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Scenario-based modeling of
land-use and land-cover changes
to promote sustainability in
biosphere reserves: a case study
from North Vidzeme, Latvia

Janis Krumins* and Maris Klavins

Department of Environmental Science, University of Latvia, Riga, Latvia

Biosphere reserves serve as critical areas for balancing conservation with
sustainable development. This study investigates land-use and land-cover
changes in the North Vidzeme Biosphere Reserve (Latvia) from 1990 to 2018,
employing scenario-based modeling to project future trends. Historical analyses
reveal overall stability but highlight cyclical agricultural intensification and
extensification, forest decline, and expansions in transitional woodland-shrub.
Four scenarios—business-as-usual, sustainable development, climate adaptation
and mitigation, and conservation-oriented—were evaluated for their ecological
and socio-economic implications. Business-as-usual scenario continues
historical trends of moderate urban growth and agricultural intensification,
risking limited restoration gains. In contrast, sustainable development and
climate adaptation and mitigation scenarios emphasize reforestation,
biodiversity improvement, and climate resilience, aligning with the European
Union 2030 Biodiversity Strategy. Conservation-oriented scenario prioritizes
stabilization and minimizing anthropogenic pressures yet lacks proactive
restoration measures. Statistical tests confirm that socio-economic factors,
zoning, and landscape richness significantly drive land-use and land-cover
changes, with most changes adhering to the North Vidzeme Biosphere
Reserve regulations. However, certain non-compliant changes, such as forest-
to-agriculture conversions, highlight the need for stronger enforcement. While
ecological impacts such as land-use transitions, biodiversity shifts, and
conservation compliance were considered, socio-economic implications were
primarily discussed in relation to zoning and land-use trends rather than through
a standalone analysis. These scenario-based insights offer valuable guidance for
adaptive land management in protected areas.

biosphere reserve, land-use and land-cover change, Markov chain, multi-layer
perceptron, scenario modeling, sustainable development

1 Introduction

Land-use and land-cover (LULC) changes are ongoing processes with far-reaching
implications for ecosystem services, biodiversity, and climate change (Gomes et al., 2021).
Key drivers such as deforestation, agricultural expansion, urbanization, and infrastructure
development contribute to biodiversity loss and ecosystem degradation globally (Roy et al.,
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2022). Additionally, changes like forest-to-agriculture transitions
release greenhouse gases, worsening climate change (Carter et al.,
2015). Conversely, climate change affects land-use through changed
precipitation patterns and rising temperatures, affecting crop
viability, forest health, and water availability (Olesen and Bindi,
2002). These interdependencies create feedback loops, making
LULC change both a driver and consequence of climate change.

Moreover, socio-economic dynamics—such as population
growth, market demands, and policy decisions—further affect
LULC consequences, showing the complexity of managing
diverse priorities within a limited land base. In response to these
challenges, international and regional policies have increasingly
prioritized integrated land management strategies. Key initiatives,
including the United Nations Sustainable Development Goals
(Carlsen and Bruggemann, 2022), the Convention on Biological
Diversity (Chandra and Idrisova, 2011), and the European Union’s
2024 Nature Restoration Law (European Union, 2024), aim to
balance ecological protection with land-use demands.

Previous studies have documented significant LULC changes
driven by socio-political and economic shifts. Fonji and Taff (2014)
analyzed LULC changes in northeastern Latvia between 1992 and
2007, identifying agricultural abandonment as a dominant driver of
landscape transformation, leading to substantial forest regrowth,
which covered 17.1% of the total study area (Fonji and Taff, 2014).
Their findings align with broader trends observed across post-Soviet
countries, where land restitution and economic restructuring have
shaped land-use decisions (Fonji and Taff, 2014). Similarly, Bell et al.
(2009) examined landscape management changes in post-Soviet
Latvia, highlighting the long-term impacts of collectivization and
subsequent land abandonment (Bell et al., 2009). Their study found
that between 1935 and 2000, agricultural land declined from 57.3%
to 38.5%, while forest cover nearly doubled (Bell et al., 2009).
Historical land-use changes in Latvia were heavily influenced by
which
agricultural landscapes with collective farming structures (Bell
et al, 2009). Bell et al. (2009) further demonstrated how
collectivization reshaped settlement patterns and land ownership,

centralized ~Soviet-era  policies, replaced traditional

ultimately contributing to large-scale land abandonment after 1991
(Bell et al., 2009).

Natural protected areas play a crucial role in conserving
biodiversity, yet they remain vulnerable to land-cover changes
both within their boundaries and in surrounding areas. Guerra
etal. (2019) analyzed 23 years of global land-cover change and found
that, while protected areas experience lower change rates than
unprotected areas, they are still subject to significant pressures,
particularly from surrounding land-use activities (Guerra et al.,
2019). Their findings emphasize that conservation efforts must
extend beyond protected area boundaries to effectively mitigate
spillover effects (Guerra et al., 2019).

Natural protected areas face substantial challenges in balancing
conservation with sustainable development within dynamic
environmental changes (Leverington et al, 2010; Naughton-
Treves et al., 2005). While these areas are intended to conserve
biodiversity (Geldmann et al., 2013), pressures such as agricultural
expansion, illegal logging, and urban encroachment often
compromise their ecological integrity (Jones et al, 2018).
infrastructure

Fragmentation caused by projects,

extraction, and human settlements worsens habitat degradation,

resource
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while edge effects change species composition and ecosystem
functions (Fagan et al., 1999; McDonald and Urban, 2006). The
presence of human activities in buffer zones further intensifies these
issues, especially in the absence of strong enforcement and adequate
resources (Smith et al., 2020).

Furthermore, land-use changes around natural protected areas
pose significant challenges for biodiversity conservation and
sustainable management. Staccione et al. (2023) examined the
European protected area network and found that increasing
connectivity improves conservation outcomes while minimizing
disruptions to ecosystem services (Staccione et al, 2023). Their
study used scenario-based modeling to explore how different levels
of protection interact with climate and socio-economic factors,
highlighting the importance of integrated land management
strategies (Staccione et al,, 2023). At the same time, DeFries et al.
(2007) emphasized that as land use expands outside protected areas,
ecological connectivity is often compromised, negatively affecting
species survival and ecosystem resilience (DeFries et al., 2007). Their
study suggests that regional land management strategies must
balance conservation objectives with land-use needs (DeFries
et al., 2007).

Essentially, LULC changes in and around protected areas remain
a major challenge for biodiversity conservation. In this context, Jiang
and Yu (2019) analyzed land-use intensity changes within and
outside protected areas globally and found that, while protected
areas generally reduce land-use pressures within their boundaries,
surrounding landscapes experience increased human activities
(Jiang and Yu, 2019). Fortunately, in Europe, the impact of land-
use intensity has been relatively lower compared to other regions
due to conservation measures such as the Natura 2000 network and
others (Jiang and Yu, 2019).

Land-use and climate change are among the most significant
threats to biodiversity, with their combined effects expected to
reshape ecological communities in the coming decades. In this
respect, Newbold (2018) predicts that climate change could soon
surpass land-use change as the primary driver of biodiversity loss,
with vertebrate communities projected to lose up to 37.9% of their
species under a business-as-usual scenario (RCP 8.5) (Newbold,
2018). These findings underline the need for forward-looking
scenario analyses to assess how different land-use policies and
conservation measures may influence biodiversity outcomes in
natural protected areas (Newbold, 2018).

Scenario-based LULC modeling provides an effective approach
to address these challenges by advancing understanding into
potential land management strategies under varying socio-
economic, environmental, and policy conditions (Ren et al,
2019). Cellular Automata—Markov Chain (CA-Markov) models
are widely used to quantify LULC changes, with machine
learning techniques like multi-layer perceptron (MLP) improving
their predictive accuracy (Devi and Shimrah, 2023). By integrating
spatial, temporal, and non-linear dynamics, these models allow
researchers to evaluate alternative futures, such as Business-as-
Usual (BAU), Sustainable Development (SD), Climate Adaptation
and Mitigation (CAM), and Conservation-Oriented (C-O) scenarios
(Martin-Arias et al., 2022). For instance, Martinez-Vega et al. (2017)
applied artificial neural networks to simulate land-use changes in
two Spanish national parks and found that, while protected areas
remained stable, surrounding landscapes experienced significant
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Location map of the North Vidzeme Biosphere Reserve.
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transformations due to urban expansion, tourism, and land
abandonment (Martinez-Vega et al., 2017). Their study highlights
the importance of assessing both internal and external pressures on
protected landscapes and demonstrates the effectiveness of
modeling in capturing complex land-use dynamics (Martinez-
Vega et al, 2017). Nevertheless, uncertainties—arising from
changing  policies, climate variability, and advancing
technologies—complicate long-term projections and must be
acknowledged when interpreting scenario outputs.

This study focuses on the North Vidzeme Biosphere Reserve
(NVBR) in Latvia, a United Nations Educational, Scientific and
Cultural Organization (UNESCO) designated site that represents
the challenges of balancing conservation with sustainable
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development (Bridgewater, 2016). Biosphere reserves under
UNESCO’s Man and the Biosphere Programme are typically
zoned into core areas (strict conservation), buffer zones (low-
impact wuse), and transition zones (sustainable economic
activities) (Batisse, 1997).

Using historical LULC trends (1990-2018) and scenario-based
modeling, this research aims to project future changes (2018-2046)
and assess their implications for conservation planning. By
analyzing persistent areas, net transitions, and swap changes, this
study identifies key driving forces of LULC change and provides
actionable insights to support sustainable land management. The
results contribute to evidence-based policy-making and advance

methodologies for LULC modeling in biosphere reserves.
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2 Materials and methods
2.1 Study area

The NVBR (Figure 1), established in 1997, is Latvia’s only
biosphere reserve and part of UNESCO’s World Network of
Biosphere Reserves (Nature Conservation Agency of the Republic
of Latvia, 2024). Spanning 475,514 ha (457,708 ha terrestrial and
17,806 ha marine), the NVBR covers 6% of Latvia’s total land area. It
includes varied ecosystems such as the Salaca River basin, Lake
Burtnieks, and Vidzeme coast of the Gulf of Riga, with coastal dunes,
wetlands, forests, and semi-natural grasslands. It contains
approximately 74% of Latvia’s lagoon habitats, 6% of its forest
habitats, and 11.6% of its swamp and spring habitats,
demonstrating its ecological importance for national biodiversity.

Forests cover 45% of the NVBR, serving as essential habitats for
biodiversity. However, habitat fragmentation threatens their
ecological connectivity, potentially limiting species movement
and genetic exchange. Wetlands, accounting for 3.64%, include
significant complexes such as Seda Bog and Ziemelu Bog. These
areas have been degraded by historical land reclamation and are now
the focus of ecological restoration efforts aimed at preserving their
hydrological functions and biodiversity. Grasslands occupy only
0.57% but are vital for biodiversity and require active management
to prevent habitat loss. Rivers and lakes, covering 1.42%, support key
habitats like salmon spawning grounds along the Salaca River
(Nature Conservation Agency of the Republic of Latvia, 2024).

Within this protected area, numerous threatened species are
found, many of which are listed in Latvia’s Red Data Book, the EU
Habitats and Birds Directives, and the IUCN Red List.

Threatened fauna in NVBR includes mammals such as the lynx
(Lynx lynx), European otter (Lutra lutra), and various species of
bats. The bird species at risk include the lesser spotted eagle (Clanga
pomarina), black stork (Ciconia nigra), corncrake (Crex crex), and
white-tailed eagle (Haliaeetus albicilla). Amphibians and reptiles
like the European pond turtle (Emys orbicularis) and the fire-bellied
toad (Bombina bombina) are also under threat. In aquatic and
invertebrate species, the European eel (Anguilla anguilla) and the
hermit beetle (Osmoderma eremita) are among those requiring
conservation attention. Various butterflies and dragonflies are
particularly vulnerable to habitat loss and environmental changes
(Nature Conservation Agency of the Republic of Latvia, 2024).

Threatened flora in the NVBR includes species that are
characteristic of forests, wetlands, and coastal dunes. Lady’s
orchid (Cypripedium
(Epipactis palustris), marsh saxifrage (Saxifraga hirculus), and
floating water-plantain (Luronium natans) are important wetland

slipper calceolus), marsh helleborine

and grassland plants at risk. Forest lichens such as tree lungwort
(Lobaria pulmonaria) and reindeer lichen (Cladonia stellaris)
indicate high-quality, undisturbed forest ecosystems. Coastal and
dune plants such as sea thrift (Armeria maritima) are also vulnerable
due to increasing human activity and coastal erosion (Nature
Conservation Agency of the Republic of Latvia, 2024).

There are no known strictly endemic species exclusive to NVBR,
as Latvia’s biodiversity is largely shared with the broader Baltic
region and Northern Europe. However, the reserve does contain
several regionally rare or unique subspecies and habitat specialists
that are significant for conservation. Among them, the freshwater
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pearl mussel (Margaritifera margaritifera) is particularly important
for clean river ecosystems. Other notable species include the Baltic
dunlin (Calidris alpina schinzii), the Rannoch looper moth (Macaria
brunneata), and the northern birch mouse (Sicista betulina). Several
plants such as sheathed sedge (Carex vaginata), bog orchid
paludosa), Baltic
campestris ssp. bottnica), and Baltic rush (Juncus balticus)

(Hammarbya sea wormwood (Artemisia
represent Latvia’s wetland and coastal biodiversity. Some of these
species have their southernmost or northernmost populations
within NVBR, making their conservation particularly important
(Nature Conservation Agency of the Republic of Latvia, 2024).

The NVBR is home to approximately 49,644 residents, which is
about 2.6% of Latvia’s population, and hosts industries such as
agriculture, forestry, tourism, and fishing. Human settlements
within NVBR are low-density and dispersed, with no major
urban centers. The population is concentrated in small towns,
villages, and scattered rural homesteads, mostly along river
valleys, coastal areas, and transport routes. The small towns,
which typically have 1,000-3,000 residents, serve as service hubs,
providing markets, administration, and infrastructure. The majority
of residents live in villages, which range from 100 to 1,000 people,
clustered around agricultural lands, rivers, and roads. Additionally,
some residents live in scattered rural homesteads, which are located
in forested areas, grasslands, and wetland edges (Nature
Conservation Agency of the Republic of Latvia, 2024).

The conservation policies and management framework of
NVBR involve a combination of national legislation, EU
environmental directives, and international agreements. At the
national level, NVBR is governed under Latvia’s Law on Specially
Protected Nature Territories (Supreme Council of the Republic of
Latvia, 1993), the Law on Environmental Protection (Saeima, 2006),
and the Law on Forests (Saeima, 2000). Additionally, the Latvian
Red Data Book (University of Latvia, 2025) provides legal protection
for endangered species, while regulations on hunting (Saeima, 2003)
and invasive species (Cabinet of Ministers, 2008) management
ensure the sustainable use of resources and control of non-native
species. NVBR is also part of the EU Natura 2000 network, meaning
that it is protected under the EU Habitats Directive (92/43/EEC)
(Council of the European Union, 1992) and the EU Birds Directive
(2009/147/EC) (European Union, 2009). Other EU policies, such as
the Water Framework Directive (2000/60/EC) (European Union,
2000), the Marine Strategy Framework Directive (2008/56/EC)
(European Union, 2008), and the EU Biodiversity Strategy 2030
(European Commission, 2025), further contribute to habitat
protection and sustainable resource use. Internationally, NVBR is
recognized under the UNESCO Biosphere Reserve framework
(Nature Conservation Agency of the Republic of Latvia, 2024).
Additionally, several wetlands within NVBR are designated under
the Ramsar Convention (Ministry of Environmental Protection and
Regional Development, 1998), ensuring their protection as
internationally important wetland ecosystems. The reserve also
falls under the Bern Convention on European Wildlife and
Habitats (Council of Europe, 2025).

In practice, conservation management in NVBR focuses on
sustainable land-use, habitat restoration, and species monitoring.
Sustainable agricultural and forestry policies are in place to balance
economic activity with biodiversity conservation. Efforts to control
invasive species help prevent biodiversity loss, particularly in forests
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FIGURE 2
Processing workflow of the land-use and land-cover change modeling.

and wetlands. Scientific research and ecological monitoring
programs track changes in species populations, habitat quality,
and the effects of climate change. Community engagement
initiatives, including eco-tourism and environmental education,
help integrate local populations into conservation efforts while
promoting sustainable livelihoods.

The NVBR with
development and is managed under the law on North Vidzeme

integrates  conservation sustainable
Biosphere Reserve, managed by the Nature Conservation Agency
(Saeima, 1997). Zoning ensures a balance between conservation and
development, with protected areas focusing on biodiversity and
neutral zones permitting sustainable economic activities.
Functional zoning categorizes core conservation areas, buffer
zones, and transition zones, each governed by specific land-use
restrictions that prioritize either

ecological integrity or

sustainable use.

2.2 Processing workflow

The research workflow, illustrated in Figure 2, comprised five
main steps: 1) data collection, 2) data preprocessing, 3) model
calibration and validation, 4) scenario development, and 5)
final outputs.

Data collection incorporated Corine Land Cover (CLC) datasets
from 1990, 2000, 2006, 2012, and 2018, alongside key driving
variables such as elevation, proximity to roads, climate, and
socio-economic factors.

During data preprocessing, additional variables, including slope,
distance to roads, and land fragmentation metrics, were derived,
while datasets were harmonized through clipping, reclassification,
and standardization to ensure consistency.

Model calibration and validation involved training the MLP and
CA-Markov model using LULC data from 1990 to 2012 to predict
the 2018 LULC map, which was subsequently compared to the
actual 2018 LULC data to assess predictive accuracy. Validation
metrics, including the Kappa Index (KIA) and Cramer’s V, were
employed to evaluate model
refinements were made to improve reliability.

performance, and necessary

Scenario development encompassed four distinct land-use
projections: 1) BAU, 2) SD, 3) CAM, and 4) C-O, each
characterized by different transition probabilities, suitability
layers, and land-use constraints. Using these scenarios, the model
generated LULC projections for 2046, providing insights into
potential land-use change trajectories.

Frontiers in Remote Sensing

The final outputs included scenario-specific LULC maps for
2046, illustrating spatial distributions of land-use change, along with
scenario probability maps indicating the likelihood of land-use
changes under each modeled future.

2.3 Data sources

This study utilized a varied set of spatial datasets to analyze
LULC changes and develop future scenarios in the NVBR. The
primary LULC data were derived from the CLC datasets (Table 1),
obtained from the Copernicus Land Monitoring Service (CLMS),
with a spatial resolution of 100-m for the years 1990, 2000, 2006,
2012, and 2018 (European Environment Agency, 2024). These
datasets were clipped to the NVBR boundaries and harmonized
across different years to ensure consistency in classification and
facilitate accurate trend analysis.

To account for topographical influences on land-use transitions,
a Digital Elevation Model (DEM) of Latvia was sourced from Latvian
Geospatial Information Agency (LGIA) at 20-m resolution (The
Latvian Geospatial Information Agency, 2024). Using spatial
analysis tools in ArcMap 10.8.2, slope and aspect layers were
derived from the DEM, while contour lines with elevation values,
obtained from the Envirotech database (2024), were integrated into
the analysis to improve terrain representation (Envirotech, 2024).

Hydrological data, including river networks and lakes, were
obtained from Envirotech (2024) and clipped to the NVBR
boundaries (Envirotech, 2024).
proximity to water bodies on land-use change, Euclidean distance

To assess the influence of
measures were generated. Similarly, infrastructure and human
impact data, such as road networks, settlements, and zoning
information, were extracted from GIS Latvia 10.2 (2021) and
Envirotech (2024)
Agency of the Republic of Latvia, 2020). These datasets were

(Envirotech, 2024; Nature Conservation

processed to derive distance-based variables, including proximity
to roads, settlements, and protected areas, as well as road and river
density metrics, which were used to evaluate human-driven land-
use dynamics.

Climatic data, including minimum, mean, and maximum
annual temperature and precipitation, were obtained from
Latvian Environment,
(LEGMC) at 1-km resolution, covering both historical
(1991-2020) and projected climate scenarios (2001-2050) under
the SSP1-2.6, SSP2-4.5, and SSP3-7.0 pathways
Environment, Geology, and Meteorology Centre, 2024). These

Geology, and Meteorology Centre

(Latvian
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TABLE 1 Land-use and land-cover categories which are present in the North Vidzeme Biosphere Reserve.

LULC category Definition

Continuous urban fabric

Built-up areas, most of the land (>80%) is covered by buildings, roads, or other impermeable surfaces

Discontinuous urban fabric

Industrial or commercial units

Green urban areas

Urban areas with significant portions of vegetated or open spaces between buildings

Areas used for industrial or commercial activities, including factories, warehouses, distribution centers,
and office parks

Urban parks, public gardens, cemeteries, or recreational green spaces, covered by vegetation

Port areas

Land and infrastructure, dedicated to port activities, including docks, ship terminals, cargo-handling

facilities, and maritime services

Sport and leisure facilities

Road and rail networks and associated land

Mineral extraction sites

Complex cultivation patterns

Outdoor or indoor areas, used for sports, recreation, or leisure activities

Major roads, highways, rail tracks, and any adjacent land directly associated with transport
infrastructure

Areas where minerals, aggregates, or other geological materials are extracted, including related facilities

Agricultural lands with a mosaic of small-scale fields

Non-irrigated arable land
Pastures

Fruit trees and berry plantations

Farmland used for crop production relying on natural rainfall
Areas of permanent grassland used for grazing, including meadows managed for forage production

Agricultural plots, planted with fruit trees or berry-producing shrubs

Land principally occupied by agriculture with significant areas of
natural vegetation

Inland marshes

Agricultural land interspersed with patches of semi-natural vegetation

Low-lying wetlands where soils are waterlogged or frequently flooded with fresh water

Peat bogs

Wetland areas with accumulated layers of peat

Natural grasslands

Broad-leaved forests

Areas of native or semi-natural grasses and herbaceous vegetation

Forests, dominated by deciduous tree species

Coniferous forests

Mixed forests

Forests, predominantly composed of conifer trees

Forests hosting both broad-leaved and coniferous tree species in significant proportions

Transitional woodland-shrub

Areas of naturally regenerating woodland or scrub vegetation, on abandoned agricultural lands or

recently cleared forest areas

Water bodies

Water courses

Permanent standing bodies of water

Rivers, streams, and canals characterized by flowing water

Beaches, dunes, sands

Sea and ocean

Coastal or inland accumulations of sand or pebbles

Marine waters extending beyond coastal lines

datasets were harmonized to match the NVBR study area and
integrated into the land-use transition modeling framework.

Soil datasets were sourced from the Nature Data Management
System OZOLS database (2017, 20-m resolution) and preprocessed
to align with other spatial layers (Nature Conservation Agency of the
Republic of Latvia, 2020). Biodiversity and conservation data,
including micro-reserves, protected areas, habitat distribution,
and forest ownership, were obtained from Latvian State Forests
and Natura 2000 databases (2017-2019) (European Environment
Agency, 2023; Latvia’s State Forests, 2024). These datasets provided
ecological context for assessing conservation priorities and land-use
constraints in scenario development.

Demographic and socio-economic data, specifically population
density statistics, urban and rural population, were extracted from
the Official Statistics Portal of Latvia (2025) (Central Statistical
Bureau, 2024). These data were spatially processed to match the
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NVBR boundaries, providing insights into population dynamics and
their influence on land-use change.

In addition to primary datasets, a set of derived variables was
generated to improve the analytical framework. These included
landscape structure metrics such as normalized entropy, patch
compactness, relative richness, edge density, habitat connectivity,
ecological corridors, and terrain resistance to change. Distance-
related variables were computed for roads, rivers, protected areas,
micro-reserves, and populated places. Proximity to settlements was
quantified using Euclidean distance analysis in ArcMap 10.8.2,
measuring the straight-line distance from each location to the
nearest urban or rural population center. To categorize
settlement influence, a buffer zone classification was applied,
dividing the landscape into three distance categories: 0-5 km,
5-15 km, and >15 km. The 0-5 km zone represents areas under

high human pressure, where urban influence is most pronounced.
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The 5-15 km range shows areas with moderate human impact,
typically characterized by a mix of agricultural and forestry
activities. The >15 km zone delineates remote areas where

natural  ecosystems with  minimal  direct

anthropogenic influence. Hydrological modeling was integrated

predominate,

using flow length, water flow direction, and cost corridor
analyses, enabling assessments of terrain-driven water movement
and its implications for land-use transitions.

All datasets were preprocessed to ensure uniform spatial
resolution, format, and coordinate system to maintain
consistency across all model inputs. No modifications were made
to the original CLC classification scheme, and land-cover categories

retained their native classifications without reclassification.

2.4 Analytical framework

The analytical framework for this study integrated geospatial
analysis, statistical validation, and scenario modeling to assess and
project LULC changes (Tariq and Mumtaz, 2023) in the NVBR from
1990 to 2046. Historical analyses were based on CLC datasets for
1990, 2000, 2006, 2012, and 2018. These datasets were clipped to the
NVBR boundaries and standardized into a uniform spatial grid of
649,333 1.37  ha.
Preprocessing included harmonization of land cover

cells, each representing approximately
steps
categories across years to ensure consistency in spatial resolution
and classification parameters. Temporal comparisons of LULC
changes conducted using TerrSet (Clark
University, 2024), which facilitated the calculation of cell counts
and conversion to percentages.

Driving variables (Allan et al., 2022) were categorized into seven

were software

thematic groups to capture ecological, socio-economic, and spatial
dynamics affecting LULC changes. 1) Topographical variables, such
as slope and aspect, accounted for natural constraints and land-use
suitability. 2) Hydrological variables, including river density and
proximity to water bodies, were integrated to assess water-
dependent land-use and conservation priorities. 3) Climate and
soil data, encompassing precipitation, temperature, and soil type,
supported analyses of land-use suitability and transitions under
climate adaptation scenarios. 4) Accessibility and infrastructure
data, such as proximity to roads and settlements, captured
development pressures and human influences on the NVBR
landscape. 5) Landscape structure and complexity were
represented by metrics such as edge density, normalized entropy,
and resistance to change, which reflected fragmentation and spatial
heterogeneity. 6) Socio-economic variables, including population
density and rural-urban ratios, demonstrated human pressures and
policy constraints. 7) Historical and dynamic variables, such as
change hotspots and spatial clusters, captured past LULC changes
and areas prone to future change.

No modifications were made to the original CLC classification
scheme, as all land cover datasets were sourced from CLMS and
maintained identical classifications, eliminating the need for
reclassification of CLC
categories was performed in this study. However, to ensure

standardization. Consequently, no

consistency across all model inputs, external datasets, including

driving variables and derived variables, were resampled and spatially
aligned with the CLC grid. Although these datasets did not require

Frontiers in Remote Sensing

10.3389/frsen.2025.1567002

categorical reclassification, preprocessing steps were implemented to
ensure uniform resolution, format, and spatial reference across all
layers used in the modeling process. Given that the analysis aimed to
preserve finer details in observed land cover changes, no similar land
cover classes were grouped or merged, and no explicit
reclassification rules were applied. This approach maintained the
integrity of the original classifications while ensuring consistency
across all inputs, making reclassification unnecessary and without
added analytical value.

A multi-layer perceptron neural network was configured with a
hidden layer of 30 nodes, a starting learning rate of 0.01 (decreasing
to 0.001), and a momentum factor of 0.9. A maximum of
10,000 iterations, an RMS threshold of 0.01, and a target
accuracy of 85% served as stopping criteria. Each LULC category
included a training sample of 10,000 pixels, with a 50/50 split
between training and testing data to evaluate model performance
(Kruse et al., 2022; Kumar and Agrawal, 2023; Nguyen et al., 2020).

2.5 Scenario evaluation

Four scenarios were developed to project potential future LULC
changes (Mallampalli et al,, 2016) in the NVBR for the period
2018-2046. These scenarios, designed to explore a range of socio-
economic and environmental trajectories, included BAU, SD, CAM,
and C-O. Each scenario was informed by historical LULC trends,
key drivers of change, and policy contexts.

The BAU scenario assumed the continuation of historical LULC
dynamics without significant policy interventions or management
changes (Hamad et al., 2018). Essentially, no artificial constraints or
incentives were applied, maintaining observed transition
probabilities from 1990 to 2018. It included 73 observed
transitions from 1990 to 2018, excluding any transition that
accounted for less than 0.1% of total changes, which minimized
noise. Rare transitions, which lacked sufficient representation in the
training dataset, were excluded to prevent overfitting and ensure
model generalizability. This filtering process retained 22 key
transitions, ensuring the model remained robust while reflecting
dominant land-use trajectories.

The SD scenario emphasized balanced land-use practices,
promoting ecological restoration, efficient resource use, and
improved human wellbeing (Shi et al, 2021). This forward-
looking scenario included changes supporting biodiversity
conservation and carbon sequestration, such as the conversion of
agricultural land to pastures or forests. SD scenario incorporated
land-use transitions promoting biodiversity and sustainable
resource use, such as the conversion of low productivity
agricultural land to pastures/forests (informed by policies
promoting agri-environmental schemes). Transitions that leads to
habitat loss or ecological degradation were restricted, while new
transitions supporting afforestation and wetland restoration were
added. The SD scenario was structured to emphasize balanced land-
use practices, ecological restoration, efficient resource use, and
improved human wellbeing. To align with these principles, the
model incorporated transitions that promote sustainability while
excluding those linked to significant ecological degradation. Unlike
the BAU scenario, where only past LULC transitions were used, the

SD scenario introduced historically unobserved transitions to reflect
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proactive land-use planning and environmental policies. Key
transitions included non-irrigated arable land to forests, natural
grasslands, or transitional woodland-shrub, promoting afforestation
and biodiversity conservation. Additionally, complex cultivation
patterns shifting to diversified agriculture (e.g., fruit trees, berry
plantations, or agroforestry systems) were included to improve soil
health and carbon sequestration. Other transitions, such as mineral
extraction sites converting into woodland-shrub ecosystems, were
integrated to reflect long-term ecological restoration efforts.

The CAM scenario prioritized improving landscape resistance to
climate change by incorporating changes that improved carbon storage,
water regulation, and biodiversity conservation (Santos et al., 2021). Key
changes included afforestation, wetland restoration, and the conversion
of degraded lands to more resilient ecosystems, limiting land-use
intensification in climate-sensitive areas. The CAM scenario focused
on enhancing ecosystem resilience, increasing carbon sequestration,
and improving water regulation in response to climate change. This
scenario prioritized LULC transitions that improve carbon storage,
biodiversity conservation, and adaptive capacity. Historically observed
transitions, such as complex cultivation patterns shifting to fruit trees
and berry plantations, were retained due to their potential for carbon
sequestration and soil improvement. Additionally, the model
introduced new transitions, such as the conversion of non-irrigated
arable land and pastures to broad-leaved forest, coniferous forest, or
mixed forest, reflecting afforestation and reforestation as climate
mitigation strategies. Transitions supporting wetland restoration,
such as water bodies to inland marshes, were included to enhance
hydrological regulation. Furthermore, transitions like non-irrigated
arable land to sustainable agricultural systems with natural
vegetation integration were incorporated to balance food security
with biodiversity conservation.

The C-O scenario focused on strict biodiversity preservation and
ecological integrity. This scenario emphasized changes that improved
habitat connectivity and restored degraded ecosystems, such as the
conversion of transitional woodland-shrub to mature forests and the
rewilding of abandoned lands (Cameron et al., 2022), limiting land-
use conversions that fragment ecosystems. Transitional woodland-
shrub was actively converted to mature forests to simulate stricter
conservation efforts. The C-O scenario prioritized biodiversity
protection, habitat connectivity, and landscape restoration by
incorporating LULC transitions that minimize fragmentation and
enhance ecological integrity. This scenario retained only transitions
that align with conservation principles, ensuring that land-use
changes reinforce natural processes rather than disrupt them. Key
transitions included converting mineral extraction sites to woodland-
shrub habitats, facilitating the recovery of degraded landscapes, and
promoting afforestation efforts by transitioning non-irrigated arable
land and pastures into forested areas, natural grasslands, or
transitional woodland-shrub. The scenario also integrated
transitions from transitional woodland-shrub to mature forests to
strengthen habitat connectivity. Wetland restoration was supported
through transitions such as water bodies to inland marshes,
improving ecosystem functionality. =~ Sustainable agricultural
transitions, such as complex cultivation patterns shifting toward
agroforestry and diversified land-use systems, were retained to
balance conservation with land productivity.

Transition probability grids and suitability maps were generated
using a CA-Markov model, refined by the MLP neural network to
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improve spatial allocation via non-linear relationships between
driving variables and LULC changes (Devi and Shimrah, 2023).

Final scenario outcomes were visualized for 2046, providing
perception into potential trade-offs and synergies between
conservation and development goals. These projections were
designed to inform evidence-based land management and policy-
making in the NVBR.

2.6 Statistical analysis

The statistical analysis aimed to validate historical LULC trends,
assess transition dynamics, and evaluate spatial patterns to ensure the
robustness of scenario projections. Temporal trends in LULC changes
were analyzed using the non-parametric Mann-Kendall test at p <
0.05, suitable for detecting monotonic trends in non-linear datasets
(Chen et al., 2020; Chughtai et al., 2021). This test was applied to each
LULC category across individual time intervals (1990-2000,
2000-2006, 2006-2012, and 2012-2018) as well as the entire
historical period (1990-2018). Positive Z-values indicated upward
trends, while negative Z-values indicated downward trends.

Transition matrices were constructed for historical LULC
changes, and their statistical significance was evaluated using
V, which quantified the
relationship between observed and expected transitions (Ren

Chi-square tests and Cramer’s
et al., 2019). Persistent areas, defined as areas where land-cover
remained unchanged over time, were calculated to highlight stable
zones, while swap changes, indicating bidirectional transitions
between categories, were quantified using cross-tabulation
matrices (Camacho Olmedo and Garcia-Alvarez, 2022).

Principal Component Analysis (PCA) was conducted to identify
key variables influencing LULC changes. Components with
eigenvalues greater than 1, following the Kaiser criterion, were
retained, explaining over 80% of total variance (Balicki, 2014).
These results were used to refine transition probability grids and
scenario-specific adjustments.

Spatial employed to

fragmentation and connectivity. Moran’s I measured spatial

metrics  were assess landscape
autocorrelation to identify clustering or dispersion patterns.
Contiguity was defined using both Rook’s case (edge-sharing
neighbors) and King’s case (edge- and corner-sharing neighbors)
(Dubin, 2009). These analyses identified fragmentation hotspots and
connectivity corridors. All statistical analyses were performed using
R, with additional preprocessing and geospatial operations
conducted in ArcGIS and TerrSet.

To assess the accuracy of the LULC classification and ensure the
reliability of model projections, the KIA, which measures
classification  consistency across historical time periods
(1990-2018), was used (Mondal et al, 2016). A higher KIA
indicates stronger spatial stability. This metric was applied to
historical LULC transitions from 1990 to 2018 to validate model

performance before applying it to future scenario projections.

2.7 Legal compliance

Legal compliance was assessed to ensure that the projected
LULC changes under each scenario adhered to the regulatory
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framework of the NVBR and relevant conservation policies. The
NVBR operates under Law on Specially Protected Nature Territories
(1993), which defines functional zoning to balance conservation and
sustainable development (Supreme Council of the Republic of
Latvia, 1993). Law on North Vidzeme Biosphere Reserve (1997)
(Saeima, 1997), Natura 2000 guidelines (European Commission,
2024), EU Birds (European Union, 2009) and Habitats (Council of
the European Union, 1992) directives, and site-specific management
further  regulate priority
conservation areas.

plans land-use activities in

LULC changes were classified into permissible (fully aligned
with regulations), conditionally permissible (requiring specific
mitigation or approval), or prohibited (explicitly disallowed in
certain zones). Examples include banning deforestation in core
conservation areas or urban expansion in critical habitats. Spatial
overlays of LULC data with zoning maps identified conflicts or
alignments with conservation objectives.

Scenario-specific compliance was evaluated by aligning
projected changes with legal and ecological priorities. The SD,
CAM, and C-O scenarios integrated these legal constraints into
transition probability grids, disallowing transitions that contravened
conservation objectives. The BAU scenario was evaluated post hoc to
show potential conflicts in a no-intervention future, where no
additional measures would be taken to change current trends,
strategies. This legal
assessment ensured that scenario outcomes were not only
adhered to the NVBR’s

conservation mandates and broader policy frameworks.

policies, or management compliance

ecologically relevant but also

2.8 Limitations

A limitation of this study is the reliance on CLC datasets, which
are updated every 6 years, potentially limiting the detection of short-
term land-use changes. However, given the NVBR’s protected status
and stable environmental policies, rapid land-use changes are
unlikely. Additionally, many key geographic features—such as
cities, villages, lakes, rivers, roads, slope, and elevation—have
remained largely unchanged over the study period, reducing the
impact of this limitation. While more frequent datasets could
provide additional insights, CLC remains a valuable source due
to its consistent classification methodology and long-term
comparability across Europe.

Another limitation is the CLC dataset’s 25-ha minimum
mapping unit, which generalizes small-scale land-use changes,
potentially leading to underestimation or aggregation. However,
given the broad spatial scale of the NVBR (475,514 ha), such minor
changes (less than 0.0055%) would be difficult to detect or
meaningfully visualize on a map, furthermore such small land
patches do not affect the broader trends of LULC changes.

Classification noise in CLC datasets can introduce unrealistic
land-use changes, particularly in cross-tabulation matrices. This issue
is particularly relevant for agricultural lands (e.g., pastures and non-
irrigated arable land), where reclassification between categories may
introduce uncertainty. In this study, the observed land-use changes
were substantial, making it unlikely that classification noise alone
identified trends.
uncertainties in CLC cannot be fully eliminated.

accounts for the Nonetheless, classification
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The disappearance of urban areas in NVBR may seem
counterintuitive but reflects regional socio-economic trends
rather than dataset errors. However, in post-Soviet contexts, rural
depopulation, economic decline, and land abandonment have led to
the degradation and reclassification of previously built-up areas—a
phenomenon widely documented across Eastern Europe. In this
study, instances where urban fabric disappeared were not followed
by reappearance in later time steps, suggesting a permanent change
rather than a classification artifact. Thus, in this regional context, the
loss of urban land shows socio-economic changes rather than a
dataset error. Despite mitigation efforts, limitations in temporal
resolution, spatial scale generalization, and classification accuracy
remain inherent challenges in LULC modeling. Yet, through
rigorous dataset harmonization, methodological validation, and
contextual analysis, these issues were mitigated as much as possible.

3 Results

3.1 Historical land-use and land-
cover changes

3.1.1 Land-use and land-cover change

Between 1990 (Figure 3A) and 2018 (Figure 3B), the NVBR
experienced gradual but significant LULC changes (Table 2). In
1990, the area was dominated by agricultural activities, with non-
irrigated arable land (19.77%) and complex cultivation patterns
(9.40%) comprising the largest categories. Urbanization was
minimal, with discontinuous urban fabric covering only 0.43% of
the area. Forests provided considerable ecological diversity, with
broad-leaved, coniferous, and mixed forests collectively covering
48.52%. Semi-natural habitats, including peat bogs (3.48%), and
hydrological features also contributed to the area’s biodiversity.
Spatial metrics showed a highly cohesive landscape with a
Moran’s I value of 0.9790, indicating strong clustering of LULC
categories and minimal fragmentation.

By 2000, subtle changes in LULC patterns emerged (Table 2).
Urban areas declined slightly to 0.40%, while industrial activity grew
marginally. A Chi-square value of 23,688.576 (p < 0.0001) between
1990 and 2000 and a high Cramer’s V of 0.9339 indicated significant
changes despite their small magnitude. Agricultural land-use
patterns remained stable, with minor changes in non-irrigated
arable land (19.78%) and pastures (4.36%).
transitional woodland-shrub expanded to 8.84%, driven by land

The area of

abandonment and natural succession. Some changes, such as
complex cultivation patterns to discontinuous urban fabric
(3.01%), did not fully comply with the NVBR’s legal framework.
The Moran’s I value remained consistent at 0.9794, indicating
continued spatial cohesion.

Between 2006 and 2012, the pace of change accelerated
(Table 2). Urban growth was notable, with discontinuous urban
fabric increasing to 0.71% by 2012. Transitional woodland-shrub
expanded to 19.87%, showing widespread ecological succession.
Agricultural land displayed mixed dynamics, with non-irrigated
arable land at 19.58% in 2012 and pastures peaking at 5.82%.
Forest cover declined steadily (e.g., broad-leaved forest at 13.42%
by 2012). Statistical tests showed significant reductions in forest
categories (Z = -2.20, p = 0.03) and expansions in transitional
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Land-use and land-cover categories
[ Continuous urban fabric
[ Discontinuous urban fabric

Broad-leaved forest

I Coniferous forest

Green urban areas
Port areas
Sport and leisure facilities

N industrial or commercial units Mixed forest

I Road and rail networks and associated land [lll Mineral extraction sites

FIGURE 3

Transitional woodland-shrub

Non-irrigated arable land Pastures Water bodies
Natural grasslands [l Water courses

I Peat bogs

Inland marshes

Land principally oceupied by agriculture
Complex cultivation patterns Beaches, dunes, sands

Fruit trees and berry plantations Seaand ocean

Land-use and land-cover distribution in (A) 1990 and (B) 2018, illustrating major changes over time.

woodland-shrub (Z = 2.20, p = 0.03). Spatial patterns showed
gradual diversification, with Moran’s I declining slightly to 0.9771.

By 2018, the area exhibited relative stability (Table 2). Non-
irrigated arable land increased to 20.19%, while pastures declined to
5.18%. Forest declines slowed, with broad-leaved forests (Figure 4A)
covering 13.10%, and transitional woodland-shrub (Figure 4B)
reached 20.84%. Spatial metrics suggested persistent but slightly
weakened clustering (Moran’s I: 0.9769), indicating a balanced mix
of stability and gradual change.

Over the historical period, 8.44% of the NVBR underwent net
LULC changes (Table 2), primarily in agricultural (Figure 5A) and
semi-natural (Figure 5B) categories. Key transitions included the
conversion of complex cultivation patterns to non-irrigated arable
land (29.70%) and the intensification of pastures into cropland,
which accounted for 16.45% of changes. Further Chi-square tests
and Cramer’s V values approached near-perfect levels (e.g.,
Cramer’s V = 0.9829 by 2012-2018), suggesting an increasingly
stable yet gradually developing landscape.

3.1.2 Land-use and land-cover persistence
Historical persistence patterns highlight the relative stability of
certain LULC categories. Between 1990 and 2018, approximately
17.72% of the NVBR demonstrated no LULC changes. Highly
persistent categories included port areas (100%) and green urban
areas (92.36%), demonstrating their designated purposes and
controlled use. Non-irrigated arable land displayed significant
persistence at 77.71%, while discontinuous urban fabric exhibited
moderate persistence at 73.66%, suggesting limited urban
expansion. Pastures and complex cultivation patterns showed
lower persistence levels (45.20% and 61.56%, respectively),
indicating dynamic changes between grazing, cultivation, and
abandonment. Forested categories had moderate persistence,
although some forest-to-agriculture transitions conflicted with
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NVBR
woodland-shrub displayed rapid changes, showing ongoing

conservation regulations. Meanwhile, transitional

ecological succession.

3.1.3 Swap changes between land-use and
land-cover

Bidirectional swaps indicate dynamic changes within the NVBR.
From 1990 to 2000, industrial/commercial units and discontinuous
urban fabric exhibited significant interactions (23.65%), while
agricultural changes between non-irrigated arable land and
pastures accounted for 3.20%. From 2006 to 2012, forested
categories demonstrated notable swaps, with mixed forests and
transitional woodland-shrub exchanging 5.87%. By 2018, swaps
became more localized, with interactions between non-irrigated
arable land and fruit trees (5.28%) suggesting agricultural
diversification. High swap changes emphasized areas of dynamic
change, while low swaps (<1%) showed stable conservation
measures. Some swaps, such as forested lands reverting to
restricted under NVBR

agricultural partially

regulations, highlighting the need for stricter enforcement.

use, were

3.1.4 Driving variables for land-use and land-
cover change

PCA identified two components explaining 99.13% of the
variance in driving variables (Table 3). Component 1 (97.92%)
was dominated by spatial distances such as proximity to
protected areas, corridors, and area size, reflecting large-scale
land-use patterns. Component 2 (1.21%) emphasized connectivity
and micro-level ecological interactions, with notable contributions
from corridor types and micro reserves.

The analysis suggest that the land patch size is the most
significant driver of LULC change in the NVBR, contributing a
dominant 67.03% to the total variance explained by the first
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TABLE 2 Historical land-use and land-cover distribution (% of the total area, | - decrease, | - increase, — no change).

LULC category 1990 2000 2006 2012 2018
Continuous urban fabric 0.01 ! N/A - N/A - N/A - N/A
Discontinuous urban fabric 0.43 l 0.40 ) 0.69 ) 0.71 — 0.71
Industrial or commercial units 0.10 ) 0.14 1 0.10 l 009  — 0.09
Road and rail networks and associated land 0.01 — 0.01 - 0.01 — 0.01 - 0.01
Port areas <0.01 — <0.01 T 0.01 — 0.01 - 0.01
Mineral extraction sites 0.03 l 0.02 — 0.02 ) 0.05 — 0.05
Green urban areas 0.02  — 0.02 T 0.04  — 004 — 0.04
Sport and leisure facilities N/A - N/A T 006  — 0.06 — 0.06
Non-irrigated arable land 19.77 T 19.78 | 19.41 ) 19.58 T 20.19
Fruit trees and berry plantations 003 — 0.03 T 005  — 0.05 | 0.04
Pastures 4.35 T 4.36 T 5.76 ) 5.82 | 5.18
Complex cultivation patterns 9.40 l 9.36 1 7.63 l 6.03 T 6.07
Land principally occupied by agriculture, with significant areas of natural vegetation 3.75 ! 3.72 1 1.89 T 1.91 l 1.89
Broad-leaved forest 15.88 l 15.65 1 14.50 l 13.42 1 13.10
Coniferous forest 13.27 l 13.01 1 11.10 l 10.46 1 10.25
Mixed forest 19.37 l 18.90 1 16.41 l 15.87 1 15.44
Natural grasslands 0.09 l 0.06 T 0.29 l 0.28 — 0.28
Transitional woodland-shrub 7.90 T 8.84 T 16.17 ) 19.87 T 20.84
Beaches, dunes, sands 0.02 — 0.02 1 0.01 ) 0.02 — 0.02
Inland marshes 0.45 ) 0.47 1 0.18 ) 0.20 T 0.21
Peat bogs 348 1 370 1 386 | 372 1 373
Water courses 0.01 - 0.01 - 0.01 - 0.01 - 0.01
Water bodies 163 | 151 1 178 1 179 - 1.79
Sea and ocean 0.01 - 0.01 - 0.01 - 0.01 - 0.01

principal component (Table 3). This suggests that the size of land
parcels (Figure 6A) plays a critical role in forming LULC dynamics,
influencing land management decisions and suitability for various
land uses. The size of land parcels determine their suitability for
various uses. Larger areas targeted for extensive agricultural projects
or large-scale developments, while smaller parcels are more prone to
fragmentation or specific land-use. Following this, corridors
between broad-leaved and coniferous forest (Figure 6B), with a
contribution of 4.07%, highlights the importance of ecological
corridors in maintaining connectivity and biodiversity. Corridors
between coniferous and mixed forests and between coniferous and
transitional woodland-shrubs also play notable roles, contributing
3.59% and 3.29%, respectively, indicating the ecological significance
of these corridors in driving changes. Ecological corridors, especially
those dominated by broadleaf and coniferous species, facilitate
species movement and genetic exchange. The presence and
quality of these corridors affect land-use decisions, such as forest
conservation efforts or the development of infrastructure that
disrupt these pathways. Similarly, distance to protected areas
contributes 3.70%, highlighting the spatial impact of proximity to
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conservation zones on land-use practices. Proximity to protected
areas dictates land management practices. Areas closer to protected
zones experience stricter land-use regulations, limiting certain
developments, while areas farther away are more susceptible to
agricultural expansion or urbanization.

3.2 Future land-use and land-cover changes

3.2.1 Business-as-usual scenario

Under the BAU scenario (Figures 7A, B), historical LULC
trends continue, with moderate urban expansion and
agricultural intensification by 2046. Discontinuous urban
fabric increases to 0.94%, while non-irrigated arable
(Figure 8A) land grows to 22.31%. Forest cover continues to
decline, with broad-leaved forests (Figure 8B) contracting to
12.86% (Table 4). Statistical analysis shows a Chi-square value
of 23,618,140.0000 (p < 0.0001) and Cramer’s V = 0.9120,
confirming significant but less cohesive changes than in more

conservation-oriented scenarios.
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Land-use and land-cover changes

B Unchanged areas M Losses MM Gains

FIGURE 4

(A) Areas of broad-leaved forest in 1990 (gray) with losses by 2018 highlighted in red. (B) Transitional woodland-shrub gains by 2018 (green)
compared to 1990, with unchanged areas depicted in dark gray. Gray represents areas existing in 1990, and red or green indicate changes by 2018.
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(A) Areas of complex cultivation patterns in 1990 (gray) with losses by 2018 highlighted in red. (B) Pasture gains by 2018 (green) compared to 1990,
with unchanged areas depicted in dark gray. Gray represents areas existing in 1990, and red or green indicate changes by 2018.

Persistence rates under BAU increase to 26.51%, suggesting
stabilizing trends in urban and agricultural categories. However,
swap changes highlight dynamic changes, particularly between non-
irrigated arable land and pastures, which demonstrate significant
exchanges driven by land-use intensification. Legally, only 26 of the
73 observed transitions fully comply with NVBR regulations,
showing potential conflicts with conservation objectives. The
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BAU scenario also shows minimal alignment with the EU
2030 Biodiversity Strategy (European Commission, 2025),

emphasizing anthropogenic expansion over restoration.

3.2.2 Sustainable development scenario
The SD scenario (Figures 9A, B) emphasizes balanced land-use
and ecological restoration. By 2046, non-irrigated arable land
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TABLE 3 Variables driving the land-use and land-cover change in the North Vidzeme Biosphere Reserve within principal component 1.

Driving variables

Contribution to LULC change (%)

Land patch size 67.03
Ecological corridor between broad-leaved and coniferous forest 4.07
Distance to protected areas 3.70
Ecological corridor between coniferous and mixed forest 3.60
Ecological corridor between coniferous forest and transitional woodland-shrub 3.30
Ecological corridor between coniferous and mixed forest 2.80
Ecological corridor between broad-leaved forest and transitional woodland-shrub 2.50
Ecological corridor between mixed forest and transitional woodland-shrub 2.02
Distance to populated places 2.00
Distance to micro reserves 1.84

Land-cover patch sizes

Resistance of ecological corridors

20 km
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FIGURE 6
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(A) Land-use and land-cover patch sizes in 2018 and (B) ecological corridors between broad-leaved and coniferous forests.

decreases to 16.65% (Figure 10A), while pastures expand to 6.85%.
Forest recovery is notable, with broad-leaved forests increasing to
13.49% (Figure 10B; Table 4). The Chi-square value
(26,725,324.0000, p < 0.0001) and high Cramer’s V (0.9702)
indicate strongly cohesive land-use changes aligned with
sustainability goals.

Persistence rates reach 22.39%, suggesting the scenario’s focus
on stability and biodiversity enhancement. No swap changes appear
under SD, indicating controlled, unidirectional transitions aligned
with conservation goals. Legal compliance is higher than BAU, as
prohibited transitions involving wetlands or sensitive habitats are
minimized. This scenario aligns well with the EU 2030 Biodiversity
Strategy (European Commission, 2025) by integrating restoration

and sustainable resource management.
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3.2.3 Climate adaptation and mitigation scenario

The CAM scenario (Figures 11A, B) prioritizes resilience and
carbon sequestration. Forest recovery accelerates, with mixed forests
(Figure 12A) reaching 16.03% by 2046. Pastures expanded to 6.88%,
while non-irrigated arable land (Figure 12B) declines to 16.65%
(Table 4). Statistical analysis yields a Chi-square value of 26, 486,
284.0000 (p < 0.0001) and a Cramer’s V of 0.9658, indicating a
highly structured transition focused on climate resilience.

The persistence rate under CAM is 21.97%, with no significant
swap changes, reflecting the scenario’s focus on structured
transitions and ecological restoration. Most changes, such as
wetland expansion and afforestation, comply with NVBR’s legal
framework, boosting alignment with climate directives and the EU
2030 Biodiversity Strategy. This scenario demonstrates how targeted

frontiersin.org


https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2025.1567002

Krumins and Klavins

10.3389/frsen.2025.1567002

Land-use and land-cover categories
I Continuous urban fabric
I Discontinuous urban fabric

| Green urban areas
Port areas B Coniferous forest
I Industrial or commercial units Sport and leisure facilities [ Mixed forest

Ml Road and rail networks and associated land  [Jllll Mineral extraction sites

FIGURE 7

[ Broad-leaved forest

[ Transitional woodland-shrub [ Fruit trees and berry plantations

20 km

Non-irrigated arable land Pastures Water bodies

Natural grasslands [l Water courses
[ Peat bogs
[ Inland marshes

" Land principally occupied by agriculture
Complex cultivation patterns Beaches, dunes, sands

Sea and ocean

Land-use and land-cover distribution in (A) 2018 and (B) 2046 under the business-as-usual scenario, illustrating changes over time.
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FIGURE 8

business-as-usual scenario.

reforestation and wetland recovery can increase carbon storage and
ecosystem stability.

3.2.4 Conservation-oriented scenario

The C-O scenario (Figures 13A, B) focuses on maintaining
existing ecosystems with limited human interventions. Non-
irrigated arable land (Figure 14A) increases to 21.69%, while
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(A) Areas of non-irrigated arable land in 2018 (gray) with gains by 2046 highlighted in green. (B) Broad-leaved forest losses by 2046 (red) compared
to 2018, with unchanged areas depicted in dark gray. Gray represents areas existing in 2018, and red or green indicate changes by 2046 according to

complex cultivation patterns (Figure 14B) decline to 3.96%
(Table 4). The Chi-square value (25,042,214.0000, p < 0.0001)
and Cramer’s V (0.9391) reveal significant but slightly less
cohesive changes than the SD or CAM scenarios, indicating a
steadier, less transformative approach.

Persistence rates reach 24.71% (marginally below BAU) but
emphasize stability in critical land-use categories (e.g., essential
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TABLE 4 Projected land-use and land-cover distribution (% of the total area, | - decrease, 1 - increase, — no change).

LULC category 2018 BAU SD CAM C-O

Discontinuous urban fabric 071 | T 094 | 070 | | 070 | | 0.70
Industrial or commercial units 0.09 | T 015 | 0.09 | | 009 1T 0.10
Road and rail networks and associated land 001 - 001 — 001 | — 001 — 0.01
Port areas 0.01 | T 0.01 — 0.01 | — 0.01  — 0.01
Mineral extraction sites 0.05 | T 0.06 | 0.04 | | 004  — 0.05
Green urban areas 004 | T 005 — 0.04 | — 004  — 0.04
Sport and leisure facilities 0.06 T 010 — 0.06  — 0.06 | T 0.10
Non-irrigated arable land 2019 | T 2231 | 16.65 | | 16.65 T 21.69
Fruit trees and berry plantations 004 | T 006 T 0.06 | T 006 T 0.06
Pastures 518 | T 620 T 6.85 | T 688 1 6.08
Complex cultivation patterns 6.07 | | 374 | 6.06 | | 561 | 3.96
Land principally occupied by agriculture 1.89 | | 149 | 170 | | 170 | 1.55
Broad-leaved forest 13.10 | 1286 T 1349 1 1349  — 13.10
Coniferous forest 1025 | 10.18 T 1044 7 1044  — 10.25
Mixed forest 1544 | 1518 T 16.03 T 16.03  — 15.44
Natural grasslands 028  — 028 T 036 | T 036  — 0.28
Transitional woodland-shrub 20.84 | | 2062 T 21.64 | T 2206  — 20.84
Beaches, dunes, sands 0.02 | 0.01 — 0.02  — 0.02  — 0.02
Inland marshes 021  — 021 — 021 | — 021  — 0.21
Peat bogs 373 | 373 — 373 | — 373 | — 3.73
Water courses 0.01 | — 001 — 0.01 | — 001  — 0.01
Water bodies 179 | 179 | — 179 | — 179 | — 1.79
Sea and ocean 0.01 | — 001  — 0.01 | — 001  — 0.01

infrastructure and agricultural areas). Controlled bidirectional
transitions (swap changes) appear in limited domains, such as
discontinuous urban fabric < industrial units, suggesting
adaptive reuse and minimized expansion. Although this scenario
effectively limits high-impact development, its less proactive
with the EU
2030 Biodiversity Strategy. Compliance with NVBR regulations is

high where new development is restricted, though certain

restoration  efforts only partially align

agricultural expansions may require conditional approvals.

3.3 Result validation

Since future projections cannot be directly validated against
reality, the validation process focused on assessing the historical
accuracy of the model before applying it to future scenarios.
Hence, future validation was assessed indirectly (e.g., checking
future

simulated patterns against expected ecological

trajectories). The accuracy of LULC classifications was
evaluated using the KIA, which measures the level of

agreement between modeled and observed land cover for past
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time periods. The MLP model was trained on historical land-use
transitions for the periods 1990-2000, 2000-2006, 2006-2012,
and 2012-2018, and was subsequently used to predict land cover
for 2000, 2006, 2012, and 2018. These predicted LULC maps were
then compared with observed historical land cover to assess the
model’s performance.

The overall KIA values indicate strong classification accuracy,
ranging from 0.83 (1990) to 0.98 (2006), suggesting high consistency
across most LULC categories. Categories such as road networks,
water bodies, and urban areas exhibited KIA values near 1.0,
indicating minimal misclassification. Conversely, transitional
woodland-shrub and industrial units showed moderate agreement
(KIA = 0.53-0.76), reflecting the inherent variability in these
categories due to changing land-use policies and economic
activities. The lower KIA values observed in earlier periods can
be attributed to higher variability in land-use transitions,
particularly following post-Soviet land reforms, as well as the
lower resolution of LULC classifications available at the time.
The improvement in satellite-based LULC mapping in later years
(2006-2018) resulted in greater consistency, contributing to higher
validation scores in more recent periods.

frontiersin.org


https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2025.1567002

Krumins and Klavins

10.3389/frsen.2025.1567002

Land-use and land-cover categories
I Continuous urban fabric
I Discontinuous urban fabric

Green urban areas
Port areas B Coniferous forest
Sport and leisure facilities [l Mixed forest

I Road and rail networks and associated land [Ill Mineral extraction sites

I industrial or commercial units

FIGURE 9

[0 Broad-leaved forest

[ Transitional woodland-shrub [0 Fruit trees and berry plantations

Non-irrigated arable land Pastures Water bodies

[ Land principally occupied by agriculture Natural grasslands [l Water courses

I reat bogs
[0 Inland marshes

Complex cultivation patterns Beaches, dunes, sands

Sea and ocean
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(A) Areas of non-irrigated arable land in 2018 (gray) with losses by 2046 highlighted in red. (B) Broad-leaved forest gains by 2046 (green) compared
to 2018, with unchanged areas depicted in dark gray. Gray represents areas existing in 2018, and red or green indicate changes by 2046 according to the

sustainable development scenario.

Additional validation methods were applied to assess the
statistical robustness of the LULC modeling framework. The
Mann-Kendall trend analysis was conducted to evaluate long-
term changes in LULC categories. Statistically significant trends
were observed for forest cover decline (Z = -2.20, p = 0.03) and the
expansion of transitional woodland-shrub (Z = 2.20, p = 0.03). Other
categories, such as pastures and water bodies, exhibited modest

Frontiers in Remote Sensing

upward trends, but these were not statistically significant. The
results of the Chi-square test further confirmed significant
differences in LULC distributions between time periods, with
high Cramer’s V values (0.7166-0.9829) indicating strong
associations among land categories.

The MLP model validation was performed using Root Mean
Square Error (RMSE) and accuracy metrics. The training RMSE was
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FIGURE 11

Land-use and land-cover distribution in (A) 2018 and (B) 2046 under the climate adaptation and mitigation scenario, illustrating changes over time.
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FIGURE 12

N

A

(A) Areas of mixed forests in 2018 (gray) with gains by 2046 highlighted in green. (B) Non-irrigated arable land losses by 2046 (red) compared to
2018, with unchanged areas depicted in dark gray. Gray represents areas existing in 2018, and red or green indicate changes by 2046 according to climate

adaptation and mitigation scenario.

0.2223, while the testing RMSE was 0.2327, with an overall model
accuracy of 85.67%. The skill measure (0.8209) demonstrated a high
level of predictive reliability. The sensitivity analysis revealed that
LULC clusters, drainage basins, and proximity to micro-reserves
were among the most influential variables affecting transition
probabilities, whereas relative richness and normalized entropy
had minimal impact.
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Finally, the transition probability validation in the CA-Markov
model confirmed that simulated transitions closely matched observed
land cover trends. Hard and soft predictions for the 2046 LULC maps
were evaluated using intermediate transition stages, ensuring that the
projected land-use dynamics followed historically validated patterns.
The exclusion of rare transitions (<0.1% of the total dataset) reduced
classification noise and improved model generalization.
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FIGURE 14

2046 according to conservation-oriented scenario.

(A) Areas of non-irrigated arable land in 2018 (gray) with gains by 2046 highlighted in green. (B) Complex cultivation patterns losses by 2046 (red)
compared to 2018, with unchanged areas depicted in dark gray. Gray represents areas existing in 2018, and red or green indicate changes by
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The validation process demonstrates that the LULC model

produces highly reliable predictions, with strong classification

accuracy, robust statistical validation, and spatial consistency.
The results confirm that the scenario-based LULC projections for

2046 provide a realistic and policy-compliant representation of

potential land-use changes in the NVBR.
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4 Discussion

4.1 Past changes

The historical period analyzed by Térauds et al. (2008)

highlights substantial forest recovery and the reduction of
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agricultural land from 1930 to 2002 (Térauds et al., 2008). During
this time, forest cover increased from 31.6% to 48.6%, driven by
widespread farmland abandonment and natural succession. This
trend suggests socio-economic shifts, such as rural depopulation and
reduced agricultural activity, particularly in marginal areas. By
contrast, the results of the present study, which focus on 1990 to
2018, indicate a plateau and a decline in forest cover (e.g., broad-
leaved forests declining to 13.10% by 2018). These trends represent a
change from earlier phases of forest recovery to a more stabilized
landscape, where forests face competing pressures from urban
growth and agricultural intensification.

Yet, an important distinction between the two studies lies in
their spatial focus. The paper by Térauds et al. (2008) examines
LULC dynamics in the eastern part of the NVBR, an area
characterized by varied landscape types, including drumlin fields,
depressions, and hilly areas (Térauds et al., 2008). In contrast, this
study analyzes the NVBR as a whole, encompassing its entire area.
Hence, this broader scope accounts for some differences in observed
trends, as the western and central parts of the NVBR contribute
additional dynamics not captured in the eastern-focused analysis.

For instance, urbanization trends differ markedly between the
two analyses. Térauds et al. (2008) note minimal urban impact,
consistent with the socio-economic context of the earlier period
(Térauds et al.,, 2008). In contrast, this study observes significant
urban expansion, with discontinuous urban fabric increasing. This
variance highlights the growing impact of modern development
pressures and socio-economic changes following Latvia’s
independence and subsequent integration into the European Union.

Both studies utilize landscape metrics to assess LULC changes,
but their findings diverge due to differing temporal dynamics and
spatial focuses. Térauds et al. (2008) report a decrease in forest patch
numbers but an increase in patch size and interior habitat between
1930 and 2002, indicative of reduced fragmentation and ecological
recovery (Térauds et al,, 2008). Conversely, this study identifies
stable spatial clustering of LULC categories, with Moran’s I values
declining only slightly, suggesting a persistent but gradually
diversifying landscape. These patterns suggest the transition from
historical recovery to modern pressures that balance fragmentation
and connectivity.

At the same time, our findings on forest cover change in the
NVBR are consistent with broader land cover trends observed across
Latvia. Baders et al. (2018) reported that forest cover increased by
1% nationally between 1990 and 2014, largely due to agricultural
abandonment and afforestation (Baders et al, 2018). Similar
dynamics are reflected in the NVBR, where conservation-driven
EU land-use policies promote continued forest expansion.

Over nearly three decades, the NVBR experienced explicit urban
expansion, changes toward sustainable agricultural practices, a net
forest decline of approximately 2.78%, and substantial growth in
transitional habitats (from 7.90% in 1990 to 20.84% in 2018). These
trends align with global observations of LULC changes, emphasizing
the interaction between urbanization, agricultural changes, and
2021). The
observed changes suggest a balance between ecological resilience

natural habitat transformations (Gomes et al.,

and anthropogenic pressures, with the area maintaining spatial
cohesion—evidenced by high Cramer’s V values (e.g., 0.9829 by
2012-2018)—while adapting to advancing dynamics. Mann-
Kendall tests further showed significant declines in forest
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categories (Z = -2.20, p = 0.03) and expansions in transitional
woodland-shrub (Z = 2.20, p = 0.03). These results highlight zones
requiring targeted conservation efforts while emphasizing the
NVBR’s resilience under current management practices.

LULC changes between 1990 and 2018 primarily affected
agricultural, semi-natural, and urban categories (Table 2). Legal
compliance checks showed that 26 of the 73 observed changes fully
adhered to NVBR regulations, whereas several forest-to-agriculture
or wetland-to-urban conversions conflicted with conservation
mandates. The intensification and extensification cycles in
agriculture (Caraveli, 2000) were particularly notable, evidenced
by changes from non-irrigated arable land to pastures and vice versa.
These cycles suggest interactions between land management
practices and climatic factors, including changes in precipitation
patterns and temperature, which affect agricultural viability and
decision-making (Olesen and Bindi, 2002). Similar trends have been
observed across Europe, where policy reforms, market dynamics,
and agri-environmental measures drive land-use exchanges
(Plieninger and Bieling, 2013). These dynamics underline the
importance of adaptive management strategies that account for
changing  economic  incentives and farmer  decision-
making processes.

The expansion of transitional woodland-shrub, which occupied
20.84% of the NVBR by 2018, mirrors patterns seen in post-
agricultural landscapes across Europe. Marginal farmlands often
revert to secondary vegetation, improving biodiversity and carbon
sequestration but sometimes posing challenges when woody
encroachment threatens open habitats of conservation value
(Holl and Aide, 2011). Strategic management approaches that
balance natural regeneration with targeted conservation of open
habitats could help maintain habitat diversity and ecological
resilience (Navarro and Pereira, 2012). Controlled urbanization
in the NVBR contrasts with unregulated urban sprawl observed
in many global biodiversity hotspots (Seto et al., 2012). The limited
expansion of urban areas, coupled with low industrial changeability,
suggests that zoning regulations and conservation efforts have been
effective, although localized industrial and extractive activities raise
habitat quality.
Continuous monitoring, combined with strong environmental
be these

concerns about fragmentation and water

impact assessments, will critical to addressing
potential issues.

The results also show areas where land-use changes conflict with
the NVBR’s conservation objectives, such as some prohibited
conversions from forest to mineral extraction sites. Similar
challenges have been documented in other protected areas where
weak enforcement and unsustainable resource exploitation
integrity  (Jones 2018).

Strengthening governance, increasing stakeholder engagement,

compromise  ecological et al,

and providing financial incentives could reduce undesirable
LULC and better with
conservation priorities. Despite these challenges, the NVBR

changes align land-use practices

demonstrates  overall resilience, supported by effective
management practices and legal frameworks. However, continued
forest decline, even at a relatively slow rate, remains a concern given
the ecological and cultural importance of mature forests
(Lindenmayer and Franklin, 2010). The observed agricultural
abandonment offers opportunities for habitat restoration if

strategically managed (Lasanta et al, 2015; Poyatos et al, 2003;
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Van Der Zanden et al., 2017). These results collectively stress the
importance of further integrating the NVBR’s legal framework with
adaptive land management to preserve long-term biodiversity and
ecosystem services.

Results on driving forces align with global studies highlighting
area size, ecological corridors, and proximity to protected areas as
key factors influencing LULC changes. Research on land use near
protected areas suggests that human activities can reduce their
effective size, compromising biodiversity conservation (DeFries
et al., 2007). Furthermore, studies assessing the role of protected
areas in land-use change dynamics have found that proximity to
these zones can limit certain types of development while promoting
conservation-compatible land-use, affecting overall landscape
dynamics (Schmitz et al., 2023).

Essentially, the historical land-use trends observed in the NVBR
align with broader European patterns of forest recovery followed by
stabilization and localized declines. Similar changes have been
documented in the Carpathian Mountains, where afforestation
dominated post-agricultural landscapes until recent years, when
pressures from urbanization and agricultural expansion altered
these dynamics (Munteanu et al, 2014). Likewise, studies in
Scandinavian boreal forests have shown that initial forest gains
following rural depopulation have slowed due to competing land-
use pressures (Kuemmerle et al., 2016). These findings reinforce the
idea that while long-term afforestation trends have been a dominant
force in European landscapes, contemporary socio-economic
changes are changing land-use priorities.

However, certain aspects of the NVBR’s trajectory diverge from
these broader trends. Unlike the large-scale afforestation observed in
some post-socialist landscapes, the NVBR’s forest decline suggests
that conservation policies alone are insufficient to counteract urban
and agricultural pressures. This is consistent with findings by
Plieninger and Bieling (2013), who reported that while EU
land
management decisions and economic drivers still dictate land-use

agricultural policies promote afforestation, localized

outcomes (Plieninger and Bieling, 2013). Additionally, urban
in the NVBR, as reflected in the
discontinuous urban fabric, aligns with trends in other protected

expansion increase in
landscapes across Europe, where urban pressures gradually
encroach on conservation zones despite regulatory frameworks
(Seto et al., 2012).

These changes indicate that while the NVBR maintains overall
ecological resilience, targeted interventions are needed to prevent
further forest fragmentation. This is particularly important given the
role of transitional woodland-shrub expansion, which mirrors
findings from Mediterranean and Central European landscapes
where post-agricultural succession leads to secondary vegetation
growth, affecting both biodiversity and ecosystem services (Navarro
and Pereira, 2012).

4.2 Future changes

Tesfaw et al. (2018) highlighted that protected areas frequently
experience legal downgrading, downsizing, or de-gazettement,
particularly when economic pressures outweigh conservation
benefits (Tesfaw et al., 2018). Their study found that ineffective
protected areas, where deforestation rates matched those of
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surrounding lands, were more likely to lose protection. This
finding underlines the importance of integrating policy-driven
land-use modeling, as different governance scenarios can change
future conservation outcomes. Meanwhile, DeFries et al. (2007)
proposed a ‘small loss-big gain’ approach, where strategic land-use
restrictions outside protected areas can yield significant biodiversity
benefits (DeFries et al., 2007). Staccione et al. (2023) similarly found
that while an expanded and better-connected protected area
network enhances conservation, land-use intensification often
occurs outside the network due to compensatory shifts in
resource extraction (Staccione et al, 2023). Their findings
highlight the necessity of planning not only for protected areas
but also for the surrounding land system, ensuring that conservation
efforts are not undermined by external pressures. In the SD and C-O
scenarios, targeted afforestation and land management policies
improved ecosystem connectivity while maintaining agricultural
viability. This underlines the need for integrated regional land-
use planning to improve long-term conservation effectiveness.
The BAU scenario projects moderate urban expansion, with
discontinuous urban fabric increasing from 0.71% in 2018 to 0.94%
by 2046, and industrial/commercial units growing slightly from
0.09% to 0.15%. These changes are consistent with historical trends
in protected landscapes, where population pressures and economic
growth drive limited urban development (Angel et al, 2011).
Agricultural intensification dominates, with non-irrigated arable
to  22.31%,
cultivation patterns and land occupied by agriculture with

land expanding from 20.19% while complex
natural vegetation decline sharply. These changes indicate a
narrowing of agricultural diversity, favoring high-intensity
practices over multifunctional systems (Rounsevell and Reay,
2009). Forest cover continues to decline, with broad-leaved forest
reducing to 12.86%, coniferous forest to 10.18%, and mixed forest to
15.18%. This trend shows ongoing anthropogenic pressures and
mirrors global patterns of deforestation (Curtis et al., 2018).

Statistical ~analysis produced a Chi-square value of
23,618,140.0000 (p < 0.0001) and a Cramer’s V of 0.9120,
suggesting significant but less cohesive changes compared to
more conservation-oriented scenarios. Persistence under BAU
increases to 26.51% of the NVBR, indicating stability in urban
and infrastructure categories (often >99% persistence). However,
swap changes between non-irrigated arable land and pastures
remain high, implying ongoing cycles of intensification and
extensification. Policy alignment with the EU 2030 Biodiversity
Strategy is limited, as this scenario emphasizes anthropogenic
expansion over restoration, suggesting a need for more robust
conservation measures.

The scenario modeling results indicate that strong conservation
policies help maintain forest cover and biodiversity within protected
areas, whereas weaker policies can lead to increased land-use
pressures. This aligns with findings by Tesfaw et al. (2018), who
demonstrated that protected areas with lower conservation
effectiveness are more vulnerable to policy downgrades or
removals (Tesfaw et al, 2018). Their study suggests that
governance and enforcement directly impact the sustainability of
protected areas, reinforcing the need for long-term policy planning.

The SD scenario presents a transformative approach to LULC
management, balancing ecological restoration, sustainable resource
use, and human wellbeing. This approach is consistent with recent
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European land-use strategies, which integrate ecological restoration
with socio-economic viability. Studies on reforestation policies in
Germany and France have demonstrated that policy-driven
afforestation can enhance carbon sequestration, biodiversity, and
rural economies when coupled with incentives for sustainable land
management (Haseeb et al., 2024). Urban growth is minimized, with
discontinuous urban fabric declining slightly to 0.70%, while non-
irrigated arable land decreases significantly to 16.65%, and pastures
expand to 6.85%. Forest recovery (Haseeb et al., 2024) is a defining
feature, with broad-leaved forest increasing to 13.49% and mixed
forest to 16.03%. These changes align with reforestation initiatives
observed in European protected areas (Curtis et al., 2018). Notably,
the SD scenario exhibits no swap changes, displaying its focus on
stability and purposeful land-use transitions. This suggests that
active conservation management, rather than passive protection,
is essential for achieving long-term forest stability.

A Chi-square value of 26,725,324.0000 (p < 0.0001) and
Cramer’s V of 0.9702 underline strong internal coherence in
LULC changes. Persistence reaches 22.39%, slightly lower than
BAU but indicating more biodiversity-friendly transitions. Policy-
wise, the SD scenario closely aligns with the EU 2030 Biodiversity
2025),
expansion,

Strategy (European Commission, promoting habitat

restoration, controlled urban and sustainable
agricultural practices. Legal compliance is also higher than BAU,
as fewer changes conflict with NVBR regulations. Overall, the SD
scenario offers a compelling framework for reconciling ecological
resilience with socio-economic goals.

The SD

biodiversity loss within protected areas, though external pressures

scenario’s conservation policies help mitigate
like agricultural expansion and urbanization remain challenges. For
instance, Newbold (2018) found that land-use change, and climate
pressures act together to change vertebrate communities, with the
occurring under high-emission, high-

(RCP 8.5) (Newbold, 2018). These

findings highlight the importance of integrating conservation

most severe losses

development scenarios

strategies that address both direct land-use changes and broader

climatic ~influences, ensuring the long-term stability of
protected areas.

Like the SD scenario, the CAM scenario prioritizes climate
adaptation and mitigation through carbon sequestration and
targeted ecological restoration. It serves as a model for leveraging
LULC transitions for climate resilience, with afforestation and
wetland recovery as key strategies. This approach aligns with
studies demonstrating that land-use interventions can mitigate
climate impacts by improving carbon storage and hydrological
regulation (Newbold, 2018). Forest recovery accelerates, with
mixed forests expanding to 16.03% and transitional woodland-
shrub growing to 22.06%. The CAM scenario’s projected
expansion of transitional woodland-shrub (22.06%) reflects
trends observed in Portugal and Spain, where ecological
efforts

expansion in post-agricultural landscapes (Lasanta et al., 2015).

restoration have resulted in secondary woodland

However, as noted in previous studies, excessive woody
encroachment can conflict with conservation objectives by
reducing open habitat availability (Holl and Aide, 2011).
Therefore, adaptive management strategies that balance natural
regeneration with habitat-specific conservation are crucial. Still,

these outcomes align closely with global strategies for improving
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ecosystem resilience and biodiversity conservation. Persistence
under CAM reaches 21.97%, suggesting stability within urban
and agricultural categories while accommodating targeted
ecological changes. No swap changes occur, underlining the
scenario’s structured approach to land-use management.
Statistical analysis yields a Chi-square value of 26,486,284.0000
(p < 0.0001) and a Cramer’s V of 0.9658, demonstrating a highly
cohesive landscape. Compared to BAU, CAM achieves stronger
with  both NVBR the EU

2030 Biodiversity Strategy, emphasizing reforestation, wetland

alignment regulations and
recovery, and reduced anthropogenic pressures. This scenario
provides a model for leveraging carbon sequestration and
biodiversity gains in a protected setting.

The C-O scenario focuses on preserving existing ecosystems,
with minimal urban growth and stable forest cover. Non-irrigated
arable land and pastures increase modestly, indicating the
persistence of traditional agricultural practices. While C-O
achieves high stability in urban and infrastructure categories, its
limited restoration efforts contrast with the proactive approaches of
SD and CAM. This shortfall stresses the need to integrate
conservation priorities with adaptive strategies to improve
biodiversity and ecosystem resilience. While it minimizes
anthropogenic fragmentation and aligns with EU biodiversity
policies, its focus on passive conservation rather than active land
management may limit long-term ecological resilience. Similar
concerns have been raised in studies on conservation policy
effectiveness in Eastern Europe, where static protection measures
have sometimes failed to prevent habitat degradation due to
surrounding land-use pressures (Jiang and Yu, 2019).

A Chi-square value of 25,042,214.0000 (p < 0.0001) and
Cramer’s V of 0.9391 confirm that C-O fosters significant yet less
cohesive changes than SD or CAM. Persistence reaches 24.71%,
offering moderate stability. Some bidirectional transitions (swap
changes) occur between discontinuous urban fabric and industrial/
commercial units, and between pastures and non-irrigated arable
land. Although these changes are more controlled than in BAU, the
CO scenario’s minimal focus on reforestation or wetland restoration
limits full alignment with the EU 2030 Biodiversity Strategy.
Nonetheless, C-O surpasses BAU in minimizing anthropogenic
fragmentation and conflicts with the NVBR’s legal framework.

Scenario-based projections suggest continued forest expansion
under C-O and SD scenarios, aligning with historical land-use
changes in Latvia. Bell et al. (2009) found that during the Soviet
era, large-scale land-use restructuring, followed by post-1991
agricultural abandonment, significantly increased forest cover.
Bell et al. (2009) found that large-scale land-use restructuring
during the Soviet era, followed by agricultural abandonment in
the post-1991 period, led to a significant increase in forest cover (Bell
et al,, 2009). This supports findings that policy-driven conservation
efforts and socio-economic conditions play a crucial role in
changing Latvia’s future landscape.

Across all four scenarios (Table 4), statistical results (Chi-square,
Cramer’s V) and legal compliance checks confirm significant yet
varied trajectories for the NVBR. BAU preserves historical trends
but lags in biodiversity protection, SD and CAM offer structured and
sustainability-focused pathways, and C-O takes a conservative
stance prioritizing stability over proactive restoration. Scenarios
emphasizing reforestation, sustainable agriculture, and climate
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resilience (SD, CAM) align more closely with the EU
2030 Biodiversity Strategy, while C-O and BAU highlight either
insufficient restoration or unmanaged intensification. These results
stress the importance of targeted management and legal
enforcement to balance conservation, climate adaptation, and
socio-economic objectives in biosphere reserves like the NVBR.
The results suggest that stricter conservation policies reduce
land-use pressures within protected areas, but surrounding
landscapes may still face increased agricultural expansion and
urban development. This aligns with Jiang and Yu (2019), who
found that while protected areas globally have helped mitigate land-
use intensity, many still experience increased human activity in their
buffer zones (Jiang and Yu, 2019). These findings suggest that
effective long-term conservation in biosphere reserves requires
integrated land-use planning beyond protected area boundaries.
In this context, Guerra et al. (2019) found that while protected areas
globally show lower land cover change rates, surrounding
landscapes  often intensified land-use

experience pressures,

leading to potential spillover effects (Guerra et al., 2019).

4.3 Implications for policy and conservation
management

The results of this study reinforce the critical role of policy
alignment in shaping LULC outcomes. Protected areas are not
immune to external pressures, and land-use spillover effects can
undermine conservation objectives if surrounding landscapes are
not managed effectively. This is evident in other studies on
land-use

biosphere where fragmentation and

intensification in buffer zones have been found to reduce the

reserves,

effectiveness of core conservation areas (DeFries et al., 2007).
Scenario modeling provides valuable insights into how different

The

comparison between BAU and SD scenarios highlights that

policy pathways can influence conservation success.
without active intervention, protected areas may gradually
experience land degradation despite their formal designation. The
SD and CAM scenarios demonstrate that integrated landscape
planning can create synergistic benefits for conservation, climate
adaptation, and rural livelihoods. This is particularly relevant in the
context of European policy frameworks, where recent directives
emphasize multifunctional landscapes as a strategy to balance
conservation with economic development.

Future research should explore the socio-economic drivers
behind observed LULC
agricultural subsidies, land ownership policies, and demographic

trends. Additionally, further refinement of scenario modeling

changes, particularly the role of

methods could enhance predictive accuracy by integrating agent-
based modeling approaches that simulate individual land-use
decisions within broader socio-economic contexts (Rounsevell
and Reay, 2009). Future research should integrate additional
ecosystem services, such as carbon sequestration and water
retention, to enhance the applicability of LULC models for
conservation planning. This approach would provide a more
holistic

biosphere reserves.

framework for sustainable land management in
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5 Conclusion

Historically, the NVBR demonstrated substantial stability in
LULC over nearly three decades, suggesting the effectiveness of
protected area management, conservation policies, and zoning
regulations. Key changes, between 1990 and 2018, included cycles
of agricultural intensification and extensification, the expansion of
transitional woodland-shrub to 20.84% of the total area by 2018, and
controlled urban growth. While these trends highlight the resilience
of the NVBR, challenges such as gradual forest decline and localized
industrial pressures require targeted management interventions.

Statistical analysis revealed that socio-economic pressures and
ecological processes drive LULC changes in the NVBR. Land patch
size, ecological corridors, and connectivity emerged as critical
drivers, highlighting the need for integrated land management
strategies. Most changes complied with the NVBR’s legal
framework, suggesting effective governance. However, non-
compliant changes, such as forest-to-agriculture changes,
emphasize the need to strengthen enforcement and engage local
communities to improve conservation outcomes.

Scenario-based projections indicate diverse trajectories for the
NVBR, with substantial implications for ecological and socio-
economic outcomes. The BAU scenario predicts continued
agricultural intensification and moderate urban expansion,
risking habitat fragmentation and limited ecological restoration.
In contrast, the SD and CAM scenarios prioritize ecological
restoration, biodiversity improvement, and climate resilience.
These scenarios project substantial forest recovery, reduced
agricultural intensification, and improved ecosystem connectivity,
aligning with the EU 2030 Biodiversity Strategy. The C-O scenario
focuses on stabilization and reducing anthropogenic pressures but
lacks proactive restoration efforts, limiting its potential to address
biodiversity and climate adaptation goals.

Persistence analysis shows that critical LULC categories, such as
infrastructure, hydrological features, and specialized agricultural
systems, remain stable across all scenarios. However, the BAU
scenario, while demonstrating the highest overall persistence,
emphasizes intensification over ecological restoration. The SD
and CAM scenarios offer more dynamic changes toward
sustainability, emphasizing reforestation and habitat recovery.
The C-O scenario preserves stability but lacks the proactive
measures needed for significant ecological and climate benefits.

Future management efforts should prioritize protecting mature
forests, balancing natural succession in transitional habitats with
habitat with
conservation policies. Scenarios such as SD and CAM provide
actionable pathways for integrating ecological restoration with

conservation, and strengthening compliance

sustainable land-use practices, serving as effective models for
protected area management. Expanding stakeholder engagement,
improving adaptive management, and improving monitoring
frameworks will be essential to achieving long-term conservation
and sustainability goals in the NVBR. These results contribute to
broader discussions on LULC modeling and management in
biosphere reserves, offering valuable insights for balancing socio-
economic  development with

ecological ~ preservation in

protected areas.
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