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ABSTRACT 

The main aim of the research is to identify landscape fragmentation (LF) in Slovakia with 

special emphasis on the contribution of protected areas (PAs) to mitigate the effect of LF. 

Results are presented in the final raster output (10 m grid). The raster contains 490,321,151 

individual 10 m raster grids, with the LF average value of 59.12 % (where 0 represents 

fragmented landscape, 100 represents fully connected landscape by natural or semi-natural 

ecosystems) on the national level. Most of the territory of Slovakia falls within the range of 

values 55 – 65 %, which confirms the presence of significant continuous unfragmented areas. 

Based on the Ordinary Least Square (OLS) statistics results, there is a positive correlation of 

lower LF within the PAs network (p < 0.05, Table 1) in comparison to the unprotected part of 

Slovakia. The results of geographically weight regression (GWR) proved a medium positive 

correlation (r2=0.36; r2adj=0.36; n=49,003), thus confirming to a certain extent the role of 

PAs in the mitigation of the effect of LF. On the other hand, the level of protection does not 

correlate significantly with fragmentation values, where a higher level of protection is not 

significantly connected with a lower level of LF. For each category of PA, individual 

statistics of quality and quantity of LF are estimated and subsequently compared with 

unprotected parts of Slovakia. The comparison of all PAs with each other resulted in 

1,132 unique assessments. The overall average value of LF of unprotected parts is still rather 

high (56.42 %) and it shows that there are still significant areas existing, which are situated in 

unprotected parts of the country. Spatial analysis revealed, that these important parts are 

covering 93,065 hectares, and are variously spread across the whole of Slovakia. The average 

value of LF for these newly identified areas is 68.5 %. As output, the results of this research 

present a comprehensive national map of the level of LF and lists of PAs ranked according to 

the overall assessment of LF. 
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INTRODUCTION 

The process of habitat fragmentation affects ecological processes on several levels – 

functionality of habitat is limited by reducing its area, and isolation disrupts natural flow in 

the ecosystem. The term fragmentation (fragmentation, division) in the scientific community 

appears more and more often in context with the distribution and reduction of natural and 

semi–natural habitats and subsequently with the need for the protection of habitats, species, 

and communities. It is a process (or state) of a division of natural/semi-natural areas, 

reduction of area, and increase of their mutual isolation. Naturally isolated are e.g. areas of 

alpine communities. However, the species occurring in such places are adapted to these 

conditions, or the process of adaptation still continues.  

The current landscape is increasingly affected by the progressive construction of roads, 

highways, and high-speed railway corridors, but also by the development of industrial and 

residential development. Problems are also related to development of recreational areas 

including touristic infrastructure (i.e. ski resorts, hotels, restaurants, apartments, chalets, 

holiday buildings, shopping centers, transportation facilities), commercial buildings, 

storehouses, agricultural buildings. Regulated sections of rivers, small hydropower plants 

and reservoirs with concrete and rocky embankments also act as barriers. Linear barriers in 

combination with the rapid development of buildings cause the disintegration of originally 

continuously inhabited natural or semi-natural units into individual mutually isolated islands, 

which by their size often do not meet the requirements for the long-term survival of habitats 

and species. The fragmentation of the environment by transport infrastructure and expanding 

buildings is thus becoming a major limit to the survival of several species (Romportl et al., 

2013). In a country like Slovakia that is influenced by human activities, new obstacles or 

barriers are being added very quickly, which disrupt the long-term and established way of life 

of organisms, daily journeys for food, water, and seasonal migrations. The most serious 

artificial barriers include motorways, expressways, railways, built-up areas of settlements, 

and fenced industrial zones, fenced agricultural and forested land (including pastures, game 

enclosures, gardens, orchards, etc.). (Ružičková & Lehotská, 2008). 

The documentation (specific for Slovakia and the Czech Republic) of territorial ecological 

stability systems in Slovakia (TSES), from the supra-regional to the local level, should 

capture important landscape connectivity features and reflect them in the design of 

bio-corridors (Ružičková & Lehotská, 2008). However, the TSES is currently insufficiently 

implemented in practical terms, because the LF constantly continues, although there is 

legislative support for TSES implementation. Increasing urbanization, and progressive 

development of roads but also geomorphological conditions negatively affect the habitat 

distribution in Slovakia. In particular, the mentioned anthropogenic elements cause 

fragmentation of ecosystems and habitats in which species naturally occur.  

The EUNIS habitat classification (European Union Nature Information System) developed 

by the European Environment Agency, has been used in nature conservation as a tool for 

describing habitat units. The system is hierarchical, and covers all types of habitats from 

natural to artificial, from terrestrial to freshwater and marine. This classification is useful for 

the national nature conservation authorities to place and assess habitats in a European context 

(EEA, 2017). This classification is also very useful as a baseline for the identification of 

particular habitat types for the assessment of LF. 
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Knowing that continuous large-scale ecosystems and habitats have a positive effect on 

habitat conservation and indirectly also to landscape connectivity, e.g. areas of national 

parks, protected landscape areas, Ramsar sites, and Natura 2000 sites, we used these 

attributes as input data for the analysis of habitat fragmentation in Slovakia. 

PAs function mainly as core areas, but also as so-called stepping-stones and corridors 

provide structural connectivity between them (Stewart et al., 2019). Not only structural but 

also functional connectivity plays an important role in preserving the biodiversity of habitats 

(Kimberley et al., 2021). Functional connectivity is essential for maintaining ecological 

processes (Berti & Svenning, 2020), due to its natural dynamic (Zeller et al., 2020). 

However, ecological fragmentation is known to increase the edge effect (Fahrig et al., 2019), 

contributing to the decay of an ecosystem by reducing processes in smaller and more isolated 

habitat patches, in which more species are lost than would be expected from the loss of the 

habitat itself (Chase et al., 2020; Haddad et al., 2016). In Slovakia, there are several 

categories of PAs present, mainly national parks, landscape protected areas, Natura 2000 

sites, nature reserves, and others. The total area of PAs in Slovakia is cca 12,536 km2, 

unprotected part covers 36,485 km2. There is 5 basic various levels of protection, 1 is an 

unprotected part, 5 is a strictly protected non-intervention area and the levels in between 

represent the medium level of protection. Level 2 covers 8,452 km2, level 3 covers 

2,776 km2, level 4 covers 333 km2 and level 5 area is 973 km2. 

Ensuring spatio-temporal connectivity is also important for the maintenance of migratory 

species (Howard et al., 2020) but also for species that are expected to shift range due to 

ongoing climate change (Huang et al., 2020; Zurell et al., 2018). Improving connectivity is 

therefore one of the commonly recommended adaptation strategies in nature conservation 

(Costanza & Terando, 2019; Vanneste et al. 2020). For all the above-mentioned reasons, 

increasing numbers of national and international conventions, laws, and regulations set goals 

and requirements that lead to the preservation and restoration of ecological networks and the 

development of "green infrastructure" (Leitner et al., 2016). Many studies focus on tracking 

animal mortality on the roads (Tejera et al., 2018) and telemetry (Hays, 2014), but these 

parameters are usually rather local and out of the overall national and international contexts. 

From the point of view of the understanding species occurrence, maintaining or restoring 

connectivity among wildlife populations is a primary strategy to overcome the negative 

impacts of habitat fragmentation and ensure wildlife survival (Ghoddousi et al., 2021). 

Ecosystems are maintained within a regime through the internal dynamics of variables, such 

as the interaction between populations of species that coexist therein. Therefore, natural 

dynamics do not interfere with the possibility of species dispersal, as species are largely 

adapted to these natural changes (Mayer & Rietker, 2004). The division and reduction of 

habitats (fragmentation) and the creation of barriers to dispersal weaken populations, through 

the reduction in abundance and therefore potential extinction of species (Fahrig, 2003). In 

places where movement routes intersect with busy roads, collisions often occur. Collisions of 

animals with vehicles can result in injury or damage, also human death. Many authors 

(Psaralexi et al., 2017; Talty et al., 2020) agree on the conservation importance and value of 

areas without roads and transport infrastructure. It is currently estimated that around 194 

million birds and 29 million mammals die each year on European roads (Grilo et al., 2020). 

One way to improve connections between habitats of wild animals fragmented by human 

activity is to improve connectivity (Teixeira et al., 2020; Seidler et al., 2018). Measures can 

also be formulated to reduce traffic or speed on roads (Whittington et al., 2019; Lamb et al., 

2018; Collinson et al., 2019). The study (Clair et al., 2020), analyzing the mortality of some 

mammalian species on the railway, showed that train speed, proximity to a water source, and 

track curvature increase mortality. 
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Fragmentation of natural areas and landscapes is a process that, after reaching and 

exceeding beneficial and bearable borders negatively affects the biota, but also the quality of 

human being. 

There are several methods for assessment of LF (i.e. Gustafson, 1998; Leitão et al., 2006), 

using usually GRID-based assessment (i.e. effective mesh density) however very few 

consider spatial density and its spatial cumulative effect into account. 

The aim of this research focuses on the assessment of LF at the national level, with special 

emphasis on the contribution of PAs to mitigate the effect of LF. Based on the analytical part 

the focus is also to assess the level of contribution of PAs to the overall landscape 

connectivity in comparison to the unprotected part of Slovakia. In addition, the results 

provide identification of important unfragmented areas, which are not presently protected, 

and propose adequate conservation measures. This kind of national assessment based on 

detailed national spatial data set analysis is actually missing and it was never performed in 

the past by using such detailed spatial data sets, in fact, recent and up-to-date assessments of 

LF on the national level based on more precise data than Corine land cover data set are 

completely missing. The level of precision of input data and advantageous methods used for 

the measurement of LF in our research is rather unique as in the past only less precise input 

spatial data for assessment were used, where small-scale features were barely taken into 

account. Results can be used not only in spatial planning but also in the field of nature 

conservation, preparation of national strategies for the protection of landscape connectivity, 

and many other practical applications. 

 

 

MATERIALS AND METHODS 

The preparation of the spatial analysis was based on data from the ecosystem/landscape 

type map (Černecký et al., 2020). This data set consists of detailed data, which identifies 

individual landscape types in form of ecosystems and their spatial distribution. For the 

preparation of a landscape type map, the most precise available data from the nature 

protection, agricultural, and forestry sector were used. The spatial precision of the data was 

determined by that of the field data, which was mostly created at scales between 1:10,000 and 

1:5,000. The data was stored in the form of a geodatabase containing more than 1,000,000 

polygons (in the case of splitting polygons of individual buildings it is more than 2,000,000 

polygons). The data in the map was streamlined and identified the ecosystem distribution in 

a unified ecosystem classification. EUNIS classification from the year 2017 (EEA, 2017) 

was used for this purpose, thus the individual hierarchical habitat classes could be extracted 

and divided into suitability classes for the identification of landscape types. We decided to 

use this data instead of other data (i.e. Corine Land Cover – CLC) due to its higher precision 

on a national, regional, and local level. The data set was prepared in vector form and, most 

importantly, the polygons were not restricted to a certain size (as in the case of CLC); 

therefore even small and important features are present and considered in the analysis. 

Ecosystems, their distribution, and overall composition have a significant influence on 

landscape connectivity and fragmentation. Based on spatial data, ecosystems have been 

divided into those categories, that support landscape connectivity, and those that affect LF. 

Ecosystems were transferred from vector data set to raster in the precision of a 10 m grid. 

The raster images were calculated by using the "Kernel density" tool in ArcGIS 10.3. The 2 

divided input data sets when processed by the Kernel density, generated clusters of landscape 

connectivity (ecosystems supporting the connectivity data set) and landscape fragmentation 

(ecosystems affecting landscape fragmentation data set). This method of measuring 

landscape connectivity is not very common, however, it has many advantages in comparison 
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to other well-established methods for the measurement of landscape fragmentation. Mainly, 

the tool itself has implemented spatial weighting, where the clusters of features and distance 

play an important role. Therefore the cumulative effect of spatial distribution is taken into 

account, which is not the case in many other existing methods. 

The basic setup for Kernel density values was set to 10 m output cell size and 3,000 m 

search radius for best possible precision, but still with the relevant surrounding area for 

correct interpretation of broader ecosystem context. The scheme presenting the main steps in 

the process of analysis and data production is provided in Figure 1. 

 

Fig. 1: Flowchart of the main steps and data preparation for the analysis of LF 
 

 
 

Based on the combination of all data from 2 prepared raster images, the data were grouped 

by using the ArcGIS function raster calculator and provided an overall picture of LF within 

Slovakia. Values were recalculated to the percentage on the scale of 0–100 % based on 

minimal and maximal values calculated by the Kernel density, where 0 means a totally 

fragmented landscape and 100 % represents a connected landscape without any obstacles. 

Final values of the raster were reclassified by using rounding into 20 categories (0, 5, 10, 

15…, 95, 100) for easier map presentation and overall clear interpretation of the results. 

After the initial preparation of data identifying landscape fragmentation, analyses began to 

be prepared concerning the evaluation of the contribution of individual categories of PAs in 

terms of landscape connectivity/landscape fragmentation and their comparison with the 

unprotected parts of Slovakia. The analyses included all relevant categories of PAs in 

Slovakia, namely large-scale protected areas (national parks – NP, protected landscape areas 

– PLA), small-scale protected areas (nature reserves – NR, natural monuments – NM, 
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protected sites – PS, etc.), Sites of Community Importance (SCIs), Special Protected Areas 

(SPAs), Ramsar Sites and Biosphere Reserves (BR). Unique values were calculated 

individually for each protected area. The value (in %) for LF was calculated based on 

previously calculated raster images processed by the raster calculator. 

The resulting layers and final LF raster image were analyzed by using ArcGIS 10.3 tool 

"Zonal statistics" to obtain statistical summaries and values. This tool allows the calculation 

of values such as min, max, ranges, standard deviations, mean values, median, etc. The 

values, in addition to the pure ranking of best values of connectivity in individual PAs, were 

weighted according to the total area of the territory of the particular protected area itself, as 

the acreage has a high influence on contribution to the overall landscape connectivity. The 

result of this process is a tabular overview of ranking according to the quality of provided 

landscape connectivity without taking into account the total area of the protected area and the 

second ranking takes into account its area as well. 

The correlation of values calculated for landscape connectivity in relationship with 

protected areas was tested by linear regression, particularly OLS statistics. The final raster 

was recalculated to a 1,000 m grid (recalculate function in ArcGIS) and centroids of grids 

were created (raster to point). This was necessary for reducing the data set for calculations as 

a basic raster contains more than 400 million grids and it would be impossible to calculate 

statistics on such a large data set. In this way, generalized 49,003 point data set was the basis 

for the statistics. As a dependent value LF value was chosen (0–100 %). As an explanatory 

value, the placement of the grid inside or outside of PAs was used (value 1 or 0). By using 

a similar approach also the level of protection in protected areas was tested (values in the 

range 1 – 5, where 1 – non-protected area, 5 – strict protection). By using this analysis the 

correlation between the level of fragmentation and level of protection in each protected area 

was tested in order to confirm if a higher level of protection correlates with a lower level of 

landscape fragmentation. After testing of significance/non-significance of the relationship by 

OLS, the statistics continued by using GWR. As dependent values again the LF values were 

set and as explanatory values, the relationship to PAs was used. In process of performing the 

model of GWR only those explanatory values were used, for which significant correlation in 

OLS previously was confirmed. GWR model, in addition to OLS analysis, calculates the 

spatial relationship of individual values, which is very relevant for our case. The main 

expected outcome of GWR was the calculation of the r2 value, thus proving the value of 

significance/non-significance of the relationship of lower LF inside of the PAs network. 

In the overall interpretation of the resulting values, the values for all categories of protected 

areas were compared together followed by a comparison of the individual PAs categories 

separately, and, above all, they were compared to the average value of LF in the unprotected 

part of Slovakia. 

One of the final outputs is the detailed geodatabase of LF in Slovakia as well as the ranking 

of protected areas according to the overall LF. 

 

 

RESULTS 

National assessment of LF and role of the PAs in mitigating the LF in Slovakia 

Results are presented in the final raster output (10 m grid). The raster contains 490,321,151 

individual 10 m raster grids (Figure 2), with the average value for landscape fragmentation of 

59.12 % (where 0 represents a totally fragmented landscape, 100 represents a fully connected 

landscape by natural or semi-natural ecosystems) on the national level. The calculated 

median value is 60 %. Most of the territory falls within the range of values 55 – 65 %, which 

confirms the presence of significant continuous unfragmented areas. 
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Fig. 2: Map of the LF in Slovakia, national, regional, local view, and additional 

statistics (count of 10 m raster grids for each value of landscape fragmentation) 
 

 
 

The lower level of LF is particularly evident in the middle and northern part of Slovakia 

(Figure 2). In principle, the landscape is relatively well connected from the north to the south 

of Slovakia and from the east to the west by more or less interconnected parts, but further 

fragmentation, development, urban sprawl and construction of transport infrastructure can 

also worsen the current situation in close future. The southern part of Slovakia is much more 

affected by a higher level of LF (Figure 2). 

On the local level, it is possible to identify significant landscape connectivity features, 

which are based on the precision of the prepared data set. It can help to identify often small, 

but highly relevant elements important for the connectivity (Figure 2, bottom middle and left 

part). 

Based on the OLS statistics results, there is a positive correlation of lower LF within the 

protected areas network (p < 0.05, Table 1) in comparison to the unprotected part of 

Slovakia. For individual levels of protection, there was no significant correlation confirmed 

in any of the tested levels (1–5) and it seems that a higher level of protection does not 

automatically mean lower LF. Therefore for GWR, only the parameter inside/outside of the 

protected network was used. The results of GWR proofed medium positive correlation 

(r2=0.36, r2adj=0.36; n=49,003). PAs in Slovakia to a certain extent are contributing to 

mitigating the effect of LF. On the other hand, it seems that the levels of protection (1–5) are 

not appropriately established as an actually higher level of protection from a national 
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perspective does not generally represent lower LF and the other way round. Also, there are 

important parts of Slovakia, which are not actually protected in which a low level of LF is 

present. 

 

Table 1: Summary of OLS Results – Model Variables 
 

Variable 
Coefficient 

[a] 
StdError t-Statistic 

Probability 

[b] 
Robust_SE Robust_t 

Robust_Pr 

[b] 

Intercept 57.280798 0.043789 1,308.106758 0.000000* 0.046663 1,227.532887 0.000000* 

Protected areas  

network 
7.180304 0.086676 82.840402 0.000000* 0.074553 96.311703 0.000000* 

 

A positive correlation of lower LF can be visible also in the spatial output of GWR 

analysis, where positive values (darker color) are more frequent inside of the PAs network 

(Figure 3). This represents the fact that in PAs it is a higher expectation of the model to 

maintain lower levels of LF. Places of darker color in Figure 3 also suggest that there is a 

significant area outside of the PAs network, where a higher value of connectivity is expected 

and indirectly shows the need for additional protection in the future. The spatial distribution 

also reveals a more positive std. (standard deviation) residuals in close vicinity of the PAs. 

This suggests that PAs network also positively affects the surrounding areas from an 

ecological point of view. 

 

Fig. 3: Results of the model of GWR residual values, where positive values represent 

higher expected values of landscape connectivity (dependent value) and negative values 

represent lower expected values of landscape connectivity in spatial form 
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The comparison of all PAs with each other results in 1,132 resultant assessments. The 

resulting data contains an assessment of the overall LF level in %, the average, and the total 

assessment of each PA individually. When comparing all PAs, large-scale sites logically 

dominated among the others when not only quality but also the size of the PAs was taken into 

account. In NPs and PLAs there are 44,629,971 grids (substantial size) and high-quality of 

landscape connectivity (mean 61.19 %) present. The 5 best PAs providing the best overall 

connectivity (taking into account the total area of protected area) are SPA Volovské vrchy, 

SPA Nízke Tatry, SPA Laborecká vrchovina, PLA Štiavnické vrchy and buffer zone of NP 

Nízke Tatry. On the other hand, when purely quality was assessed the small-scale PAs 

dominated, especially the category of NR. Without taking the acreage of PA the best values 

of landscape connectivity were reached in NR Mláčik, SCI SKUEV0186, SCI SKUEV0384, 

NR Klenovské blatá, NR Debšín. 

Generally, there is a substantially more unfragmented landscape inside of the network of 

PAs in comparison to the area, which is not protected (Figure 4). 

 

Fig. 4: Relationship of LF and PAs network  
 

 
 

All categories of PAs scored higher than the unprotected part of Slovakia (Table 2). The 

analysis also reveals that on average also unprotected part plays a significant role in 

maintaining the landscape connectivity, however it varies a lot in each region. 

 

Table 2: Overview of the level of LF in PAs network by PA categories 
 

PA category 
COUNT of 

GRIDs 

The minimum 

value (%) 

The maximum 

value (%) 

Mean 

values (%) 

Biosphere Reserves 3,160,283 15 75 60.83 

Large-scale protected areas 44,629,971 20 85 61.19 

Natura 2000 – SCIs 3,707,835 15 95 59.97 

Natura 2000 – SPAs 130,893,532 20 100 61 

Ramsar Sites 808,641 20 70 57.21 

Small-scale protected areas 3,624,845 15 85 58.73 

Unprotected areas 303,232,907 15 95 56.42 
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Identification of the important unprotected parts of valuable unfragmented areas in 

Slovakia 

An important part of our results is the identification of specific valuable unfragmented 

areas that possibly require strengthened protection as some of those are actually unprotected. 

The overall average value of landscape connectivity of unprotected parts is still rather high 

(56.42 %) and it shows that there are still significant areas existing, which are situated in 

unprotected parts of the country. Spatial analysis revealed, that these important parts are 

covering 93,065 hectares, and are variously spread across the whole of Slovakia (Figure 5). 

The average value for these newly identified areas is 68.5 %. 

 

Fig. 5: Areas not listed in any protection category important for landscape connectivity 

(red) 
 

 
 

 

DISCUSSION 

Assessment of LF in Slovakia by using various data has also been carried out in the past, 

but on a broader and less detailed scale (Miklós et al., 2019). Legislatively implemented 

TSES in Slovakia is one of the important sources dealing with the connectivity of the 

landscape, however, it misses the necessary national electronic spatial data set and does not 

focus purely on LF. The majority of the national territory in local TSES does not have an 

electronic version yet, although there are steps taken to digitalize the paper maps and 

non-digital content. Overall progress in process of digitalization is rather slow and there are 

only a few districts available in electronic spatial form so far. Additional problem of the 

TSES is the quality of outputs, where various experts working on individual districts often 

use the non-streamlined approach in the assessment and the general outputs vary a lot. All 

these facts are rather limiting in the possibility of the use of this data set for the recent 

national LF assessment. Mentioned gaps provide an opportunity to use a new innovative 

approach by using different kinds of data sets, which was also the case in our research. 



                                                          aaaJournal of Landscape Ecology (2024), Vol: 17 / No. 1 
 

57 

Electronic spatial national streamlined data set is crucial for the preparation of appropriate 

LF assessment. 

 

Fig. 6: Comparison of precision of outputs in various LF research studies; 1. Results of 

our research in the Banská Bystrica region (central Slovakia); 2. Results of assessment 

on European level performed by EEA (2011) in Banská Bystrica region (central 

Slovakia); 3. Results of assessment performed by Slovak Environmental Agency (2016) 
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Another important assessment on the European level was performed by the EEA (2011), 

which covers also the territory of Slovakia. This assessment was a few times updated and it 

used the new version of the Effective Mesh Density 2016 dataset with improved input data, 

specifically for the years 2009, 2012, and 2015. This dataset is based on the Copernicus 

Imperviousness and the TomTom TeleAtlas data sets as fragmenting geometries. CLC data 

set was the baseline and therefore the outputs are less precise in comparison to our research, 

where the more detailed map of the ecosystem was used as a baseline. CLC data set generally 

does not sufficiently cover small-scale important connectivity features as the polygon in the 

data set is not allowed to cover less than 25 ha. A similar approach of assessment was 

performed in 2016 by Slovak Environmental Agency by using Effective Mesh Density, 

however, the outputs also use purely the Corine Land Cover data set as a baseline and the 

final outputs are generalized on the district level, thus the outputs miss the overall precision, 

especially on a local level. A comparison of the precision of outputs in our research and other 

mentioned research studies is presented in Figure 6. 

Based on the comparison to other research studies we assume that recent spatial data, their 

combination, and interpretation provided valuable input for our research, from which it was 

possible to identify key landscape connectivity areas in a more precise way than ever before. 

Another important aspect, which is barely considered in other methodologies for 

measuring LF is the cumulative effect. While the identification of coverage/length of urban 

areas/roads defined by a certain index or by acreage is the most important parameter, also the 

cumulative effect of fragmentation in specific areas should be considered as well. The areas 

which possess important connectivity features close to each other create important clusters of 

interconnected natural/semi-natural features and are more beneficial in the overall aspect. 

The same rule applies for the LF, where not only the area of fragmentation is important, but 

also the spatial pattern of accumulated fragmentation features and their distance from each 

other plays an important role. For measurement of this cumulative effect is the GIS Kernel 

density very viable as it has implemented weighting of features by density and assesses not 

only the acreage of features but also the accumulation of similar features in a particular area. 

This is one of the main reasons why we decided to use this particular method of measurement 

over the other existing methods. There are existing research studies, which use Kernel 

density in partial identification of LF i.e. to assess the spatial pattern of road density and its 

impact on landscape fragmentation (Cai et al., 2013). In this research, the authors state that 

previous studies have shown that road density, estimated by grid computing, has a weak 

correlation with LF (i.e. by using FRAGSTATs). Therefore instead of grid computation, they 

prefer to use the Kernel density tool and by using it the regional spatial pattern of road density 

and the prediction of the impact of the road on LF could be effectively acquired. From this 

research is also evident that for effective identification of the LF not only the length of the 

road network is important, but also the density of the road network has a significant impact 

on LF. In our research, we applied a similar approach, not only for the road network but for 

all landscape types/fragmentation features in order to assess the LF/connectivity 

comprehensively. 

We expect the potential use of our results in many practical applications. Obtained results 

can help to identify the main priorities for improving PAs connectivity at the national or 

regional level (Saura et al., 2018; Castillo et al., 2020). The positive aspect of the approach 

used in this research is its repeatability over time using data that are continuously collected 

and updated at the national level. The assumption is that the data sources used will continue 

to be available in the future. The research can be further processed and enriched with 

additional data sets. Fragmentation itself can be an indicator, e.g. in the USA was included in 

2002 among the ten key indicators for assessing the state of national ecosystems. 
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For improvement of the research in the future, it would be beneficial to search for 

additional explanatory variables which are significantly affecting the LF level. Our recent 

GWR model works well in some regions, however not ideally on a national level as such. 

More explanatory valuables could improve the overall r2 values in GWR in the future. 

 

Implementing measures 

Many parts of Slovakia, which provide significant space, continuous and large-scale key 

areas do not have sufficiently secured protection against further fragmentation. One of the 

solutions for the improvement of this situation is the creation of a new category of protected 

areas or the use of existing ones to strengthen the protection. This step is necessary to ensure 

adequate protection of the continuous unfragmented landscape. Natura 2000 guidelines and 

implementation of protected areas network seeks to link the various elements, the national 

system of ecological stability as well, but still insufficiently. For meaningful nature 

protection, areas need to be truly interconnected, not just close to each other. It is necessary to 

start with the existing connectivity possibilities to prioritize and interconnect these elements 

with the protection status and implement practical measures to improve the current situation. 

In the case of the southern part of Slovakia, it is necessary to preserve all existing PAs and try 

to connect them by elements of the green/blue infrastructure, which are currently, but 

insufficiently, present only in some parts of the watercourses, including floodplains. 

Significant space for landscape connectivity is also provided by some parts of Slovakia, 

which are not protected by any category of protected area (Figure 5). These areas should 

receive adequate legal protection. 

A separate problem in terms of the country's connectivity is the Danube and East Slovak 

lowlands. These areas need to be addressed as a matter of priority in terms of a significant 

lack of green infrastructure. In these areas, the improvement of the current situation is as 

necessary as changing the uniform management of the landscape in large areas into a mosaic 

landscape structure with a richer and more diverse occurrence of newly established 

ecosystems on arable land. The newly created areas would thus ensure not only improved 

conditions for better connectivity but also greater ecological resistance and resilience of the 

area and an increase in the value of the provided regulatory and cultural ecosystem services. 

The actually established system of levels of protection (1–5) in Slovakia does not 

adequately reflect the present state of LF. There is a need to reconsider the spatial distribution 

of levels and review the actual state. Nature protection bodies should propose new spatial 

distribution of levels of protection for better reflection of actually assessed LF. 

 

 

CONCLUSIONS 

This research provides an alternative overview of the value of PAs, their benefits and 

quality, the importance of their existence, and the need to strengthen protection in terms of 

landscape connectivity. It is evident that PAs are one of the most important tools for the 

current protection against further LF. A complementary benefit of this research is the 

identification of important locations of large-scale interconnected unfragmented areas of 

Slovakia, which are still unprotected. These areas are important for maintaining additional 

landscape connectivity in Slovakia. Each PA has been evaluated from a national perspective 

with individually calculated data. The results can be used in process of preparation of 

national strategies, action plans, spatial planning, environmental impact assessments, and 

many other purposes. Nature conservation could use this material for expert assessments and 

the preparation of management plans for PAs and for proposals improving/introducing 

protection of newly identified valuable areas of landscape connectivity. Processed data 
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present the value and contribution of many already existing PAs, which have been recently 

underestimated in this field for various reasons. Despite human interventions and 

degradation of ecosystems, there are parts of the underrated territory, which are crucial in 

respect of the preservation of landscape connectivity. The added value of the research is to 

provide an adequate basis for the creation of a real network of interconnected natural and 

semi-natural large-scale areas in Slovakia. Identified degraded areas can be possibly used as 

a tool for defragmentation of landscape in future processes dedicated to the strengthening of 

ecological connectivity in Slovakia. 

 

 

HIGHLIGHTS 

• Conservation Strategies: The research, analyzing 490,321,151 individual 10 m raster 

grids, confirms the effectiveness of protected areas in mitigating landscape fragmentation, 

providing crucial insights for conservation strategies globally. 

• Biodiversity Preservation: With an average landscape fragmentation (LF) value of 

59.12 %, the study underscores the importance of protected areas in preserving biodiversity 

and enhancing ecosystem resilience on an international scale. 

• Climate Change Mitigation: Understanding landscape fragmentation, with most 

territories falling within the range of 55-65 % LF values, aids in developing effective 

strategies for climate change mitigation, emphasizing the significance of intact and 

connected landscapes globally. 

• Policy Development: Based on Ordinary Least Square (OLS) statistics, the research 

emphasizes the need for expanding protected area networks, highlighting the importance of 

informed land-use policies and conservation priorities internationally. 

• Scientific Knowledge Exchange: By sharing methodologies and outcomes, the research 

promotes knowledge exchange and collaboration within the global scientific community, 

advancing our understanding of landscape dynamics and conservation strategies worldwide. 

 

 

AUTHOR CONTRIBUTIONS 

Conceptualization, J.Č.; methodology, J.Č.; software, J.Č.; validation, J.Č.; formal 

analysis, V.Ď. and J.Š.; investigation, J.Č.; resources, J.Č.; data curation, J.Č., J.Š. and V.Ď.; 

writing—original draft preparation, J.Č., J.Š and V.Ď..; writing—review and editing, J.Š.; 

visualization, J.Č.; supervision, J.Č.; project administration, J.Č.; funding acquisition, J.Č. 

All authors have read and agreed to the published version of the manuscript. 

 

 

FUNDING 

This work was supported by the Biodiversa+ project “Providing Adaptive knowledge for 

Ratcheting up the EU Biodiversity strategy for Sustainable landscapes and protected areas – 

PAREUS”. 

 

 

CONFLICTS OF INTEREST  

The authors declare no conflict of interest.  
 



                                                          aaaJournal of Landscape Ecology (2024), Vol: 17 / No. 1 
 

61 

REFERENCES 

Berti, E., Svenning, J.C. (2020). Megafauna extinctions have reduced biotic connectivity 

worldwide. Global Ecology and Biogeography 29(12): 2131–2142. DOI: 10.1111/geb.13182 

Cai, X., Wu, Z., Cheng, J. (2013). Using kernel density estimation to assess the spatial 

pattern of road density and its impact on landscape fragmentation. International Journal of 

Geographical Information Science, 27(2): 222–230. DOI:10.1080/13658816.2012.663918 

Castillo, L.S., Correa Ayram, C.A., Matallana Tobón, C.L., Corzo, G., Areiza, A., González–

M., R., Serrano, F., Chalán Briceño, L., Sánchez Puertas, F., More, A., Franco, O., 

Bloomfield, H., Aguilera Orrury, V.L., Rivadeneira Canedo, C., Morón–Zambrano, V., 

Yerena, E., Papadakis, J., Cárdenas, J.J., Golden Kroner, R.E., Godínez–Gómez, O. (2020). 

Connectivity of Protected Areas: Effect of Human Pressure and Subnational Contributions in 

the Ecoregions of Tropical Andean Countries. Land, 9(8): 239. DOI: 10.3390/land9080239 

Černecký, J., Gajdoš, P., Špulerová, J., Halada, Ľ., Mederly, P., Ulrych, L., Ďuricová, V., 

Švajda, J., Černecká, Ľ., Andráš, P., Rybanič, R. (2020). Ecosystems in Slovakia. Journal of 

Maps, 16(2): 28–35. DOI: 10.1080/17445647.2019.1689858 

Chase, J. M., Blowes, S. A., Knight, T. M., Gerstner, K., May, F. (2020). Ecosystem decay 

exacerbates biodiversity loss with habitat loss. Nature, 584: 238–243. DOI: 

10.1038/s41586-020-2531-2 

Clair, C.C., Whittington, J., Forshner, A. (2020). Railway mortality for several mammal 

species increases with train speed, proximity to water, and track curvature. Sci Rep 10, 

20476. DOI: 10.1038/s41598-020-77321-6 

Collinson, W., Davies–Mostert, H., Roxburgh, L., van der Ree, R. (2019). Status of Road 

Ecology Research in Africa: Do We Understand the Impacts of Roads, and How to 

Successfully Mitigate Them? Frontiers in Ecology and Evolution, 7: 479. DOI: 

10.3389/fevo.2019.00479 

Costanza, J. K., Terando, A. J. (2019). Landscape connectivity planning for adaptation to 

future climate and land–use change. Current Landscape Ecology Reports, 4: 1–13. 

EEA (European Environment Agency) (2017). EUNIS habitat classification review 2017. 

European Environment Agency. Retrieved Juny 17, 2022, from: https://www.eea.europa.eu/ 

data-and-maps/data/eunis -habitatclassification 

EEA, (2011). Landscape fragmentation in Europe. Publications Office of the European 

Union, Luxembourg, 92 pp. DOI: 10.2800/78322 

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual Review of 

Ecology, Evolution, and Systematics, 34: 487–515. DOI: 10.1146/annurev.ecolsys. 

34.011802.132419  

Fahring, L., Arroyo–Rodríguez, V., Bennett, J. R., Boucher–Lalonde, V., Cazetta, E., Currie, 

D. J., Eigenbrod, F., Ford, A. T., Harrison, S. P., Jaeger, J. A.G., Koper, N., Martin, A. E., 

Martin, J.–L., Metzger, J. P., Morrison, P., Rhodes, J. R., Saunders, D. A., Simberloff, D., 

Smith, A. C., Tischendorf, L., Vellend, M., Watling, J. (2019). Is habitat fragmentation bad 

for biodiversity? Biological Conservation, 230: 179–186. DOI: 

10.1016/j.biocon.2018.12.026 

Ghoddousi, A., Buchholtz, E. K., Dietsch, A.M., Williamson, M.A., Sharma, S., Balkenhol, 

N., Kuemmerle, T., Dutta, T. (2021). Anthropogenic resistance: accounting for human 

behavior in wildlife connectivity planning. One Earth, 4: 39–48. DOI: 

10.1016/j.oneear.2020.12.003 



Černecký et al.: Contribution of protected areas to mitigate the effect of landscape fragmentation in Slovakiaaaaaaa 
 

62 

Grilo, C., Koroleva, E., Andrášik, R., Bíl, M., González–Suárez, M. (2020). Roadkill risk and 

population vulnerability in European birds and mammals. Frontiers in Ecology and the 

Environment, 18(6), 232–328. DOI: 10.1002/fee.2216 

Gustafson, E. J., (1998). Quantifying landscape spatial pattern: What is the state of the art? 

Ecosystems 1: 143–156. DOI: 10.1007/s100219900011 

Haddad, N. M., Gonzalez, A., Brudvig, L. A., Burt, M. A., Levey, D. J., Damschen, E. I. 

(2016). Experimental evidence does not support the Habitat Amount Hypothesis. Ecography, 

40(1): 48–55. DOI: 10.1111/ecog.02535 

Hays, G. C. (2014). Tracking animals to their death. Journal of Animal Ecology, 83(1): 5–6. 

DOI: 10.1111/1365-2656.12164 

Howard, C., Stephens, P. A., Pearce–Higgins, J. W., Gregory, R. D., Butchart, S. H. M., 

Willis, S. G. (2020). Disentangling the relative roles of climate and land cover change in 

driving the long‐term population trends of European migratory birds. Diversity and 

Distributions, 26(11): 1442–1455. DOI: 10.1111/ddi.13144 

Huang, J.–L., Andrello, M., Martensen, A. C., Saura, S., Liu, D.–F., He, J.–H., Fortin, M.–J. 

(2020). Importance of spatio–temporal connectivity to maintain species experiencing range 

shifts. Ecography, 43(4): 591–603. DOI: 10.1111/ecog.04716 

Kimberley, A., Hooftman, D., Bullock, J. M., Honnay, O., Krickl, P., Lindgren, J., Plue, J., 

Poschlod, P., Traveset, A., Cousins, S. A. O. (2021). Functional rather than structural 

connectivity explains grassland plant diversity patterns following landscape scale habitat 

loss. Landscape Ecology, 36: 265–280. DOI: 10.1007/s10980-020-01138-x 

Lamb, C. T., Mowat, G., Reid, A., Smit, L., Proctor, M., McLellan, B. N., Nielsen, S. E., 

Boutin, S. (2018). Effects of habitat quality and access management on the density of a 

recovering grizzly bear population. Journal of Applied Ecology, 55(3), 1406–1417. DOI: 

10.1111/1365-2664.13056 

Leitão, A. B., Miller, J., Ahern, J., McGarigal, K. (2006). Measuring landscapes: A planner's 

handbook. Island Press, Washington DC, 245 pp. 

Leitner, H., Grillmayer, R., Leissing, D., Banko, G., Brandl, K., Stejskal–Tiefenbach, M., 

Zulka, K. P. (2016). Lebensraumvernetzung Österreich: Grundlagen – Aktionsfelder – 

Zusammenarbeit. Bundesministeriums für Land-und Forstwirtschaft, Umwelt und 

Wasserwirtschaft (BMLFUW) Wien, 94 pp. 

Mayer, A. L., Rietker, M. (2004). The Dynamic Regime Concept for Ecosystem 

Management and Restoration. BioScience, 54(11): 1013–1020. DOI: 

[1013:TDRCFE]2.0.CO,2 

Miklós, L., Diviaková, A., Izakovičová, Z. (2019). Ecological Networks and Territorial 

Systems of Ecological Stability. Springer Cham, Switzerland. 152 pp. DOI: 

10.1007/978-3-319-94018-2  

Psaralexi, M. K., Votsi, N.–E. P., Selva, N., Mazaris, A. D., Pantis, J. D. (2017). Importance 

of Roadless Areas for the European Conservation Network. Frontiers in Ecology and 

Evolution., 5(2). DOI: 10.3389/fevo.2017.00002 

Romportl, D., Andreas, M., Anděl, P., Bláhová, A., Bufka, L., Gorčicová, I., Hlaváč, V., 

Mináriková, T. (2013). Designing migration corridors for large mammals in the Czech 

Republic. Journal of Landscape Ecology, 6(1): 47–62. DOI:10.2478/v10285-012-0063-7 

Ružičková, J., Lehotská, B. (2008). Possibilities to mitigate negative impact of roads to 

migration routes of fauna. Urban, Architectural and Technical Aspects of Rural Renewal VII, 

2008: 64–74.  



                                                          aaaJournal of Landscape Ecology (2024), Vol: 17 / No. 1 
 

63 

Saura, S., Bertzky, B., Bastin, L., Battistella, L., Mandrici, A., Dubois, G. (2018). Protected 

area connectivity: Shortfalls in global targets and country–level priorities. Biological 

Conservation, 219: 53–67. DOI: 10.1016/j.biocon.2017.12.020 

Seidler, R. G., Green, D. S., Beckmann, J. P. (2018). Highways, crossing structures and risk: 

Behaviors of Greater Yellowstone pronghorn elucidate efficacy of road mitigation. Global 

Ecology and Conservation, 15: e00416. DOI. 10.1016/j.gecco.2018.e00416 

Slovak Environmental Agency (2016). Fragmentácia prírodných a poloprírodných území. 

Retrieved Juny 17, 2022, from: https://www.enviroportal.sk/indicator/detail?id= 

2705&print=yes 

Stewart, F. E. C., Darlington, S., Volpe, J. P., McAdie, M., Fisher, J. T. (2019). Corridors 

best facilitate functional connectivity across a protected area network. Scientific Reports, 9: 

10852. DOI: 10.1038/s41598-019-47067-x 

Talty, M. J., Lacroix, K. M., Aplet, G. H., Belote, R. T. (2020). Conservation value of 

national forest roadless areas. Conservation Science and Practice, 2(11): e288. DOI: 

10.1111/csp2.288 

Teixeira, F. Z., Rytwinski, T., Fahrig, L. (2020). Inference in road ecology research: what we 

know versus what we think we know. Biology Letters 2020, 16(7), 20200140. DOI: 

10.1098/rsbl.2020.0140 

Tejera, G., Rodríguez, B., Armas, C., Rodríguez, A. (2018). Wildlife-vehicle collisions in 

Lanzarote Biosphere Reserve, Canary Islands. PLoS ONE, 13(3): e0192731. DOI: 

10.1371/journal.pone.0192731 

Vanneste, T., Govaert, S., De Kesel, W., Van Den Berge, S., Vangansbeke, P., Meeussen, C., 

Brunet, J., Cousins, S. A. O., Decocq, G., Diekmann, M., Graae, B. J., Hedwall, P.–O., 

Heinken, T., Helsen, K., Kapás, R. E., Lenoir, J., Liira, J., Lindmo, S., Litza, K., Naaf, T., 

Orczewska, A., Plue, J., Wulf, M., Verheynen, K., De Frenne, P. (2020). Plant diversity in 

hedgerows and road verges across Europe. Journal of Applied Ecology, 57(7): 1244–1257. 

DOI: 10.1111/1365-2664.13620 

Whittington, J., Low, P., Hunt, B. (2019). Temporal road closures improve habitat quality for 

wildlife. Scientific Reports, 9: 3772. DOI: 10.1038/s41598-019-40581-y 

Zeller, K. A., Lewsion, R., Fletscher, R. J., Tulbure, M. G., Jennings, M. K. (2020). 

Understanding the Importance of Dynamic Landscape Connectivity. Land., 9(9): 303. DOI: 

10.3390/land9090303 

Zurell, D., Gallien, L., Graham, C. H., Zimmermann, N. E. (2018). Do long‐distance 

migratory birds track their niche through seasons? Journal of Biogeography, 45(7): 1459–

1468. DOI: 10.1111/jbi.13351 

 


