that are systematically absent from 
medium-resolution LULC products, Data4Land has been 
designed with sufficient flexibility to accommodate a wide range 
of feature types and taxa-specific use cases. Users interact with 
the tool through an interactive Python-based command line tool 
which extracts required information from CSV attribute tables 
and YAML configuration files. The tool interfaces with both the 
Ohsome and Overpass APIs for OSM data retrieval and supports 
integration of the UNEP-WCMC World Database on Protected 
Area (WDPA)s (2025) for users with Protected Planet API 
access. Crucially, Data4Land supports multi-temporal 
enrichment workflows, allowing LULC time series to be 
enriched with OSM features that existed at each corresponding 
point in time, enabling the construction of temporally consistent 
historical datasets. The Data4Land tool also allows users to 
derive landscape resistance surfaces directly from enriched 
outputs by configuring ecologically meaningful parameters, 
including the spatial decay of stressor effects, tailored to specific 
species or movement processes. 
 

2. Methodology and Results 

Data4Land v2.0 is implemented as a modular Python command-
line tool comprising four processing blocks, each targeting a 
distinct stage of the LULC enrichment pipeline. The tool has 
been developed and validated against two contrasting case study 
areas: the Catalonia region of Spain and a part of Northern 
England. 

2.1. Data4Land Architecture 

Data4Land v2.0 includes the following modular blocks (Figure 
1): 
 
1. Ingestion of protected areas (process-wdpa) 
 
2. Historical data ingestion (process-osm) 
 
3. LULC enrichment (enrich-lulc) 
 
4. Landscape resistance and stressors (recalc-impedance) 

 
1  https://github.com/AD4GD/pilot-2-preprocessing 

 
 
Figure 1. Conceptual modular framework of Data4Land tool. 
 
Version 2.0 of Data4Land introduced a breaking change in 
architecture and functionality, replacing Notebook structure with 
a command-line mode built on modular Python classes (Kriukov 
et al, 2025). Aside from this, a few other significant changes have 
been implemented:  

- Ohsome API to fetch OpenStreetMap data and improve 
performance compared to Overpass Turbo API; 

- introduced option to run commands for series of input 
datasets covering multiple years; 

- increased scalability with two sample datasets of 
different spatial extent and support of multiple case 
studies and sub-case studies. 

 
Data4Land requires a Docker container to be built based on 
Python 3.12+, which includes common preinstalled geospatial 
libraries, such as gdal, ogr, osr, (geo)pandas, rasterio, fiona, 
numpy, and npm package manager. 
 
It is important to note that the same LULC dataset can be used 
for multiple analyses within a single case study area. For 
example, a user may have LULC data for Catalonia covering the 
period 2012-2022 but wish to run separate analyses using 
different landscape resistance parameters. In such cases, a 
dedicated set of landscape resistance datasets must be provided 
for each sub-case study and specified in the configuration file. 
 
For example, users may define sub-case studies based on LULC 
classes (subcase_study:’forest’ or subcase_study:’meadows’ to 
generate outputs for different land cover types. Sub-case studies 
can also represent other analysis targets, such as species, for 
example, subcase_study: 'turtle'. 
 
More detailed documentation on usage and command examples 
is provided in the GitHub repository 1. 

2.2. Case Studies 

The first case study area covers the Catalonia region in Spain, (an 
area of 32,110 km2), across a 2012-2022 time series. The original 
land use / land cover with a spatial resolution of 30 m dataset 
provides a detailed classification with 7 types. The following 
additional features were ingested from OSM: roads in a number 
of size categories, railways, water bodies, waterways and 
vineyards. Protected areas were also ingested from WDPA 
(further discussed in section 2.4). The enriched land use / land 
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cover datasets were then used as an input data for habitat 
connectivity calculations using the Graphab software (Foltête J.-
C, 2021). 
 
The input LULC data used is the Land Use / Land Cover Map of 
Catalonia (MUCSC) created by CREAF, UAB and the 
Generalitat de Catalunya (Gonzales-Guerrero and Pons, 2020). 
This collection is produced through automatic classification of 
Landsat and Sentinel images for the Generalitat de Catalunya. To 
avoid ‘edge effects’ and clipping of output data along image 
borders in follow-up calculations, MUCSC was combined with 
three ancillary datasets covering adjacent regions (Bastin et al., 
2024). 
 
The second case study area covers a part of Northern England 
covering 2,120 km2, including parts of Manchester and Sheffield 
cities, as well as the majority of the Peak District National Park. 
This case study area covers a wide range of natural, semi-natural 
and human-centered landscapes (2020-2023 time series). 21 
LULC classes were available from the UK Centre for Ecology 
and Hydrology Land Cover annual maps (Morton et al, 2024) 
which have 10 m spatial resolution (Figure 2). Again, OSM 
features as above (excluding vineyards) and WDPA protected 
areas were retrieved to enrich the LULC map. 
 

 
Figure 2. Land use/land cover timeseries for a part of Northern 
England, 2020-2023 (*type codes are given according to Morton 
et al, 2024).  
 
The two case studies’ LULC data sources were obtained through 
different processing workflows, and the OSM features have been 
constructed from a range of authoritative, academic, or citizen 
science sources which significantly vary between the countries.  
 
Both areas of interest are characterised by a wide range of 
geographic conditions and habitats. Catalonia includes 
Mediterranean, montane, and alpine ecosystems characterised by 
high climatic and elevational heterogeneity (Torras and Saura, 
2009), while the Peak District is dominated by temperate upland 
habitats such as heather moorland, blanket bog, and species-rich 
grasslands, gradually falling to varying grasslands mixed with 
suburban settlements (Peak District, 2021). 

2.3. OpenStreetMap Ingestion 

In the version 1.1, the process-osm command uses Overpass 
Turbo API to retrieve historical OpenStreetMap (OSM) data 
through the Overpass Query Language (Overpass QL). The API 
enables extraction of selected OSM elements, including nodes, 
ways, and relations, that match predefined filtering criteria. 
 
The retrieved data are returned in JSON format and include all 
spatial features satisfying the specified OSM tag filters within the 
bounding box of the input raster dataset. Data is extracted for a 
user-defined reference year provided in the configuration file. 
Historical OSM data are available from September 2012 
onwards; however, data consistency generally improves after 
2013, making earlier records less suitable for analysis. 
 
To support LULC enrichment, four query groups were developed 
to extract roads, railways, waterways, and water bodies. The 
filtering rules were derived from previous studies, OSM tagging 
guidelines, and extensive testing of feature relevance for LULC 
refinement. 
 
Users should be aware of several limitations associated with 
historical OSM data. These are primarily related to missing 
information, tagging inconsistencies, and temporal changes in 
mapping practices rather than geometric or topological errors. 
Defining suitable tag filters can be particularly challenging for 
historical analyses because most OSM documentation focuses on 
current tagging conventions. In addition, the use of specific tags 
has evolved over time. For example, the classification of aerial 
water features has undergone substantial changes, and tagging 
practices may differ considerably between regions (Kriukov et al, 
2025). 
 
To accommodate these variations, Data4Land allows users to 
define custom combinations of OSM keys and values for data 
extraction. This flexibility enables query definitions to be 
adapted to the geographical context, study objectives, and 
characteristics of the available historical OSM data. 
 
In the version 2.0, two APIs are available to use in the command-
line mode to extract OSM features – Ohsome API and Overpass 
Turbo API. Both APIs have been tested for both case study areas, 
and they fetch consistent sets of features (Table 1). Although 
Overpass Turbo API provides more comprehensive 
documentation, Ohsome API has been proved to be significantly 
faster for scales such as Catalonia or Northern England (Table 2). 
In general, it is recommended to use Ohsome API, as it is more 
stable and provides quicker fetching, especially for multiple 
timestamps and large spatial extents. 
 
 

Area and year 1 (Catalonia) 2 (Northern England) 
roads 89,690 11,750 
railways 6,819 1,647 
water lines 3,112 611 
water bodies 21,541 2,165 
vineyards 8,408 n/a 

 
Table 1. Number of features fetched for both case studies 

(2022) 
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Area and year Ohsome API, s Overpass Turbo API, s 
UK (2020) 16.10 335.05 
UK (2021) 18.25 396.88 
UK (2022) 18.41 380.30 
UK (2023) 19.25 494.45 
Catalonia 
(2012) 

38.02 385.08 

Catalonia 
(2017) 

41.54 561.59 

Catalonia 
(2022) 

57.29 630.86 

 
Table 2. Performance benchmarking of Ohsome API vs 

Overpass Turbo API (roads, railways, water bodies, and water 
lines) 

 
Although Ohsome API provides better performance, the 
Overpass Turbo option has been retained to permit flexibility. In 
version 2.0 of Data4Land, some queries have been enhanced, for 
example, accounting for tunnels and bridges which provide non-
planar links in the landscape and thus are crucial for 
environmental research and habitat connectivity assessments 
(Figure 3). 
 

 
 
Figure 3. Query example for road features in OSM, using 
Overpass Turbo API (above) and Ohsome API (below). 

2.4. World Database on Protected Areas Ingestion 

Protected areas (PAs) play a key role in biodiversity conservation 
by safeguarding threatened species and improving habitat 
connectivity. For this reason, information on the spatial extent of 
protected areas is commonly incorporated into conservation 
analyses, as they may act as refugia or decrease the effective 
resistance of the landscape to species’ movements. 
 
Data4Land retrieves PA boundaries that overlap the bounding 
box of the input raster dataset through the Protected Planet API. 
Access to this service requires authentication using an access 
token which should be defined by the user in the configuration 
YAML file. 
 
The retrieved PA data, provided in JSON format, undergo a 
harmonisation process that includes merging paginated API 
responses, filtering protected areas based on the acquisition date 
of the input LULC dataset and the year of PA designation, 

rasterisation, and compression. To identify protected areas 
relevant to the study region, the Ohsome API is used to reverse 
geocode the input extent and determine the corresponding 
countries. These country codes, together with the access token, 
protected area type (terrestrial or marine), and reference year, are 
then used to query the Protected Planet API. 
 
To account for the influence of protected areas on biodiversity 
and species movements, users can either specify a global 
resistance adjustment factor in the configuration file or assign 
dedicated resistance values to protected land cover classes 
through the reclassification table. The appropriate approach 
depends on the study objectives, desired level of detail, and 
characteristics of the LULC classification scheme. The resulting 
output consists of updated landscape resistance raster layers that 
incorporate the effects of protected areas  

2.5. LULC Enrichment 

The enrich-lulc command performs the following operations: 
- Reads processing parameters and feature definitions 

from the configuration files. 
- Loads the raster datasets and spatial features generated 

by process-wdpa and(or) process-osm. 
- Applies buffers to linear features where necessary to 

ensure that features covering multiple raster cells are 
adequately represented. 

- Rasterises the buffered geometries and merges them 
into a single raster layer. 

- Creates a copy of the input raster dataset and updates it 
with the newly rasterised features. 

 
The output is an enriched LULC raster that preserves the original 
dataset specifications and classification scheme while 
incorporating the additional spatial information (Figure 4). 
 

 
Includes data from © OpenStreetMap contributors (2026) 
 
Figure 4. Non-enriched (top) and enriched (bottom) LULC maps 
(2023) for Northern England (*type codes are given according to 
Morton et al, 2024).  
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While the original LULC datasets may not consistently cover the 
road infrastructure, the enriched dataset encodes non-discrete 
linear features of roads and railways (Figure 5). The enrichment 
effect for LULC datasets directly affects further processing, such 
as habitat connectivity. As an illustration, indices such as 
Integrated Index of Connectivity or Betweenness Centrality, 
calculated via Graphab software, significantly differ for enriched 
and non-enriched datasets (Kriukov et al, 2025). 
 

 
Includes data from © OpenStreetMap contributors (2026) 
 
Figure 5. A local example of LULC datasets with roads 
fragmenting landscapes (Dark Peak region) with non-enriched 
version on top and enriched version on bottom, 2023 

2.6. Ecological Enrichment and Landscape Resistance 

The recalc-impedance command enables users to incorporate the 
influence of biodiversity stressors into the surrounding landscape 
through the modelling of edge effects which effectively increase 
landscape resistance. Multiple biodiversity stressors, such as 
roads or urban areas, can be considered in the configuration, 
arising either from particular LULC classes, or from OSM 
features. Edge effects represent the indirect impacts that these 
features can exert on surrounding habitats, including disturbance 
caused by human activity, noise, light, or pollution (Ewers and 
Didham, 2026). 
 
To generate edge-effect layers, recalc-impedance performs the 
following steps: 

- Encoding stressor data from the ecological 
configuration file; 

- Rasterising stressors stemming from OSM data;   
- Computing raster proximity to stressor pixels; 
- Calculating edge effect, using type and decay 

multiplier for each stressor, which is defined by the 
user; 

- Extracting maximum values of landscape resistance 
from all edge effects. 

Sample ecological parameters are provided in the configuration 
directory; however, appropriate values are highly dependent on 
the species, ecosystem, and study objectives. Parameter selection 
may be informed by published literature, empirical observations, 

field surveys, camera-trap data, radio-tracking studies, or expert 
knowledge. In many ecological applications, the influence of 
stressors on landscape resistance is represented using an 
exponential decay function, reflecting the gradual reduction of 
impact with increasing distance from the source. 
 
The ecological parameter configuration is provided in the YAML 
file and includes per-species or per-ecosystem landscape 
impedance values, decay rates, and habitat suitability multipliers 
for LULC classes (Table 3). 
 
LULC type resistance edge_effect vector_refine 

2 continental 
water 

100 0 1 

4 road 
infrastructure 

200 1 1 

6 urban 1000 1 0 

14 bushes 1 0 0 

15 coniferous 
forests 

10 0 0 

17 deciduous 
forests 

10 0 0 

18 burnt areas 50 0 0 

22 vineyards 10 0 0 

  
Table. 3. Fragment of the ecological configuration file for 
Testudo hermanni (Hermann's tortoise) in Catalonia. Column 
definitions: LULC – unique identifier of the land use/land cover 
class; type –  full class name; resistance –  inverse measure of 
landscape permeability to species movement; edge_effect – 
binary flag indicating whether the class acts as a biodiversity 
stressor; vector_refine – binary flag indicating whether the class 
is subject to vector-based enrichment. 
 
Ecological configuration is highly flexible and should be 
configured by users on a case-by-case basis, considering 
available empirical information on species occurrences, previous 
studies or experiments (Beier et al, 2008). 

2.7. Validation and Limitations 

To date, Data4Land outputs have been validated against 
rasterised Ordnance Survey data products – Open Roads and 
Open Rivers (Kriukov et al, 2025). A result of 0.95 consistency 
for roads and 0.99 consistency for water features confirms the 
fitness-for-purpose of OSM as a source to enrich LULC datasets. 
Although recall values are low (0.48 for water features and 0.78 
for roads), these discrepancies occur primarily among narrow and 
unpaved tracks, which present the least resistance to species 
movements and are not typically used in Data4Land enrichment. 
 
The OSM data limitations relevant to Data4Land relate primarily 
to logical inconsistencies and feature omissions rather than 
geometric or topological errors, and are most pronounced at older 
timestamps. A full discussion is provided in Kriukov et al. 
(2025), but the key issues for users are summarised here. 
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OSM recording began in 2012, so LULC datasets predating this 
cannot be enriched from OSM alone and must rely on alternative 
vector sources. Even within the available record, earlier 
timestamps may underrepresent features: for example, the total 
digitised length of rivers and canals in Catalonia grew by 27.3% 
between 2012 and 2022, reflecting not real-world change but 
increasing user participation, improved geometric accuracy, and 
the progressive addition of previously unmapped features. 
 
Beyond coverage, several tag-level inconsistencies affect data 
retrieval across time: 
 

- Road classification tags are sometimes absent or 
inconsistently applied in 2012-2013 data, alongside 
with units of measurements. 

- Road class designations occasionally change between 
timestamps without any corresponding change on the 
ground (e.g. a road reclassified from primary to 
secondary). 

- Water feature geometry types have shifted over time: 
some rivers mapped as ways were later complemented 
with multipolygon representations, which affects 
feature counts and geometry handling, particularly in 
Catalonia at 2012, 2013 and 2017 timestamps. 

 
Tag semantics have also evolved substantially across the OSM 
community. For water features specifically, the tag 
waterway=riverbank is now deprecated. In the UK, the 
convention for water reservoirs shifted from landuse=reservoir 
to natural=water + water=reservoir around 2021, while the 
deprecated pair continued to be used in Catalonia well after this 
change. These differences mean that a single set of filtering rules 
cannot be applied uniformly across regions or time periods. 
 
To handle this variability, Data4Land allows users to define 
custom combinations of OSM keys and values in the 
configuration file, adapting queries to their geographic context 
and the timestamp range under analysis. Users are strongly 
recommended to review tag history for their study area before 
finalising query definitions. The Ohsome API statistics and the 
OSM History Explorer provide useful starting points, and the 
query analysis scripts used for this study are available on GitHub. 

2.8. Impact 

Data4Land is being actively used to produce multiple raster 
datasets on terrestrial habitat connectivity for a wide range of 
forest-dwelling mammal species in Catalonia, e.g. Martes 
martes. It has been also used to produce habitat connectivity 
analysis at a more local scale in the Albera Natural Park for the 
reptile species Testudo hermanni, which is severely affected by 
conversion of natural habitats, mostly shrublands, into vineyards. 
 
Although Data4Land has been mainly developed to analyse 
ecosystem structure and habitat connectivity more accurately, 
this tool can be potentially used in other applications. One 
application domain could be urban heat island (UHI) analysis. 
Impervious surfaces, above all road networks, absorb and re-emit 
solar radiation far more intensely than natural land cover, and 
their accurate representation in LULC data is critical for 
modelling land surface temperature (LST) dynamics and UHI 
intensity (Rao et al, 2023). However, roads are consistently 
underrepresented or entirely absent from medium-resolution 
satellite-derived LULC products, introducing systematic error 
into thermal analyses. By incorporating OSM road geometries 
with type-specific attributes (motorway, primary, secondary, 

tertiary, and so on), Data4Land enables the construction of more 
thematically complete LULC inputs for UHI studies, where the 
thermal contribution of different road categories can be modelled 
separately. 
 
Another application is related to surface water monitoring and 
water quality assessment. The accurate delineation of water 
bodies, riparian corridors, and drainage networks in LULC 
datasets is a prerequisite for catchment-scale analyses, including 
riparian buffer assessment and the identification of potential 
pollution pathways from adjacent land uses (Li et al, 2021). 
Satellite-based products frequently miss narrow watercourses or 
misclassify water bodies obscured by riparian vegetation, while 
OSM provides well-maintained waterway and water body 
geometries validated by local contributors. Data4Land's water 
feature extraction allows users to supplement or correct existing 
LULC products with consistent hydrographic information, with 
direct relevance to water quality monitoring workflows. 
 
For nature conservation applications, Data4Land provides a 
flexible framework for modelling landscape stressors beyond 
simple barrier/non-barrier classifications. Users can assign 
ecological weights to broad feature types or specific subtypes and 
define distinct impedance decay functions for different road 
categories. For example, motorways can be modelled as strong, 
short-range barriers, while minor roads can represent lower 
resistance and greater permeability, reflecting species-specific 
responses documented in the literature (Jacobson et al. 2016). 
Decay functions may be exponential or proportional, with user-
defined distances of influence; this allows enriched resistance 
surfaces to be calibrated very flexibly on the basis of empirical 
data or expert knowledge. 
 

3. Conclusions 

The developed Data4Land tool is capable of performing a series 
of preprocessing and enrichment operations on land use and land 
cover (LULC) datasets: 
 

1. Analysing input raster datasets to extract key metadata 
(CRS, NoData, bounding box, and spatial resolution). 

2. Querying external REST APIs (Ohsome, Overpass 
Turbo, and Protected Planet) to retrieve vector patches 
used for LULC enrichment. 

3. Harmonising retrieved data through value filtering, 
clipping to the study area, reprojection, and conversion 
from JSON/GeoJSON to GeoPackage. 

4. Rasterising harmonised data, applying buffers where 
required, integrating rasterised features into the input 
LULC data. 

5. Calculating edge effects associated with biodiversity 
stressors. 

 
The workflow has been tested on land cover datasets covering 
69,925.17 km2 and 2,120 km2 (corresponding to 8,981 × 8,651 
and 5,466 × 3,881 pixels) in Catalonia and the UK. It is suitable 
for other study areas of similar or smaller extent and therefore 
has potential applicability for comparable projects worldwide.  
This scalable workflow enables automated habitat connectivity 
assessments for regional and local spatial planning, biodiversity 
conservation, and ecosystem services evaluations. It 
demonstrates the interoperability of four open-source technical 
components and highlights the need for multiple connectivity 
indices, as their temporal trends may diverge and are not always 
intercorrelated. 
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The Data4Land tool is capable of providing users with more 
accurate reflections of land use and land cover not only for nature 
conservation studies but also in other fields. The connectivity 
case study illustrates the value of a transparent and repeatable 
workflow in which parameters such as dispersal distance and 
edge effects of stressor features can be systematically varied in 
order to consistently assess their effect. The developed workflow 
is flexible and scalable and would be useful to implement at 
regional and local scales by planning authorities, environmental 
consultants, and nature conservation experts as a part of 
environmental impact assessments. We believe that the 
Data4Land tool will be a useful contribution to analysis not only 
of habitat connectivity, but of a range of landscape analyses 
where documentation of provenance and process are important. 
 
Directions of future work may include: 
 
- Providing the Data4Land package as a stand-alone pip 

library with version-stated dependencies. 
 

- Combining Data4Land with machine learning models, e.g. 
segmentation workflows, as a pre-processing module. 
 

- Developing additional functionality to add custom LULC 
changes, including positive changes, such as ecological 
corridors. 
 

- Implement ingestion of other spatial features in raster 
format which may act opposed to biodiversity stressors, for 
example, small woody features. 
 

- Implement AI agent for on-fly construction of queries to 
OSM database from the user input and follow-up 
enrichment of LULC datasets (supposedly through Natural 
Language Processing model). 
 

- Implement custom data on protected areas in case a user 
doesn't have a token for Protected Planet API. This will help 
to bypass the limitations of the API and to use other data on 
protected areas, for example, small urban protected areas 
with relatively mild restrictions, not recorded in the World 
Database on Protected Areas. 
 

- Prediction of habitat connectivity change under 
hypothetical LULC change, which is commonly referred as 
LULC scenario analysis (Gomes et al., 2020). 
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