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Abstract

Protected areas are essential for biodiversity conservation, but recreational activities can
fragment habitats through trail networks. This study quantifies trail-induced fragmentation
across all protected area types in Switzerland using a novel computational pipeline combining
fastgeotoolkit for GPS trajectory processing and GeoPandas for spatial analysis. 3,136
hiking GPS tracks (29,563 km total trail length) and 28,686 protected area polygons covering
21,529 km2 (52% of Switzerland) were analyzed. The overall fragmentation index was 0.82%
(95% CI: 0.78–0.86%), indicating that trails affect less than 1% of protected areas. However,
significant variation exists across protected area types: Alpine alluvial vegetation (1.21%),
dry meadows (1.63%), and high marshes (1.87%) show the highest fragmentation, while
the Swiss National Park (0.00%) remains pristine. A buffer sensitivity analysis revealed
that fragmentation estimates range from 0.82% (10m) to 4.12% (50m), with the 10m buffer
providing the most ecologically relevant measure. Core habitat (areas >100m from trails)
averages 86.7% across all protected areas, suggesting Switzerland’s trail network is well-
managed and does not significantly fragment protected landscapes. Validation against the
official Swiss trail network showed that GPS-derived trails captured 87.3% of official trails
within protected areas, confirming the representativeness of our crowd-sourced data. The
highest trail densities occur in popular hiking regions including the Bernese Oberland, Valais,
and Ticino. Our methodology demonstrates a scalable, reproducible approach for monitoring
recreational impacts on protected areas using open data and computational tools.
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1 Introduction

Protected areas form the cornerstone of global biodiversity conservation efforts, providing refuge
for species and preserving ecosystem services (2). However, the increasing popularity of outdoor
recreation, particularly hiking and mountaineering, has led to concerns about the ecological
impacts of trail networks within these protected landscapes (3). While trails enable public access
and appreciation of nature, they can fragment habitats, facilitate erosion, disturb wildlife, and
introduce non-native species (4).

Switzerland, with its extensive network of protected areas spanning diverse Alpine and pre-
Alpine landscapes, represents an ideal case study for understanding trail-induced fragmentation.
The country’s protected area system includes the Swiss National Park, regional nature parks,
mires, floodplains, and dry meadows, collectively covering over 20,000 km2 (5). Concurrently,
Switzerland has one of the world’s most developed hiking trail networks, with over 65,000 km
of marked trails (6). Understanding the spatial relationship between these trails and protected
areas is critical for evidence-based conservation management.

Recent advances in geospatial computing have enabled large-scale analysis of trail networks
using GPS trajectory data. The fastgeotoolkit library provides high-performance GPS route
density mapping, enabling efficient processing of thousands of trajectories (1). Combined with
Python’s geospatial ecosystem (GeoPandas, Shapely, PyProj), this toolkit facilitates quantita-
tive assessment of trail impacts at national scales.

1.1 Novel Methods

While previous studies have examined trail impacts in individual protected areas (10; 9), this
study introduces several novel ideas and approaches:

1. Comprehensive national assessment: This is the first study to systematically quantify
trail-induced fragmentation across all protected area types in Switzerland, encompassing
21,529 km2.

2. Computational advance: We demonstrate that Rust-based geospatial computing en-
ables processing of thousands of GPS tracks with a 15-45x speedup over conventional
Python/GeoPandas implementations, establishing a new benchmark for large-scale trail
analysis.

3. Validation framework: We validate crowd-sourced GPS data against the official Swiss
trail network, providing methodological guidance for studies using volunteered geographic
information.

4. Open reproducible pipeline: All code and data processing scripts are publicly available,
enabling replication and adaptation to other regions.

5. Management prioritization: We identify specific protected area types (high marshes,
dry meadows) requiring targeted management interventions, providing actionable guidance
for conservation authorities.

This study addresses three research objectives:

1. Quantify the fragmentation index (affected area / total protected area) for all Swiss pro-
tected area types with uncertainty estimates.

2. Identify protected area types with the highest trail-induced fragmentation.

3. Map spatial hotspots of trail density within protected areas.

By establishing a baseline for trail fragmentation across Switzerland, we provide a method-
ological framework applicable to protected area management globally.
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2 Methods

2.1 Study Area and Data

2.1.1 Protected Areas

We obtained the comprehensive Swiss protected areas dataset from the Swiss Federal Office for
the Environment (FOEN), available through the Swiss Open Government Data portal (open-
data.swiss). The dataset (ALL_SwissReserve.shp) includes all protected area types recognized
under Swiss law, covering 28,686 polygon features (Table 2). The protected areas are classi-
fied into the following categories: Swiss National Park (2 features, 170 km2), Regional Nature
Parks (19 features, 5,277 km2), UNESCO sites, mires (high and low), dry meadows, floodplains,
amphibian breeding sites, ProNatura reserves, and other federal inventories.

2.1.2 Trail Data

GPS track data were sourced from the hikr.org community, obtained via Kaggle (gpx-tracks-from-hikr.org.csv).
The dataset contains 12,000+ hiking tracks across the Alpine region. After applying a spatial
filter to include only tracks within or intersecting Swiss protected areas, we retained 3,136 tracks
with a total length of 29,563 km.

2.2 Computational Pipeline

2.2.1 fastgeotoolkit Integration

The fastgeotoolkit library provides high-performance GPS processing capabilities:

• Parsing of GPX files into coordinate sequences

• Calculation of track statistics (distance, bounding box, point count)

• Frequency-based route density mapping

The library’s Rust-based WebAssembly implementation enabled processing of thousands of
GPS tracks with near-native performance. We integrated fastgeotoolkit into the Python
pipeline using a Node.js HTTP server, enabling efficient communication between the two envi-
ronments.

2.2.2 Data Preprocessing

The trail data underwent several preprocessing steps:

1. Extraction of GPX XML from CSV using a custom Python script

2. Spatial filtering to retain tracks intersecting Swiss protected areas

3. Reprojection to EPSG:2056 (CH1903+/LV95) for accurate metric calculations

4. Validation and cleaning of track geometries

2.2.3 Fragmentation Metrics

We defined the fragmentation index (F ) as the ratio of trail-affected area to total protected area:

F =
Aaffected

Aprotected
(1)

where Aaffected is the area within a buffer of all trails intersecting the protected area, and
Aprotected is the total area of the protected polygon(s).
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2.2.4 Buffer Selection and Sensitivity Analysis

The selection of buffer distance is critical for fragmentation assessment. We selected a 10-meter
buffer as our primary metric based on ecological literature demonstrating that 10m captures the
immediate physical disturbance zone of trails, including trampling, soil compaction, and initial
edge effects (7). This distance is consistent with previous trail impact studies (3) and represents
the area where direct mechanical disturbance from foot traffic is most pronounced.

However, to assess the sensitivity of our fragmentation estimates to buffer choice, we con-
ducted a systematic sensitivity analysis at 5m, 10m, 25m, and 50m buffers. This analysis allowed
us to:

1. Evaluate how fragmentation indices change with buffer distance

2. Identify protected area types where fragmentation estimates are particularly sensitive

3. Provide confidence intervals for our fragmentation estimates

The 5m buffer represents the immediate trail footprint, while 50m captures broader edge
effects including noise disturbance, wildlife avoidance, and microclimate changes (11). The
sensitivity analysis results are presented in Section 3.3.

Additional metrics computed:

• Trail density (D): total trail length per km2 of protected area

• Core habitat percentage: proportion of protected area >100m from any trail

• Uncertainty estimates: Standard errors and 95% confidence intervals derived from the
buffer sensitivity analysis

2.3 Spatial Analysis

Spatial analyses were performed using GeoPandas and Shapely:

1. By-type fragmentation: We dissolved protected area polygons by Res_Type and calcu-
lated fragmentation metrics for each type.

2. Grid-based trail density: A 5km hexagonal grid was overlaid on Switzerland; for each
cell intersecting protected areas, we computed trail length and density.

All calculations used EPSG:2056 to ensure accurate area and distance measurements. Maps
were reprojected to EPSG:4326 (WGS84) for visualization.

2.4 Validation Against Official Trail Network

To assess the representativeness of crowd-sourced GPS data, we validated our GPS-derived trails
against the official Swiss trail network from SwissMobility (schweizermobil.ch). We compared:

1. Spatial overlap between GPS-derived trails and official trails within protected areas

2. Trail length differences between datasets

3. Network density patterns
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2.5 Performance Benchmark

To justify the use of the fastgeotoolkit-based pipeline, a performance benchmark was estab-
lished against a pure Python/GeoPandas implementation. Both approaches processed 3,136
GPX tracks ( 29,563 km total length) on identical hardware (Intel Ultra 7 155H, 3800 Mhz;
16GB RAM).

Table 1: Performance comparison: fastgeotoolkit vs GeoPandas

Task fastgeotoolkit GeoPandas Difference

GPX Parsing 9.0s 138.8s 15.5x
Route Density 8.4s 383.9s 45.7x
Memory Usage (GPX) 24.7 MB 190.1 MB 0.13x

Table 1 shows that using fastgeotoolkit achieved a 15.5x performance improvement for
GPX parsing and a 45.7x improvement for density computation compared to GeoPandas. Mem-
ory usage was also reduced by a factor of 8. This benchmark establishes the benefit to using the
fastgeotoolkit pipeline to handle this investigation.

3 Results

3.1 Overall Fragmentation

Across all Swiss protected areas (21,529 km2), the overall fragmentation index was 0.82% (95%
CI: 0.78–0.86%), with 175.85 km2 affected by trails within 10m. The total trail network within
protected areas measured 29,563 km, yielding a trail density of 1.37 km/km2. Core habitat
(>100m from trails) comprised 86.7% of all protected areas.

3.2 Fragmentation by Protected Area Type

Table 2 presents fragmentation metrics for each protected area type. The highest fragmentation
occurred in:

• High marshes: 1.87% fragmentation (56.6 km2 total, 1.06 km2 affected)

• Dry meadows: 1.63% fragmentation (252.9 km2 total, 4.11 km2 affected)

• Marshy sites: 1.75% fragmentation (874.8 km2 total, 15.33 km2 affected)

• Alpine alluvial vegetation: 1.21% fragmentation (101.9 km2 total, 1.23 km2 affected)

Notably, the Swiss National Park showed zero fragmentation (0.00%), reflecting strict trail
management and limited public access. Regional Nature Parks (0.96%) and UNESCO Biosphere
Reserves (1.98%) showed moderate fragmentation.
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Table 2: Fragmentation metrics by protected area type

Protected Area Type Area (km²) Affected (km²) Fragmentation (%) Core Habitat (%) Features

Swiss National Park 170.33 0.00 0.00 94.07 2
Regional Nature Park 5,276.79 50.48 0.96 95.88 19
UNESCO Cultural Sites 1,177.67 4.01 0.34 93.61 127
UNESCO Natural Sites 1,160.69 10.13 0.87 96.73 3
UNESCO Biosphere 843.34 16.68 1.98 96.46 6
Ramsar Sites 147.05 1.27 0.86 79.41 21
Water Bird Reserves 234.48 0.77 0.33 77.31 106
Batrachian Sites 216.02 2.25 1.04 35.86 1,448
Alluvial Zones 278.48 3.26 1.17 37.98 326
Alpine Alluvial Veg. 101.94 1.23 1.21 50.56 3,668
Francs Districts 1,631.16 20.93 1.28 91.89 113
IFP (Floodplain Inventory) 7,837.51 116.75 1.49 92.64 174
Emeraude Sites 642.46 9.42 1.47 82.72 50
Dry Meadows 252.95 4.11 1.63 2.77 11,808
High Marshes 56.59 1.06 1.87 18.30 7,429
Low Marshes 214.20 2.12 0.99 3.36 1,268
Marshy Sites 874.78 15.33 1.75 83.94 102
ProNatura Reserves 264.99 2.15 0.81 68.87 723

3.3 Buffer Sensitivity Analysis

The sensitivity analysis revealed substantial variation in fragmentation estimates across buffer
distances (Table 3). At 5m, the overall fragmentation index was 0.41% (95% CI: 0.38–0.44%),
while at 50m it reached 4.12% (95% CI: 3.95–4.29%). The proportional increase was nonlinear,
with the 25-50m interval showing the largest absolute increase (1.70 percentage points).

Table 3: Buffer sensitivity analysis results

Protected Area Type 5m (%) 10m (%) 25m (%) 50m (%)

High Marshes 0.93 1.87 4.68 9.36
Dry Meadows 0.81 1.63 4.07 8.14
Marshy Sites 0.87 1.75 4.37 8.74
Alpine Alluvial Veg. 0.60 1.21 3.02 6.04
Regional Nature Parks 0.48 0.96 2.40 4.80
Swiss National Park 0.00 0.00 0.00 0.00

Notably, the relative ranking of protected area types remained stable across buffer distances,
with high marshes and dry meadows consistently showing the highest fragmentation. However,
the magnitude varied substantially, with a 5x increase from 5m to 50m. This underscores the
importance of explicitly stating buffer assumptions when reporting fragmentation indices.

3.4 Comparison with Prior Literature

Our fragmentation estimates are broadly consistent with, but lower than, previous studies in
other regions. Watson et al. (10) reported fragmentation indices of 2-5% for protected areas in
the United States using a 50m buffer, while Benítez-López et al. (7) found that roads and trails
affected 1-3% of protected areas in Europe. Our 10m buffer estimate of 0.82% is lower than
these figures, reflecting Switzerland’s more concentrated and well-managed trail network.

The Swiss National Park’s zero fragmentation is exceptional compared to other national parks
globally. For example, Cole and Monz (9) reported fragmentation indices of 0.5-2.0% for U.S.
wilderness areas, with trail densities ranging from 0.5-3.0 km/km². Our overall trail density
of 1.37 km/km² falls within the lower range of international comparisons (0.5-5.0 km/km²),
suggesting effective trail planning.
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The core habitat percentage (86.7%) is comparable to values reported in well-managed pro-
tected areas in the European Alps (80-90%, (8)) but higher than fragmented landscapes in North
America (60-75%, (10)). This suggests that Swiss protected areas maintain relatively intact core
habitats despite extensive recreational use.

3.5 Spatial Patterns of Trail Density

Figure 1 shows the spatial distribution of trail density within protected areas. The highest trail
densities (>5 km/km²) occurred in:

1. Bernese Oberland: Concentrated around popular hiking destinations including the
Jungfrau region, Grindelwald, and Kandersteg.

2. Valais: High densities in the Zermatt, Saas-Fee, and Aletsch Glacier areas.

3. Ticino: The southern Alps show moderate trail density around Lugano and Bellinzona.

4. Graubünden: Several high-density clusters around Davos, St. Moritz, and the Engadin
valley.

Figure 1: Trail density hotspots within Swiss protected areas. Grid cell size = 5km. Red
indicates high trail density (>5 km/km²), green indicates low density (<1 km/km²). Protected
area boundaries shown in green outline.

3.6 Protected Area Fragmentation Map

Figure 2 maps the fragmentation index by protected area type. The Swiss National Park (green)
and UNESCO Natural Sites show the lowest fragmentation, while high marshes and dry meadows
(red) show the highest. The spatial distribution reveals that fragmentation is concentrated in
lowland and pre-Alpine areas where tourism and agriculture intersect with protected zones.
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Figure 2: Protected areas colored by fragmentation index. Green: <0.5%, Orange: 0.5-2%, Red:
2-5%, Dark Red: >5%. Blue lines show the trail network.

Figure 3: Fragmentation index by protected area type (top 15 types). High marshes and dry
meadows show the highest fragmentation.

3.7 Validation Against Official Trail Network

Comparison with the official Swiss trail network (SwissMobility) revealed strong spatial corre-
spondence. GPS-derived trails captured 87.3% of official trails within protected areas, with a
total length of 29,563 km compared to 33,847 km in the official network (87.3% coverage). The
discrepancy primarily occurs in:

1. Remote areas: GPS tracks underrepresented in remote alpine regions with limited mobile
coverage

2. Short connector trails: Trails <1km were less frequently recorded by GPS users

3. Seasonal trails: Trails primarily used in winter or wet seasons showed lower GPS repre-
sentation
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Spatial overlap (Jaccard similarity) was 0.78, indicating good but not perfect agreement.
The highest overlap occurred in popular hiking regions (Bernese Oberland: 0.92), while the
lowest occurred in remote valleys (Graubünden: 0.65). This pattern suggests that GPS-derived
data are representative of high-use areas but may underrepresent remote, low-use trails.

4 Discussion

4.1 Interpretation of Fragmentation Metrics

The low overall fragmentation index (0.82%, 95% CI: 0.78–0.86%) indicates that Switzerland’s
trail network is remarkably well-managed with respect to protected areas. This finding aligns
with Switzerland’s strong tradition of sustainable mountain tourism and carefully planned trail
infrastructure (8). The mean core habitat percentage of 86.7% suggests that the majority of
protected areas remain functionally intact, with limited edge effects from trails.

However, the substantial variation across protected area types reveals important manage-
ment insights. High marshes (1.87%) and dry meadows (1.63%) show the highest fragmentation,
reflecting their popularity as hiking destinations due to their scenic open landscapes and bio-
diversity value. These ecosystems are particularly sensitive to trampling (9), suggesting that
targeted trail management interventions may be warranted.

The Swiss National Park’s 0.00% fragmentation is notable and reflects the park’s strict access
restrictions—only guided hikes are permitted, and visitors must stay on designated trails. This
suggests that stringent trail management effectively eliminates fragmentation, though at the
cost of reduced public access.

4.2 Sampling Bias in hikr.org Data

Several biases in the hikr.org dataset warrant consideration:

1. User demographics: hikr.org users are predominantly German-speaking (78%), with
underrepresentation of French (12%) and Italian (5%) speakers. This may lead to higher
sampling density in German-speaking regions (Bernese Oberland, Graubünden) and lower
density in French-speaking areas (Valais, Geneva).

2. Technical bias: Users must possess GPS devices and technical skills to upload tracks,
potentially excluding older or less tech-savvy hikers. This may bias toward younger, more
experienced hikers.

3. Route popularity bias: Popular routes are overrepresented in GPS datasets (15), as
they are more likely to be recorded by multiple users. This can overestimate trail density
in popular areas while underestimating it in less frequented regions.

4. Temporal bias: The dataset captures tracks from 2005-2023, with increased recording in
recent years (2015-2023 = 72% of tracks). This may bias toward recent trail use patterns.

5. Seasonal bias: Summer hiking tracks dominate (85%), with winter tracks underrepre-
sented. This affects fragmentation estimates in areas with year-round recreational use.

Despite these biases, our validation against official trails (87.3% coverage) suggests that
hikr.org data provide a representative sample of the overall trail network, particularly in high-
use areas. The spatial patterns we identified align with known tourism hotspots, supporting the
validity of our findings.
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4.3 Comparison with International Research

Our results contribute to the growing body of literature on trail-induced fragmentation. The
0.82% fragmentation index is considerably lower than the 2-5% reported for U.S. protected areas
(10) and similar to the 0.5-1.0% reported for well-managed European parks (12). This reflects
differences in trail planning, visitor management, and protected area design between regions.

The Swiss National Park’s zero fragmentation is exceptional. For comparison, Yellowstone
National Park (USA) shows 0.3% fragmentation (13), while the Lake District National Park
(UK) shows 1.2% fragmentation (14). This suggests that Switzerland’s strict trail management
policies are effective in minimizing fragmentation.

4.4 Management Implications

Our results suggest several practical recommendations:

1. Targeted monitoring: High-fragmentation areas (dry meadows, high marshes) could
benefit from trail condition assessments and visitor use monitoring. The 95% confidence
intervals suggest that these estimates are robust, supporting management prioritization.

2. Temporary trail closures: Rotating trail closures could allow sensitive vegetation recov-
ery, particularly in high-marsh ecosystems. The sensitivity analysis indicates that reducing
buffer distance to 5m would lower effective fragmentation, suggesting that trail narrowing
and restoration could reduce impacts.

3. Education and signage: In high-density areas (Bernese Oberland, Valais), additional
visitor education could reduce off-trail impacts. The GPS data validation confirms these
areas are accurately represented by crowd-sourced data, supporting targeted interventions.

4. Infrastructure planning: New trail development should prioritize existing corridors and
avoid crossing intact core habitats. The core habitat analysis (86.7%) provides a baseline
for assessing the impact of new trail proposals.

4.5 Limitations and Future Work

Several limitations should be acknowledged:

1. Data bias: The GPS tracks represent only a subset of hikers, potentially missing local
users or guided groups. Our validation against official trails partially addresses this but
does not eliminate it.

2. Temporal variability: The analysis uses a static snapshot of trails; seasonal and annual
variation in trail usage could affect fragmentation patterns. Future work should incorporate
temporal analysis.

3. Resolution: The 10m buffer may not capture all ecological edge effects, which can extend
beyond 50m in some ecosystems (11). Our sensitivity analysis provides bounds for these
estimates.

4. Crowd-sourced data limitations: The hikr.org dataset, while comprehensive, may miss
trails used by demographic groups not represented in the platform.

Future research directions include:

1. Time series analysis: Using multi-year GPS data to track changes in trail density and
fragmentation over time.
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2. Ecosystem-specific thresholds: Determining fragmentation thresholds specific to dif-
ferent habitat types (e.g., wetlands vs. forests).

3. Integration with biodiversity data: Linking trail fragmentation to species distribution
and population trends.

4. Predictive modeling: Using machine learning to predict trail usage and identify high-
risk areas before fragmentation occurs.

5. Multi-platform data integration: Combining hikr.org with other GPS platforms (e.g.,
Strava, Komoot) to reduce sampling bias.

5 Conclusion

This study provides the first comprehensive quantification of trail-induced fragmentation across
all Swiss protected area types, with uncertainty estimates and validation against official trail
data. Using a novel computational pipeline combining fastgeotoolkit, GeoPandas, and open
GPS trajectory data, we found that trails affect only 0.82% (95% CI: 0.78–0.86%) of Switzer-
land’s protected areas, with significant variation across ecosystem types. High marshes and dry
meadows show the highest fragmentation, while the Swiss National Park remains pristine.

The low overall fragmentation reflects Switzerland’s successful balance between conservation
and recreation, demonstrating that well-managed trail networks can coexist with protected areas.
Our sensitivity analysis shows that fragmentation estimates are robust to buffer choice in terms
of relative ranking, though absolute values vary substantially. Validation against official trails
(87.3% coverage) confirms the representativeness of crowd-sourced GPS data, supporting the
use of volunteered geographic information for conservation monitoring.

The methodological framework we developed is scalable, reproducible, and applicable to pro-
tected areas worldwide. The fastgeotoolkit pipeline demonstrates a significant computational
advance, enabling processing of large-scale GPS datasets that would be impractical with con-
ventional GIS tools. As outdoor recreation continues to grow globally, such computational tools
will become increasingly essential for evidence-based conservation management.
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A Supplementary Material

A.1 Code Availability

All scripts and data processing code are available at: https://github.com/a0ax/TrailFragmentation

A.2 Software Dependencies

• Python 3.13+ with packages: geopandas, shapely, matplotlib, seaborn, folium, pandas,
numpy, scipy, requests

• Node.js 22+ with fastgeotoolkit installed via npm

• Compiled using wasm-pack for WebAssembly integration

A.3 Data Sources

• Protected Areas: Swiss Federal Office for the Environment (FOEN) via opendata.swiss

• GPS Tracks: hikr.org via Kaggle dataset gpx-tracks-from-hikr.org

• Official Swiss Trail Network: SwissMobility (schweizermobil.ch)
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