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MINIMIZING TRAMPLING EFFECTS IN SENSITIVE AREAS  
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Zsófia Sárközy, Gáspár Albert 

Abstract: Terrain route-planning aims to model the navigation process with the help of GIS tools in areas with sparse road networks. 
Movement in such areas requires off-road travel, thus the chosen route affects the soil and vegetation. These traces may disappear 
quickly, but in sensitive areas, trampling can cause permanent environmental damage. This study examines off-trail movement in the 
Vértes Hills, Hungary, using GIS-based modelling and real-world GNSS data from the 2024 European Orienteering Championships. 
A cost raster model was developed based on terrain characteristics, specially protected areas, and soil depth. Least-cost paths were 
calculated for selected routes. These modelled routes were compared to recorded movements. By incorporating environmental sensitivity 
factors into the model, trampling impact in sensitive areas could be reduced through appropriate management strategies. 
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MINIMALISIERUNG VON TRAMPELSPUREN IN SENSITIVEN GEBIETEN  
MIT GELÄNDE-ROUTENPLANUNG
Zusammenfassung: Routenplanung im Gelände modelliert den Navigationsprozess mithilfe von GIS-Tools in Gebieten mit geringem 
Wegenetz. Bewegung in solchen Gebieten erfordert Off-road-Bewegungen, sodass die gewählte Route einen Einfluss auf den Boden 
und auf die Vegetation hat. Diese Spuren können schnell verschwinden, aber in sensitiven Gebieten kann das Trampeln permanente 
Umweltschäden verursachen. Wir untersuchen in dieser Studie die Bewegung abseits der Wege im Vértes-Gebirge, Ungarn, mithilfe 
von GIS-Modellierung und Real-World-GNSS-Daten der Europameisterschaften im Orientierungslauf 2024. Ein Kostenrastermodell 
wurde aus Geländeprofilen, Schutzgebieten und Bodentiefe entwickelt. Für ausgewählte Routen wurden Least-Cost-Pfade berechnet. 
Diese modellierten Strecken wurden mit den aufgenommenen Bewegungen verglichen. Durch das Implementieren von Umweltempfind-
lichkeitsfaktoren in das Modell können die Auswirkungen des Trampelns in sensitiven Gebieten durch entsprechende Maßnahmen redu-
ziert werden.

Schlüsselwörter: Routenplanung, Trampeln, Umweltschutz, Bewegung im Gelände

1	INTRODUCTION 
Terrain navigation is defined as movement in areas with a sparse 
or non-existent road network, and its modelling is currently under-
developed because few influencing factors can be digitized with 
GIS tools, and the amount of data makes route planning compu-
tationally intensive. Many professions and popular recreational 
activities, such as forestry, military work, hiking, trail running, and 
orienteering, all require significant off-road movement. These ac-
tivities often lead off the marked trails and impact the environment, 
leaving a trace that can disappear quickly. However, depending 
on trampling intensity and environmental factors, these traces can 
cause permanent damage, as a plant’s ability to recover is as 
important as its resistance to trampling (Cole 1995).

When tracks pass through sensitive areas, environmental as-
sets like protected plants or animal species, or geological values 
can be damaged. In most areas, regeneration after high stress 
from several hundred people is a matter of weeks. The level of 

pressure, morphometry, vegetation type, and soil wetness are the 
main influencing factors (Marossfy 1997, Cole 1995). The max-
imum intensity of use of an area without permanently changing the 
biotic environment is called carrying capacity (Burden & Rander-
son 1972). Typical areas with high sensitivity are open and pio-
neer species, new plantings, wildlife reserves and cultivated areas 
(Marossfy 1997). Due to the wet and loose soil, mosses and areas 
near springs are also endangered, while precipitation increases 
soil erosion in any area (Breckle 1992). Morphometric factors, 
such as steep slope and high aspect can increase damage. Dam-
age is more visible during spring and early summer, but recover 
quickly, while recovery is slower during autumn (Breckle 1989). 

After a few off-trail users trample a path, it might be interpreted 
as a trail, which may increase further trampling (Martin & Butler 
2017). Vehicle-assisted movements cause even more disturbance 
to the vegetation and increase soil erosion. Therefore, it is im
portant to minimize and monitor ecological impacts of vehicle 
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movements: the degree of vehicle impact is mainly a function of 
the turning radius and the velocity of the vehicle (Haugen et al. 
2003).

Although the effects of trampling on the vegetation and soils 
differ between sites, environmental changes can be predicted. 
Thus, effective management policies help prevent environmental 
deterioration (Burden & Randerson 1972). The current research 
aims to identify and model factors that influence the environmental 
damage caused by off-trail movements on foot, allowing these 
impacts to be considered in route planning to ensure a planned 
route causes the least possible permanent damage to nature. This 
makes terrain movements more sustainable. A recently developed 
algorithm for terrain route-planning considers morphometry, land 
coverage, and trail networks using high-resolution data (Albert & 
Sárközy 2021). This method creates a cost raster to calculate 
least-cost paths between start and finish points and can be adapt-
ed to include layers with the environmental factors which can be 
taken into account during modelling thanks to the availability of 
sufficiently high-resolution data. In this way, the calculated least-
cost path will avoid areas whose resistance and ability to recover 
after trampling on foot is expected to be low. Such factors were 
not considered in earlier route-planning algorithms.

This paper describes first which materials were used for the 
modelling, and how the newly identified influencing factors were 
included into the formerly existing route-planning algorithm. Then 
the results given by the model are presented both visualised on a 
map as well as statistically evaluated, and are validated against 
real-world data. Finally, the usability and the limitations of the 
model are discussed.

2	MATERIALS AND METHODS
The study area is located in the Vértes Hills, 70 km west of the 
Hungarian capital Budapest (Figure 1). It is mainly built of dolo-
mite and limestone, forming a complex valley network with height 
differences of up to 80 m. The vegetation is predominantly decid-
uous forest and lithophytes (Mezó́si 2017). The hydrography of 
the area is sparse, but open vegetation and steep slopes are 
common. These conditions often coincide with shallow soil depth, 
which increases the risk of long-term damage from trampling. 

An orienteering map (Sulyok 2024) and Lidar data were pro-
vided by Tabáni Spartacus SKE. A Digital Elevation Model and 
rasterized map objects were created from this data at 2 m × 2 m 
resolution. A soil depth raster layer, provided by the Hungarian 
Institute for Soil Sciences (Pásztor et al. 2015), was resampled 

from its original 100 m × 100 m to 10 m × 10 m using bilinear 
interpolation. Polygons of specially protected areas were drawn 
and rasterized based on OpenStreetMap (OpenStreetMap 
2025). 

The European Orienteering Championships took place in the area 
on 16 – 20 August 2024, which provided useful insights on the 
effects of off-trail trampling. Sensitive areas where significant off-
trail trampling occurs were selected. This was based on the 
heatmap from the Strava sports app (Strava 2025) showing all 
GPS tracks uploaded from February to November 2024, and the 
tracks map of OpenStreetMap, where all GPS-routes uploaded as 
public since 2004 are visible (OpenStreetMap 2025), as repre-
sented in Figure 2. If a visible trampling trace (dark and wide 
purple track on the heatmap) led through a specially protected or 
steep, open area, the trace was marked as a potentially endan-
gered area.

Three start and finish points, so-called “legs”, were set to test 
the route-planning model. Two out of the three examined legs 
were taken from the European Championships courses, where 
real movements of the competitors were tracked with a GPS-
device, whose routes were compared to those of the model. 

The cost raster was a combination of three layers: terrain, 
specially protected areas, and soil depth. The terrain cost raster 
was created using the earlier developed terrain route-planning 

Authors

Zsófia Sárközy

Eötvös Loránd University

Egyetem tér 1 – 3

1053 Budapest

Hungary

sarkozy.zsofi@inf.elte.hu | ORCID: 0009-0003-6409-3357

Dr. Gáspár Albert

Eötvös Loránd University

Egyetem tér 1 – 3

1053 Budapest

Hungary

albert@ludens.elte.hu | ORCID: 0000-0002-1723-8328

Figure 1: Location of the study area

mailto:sarkozy.zsofi@inf.elte.hu
mailto:albert@ludens.elte.hu
https://orcid.org/0009-0003-6409-3357
https://orcid.org/0000-0002-1723-8328


� gis.Science 1 (2026) 1 – 5

gis.Science  1/2026 I 3

algorithm, considering morphometry, land coverage, and trail net-
works. Costs were normalized, with high values for uncrossable 
features and lower values for paths or open fields. A detailed ta-
ble of costs can be found in a former publication (Albert & Sárközy 
2021). Polygons of specially protected areas were rasterized 
with a value of 1 for protected cells. The final layer contained 
normalized soil depth values, with cells containing paths receiv-
ing a value based on their runnability. The latter two factors were 
not integrated in earlier route-planning algorithms.

The three layers were combined to form a final cost raster. 
Different weightings were tested to represent different goals in the 
route-planning: focus might shift between avoiding sensitive areas 
and optimizing for the fastest route (Table 1). The last weighting, 
which avoids the most sensitive areas but is still relatively efficient 
was tested with several different weightings of the soil depth, after 
several options the weight of 0.1 provided the best result: leading 

not only on paths, as the route avoiding sensitive areas did, but 
still avoiding the most sensitive areas. If a route aims to avoid 
specially protected areas (row 2 & 3), the weight of that layer has 
to get the maximum value of 1. The weight of the soil depth layer 
determines whether a route is rather fast or avoids sensitive areas. 
The values presented in the table below are the result of multiple 
tests using a trial-and-error approach.

Based on the cost-rasters, least-cost paths were calculated for 
the selected legs, together with their physical parameters: length 
of route, elevation gain and loss along the route. 

3	RESULTS
First, the routes of the European Championships competitors were 
studied. A competitor’s route choice does not consider environ-
mental factors; they simply choose the route that appears fastest 
considering terrain difficulty, visibility, and elevation changes. 

Figure 2: Tourist paths and heatmap of the study area; areas with significant off-trail trampling marked in red

Weight of terrain cost raster Weight of specially protected areas Weight of soil depth 

Fastest route 1 0 0

Avoiding sensitive areas 1 1 1

Avoiding the most  
sensitive areas 1 1 0.1

Table 1: Different weighting of layers in the final cost raster
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The model includes some influential factors for trampling dam-
age but could be improved. Vegetation type could not be mod-
elled due to a lack of high-resolution data, and the resolution of 
the soil depth layer could be improved. Including these factors 
would enhance accuracy and allow the model to better avoid 
rare vegetation species, which are currently only avoided if they 
are in specially protected areas. In its current state, the model 
generally predicts too high risk of damage for off-road travel and 
tends to avoid it. 

The algorithm provides a general solution for route planning 
across sensitive areas, which is a new application of route-plan-
ning algorithms. The developed cost raster, by incorporating pro-
tection level and soil vulnerability, serves as a quantitative proxy 
for the relative environmental load induced by off-trail movement. 
Minimizing the accumulated cost along a route is thus conceptu-
ally aligned with minimizing the probability of reaching or ex-
ceeding the local carrying capacity in the most sensitive areas. It 
could be refined for different modes of transport, such as walking, 
cycling, or vehicle-assisted travel. The study’s main limitation is the 
resolution of the available data, which correlates with the compu-
tational intensity of the task, another limiting factor when planning 
over a large area. By automating the steps of the route-planning 
process, the method could be tested and applied more easily. 

The results of this study can provide a new method for prioritiz-
ing terrain protection by defining sensitive areas with the help of 
the created cost raster. The route-planning based on these cost 

Figure 3: Route alternatives and their parameters 

However, by marking a specially protected area as out-of-bounds 
on the map, runners were prohibited from crossing it. 

Next, the routes generated by the route-planning algorithm, 
using different weightings, were compared and analysed. Together 
with the main route alternatives from European Championships, 
they were examined visually, and physical parameters such as 
route length, elevation gain, and elevation loss were calculated 
(Figure 3). 

4 DISCUSSION
In the present study least-cost paths were calculated based on 
terrain parameters and environmental factors – such as the protec-
tion level of the area and soil depth – for selected legs in a study 
area in central Hungary. The fastest routes on foot were calcu-
lated, along with routes that had the least impact on the ground 
and routes that avoided the most sensitive areas while remaining 
relatively efficient. The latter two routes were 1 %  –  5  %  longer 
than the calculated fastest routes on leg 1, where the competitors 
of European Championships took a similar route to the fastest 
calculated route as well. On leg 2, runners’ routes were close to 
the routes generated by the model with all parameters. In this case 
one of the routes led in nearly a straight line, while some compet-
itors and least-cost paths avoided the steepest slope. There were 
no GPS tracks for leg 3, only the calculated fastest route led 
through the specially protected area, while the other two avoided 
it, while being 4 %  – 11 % longer. 
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rasters helps to identify alternative routes which avoid the sensitive 
areas. The model allows for proactive management by identifying 
areas where a single-use event carries a disproportionately high 
risk of long-term damage (i. e., high-cost cells). This enables man-
agers to intervene before ecological thresholds are demonstrably 
crossed, moving beyond reactive remediation. For example, criti-
cal areas that are both sensitive and often trampled could be 
marked in the field. Hungarian nature conservation offers several 
effective strategies for protecting popular areas from trampling. 
Information boards and an educational trail are installed in the 
area to inform tourists about the area’s protected natural values. 
The protection of the trampled areas could be improved by con-
struction of barriers in sensitive areas. 

5	CONCLUSION
The aim of the research was to develop a model that supports 
sustainable field movement in route planning. Key factors influencing 
long-term effects of trampling were identified and incorporated 
into the existing route-planning model. The results demonstrated 
that the model successfully generates routes that minimize environ-
mental impact while balancing efficiency.

An application based on this model could be developed to 
support terrain navigation for professionals and recreational users. 
By identifying and modelling factors of environmental damage, 
the resulting model helps prevent irreversible damage and pro-

motes sustainable forest management. Future improvements like 
higher-resolution data and better vegetation modelling could fur-
ther enhance its accuracy. Perhaps most importantly, future re-
search should prioritise the integration of site-specific, empirical 
ecological data, particularly with regard to vegetation resistance 
and recovery rates (using established methods such as those out-
lined by Cole 1995). Incorporating these metrics into the cost 
model would enable costs to be calibrated more accurately 
against true ecological thresholds. This would allow the model to 
transition from being a valuable proactive management tool to 
being a truly predictive one, capable of directly informing the 
local carrying capacity of terrain for various user groups. 
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