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Abstract: Mountain protected areas (PAs) aim to preserve vulnerable environments and at the same
time encourage numerous outdoor leisure activities. Understanding the way people use natural
environments is crucial to balance the needs of visitors and site capacities. This study aims to develop
an approach to evaluate the structure and use of designated skiing zones in PAs combining Global
Positioning System (GPS) tracking and analytical methods based on graph theory. The study is
based on empirical data (n = 609 GPS tracks of backcountry skiers) collected in Tatra National Park
(TNP), Poland. The physical structure of the entire skiing zones system has been simplified into
a graph structure (structural network; undirected graph). In a second step, the actual use of the
area by skiers (functional network; directed graph) was analyzed using a graph-theoretic approach.
Network coherence (connectivity indices: β, γ, α), movement directions at path segments, and
relative importance of network nodes (node centrality measures: degree, betweenness, closeness,
and proximity prestige) were calculated. The system of designated backcountry skiing zones was
not evenly used by the visitors. Therefore, the calculated parameters differ significantly between
the structural and the functional network. In particular, measures related to the actually used trails
are of high importance from the management point of view. Information about the most important
node locations can be used for planning sign-posts, on-site maps, interpretative boards, or other
tourist infrastructure.

Keywords: protected areas; tourism; tourist mobility; backcountry skiing; outdoor recreation; GPS
tracking; graph theory; graph connectivity; centrality measures; network analysis; network

1. Introduction

Protected areas (PAs) play a crucial role in the conservation of vulnerable mountain ecosystems [1].
Depending on the nature conservation regime, they may also have social functions, such as
provisioning space for recreation, research, and educational purposes [2]. Mountain PAs frequently
serve as attractive tourist destinations, where multifunctional use requires effective management
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strategies [3]. Therefore, understanding the way people use natural environments is crucial to balance
the needs of visitors and site capacities [4,5].

Network science methods, largely based on graph theory, are gaining in importance in social,
physical, medical, and many other disciplines [6,7]. In recent years an increased interest in network
analytics can also be observed within tourism domain [8,9]. This analytical approach contributes to
a better understanding of the structure and the behavior of the whole system, where various types
of relationships (social, economic, operational, informational, spatial, etc.) may be investigated [9].
Mobility of tourists is one example of application context, where empirical travel data fits well into the
graph theoretic analytical framework [9,10].

Spatial behavior of visitors in outdoor leisure areas can be documented in many different ways [11].
Data on tourists’ mobility can be obtained using traditional survey methods [12,13], trip diaries, or
map sketches [14], and since early 2000 also via automatic tracking devices [15,16]. Within the last two
decades, Global Positioning System (GPS) tracking has become a well-established method to collect
the exact movement trajectories of visitors [15,17–20]. The raw data comprises series of recorded
trackpoints (pairs of geographic positions and associated time stamps), termed GPS tracks. GPS
tracking data is typically used to analyze route parameters of individual visitors or a collective
distribution of visitors in the study area [21–23]. Studies on outdoor recreation in protected areas
often use the Geographic Information Systems (GIS) framework for conducting spatial analysis [22].
However, dedicated network analytic approaches investigating the structural and functional properties
of recreational/tourism systems are underrepresented in comparison to other analysis methods [9].

TNP is known for its outstanding alpine landscape and is characterized by high biodiversity [24].
Recent rapid development of a new winter recreational activity—backcountry skiing—fosters new
management challenges, related to an effective visitor guidance within the protected area [25].
Therefore, this study aims to develop a methodology to evaluate the structure and use of newly
designated skiing zones in TNP combining GPS tracking of visitors and analytical methods based on
graph theory.

2. Materials and Methods

2.1. Study Area

The study is based on empirical data (n = 609 GPS tracks of backcountry skiers) collected in
the western part of Tatra National Park (TNP), Poland. The Tatra Mountains are situated in Central
Eastern Europe and are the highest mountain range of the Carpathians. The national border between
Poland and Slovakia runs along the main mountain ridge, dividing the protected area into two
neighboring national parks. The Polish part of TNP covers an area of 21,197 ha [24], where recreational
activities, due to nature conservation objectives, are restricted to designated zones [26]. Due to the
rapid development of backcountry skiing in the Tatras within the last decade, TNP management
has recently introduced a system of designated skiing zones (Figure 1), covering 13% of the TNP
area [25]. Backcountry skiers can move up or down over snow-covered terrain without the necessity
of using ski lifts nor prepared ski pistes. Ascents are possible with special skins fixed on visitors’ skis.
The backcountry skiing traffic within TNP is estimated at 10,000 visits per winter season [27]. Most of
the visitor entries (approximately 70%) concentrate at Kuźnice trailhead, whereas other entry points,
such as Chochołowska, Kościeliska, and Białka Valleys, are less frequently used [27].
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was applied. One hundred and three GPS loggers (Hollux M-1000C) were distributed by trained staff 
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The GPS loggers were distributed simultaneously during the sampling days at three chosen entrances 
(Kuznice, Koscieliska, Chocholowska). The choice of these points was based on the pilot study [25]. 
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ski tourer entering TNP (at the chosen entry points) was approached and asked to carry a GPS device 
for the duration of his or her trip. The response rate was 87% and the total sample size reached 609 
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2.3. Data Analysis 

The general procedure of data analysis consisted of the following steps: 

• GPS data pre-processing 
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• Creation of the functional network (directed graph) 
• Quantification of network connectivity indices 
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The calculations were made in MATLAB (version R2012b) [28] and Pajek software (version 5.01) 
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Figure 1. Characteristics of the study area: designated backcountry skiing zones within the border of
Tatra National Park (TNP), Poland.

2.2. Data

2.2.1. Inventory of Skiing Zones System

The exact delineation of skiing zones system was obtained from the TNP management and stored
within the Geographic Information Systems (GIS) as a vector dataset (Supplementary Materials Data S2.
Ski touring area maps).

2.2.2. Mobility Data of Backcountry Skiers

In order to collect trip itineraries of backcountry skiers in TNP, the on-site GPS tracking method
was applied. One hundred and three GPS loggers (Hollux M-1000C) were distributed by trained staff
at major TNP entry points during sampling days throughout the winter seasons of 2012 and 2013.
The GPS loggers were distributed simultaneously during the sampling days at three chosen entrances
(Kuznice, Koscieliska, Chocholowska). The choice of these points was based on the pilot study [25].
The chosen entrances provide access for the ski tourers to central and western parts of the park.
Each ski tourer entering TNP (at the chosen entry points) was approached and asked to carry a GPS
device for the duration of his or her trip. The response rate was 87% and the total sample size reached
609 backcountry skiers participating in the study. Thirty-six GPS tracks were partially incomplete
due to low battery level and/or device failure, and were therefore excluded from further analysis.
Therefore, 573 complete tracks were used as a basis for final calculations (Supplementary Materials
Data S1. Tracks).

2.3. Data Analysis

The general procedure of data analysis consisted of the following steps:

• GPS data pre-processing
• Creation of the structural network (undirected graph)
• Creation of the functional network (directed graph)
• Quantification of network connectivity indices
• Calculation of centrality measures of network nodes.

The calculations were made in MATLAB (version R2012b) [28] and Pajek software (version 5.01) [29].
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2.3.1. Pre-Processing of GPS Data

GPS data was stored in GPX data format and pre-processed. It was necessary to clear some
spatial artefacts caused by GPS signal reflection observed while starting up a device or location in
unsuitable terrain conditions (e.g., deep mountain valleys, indoor usage of GPS logger in mountain
huts or cable car station). GPS loggers were configured to record trackpoints every 50 meters (or every
120 seconds in the absence of movement). Taking into account these conditions, all anomalous data
(e.g., displacements > 200 m) were identified and quantified. GPS tracks having signal errors above
10% were not considered for further analysis. However, tracks presenting smaller levels of error (<10%)
were corrected using 1-D median filtering (medfilt1 Matlab function). In addition, the first five records
from each GPS track were deleted due to the instability of the GPS device immediately after activation.

2.3.2. Creating the Structural Network

The physical structure of the entire skiing zones system was simplified into a graph structure
(structural network; undirected graph). In order to build this structure, we used the geometric planes of
the ski area in ESRI Shapefile (Supplementary Materials Date S2. Ski touring area maps). Trailheads as
well as crossing points of skiing areas were used as nodes of the constructed network (all of them were
labeled as a function of their west-east location, from 1 to 93). The node number 1 corresponded to the
location situated most west, while number 93 referred to the node located most east. The ski paths
between nodes were converted into network links (edges of the graph). In this way, the structure of
the graph consisted of 93 vertices and 133 edges. The graph structure was saved as plaintext in Pajek
file format for further analysis. Figures 2 and 3 present the resulting graph, based on the network
of designated skiing zones in TNP. The height of the nodes (Figure 3) was calculated using SRTM
Elevation Data [30].
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Figure 3. Three-dimensional visualization of the structural skiing network (undirected graph).
The geographic coordinates (longitude and latitude) were defined in WGS84 spatial reference system
and are expressed in decimal degrees. Altitude is expressed in meters above sea level (m.a.s.l.).
The elevation data was used only for visualization purposes.

2.3.3. Creating the Functional Network

The actual use of the area by skiers (GPS records of visitors’ trip itineraries) was assigned to the
network (functional network; directed graph). In order to allocate visits to specific node locations,
a buffer of 200 m for every node was defined. However, after discussion with the experts of the
national park, the buffers of 21 nodes were additionally adapted to specific local conditions (the buffer
radius was reduced or extended). Intersections of GPS trackpoints with node buffer zones were
used to establish a relation between visitor routes and the network. Figure 4 shows an example of
a recorded skiing route (a) and its trip assignment to the network (b). Assignment of all GPS tracks
resulted in 2420 arcs, linking network nodes. This data was stored as plaintext and analyzed with
Pajek software (version 5.01) [31]. The programming code utilized to build the network can be found
in the Supplementary Materials Code S3.
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Figure 4. Example of a skiing route. (a) Recorded GPS track of a TNP visitor; (b) representation of
the corresponding directed graph G = (V,E) where the vertices are V = {44, . . . ,66} and the edges are
E = {(50, 49), (49, 51), (51, 59), (59,62), (62, 61), (61, 66), (66, 61), (61,54), (54, 53), (53, 58), (58, 60), (60, 54),
(54, 48), (48, 44), (44, 45), (45, 49), (49, 50)}. In the final graph the loop, (66, 66) was deleted, since a
property of directed graphs is vi 6= vj.
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2.3.4. Calculating Network Connectivity Indices

Network connectivity indices quantify the coherence of a network. In order to compare the
coherence of the entire structural network and the actually used one (functional network), the following
measures were calculated:

• Kansky index β = e
v where e is the number of edges, v is the number of vertices (the higher the

value of β, the more coherent the network);
• Kansky index γ = e/(3 ∗ (v− 2)), defining the ratio of the existing number of edges (e) to the

maximum possible number of edges resulting from the number of vertices (v). The γ value ranges
from 0 to 1, where the value of 1 indicates a completely connected network.

• Kansky index α = µ
2v−5 , where µ is a cyclomatic measure calculated as µ = e− v + p, where p is

the number of isolated subgraphs. An α value of 1 indicates a completely meshed network, and 0
indicates a very simple network.

A more detailed description of the indices can be found in Rodrigue et al. [10].

2.3.5. Calculating Node Centrality Measures

In order to investigate the relative importance of nodes within the system of designated skiing
zones, the following centrality measures were computed: degree, input degree, output degree, degree
all, weighted input degree, weighted output degree, weighted degree all, closeness, betweenness, and
proximity prestige. The calculations were made for both the structural and the functional network,
whereas in functional network the nodes without activity were not taken into account. Table 1 gives an
overview of the calculated centrality measures.

Table 1. Overview of node centrality measures used in the study.

Centrality Measure Description Mathematical Equation

Input degree Number of edges entering to vertex i. d+i = ∑j∈G xij
xij signal the position between node i and node j.

Output degree Number of edges leaving vertex i. d−i = ∑
j∈G

xij

Degree (all) Total number of edges connected to the vertex i. Di = d+ + d−

Closeness Inverse sum of distances from a given vertex to
all other vertices in the graph.

Ci = ∑j 6=i∈G (d(i, j))−1

where d(i, j) is a topological distance between
vertices i and j.

Betweenness A number of times a vertex is crossed by
shortest paths in the graph.

B(i) = ∑j < k gjk(i)/gjk
where gjk is the number of geodesics connecting
jk, and gjk(i) is the number that geodesics i is on.

Proximity prestige

Expresses the influence domain of a vertex by
the average distance from all vertices in the

influence domain. Pp value of 0 indicates that
node i is unreachable; whereas Pp = 1 if all

nodes are directly connected to node i.

Ppi =
Ii

g−1 ∑
j 6=i∈G

(d(i, j)/Ii)−1

Equations based on References [10,32].

3. Results

3.1. General Characteristics of the Structural and Functional Networks

Figure 5 depicts the overall structure of the skiing network. The constructed structural network
consisted of 93 nodes connected by 133 links. Additionally, one loop (node 46), which was not included
in the link quantification, can be also observed. The average degree was 2.86. The longest network
distance was established between nodes 1 and 83 (with a total of 20 steps between both), while the
number of unreachable pairs was 184.
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To build the functional network, all previously defined 93 nodes were considered. However, the
collected GPS data indicated that 30 nodes were not visited. The functional network had 175 links
connecting 63 nodes. The average degree of the connected network was 3.76, and the longest distance
occurred between the nodes 1 and 17 (with 17 steps between them). Figure 6 illustrates the functional
skiing network. Both network datasets were stored in Pajek software (Supplementary Materials File S4).

Symmetry 2017, 9, 317  7 of 15 

 

network distance was established between nodes 1 and 83 (with a total of 20 steps between both), 
while the number of unreachable pairs was 184. 

To build the functional network, all previously defined 93 nodes were considered. However, the 
collected GPS data indicated that 30 nodes were not visited. The functional network had 175 links 
connecting 63 nodes. The average degree of the connected network was 3.76, and the longest distance 
occurred between the nodes 1 and 17 (with 17 steps between them). Figure 6 illustrates the functional 
skiing network. Both network datasets were stored in Pajek software (Supplementary Materials File S4). 

 
Figure 5. Structural network (undirected graph) depicting the designated backcountry skiing system 
in TNP. The network is composed of 93 nodes and 133 links. 

 
Figure 6. Functional network (directed graph) of the designated backcountry skiing system; graph 
based on the recorded visitors’ trip itineraries. Arrows indicate movement direction; color scale (grey 
scale) illustrates the intensity of skiing traffic. A darker color means higher use intensity. 

3.2. Network Coherence (Connectivity Indices) 

The existing network of designated skiing zones had moderate connectivity ( = 1.43; 	 =0.49; 	 = 0.23). Using the network systems typology introduced by Taaffe and Gauthier [33], the 

Figure 5. Structural network (undirected graph) depicting the designated backcountry skiing system
in TNP. The network is composed of 93 nodes and 133 links.

Symmetry 2017, 9, 317  7 of 15 

 

network distance was established between nodes 1 and 83 (with a total of 20 steps between both), 
while the number of unreachable pairs was 184. 

To build the functional network, all previously defined 93 nodes were considered. However, the 
collected GPS data indicated that 30 nodes were not visited. The functional network had 175 links 
connecting 63 nodes. The average degree of the connected network was 3.76, and the longest distance 
occurred between the nodes 1 and 17 (with 17 steps between them). Figure 6 illustrates the functional 
skiing network. Both network datasets were stored in Pajek software (Supplementary Materials File S4). 

 
Figure 5. Structural network (undirected graph) depicting the designated backcountry skiing system 
in TNP. The network is composed of 93 nodes and 133 links. 

 
Figure 6. Functional network (directed graph) of the designated backcountry skiing system; graph 
based on the recorded visitors’ trip itineraries. Arrows indicate movement direction; color scale (grey 
scale) illustrates the intensity of skiing traffic. A darker color means higher use intensity. 

3.2. Network Coherence (Connectivity Indices) 

The existing network of designated skiing zones had moderate connectivity ( = 1.43; 	 =0.49; 	 = 0.23). Using the network systems typology introduced by Taaffe and Gauthier [33], the 

Figure 6. Functional network (directed graph) of the designated backcountry skiing system; graph
based on the recorded visitors’ trip itineraries. Arrows indicate movement direction; color scale (grey
scale) illustrates the intensity of skiing traffic. A darker color means higher use intensity.

3.2. Network Coherence (Connectivity Indices)

The existing network of designated skiing zones had moderate connectivity (β = 1.43; γ = 0.49; α = 0.23).
Using the network systems typology introduced by Taaffe and Gauthier [33], the investigated network
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can be classified as a lattice network type. Lattice networks are characterized by a moderate density of
edges relative to the number of nodes [33].

The actual recreational use concentrated only on a part of the designated skiing network.
Taking into account all 93 nodes of the structural network and the documented visitors’ movement
between nodes, we observed that the connectivity indices of the functional network were slightly
lower (β = 1.25; γ = 0.42; α = 0.13). Although 30 out of the total 93 nodes (22%) were not visited
at all, several additional connections between node locations were identified outside of the officially
designated skiing network. This can be confirmed by the additional calculation of connectivity indices
for the connected graph only (63 interconnected nodes used by visitors). These results show higher
connectivity in comparison to the structural network (β = 1.84; γ = 0.63; α = 0.54).

3.3. Relative Importance of Network Nodes (Centrality Measures)

The results show a large heterogeneity of node centrality measures within the investigated
network. Each of the applied parameters generated slightly different outputs, indicating the relative
importance of nodes within the skiing network of TNP.

All nodes’ centrality values, calculated separately for the structural and the functional networks,
can be found in Supplementary Materials Table S1. Figure 7 shows a graphic representation of
calculated centrality measures in both networks. Results of the 10 most important nodes, considering
“all degree” values, for both networks (structural and functional) are listed in Tables 2 and 3.

The degree values were obtained for a structural network ranging from 1 to 6, and the average was
2.86. Nodes located near the northern border of the study area served as entrance locations and usually
had very low degree values. Low degree values were also a typical feature of distant mountain peaks.
The most interconnected nodes were located in the central part of the study area; the node with the
highest degree was located in the Valley of Five Lakes. Weighted degree measures, calculated for the
functional network, reflected the actual intensity of use at particular node locations. It can be seen that
the majority of skiing traffic concentrates in the Kuznice-Kasprowy Wierch area. The highest weighted
degree values were observed at nodes 45 and 49 (located lower in the valley, close to the Kuznice
entrance point). Other nodes were less frequently used (low weighted degree values). The directions of
use were balanced at most node locations; the disproportion of in and out degree values was observed
at some trailheads, such as node 49 (Kuznice) and the neighboring node 45.

Closeness centrality is based on the network distance between nodes. In the structural network,
nodes located in the central part of the study area had higher closeness measures, whereas nodes
placed in the most western part of the park had the lowest closeness measures. Closeness calculations
made for the functional network exposed the importance of the Kuznice-Kasprowy Wierch area.
Nodes located in the western and the eastern parts of the study area were considered less important.
Proximity prestige measures calculated for the directed network (functional network) showed equal
the closeness values.

Table 2. Structural network node centrality measures of the 10 nodes with the highest “all
degree” values.

Node Number Degree Closeness Betweenness

79 6 0.14 0.14
24 5 0.15 0.08
48 5 0.18 0.43
61 5 0.17 0.30
69 5 0.14 0.02
16 4 0.11 0.12
18 4 0.12 0.17
27 4 0.15 0.09
44 4 0.17 0.09
45 4 0.15 0.14
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Table 3. Functional network node centrality and prestige measures of the 10 nodes with the highest
“weighted all degree” values.

Node Number Weighted
Input Degree

Weighted Output
Degree

Weighted All
Degree Closeness Betweenness Proximity

Prestige

45 350 532 882 0.19 0.08 0.19
49 351 149 500 0.20 0.13 0.20
48 197 194 391 0.19 0.06 0.19
44 152 149 301 0.18 0.01 0.17
61 109 90 199 0.17 0.10 0.17
62 93 100 193 0.15 0.05 0.15
41 86 84 170 0.17 0.04 0.17
54 82 88 170 0.17 0.06 0.17
7 79 78 157 0.12 0.07 0.12
51 56 83 139 0.17 0.02 0.17
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Betweenness centrality provides information about the number of geodesics in the network
crossing particular nodes. In the structural network, the highest betweenness measures were observed
at node 48 (the summit of Kasprowy Wierch) and at the beginning of the Koscieliska Valley, as well as
at several nodes located along the main ridge of the Tatra Mountains. The functional network exposed
the importance of the Kuznice entrance (node 49), Ornak mountain hut (node 16), and Czerwone
Wierchy peaks (nodes 30 and 33).

4. Discussion and Conclusions

4.1. General Meaning of the Findings

The main contribution of the study is the application of graph theory to analyze a recreational
system considering not only the physical structure of the environment, but also its actual use
(visitor mobility data obtained via GPS tracking).

Typically, GPS tracks are analyzed within Geographic Information Systems (GIS) and focus
on calculations of (track)point densities illustrating the intensity of recreational use [17,20,22,23],
intersections with other thematic layers such as nature protection zones and wildlife habitats [20],
or movement parameters of individual visitors [21,23,34]. Also, recent approaches of visual analytics
dedicated to movement data, such as V-analytics [35,36], have gained importance and are frequently
used in the field of spatial planning and transportation [35,37]. Typically, GPS tracks analyzed within
a GIS framework are not constrained to network structures [35], although network analysis is an
important approach used in geoinformatics [38].

Network analytic tools, although highly recognized in other disciplines such as sociology,
economics, transportation, computer science, and medicine [6], are still underrepresented in the
domain of recreation research [39]. Most of the studies related to outdoor recreation using graph
theoretic analysis methods focus on the physical structures of recreation systems [40–42]. Even in
the tourism sector (an important branch of the world economy), scientists underline the necessity for
tourism scholars to refine and improve their analysis methods and tools, which also refers to network
analytics [9].

Our study builds upon our previous work [39], applying graph theoretical approach to analyze
the structure and function of a recreational system, using as an example a network of designated
backcountry skiing zones.

4.2. Comparison of the Structural and Functional Networks in the Study Area

Our results show that the existing network of designated skiing zones is not evenly used by
backcountry skiers. The main objective of the structure created by the park management is to minimize
visitors’ impact on nature [26]. However, skiers’ major motivation is to reach an attractive peak and
descent [43]. Although general connectivity indices of the structural and functional networks remained
similar, a closer look at the spatial distribution of the use intensity (number of visits per network link or
weighted degree measures at node locations) revealed large heterogeneity in network use. The region
of Kuznice-Kasprowy Wierch turned out to be the most heavily used area, whereas other locations
were less frequently visited.

When we analyzed the centrality measures of network nodes in depth, some remarkable
differences were observed. The largest differences refer to degree and weighted degree measures as
they directly reflect the intensity of tourist traffic. A high degree centrality value in the structural
network (the existence of many skiing routes around a specified node) does not always imply higher
use intensity at the specified location. For instance, a well-connected node (79) is located in the distant
Valley of Five Lakes at a higher elevation. Therefore, although it has a high degree value, it is not that
frequently used. In contrary, nodes 49 and 45, located close to the most popular trailhead, Kuznice,
have medium degree values in the structural network, but attract most of the skiing visits in the park.
For both networks only one node (48—Kasprowy Wierch peak) was similarly important, which is the
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central point with the top cable car station. It can be reached by ski-tourers from many directions, even
in bad weather conditions with a high level of avalanche risk. Moreover, this peak (Kasprowy Wierch)
is also surrounded by the groomed pistes for downhill skiing. These factors explain the high popularity
of this node location.

The closeness parameter is generally similar in the structural and functional networks.
However, there are some nodes that differ in use. Nodes 36 and 53 have a high closeness value
in the structural network. These two points are also important in the functional network, as they are
usually ski tour destinations and, after reaching them, the skiers turn back and descend. It is also
remarkable that nodes with low closeness values were generally less frequently used, or even not
visited at all.

The betweenness values showed us that in the structural network the nodes 48, 20, and 19 have
very high values, while in the functional network the maximum intermediation values are in nodes 33,
49, 30, and 16. The areas close to the peaks are those used by skiers as transit areas (e.g., nodes: 30, 33),
while the areas close to the forest or to the entrances (e.g., nodes: 19, 20) are the most important points
according to the structure.

The comparison of the structural and functional properties of the skiing network showed
that recreational use only partly depends on the network structure (e.g., distribution of use in the
Kuznice-Kasprowy Wierch region). The overall popularity of specific network locations is possibly
caused by additional external factors, such as accessibility from tourist resorts or the difficulty of ski
tours related to local terrain and snow conditions [25]. A further reason for strong differences between
the two mentioned networks is the origin of the structural network, which was primarily designed for
summer hiking [26]. The winter network was created only recently [25], and according to the legal
regulations it was obligatory to base it on the summer hiking trial network [44].

4.3. Limitations of the Proposed Methodology

The main strength of this study is a parallel analysis of the structural and functional properties of
the system of designated skiing zones in TNP. Collected mobility data (GPS tracks) were assigned to
the existing network structure and several measures characterizing the overall network as well as the
relative importance of node locations were investigated in order to better understand how the park
space is being used by backcountry skiers.

Nevertheless, there is still room for methodological improvements. One of the limitations of
this study is related to the use of GPS loggers to collect the mobility data of backcountry skiers.
It is possible that skiers may have changed their behaviors by feeling observed. This problem is
a subject of discussion in recreation monitoring studies using GPS tracking to document visitor
behavior in protected areas [19,23,39]. However, so far there is no empirical confirmation of this
thesis. Moreover, the accuracy of GPS records can be influenced by mountain terrain conditions
(e.g., lower accuracy in narrow valleys, forested areas) [45], which is another limitation of this data
collection technique.

Another discussion point refers to the sampling strategy used during the distribution of GPS
loggers. GPS devices were distributed simultaneously at major trailheads of the national park by
trained staff, which required a demanding logistic strategy and was challenging in winter conditions.
Therefore, the study concentrated on the most important entrance locations and some minor trailheads
were disregarded. We analyzed only the three main entry points, excluding the Bialka Valley due to
its lower importance from the management perspective and high cost of data collection campaign
(far away from Zakopane). In the future this entrance might be a case of its own for researching
backcountry skiing traffic accessing the highest peaks of the Tatra Mountains.

As a consequence, their surroundings were underrepresented in the overall spatial distribution
of skiing traffic, which possibly could affect the calculations of the functional network measures.
In order to overcome these limitations, in the future, technological advances should enable anonymous
tracking of visitors’ electronic devices (such as mobile phones) at desirable resolutions [15,46,47].
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Nevertheless, so far systematic tracking via distributed GPS loggers is one of the most reliable methods
used for visitor monitoring in outdoor leisure settings. It is also worth mentioning that the total
number of backcountry skiers entering TNP at the investigated trailheads [27] corresponds with the
proportions of the collected GPS tracks.

Backcountry skiing is an example of a semi-open recreational system [22], where people can move
along designated trails, but they also can leave a marked track and move freely over snow-covered
terrain. Assigning recorded visitors’ trip itineraries to a network structure is very successful in cases
when visitors follow designated trails. It is also possible when visitors are crossing network nodes and
are moving partly off-trail (the presence at particular node locations enables establishing a network
link). Yet, the most challenging situation from the network analytics perspective occurs when a
visitor completely leaves the system of designated skiing zones and moves freely out of the skiing
network. Such type of spatial behavior cannot be documented with the methodology proposed in this
paper. Extending the number of network nodes, including all potential off-trail destinations (such as
unconnected mountain passes or peaks) in the network could possibly overcome this problem and
will be considered in future studies. Visitors who do not cross the specified node locations cause
“untightens” of the investigated network system. This problem is particularly visible by comparing
the directed degree measures of network nodes (in-degree and out-degree). In transit locations, those
values should be practically the same, but in the presented results in- and out-degree values sometimes
differed from each other. Large differences in directed degree measures were observed in nodes 49 and
45. This fact is caused mainly by another reason: the data pre-processing algorithm deleting the first
five records of each track, which were mainly located around the entrance node 49 (Kuznice). In this
way, the network link “49, 45” was not considered in several skiing itineraries.

From the network analytics point of view, we only calculated well-established parameters
such as network connectivity (β, γ, α indices) and basic node centrality measures (degree, closeness,
betweenness, and proximity prestige). Future work could use other calculations [6,8,10,29,32,48] that
could extend our analysis. Next to the topological properties of the network, geographic dimension
could be additionally considered by using spatial graphs [49]. In this way metric distances between
nodes and terrain steepness could be included in distance calculations and accessibility measures.

4.4. Meaning of the Findings for Visitor Management in Protected Areas

The presented results deliver comprehensive information about the structural properties of the
designated skiing network in TNP and its actual use over the winter season. Outcomes of the study
can be practically used for evaluating the newly introduced regulations concerning backcountry skiing
in this protected area and for supporting management decisions related to the strategic allocation of
infrastructure and provisioning purposive tourist information.

Although designated skiing zones cover 13% of the total park area, most of the skiing traffic
concentrated in one particular region: Kuznice-Kasprowy Wierch. Basically, the management strategy
of TNP requires some improvements in the guidance of winter visitors. The first important aspect is
the lack of signage dedicated to backcountry skiers in many strategic locations, such as the Kuznice
trailhead and its surroundings, as well as the Kasprowy Wierch peak. The presented results indicated
node locations with the highest centrality measures (especially those calculated for the functional
network) which could be used as a background for further decisions concerning the locations of
information boards and signposts in TNP. Node locations with high betweenness values should be
especially carefully investigated, as their strategic position enables directing visitor flow to other
regions of the national park. Experiences from other protected areas underline the importance of
signposting for effective visitor guidance in protected areas [50,51]. It would also be desirable to
promote certain backcountry skiing destinations through written information (e.g., maps, informative
leaflets), participative events, and discussions in order to avoid skiing traffic in the most vulnerable
nature conservation zones [50].
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We conclude that that the newly designated system of backcountry skiing zones, largely based on
the summer hiking trail network and the existing groomed pistes of downhill skiing, needs detailed
functional analysis and partial adaptation in order to conform with winter recreation requirements in
addition to nature protection objectives. The presented study based on graph theory is a first step to
evaluate the whole winter recreation system, considering not only its structural properties but also
its function.

Supplementary Materials: The following will be available online at www.mdpi.com/2073-8994/9/12/317/s1,
Data: S1. Maps: Tracks; S2. Ski touring area maps; Code: S3. Code MATLAB; Files: S4. Pajek; Tables S1.
Centrality parameters.
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