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Abstract: Global and regional biodiversity loss is caused by several drivers including urban develop-
ment, land use intensification, overexploitation of natural resources, environmental pollution, and
climate change. The main aim of our study was to adapt the GLOBIO3 model to the conditions of the
Czech Republic (CR) to assess loss of naturalness and biodiversity vulnerability at the habitat level on
a detailed scale across the entire CR. An additional aim was to assess the main drivers affecting the
biodiversity of habitat types. The GLOBIO3 model was adapted to CZ-GLOBIO by adapting global
to local scales and using habitat quality and naturalness data instead of species occurrence data. The
total mean species abundance (MSA) index of habitat quality, calculated from the spatial overlay of
the four MSA indicators by our new equation, reached the value 0.62. The total value of MSA for
natural and near-natural habitats was found to be affected mainly by infrastructure development and
fragmentation. Simultaneously, intensity of land use change and atmospheric nitrogen deposition
contributed primarily to the low total value of MSA for distant natural habitats. The CZ-GLOBIO
model can be an important tool in political decision making to reduce the impact of the main drivers
on habitat biodiversity in the CR.

Keywords: biodiversity; detailed scale; naturalness of habitats; the GLOBIO model

1. Introduction

Intensive agriculture and forestry production, overexploitation of natural resources,
the spread of invasive species, urban and infrastructure development, fragmentation, ni-
trogen deposition, and climate change are the main driving forces of regional and global
biodiversity loss [1–5]. The role of biodiversity is important for ecosystem service provi-
sion and hence for human well-being [6–8]. The relationship between biodiversity and
ecosystem services is very close [9]. As biodiversity is continuously declining due to the
impact of the above drivers, more targets and strategies, such as the Aichi Biodiversity
Targets and the Strategic Plan for Biodiversity 2011–2020, are needed for the conservation
of vulnerable ecosystems [10]. Alkemade et al. [11] proposed climate change mitigation,
increasing forest plantation intensity, and extending the system of protected areas as the
three main ways to mitigate biodiversity loss. Despite these measures, it seems that the
situation will not improve in the coming 40–50 years due to persistent economic and
demographic development trends [11]. A variety of indices, such as the Natural Capital
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Index [12], the Biodiversity Integrity Index [13,14], the Index of Biodiversity Intactness [5],
and the Living Planet Index [15], can be used to evaluate the current state and decline
of biodiversity. On the basis of the Natural Capital Index, expressed as the deviation of
remaining native species in an undisturbed pristine situation, the mean species abundance
(MSA) indicator was developed within the GLOBIO3 model [11,16]. The conceptual frame-
work GLOBIO3 describes biodiversity as the remaining mean species abundance (MSA) of
original species in undisturbed ecosystems by human activities. GLOBIO3 can be used to
assess the impact of environmental drivers on biodiversity and to propose the necessary
measures to protect biodiversity [11].

The MSA indicator is built on simple cause–effect relationships between selected
driving forces and biodiversity impacts. The pressure of individual drivers on biodiversity
was determined on the basis of scientific studies on the occurrence of selected species of
plants and animals. An MSA indicator with a value of 1 corresponds to the maintenance of
all original species, while the value 0 refers to a completely transformed ecosystem without
these species. Six major drivers that influence the ecosystem naturalness and directly
impact biodiversity are used to assess the biodiversity status. These drivers are intensity of
land use change (MSALU), infrastructure development (MSAI), landscape fragmentation
impact (MSAF), atmospheric nitrogen deposition (MSAN), climate change [11], and human
encroachment [16]. The GLOBIO3 model can be used to assess the impacts of environmental
drivers on species diversity and to measure the expected trends in biodiversity loss under
various future land use change scenarios. It can also be applied to policy decisions that
aim to promote and conserve biodiversity at the landscape level [11].

The GLOBIO3 model has been used on a regional scale on all continents. Alke-
made et al. [11] predicted that the total worldwide MSATOT1 value for plant and animal
species will decrease from 0.70 in 2000 to 0.63 in 2050; in Europe specifically from 0.45
to 0.33. Moreover, Schipper et al. [17] estimated the decreasing global MSATOT1 value
for plants and vertebrates from 0.56 in 2015 to maximally 0.50 in 2050 by upgraded GLO-
BIO4 model. GLOBIO3 was also used at the national level and produced the following
MSATOT1 values: Zambia, 0.7 [18]; the northern parts of Scandinavia, Russia, Alaska, and
Canada, 0.5–0.7 [19]; Northern Thailand, 0.52 [20]; Central America, 0.48 [21]; and Vietnam,
0.26 [22]. The main driver that decreases the value of biodiversity is land use change due
to agricultural and forestry activities and infrastructure development.

The GLOBIO model has been applied mainly in large developing countries, such as
Mozabique [23], to estimate the impact of selected drivers on biodiversity at the global level.
The GLOBIO model is based on global data that are difficult to use in Central European
countries with higher landscape heterogeneity. This model has only rarely been used
in Central Europe. In the Czech Republic (CR), most of the input data are regional and
the country uses the same parameters and drivers as in the GLOBIO3 model. The MSA
value was previously calculated in relation to intensity of land use change and reached the
value 0.31 [24–26]. Different results for the Czech Republic were achieved by Kaňková [27]
and Stržínek [28] when calculating MSATOT1 using same model as Alkemade et al. [11].
Kaňková [27] calculated the MSATOT1 value from three drivers (MSALU, MSAI, and MSAF)
reaching the value 0.2; for the MSALU, the value was 0.26. Stržínek [28] achieved the
MSATOT1 value of 0.13 for three same drivers while the value for MSALU was 0.33. Al-
though in the upgraded version of the GLOBIO4 model [17] the input data of land use
impact on biodiversity are more detailed, the model is still focused on large areas defined
as The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES) regions, and it serves primarily to predict future biodiversity in the world. Similar
to Schipper et al. [17], we enter data on a more detailed scale than Alkemade et al. [11]. We
modified the GLOBIO3 model to obtain information on biodiversity vulnerability with the
same drivers used by Alkemade et al. [11] and Van Rooij [18], except that we used data at
the habitat level.

The main objective of this study was to adapt the GLOBIO3 model to assess the
loss of naturalness and threats to biodiversity in the Czech Republic. The main change
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was the use of habitat level input data at a scale of mostly 1:10,000 compared to the use
of 1:1,000,000 scale global data in the GLOBO3 model. The outputs of the CZ-GLOBIO
model were the MSA values of the four main drivers and MSATOT2 indicator reflecting
biodiversity vulnerability at the habitat level. We evaluated mainly natural and near-natural
habitats, but we also dealt with the predominant distant natural habitats with remnants of
biodiversity in the forest–agricultural landscape. An additional aim was to assess main
drivers affecting the biodiversity of habitat types. We assessed the impact of four main
drivers: land use change; infrastructure development; fragmentation; and atmospheric
nitrogen deposition on the biodiversity expressed by the mean species indicator (MSA)
of natural, near-natural, and predominantly distant natural habitats. The second major
change was the creation of a new equation (Equation (2)) for calculating the total MSA
value (MSATOT2). The main reason for this change was that calculating the MSATOT1 by
multiplying by low numbers close to zero of some MSA indicators results in it not being
comparable to the values of other MSA indicators.

2. Materials and Methods
2.1. Description of the GLOBIO Model

The core of GLOBIO3 consists of a set of equations describing the impact of individual
drivers on biodiversity using the impact–response relationship derived from a database
of observations of species’ responses to change. The current version of the database
includes data from more than 500 reports. Almost 140 reports are about relationships
between species and landscape coverage or land use [29], while over 300 reports deal
with infrastructure impacts [30]; approximately 60 reports monitor the requirements for a
minimum land area for the species [31] and the fragmentation impact on species [32–35],
whereas 50 reports focus on atmospheric nitrogen deposition [36–39] and on the impact-
response relationships of climate change based on several model studies [40–42].

The original GLOBIO3 was presented as a framework or conceptual model [11] be-
cause it is just a recommended sequence of methodological steps. We adopted this concept
and created the CZ-GLOBIO model at the detailed scale of 1:10,000 at the national level due
to the higher fragmentation of the Czech landscape and also due to the biodiversity loss
assessment method based on habitat naturalness assessment obtained from habitat map-
ping data (Table 1). We used the data that have a legal basis in the legal norms of the Czech
Republic, and the data have an existing declared cycle of their updating. We algorithmized
the whole process of data processing from reading the input data, its preprocessing, and
calculation of MSA values to the final visualization of each sublayer within CZ-GLOBIO in
ArcGIS Pro 2.5+ software environment. The algorithm was performed using ModelBuilder
and Python 3. The resulting solution has an introductory interface for entering the path
to the input data and the rest of the process runs in semi-automatic mode. Therefore, our
solution can be called a CZ-GLOBIO model.

Table 1. Driver data for the computation of MSA on a global scale [11] and detailed scale modified by Cudlín et al. [43].

Indicators of MSA Category of the Input Data Global Scale (Original
Model GLOBIO3)

Detailed Scale
(Adapted Model CZ-GLOBIO)

MSALU Land use, habitats Global land cover 2000
1:1,000,000

Combined layer of habitats (CL),
1:10,000/1:100,000

MSAI Roads, settlements World road map 1:1,000,000 CL, 1:10,000/1:100,000; ZABAGED/open
street map 1:10,000

MSAF Fragmentation Patches of natural area CL, 1:10,000/1:100,000,
own analyses, 1:10,000

MSAN
Nitrogen critical load

exceedance
Outputs from model IMAGE

(100 × 100 km)

Detailed combine layer (DCL) 1:10,000;
nitrogen deposition map for CR

500 × 500 m (Zapletal unpublished data)

Legend: MSALU—MSA of land use change; MSAI—MSA of infrastructure development; MSAF—MSA of fragmentation; MSAN—MSA of
atmospheric nitrogen deposition; MSATOT2—overlay all four layers of MSA indicators; CL—combined layer, DCL—detailed combined
layer. For the abbreviations of MSA titles, see the legend below Table 1.
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In this study, we refined the calculations of the values of each MSA indicator, but we
left a range of values for each driver of GLOBIO3 to compare our results with other studies.
We also kept the original setting of the MSA indicator values from 1 (maximum abundance
of original species in undisturbed ecosystems) to 0 (completely transformed ecosystem
without the original species) [11]. We used habitat quality and naturalness as basic datasets
and subsequently our own algorithm development in the ArcGIS software [43]. Of the
five drivers originally designed by Alkemade et al. [11] we used the following four: land
use change (MSALU), infrastructure development (MSAI), fragmentation (MSAF), and
atmospheric nitrogen deposition (MSAN). We prepared and used the combined layer
(CL) of habitats for the whole territory of the CR. The value of the MSA indicators of all
drivers was calculated by weighted average of the individual habitat types in the polygon.
Water surfaces were not included in the calculation of MSA indicators. The CL consists of
the Habitat mapping layer of the CR from 2013, containing 138 natural and near-natural
habitats according to Habitat catalogue of the Czech Republic [44] with a minimum area
of 0.0025 ha for the whole area of the CR, and 14 degraded habitats (distant natural,
unnatural, and anthropogenic habitat groups) [45], completed with land cover categories
from the Corine Land Cover 2006 layer for the rest of the CR. Distant natural habitats
include intensively managed forests and meadows, wetlands and shrubs influenced by
human activity, and rocks with quarries. The unnatural habitats include parks and gardens,
recreational sport areas, and arable land. The last group represents anthropogenic habitats:
completely built-up areas with minimum vegetation, transport networks, industrial and
storage objects, and waste dumps [46]. This CL was used for most drivers (MSALU, MSAI,
MSAF), except for atmospheric nitrogen deposition because it required a more accurate
display of degraded habitats. Therefore, this driver required the design of the detailed
combined layer (DCL) of habitats using the Habitat mapping layer from 2013 and the
Consolidated Layer of Ecosystems of the Czech Republic [47]. The DCL contains, besides
the Habitat mapping layer, the following sources and layers: ZABAGED, a basic database
of geographical data by the European Environment Agency; Urban Atlas, land use and
land cover data for large urban zones available online from the European Commission;
Digital Base of Water Management Data (DIBAVOD); Hydroecological Information System
(HEIS); Corine Land Cover 2006; and LPIS, the register of agricultural land provided by
the Ministry of Agriculture of the CR [48].

The total MSA value (MSATOT) is an overlay of all available MSA indicators [11].
According to Alkemade et al. [11], it is a simple product of values (Equation (1)). We
changed the equation created by Alkemade et al. [11] for calculating the MSATOT1 value
for the following two reasons. First, Equation (1) is mathematically correct, but calculating
MSATOT1 by multiplying by low numbers close to zero of some MSA indicators results
in the MSATOT1 indicator not being comparable to the values of other MSA indicators.
Second, the Globio3 model calculates the MSA indicator on the basis of the ratio of the
remaining mean species abundance (MSA) of the original species in disturbed ecosystems
compared to the mean species abundance of the original undisturbed ecosystems. For
this reason, it is appropriate to use a version of Equation (1) that follows the central limit
theorem in logarithmic space. In our study, we determined the MSA indicator on the basis
of the naturalness of the habitat, and therefore it was more appropriate to use the central
limit theorem in arithmetic space to calculate the MSATOT2 indicator by Equation (2).

MSATOT1 = MSALU ×MSAI ×MSAF ×MSAN (1)

MSATOT2 =

√
MSA2

LU + MSA2
I + MSA2

F + MSA2
N√

4
(2)
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2.2. Detailed Characteristics of MSA Indicators of the CZ-GLOBIO Model
2.2.1. MSA of Land Use Change (MSALU)

Whereas in the original GLOBIO3 model, the main Global land cover classes are
used to classify the MSALU from 0.05 (built-up area) to 1 (snow and ice, bare vegetation,
forests) [11], we used the CL to calculate the MSALU for the territory of the CR. The quality
of natural and near-natural habitats was valuated according to their representativeness
and preservation following the Czech Habitat Assessment Methodology from 2000 to
2004 [49]. Representativeness expresses the extent to which the assessed habitat is identical
to the description of the natural habitat type according to the Habitat catalogue of the
Czech Republic [44]. Preservation assesses the state of the habitat from the perspective
of nature conservation. In 2006, the Habitat mapping layer was updated with another
methodology [50]. Two new evaluation characteristics were defined: representativeness
and degree of degradation. The determination of representativeness differs from the old
methodology by focusing on the phytocenological conformity of the evaluated stand with
the habitat type. The degree of degradation expresses the intensity of the anthropogenic
influence expressed by the presence of synanthropic species. The MSALU achieved the
values 0.7 to 1 for natural habitats and 0.6 to 0.9 for near-natural habitats, according to both
methodologies [49,50]. The range of values for degraded habitats was assigned according
to Alkemade et al. [11]; the values of individual degraded habitats were estimated using
the degree of naturalness and vulnerability of habitats [46] from 0.1 for anthropogenic
habitats to 0.5 for distant natural habitats.

2.2.2. MSA of Infrastructure Development (MSAI)

The value of MSAI reached a lower value when infrastructure (mainly roads) was
close to the assessed area, and therefore the impact of infrastructure on biodiversity was
higher. Cities and agricultural land were not included in the original GLOBIO3 model [11].
However, in accordance with the aim of our study, we also calculated the infrastructure
impact for urban and agricultural areas to evaluate the MSAI for the whole CR. Infrastruc-
ture is defined as the road networks and built-up areas that form degraded habitats. We
determined three parameters for each habitat to assess the load of its existing infrastructure.
The first parameter was expressed as a direct impact of infrastructure and was defined as
the distance from the infrastructure to the borders of the assessed area from 0 to 15 km,
classified in several buffer zones. The second parameter expressed the sensitivity of the
assessed area to the infrastructure on a scale from 1 as very sensitive, 2 as sensitive, and
3 as low-sensitive areas. The last parameter represented the population density, and it
was expressed by the number of inhabitants per one square kilometer divided into three
categories: 0–10, 10–50, and more than 50 inhabitants per square kilometer. All three
parameters were calculated on a continuous scale according to Van Rooij [18] and appeared
in GIS vector format. We performed spatial overlay operations between buffer zones,
defining the specified distances of individual habitats from the infrastructure, classified by
population density layer and habitat map with three levels of sensitivity. This was followed
by attribute selection according to the combinations listed in Table 2.

2.2.3. MSA of Fragmentation (MSAF)

According to the original GLOBIO3 model, the most vulnerable areas of fragmentation
are small areas of natural habitats that have the lowest MSAF value. The least vulnerable
areas are the large, protected areas and already degraded areas, such as arable land and
cities that have the highest MSAF value because they are not threatened by fragmenta-
tion [11]. In our CZ-GLOBIO modification, we kept the highest values of MSAF for the
large protected little fragmented areas and low values for highly fragmented natural and
near-natural areas. However, unlike the original GLOBIO3, we also assigned low values
to areas with low naturalness (for example, urban areas) because the current fragmenta-
tion impact cannot reduce their habitat naturalness further; these areas were almost fully
fragmented during their transformation to anthropogenic habitats.
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Table 2. The MSAI values for individual combinations of sensitivity, buffer zone, and population density in the assessed
area. This table was modified according to Van Rooij [18].

Very Sensitive Areas, Sensitivity Value = 1

Buffer zone (km) 0–0.5 0.5–1.0 1.0–1.5 1.5–3 3–4.5 4.5–5 5–10 10–15 >15
Density 0–10 0.5 0.75 0.75 0.9 0.9 0.9 1 1 1

Density 10–50 0.5 0.5 0.75 0.75 0.9 0.9 0.9 1 1
Density >50 0.5 0.5 0.5 0.75 0.75 0.9 0.9 0.9 1

Sensitive Areas, Sensitivity Value = 2

Buffer zone (km) 0–0.25 0.25–0.5 0.5–0.75 0.75–1.5 1.5–2.25 2.25–5 5–7.5 >7.5
Density 0–10 0.5 0.75 0.75 0.9 0.9 1 1 1

Density 10–50 0.5 0.5 0.75 0.75 0.9 0.9 1 1
Density >50 0.5 0.5 0.5 0.75 0.75 0.9 0.9 0.9

Low-Sensitive Areas, Sensitivity Value = 3

Buffer zone (km) 0–0.15 0.15–0.3 0.3–0.45 0.45–0.9 0.9–1.35 1.35–1.5 1.5–3 3–4.5 >4.5
Density 0–10 0.5 0.75 0.75 0.9 0.9 0.9 1 1 1

Density 10–50 0.5 0.5 0.75 0.75 0.9 0.9 0.9 1 1
Density >50 0.5 0.5 0.5 0.75 0.75 0.9 0.9 0.9 1

Fragmentation elements (roads, railways, buildings) were defined by Van Rooij [18],
and individual types of habitats were merged according to the five types of habitat natural-
ness (natural, near-natural, distant natural, unnatural, and anthropogenic habitat groups).
Subsequently, the merged habitats in the CL were divided into fragmentation elements,
and the newly created areas of fragmented segments were calculated and divided by size
into six categories (Table 3). This step created a layer with MSAF values for the area of
the whole CR. To express the MSAF value of individual habitats, we cut this layer again
according to the CL, and the average size of the fragmented segment of each habitat type
was calculated.

Table 3. Value of the MSAF for a detailed scale throughout the CR. The table was modified on the
basis of Van Rooij [18] for the value of the MSAF on a regional scale.

Area (km2) MSAF

<0.5 0.3
1 0.6
2 0.7

4.5 0.9
10 0.95

>10 1

2.2.4. MSA of Atmospheric Nitrogen Deposition (MSAN)

The effect of nitrogen deposition was derived from critical load values for major
ecosystems using a soil map and the sensitivity of ecosystems to nitrogen inputs. The
nitrogen deposition driver was applied only to natural lands, not to croplands or urban
areas [11]. We evaluated the nitrogen deposition from a nitrogen deposition map with
500 × 500 m pixels from 2007 for the whole territory of the CR (Zapletal, unpublished
data). The empirical critical load value of nitrogen was calculated as the ratio between the
number of ground vegetation species in N-treated habitat and species number in control
habitats [36]. The critical load value was assessed for non-forest natural and near-natural
habitats by Bobbink [36], Bobbink and Hettelingh [38], and Zapletal et al. [51]. For natural
forest habitats, the critical load values calculated for long-term steady state conditions
according to UBA [52] were assessed by Zapletal (unpublished data). The empirical critical
load values for degraded habitats were derived from the percentage of remaining diagnostic
species from the Habitat catalogue of the Czech Republic [44], corresponding to the nearest
types of natural or near-natural habitats.
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The value of nitrogen exceedance (NE) for each habitat was calculated as the dif-
ference between the atmospheric nitrogen deposition and the empirical critical load of
nitrogen. Finally, we calculated the MSAN value according to Equation (3) derived from
Alkemade et al. [11] without coefficients for individual biomes if the value of NE was
exceeded. An MSAN with values less than 1 showed that the exceedance was higher than
the buffering capacity of the ecosystem and its structure when diversity of plant species and
ecosystem functioning were beginning to be disrupted or were already disrupted [36,51].
If the NE value was not exceeded, an MSAN value close to 1 was assigned to the habitat.

MSAN = 1 − ln (NE + 1) (3)

3. Results

The outputs of the CZ-GLOBIO model are the MSA values of four main drivers, and
they reflect the loss of naturalness and biodiversity vulnerability at the habitat level. The
total MSA value (MSATOT2) was calculated as a space overlay of all layers of four MSA
indicators for the whole CR (Tables 4 and 5; Figures 1 and 2). The MSA values of all
drivers and of MSATOT2 are presented in two ways. First, the average MSA value of each
driver was calculated as a weighted average of the MSA values representing the areas of
individual habitat types in the CR (Table 4). Second, we calculated the percentage of each
MSA indicator represented in five intervals of MSA values from 0 to 1 (Table 5) to give a
better overview of the pressure of each driver on the original biodiversity.

Table 4. The mean values of MSA for all drivers and MSATOT2.

Values/MSA Indicators MSALU MSAI MSAF MSAN MSATOT2

Weighted average of MSA 0.38 0.62 0.74 0.52 0.62
Number of habitat
segments in the CR 2,051,876 8,781,992 580,983 6,329,639 33,133,951

For the abbreviations of the MSA indicators, see the legend below Table 1.

Table 5. The representation of each MSA indicator in the five intervals of the achieved MSA values (0–1).

Category Interval of MSA
Value (%) MSALU % MSAI % MSAF

%
MSAN

% MSATOT2 %

1 >0 and ≤0.2 41.8 8.2 6.8 12.17 6.12
2 >0.2 and ≤0.4 20 <1 14.9 20.13 10.01
3 >0.4 and ≤0.6 21 35.8 7 17.04 28.94
4 >0.6 and ≤0.8 7.8 38.5 9.3 15.62 47.28
5 >0.8 and ≤1 9.5 17.5 62 35.04 7.65

For the abbreviations of the MSA indicators, see the legend below Table 1.

The average MSATOT2 value was 0.62. The MSALU indicator, characterizing the current
naturalness of habitats, reached only the value 0.38 (a value of 1 represents the original
state of habitat biodiversity). The remaining indicators of infrastructure development,
fragmentation, and atmospheric nitrogen deposition reached higher MSA values (from 0.52
to 0.74) in the original habitat status. Concerning the representation of MSA indicators in
five intervals of MSA values, the MSATOT2 value reached only 16% in the interval of MSA
value from 0 to 0.4. The indicators MSALU and MSAN reached a higher representation
(62% and 32%) in the interval of MSA values from 0 to 0.4 compared to MSAI (8%) and
MSAF (22%) (Table 5).

The highest values of all MSA indicators were found in the mountainous border
zones and in the hilly parts in the military areas of the CR. These high values of MSA
indicators mostly corresponded with the occurrence of large, protected areas. The lowest
values of indicators were found in the vicinity of large cities and in arable land areas
(Figures 1 and 2).
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We also assessed the MSA indicators of four selected drivers affecting the biodi-
versity for natural, near-natural, and degraded habitat types (distant natural, unnatu-
ral, and anthropogenic habitats) with the different degrees of naturalness established by
Seják et al. [46]. The groups of natural and near-natural habitats reached the highest values
of MSATOT2, ranging from 0.66 to 0.84. The MSALU values ranged from 0.72 to 0.98. The
other three indicators (MSAI, MSAF, MSAN) had a large range of MSA with values from
0.38 to 0.98 for groups of natural and near-natural habitats (Table 6). The groups of distant
natural habitats reached lower values of MSATOT2 ranging from 0.38 to 0.64, with MSALU
values from 0.21 to 0.49. The groups of unnatural and anthropogenic habitats achieved
the lowest values. The values for MSATOT2 ranged from 0.24 to 0.54, while MSALU values
were from 0.10 to 0.28 (Table 7).

Significant differences were also identified in the influence of the four drivers on the
biodiversity of individual habitat groups according to the degree of their naturalness. The
natural and near-natural habitat groups of mesic meadows and natural scrub vegetation
were the most threatened by infrastructure development, whereas other habitat groups,
such as native dwarf pine scrubs, spruce forests, peatbogs and springs, and alpine grass-
lands, were the least threatened by this driver. Non-forest habitat groups (alluvial, dry,
mesic meadows and wetlands, and littoral vegetation) and forest habitat groups (alluvial
forests, oak and oak–hornbeam forests, and natural shrub vegetation) were most threatened
by fragmentation. Most habitats did not appear to be at risk of atmospheric nitrogen depo-
sition, but the habitat groups that include rocks, rubble, native shrub vegetation, wetlands
and littoral vegetation, and heaths were threatened by this driver (Table 6).

The distant natural habitat groups of artificial rocks and quarries, intensive grasslands,
and introduced shrub vegetation were most threatened by land use change. On the other
hand, habitat groups that include artificial rocks and quarries, anthropogenic swamps,
and non-native dwarf pine were most affected by atmospheric nitrogen deposition. As
we expected, unnatural and anthropogenic habitats had the lowest values of all MSA
indicators (Table 7).

Table 6. The average values of MSA weighted by area for each group of natural and near-natural habitats. Habitat
classification according to Chytrý et al. [44].

Category of
Habitat Types

Groups of Natural, Near-Natural
Habitats MSALU MSAI MSAF MSAN MSATOT2

Grasslands

Alluvial meadows 0.72 0.67 0.48 1.00 0.76
Dry meadows 0.75 0.67 0.52 0.99 0.77

Mesic meadows 0.72 0.59 0.51 0.99 0.74
Alpine grasslands 0.85 0.74 0.76 0.54 0.76

Heaths 0.77 0.66 0.55 0.72 0.70

Forests

Alluvial forests 0.82 0.62 0.53 0.95 0.77
Oak and oak–hornbeam forests 0.82 0.62 0.57 0.88 0.76

Ravine forests 0.84 0.60 0.64 0.97 0.79
Beech forests 0.84 0.66 0.64 0.87 0.78

Dry pine forests 0.81 0.65 0.54 0.75 0.72
Spruce forests 0.87 0.75 0.82 0.74 0.81

Bog forests 0.85 0.69 0.75 0.66 0.76
Native dwarf pine scrub 0.98 0.84 0.98 0.38 0.84
Native shrub vegetation 0.73 0.59 0.46 0.78 0.68

Wetlands
Wetlands and littoral vegetation 0.73 0.63 0.46 0.73 0.68

Peatbogs and springs 0.87 0.80 0.75 0.64 0.80

Rocks, rubble 0.83 0.60 0.64 0.40 0.66

For the abbreviations of the MSA indicators, see the legend below Table 1.
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Table 7. The average values of MSA weighted by area for each groups of degraded habitats (distant natural, unnatural, and
anthropogenic habitat groups) classified according to Frélichová et al. [47].

Degree of Naturalness
of Habitat Category of Habitat Types MSALU MSAI MSAF MSAN MSATOT2

Distant natural

Non-native dwarf pine 0.49 0.69 0.67 0.33 0.57
Intensive mixed forests 0.46 0.59 0.60 0.63 0.63

Intensive broad-leaved forests 0.43 0.49 0.65 0.48 0.54
Anthropogenic swamps 0.42 0.62 0.71 0.38 0.58

Intensive coniferous forests 0.42 0.66 0.55 0.53 0.63
Introduced shrub vegetation 0.34 0.54 0.62 0.44 0.54

Intensive grasslands 0.31 0.58 0.76 0.77 0.64
Artificial rocks and quarries 0.21 0.36 0.65 0.25 0.38

Unnatural

Orchards and gardens 0.29 0.57 0.71 0.32 0.53
Vineyard 0.28 0.51 0.44 0.27 0.45

Hop fields 0.27 0.59 0.57 0.34 0.54
Green urban areas (parks, gardens, cemeteries) 0.25 0.25 0.68 0.27 0.32

Recreation sport areas 0.24 0.42 0.22 0.29 0.42
Arable land 0.24 0.61 0.72 0.26 0.53

Anthropogenic

Discontinuous urban fabric 0.19 0.34 0.38 0.25 0.35
Dumps and construction units 0.16 0.29 0.42 0.24 0.32

Industrial and commercial units 0.12 0.22 0.26 0.22 0.27
Transport network 0.12 0.40 0.49 0.24 0.37

Continuous urban fabric 0.10 0.19 0.34 0.21 0.24

For the abbreviations of the MSA indicators, see the legend below Table 1.

4. Discussion

The main aim of our study was to assess the loss of naturalness and the vulnerability
of biodiversity at the habitat level on a detailed scale across the Czech Republic (CR) using
the CZ-GLOBIO model derived from GLOBIO3. The MSATOT2 value was 0.62 but the
mean values of individual MSA indicators ranged from 0.38 to 0.74 (Tables 6 and 7). The
values of MSA indicators provide information about the current transformation of natural
and near-natural habitats into degraded habitats and their vulnerability to land use change,
proximity to infrastructure, fragmentation, and atmospheric nitrogen deposition. The
MSA indicators reached higher values of MSALU and MSAN for groups of natural and
near-natural habitats compared to distant natural habitat groups. This is caused by the
degradation of naturalness of distant natural habitats, the reduction of their buffering
capacity, and an increase in nitrogen deposition due to industry and automobile traffic [53].
On the other hand, MSAF values were the same for natural and near-natural habitats
and distant natural habitats while the MSAI values for groups of distant natural habitats
were higher than those for natural and near-natural habitats. Infrastructure development
appears to have a greater effect on reducing biodiversity in natural and near-natural habi-
tats [44] (Table 6). According to Stenhouse [54], these drivers can reduce the biodiversity
of the last remnants of natural and near-natural habitats near large cities, even in nature
reservations, through the fragmentation effect. It is possible to convert relatively easily
distant natural habitats back to natural and near-natural habitats through revitalization
processes [55]. However, inappropriate management or land use change can transform
these habitats into unnatural or anthropogenic habitats according to by Ellenberg’s degra-
dation series concept [56]. For this reason, it is necessary to monitor the entire spectrum
of degradation and regradation series from natural and near-natural habitats to distant
natural, unnatural, and anthropogenic habitats, as well as to maintain habitats with the
highest degree of naturalness [57].

Only 16% of the MSATOT2 values were found in the interval from 0 to 0.4 for the whole
CR. This occurred because the indicators MSAI, MSAF, and MSAN ranged only from 8
to 32% in the MSA interval 0–0.4. This result was caused by the lower vulnerability of
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large-scale areas of distant natural and unnatural habitats to infrastructure development
and fragmentation (Tables 5 and 7).

We compared our results of the MSA values with other studies from the
CR. Kaňková [27] calculated the MSATOT1 value from the same drivers without atmo-
spheric nitrogen deposition but achieved only the value 0.2 for MSATOT1 in the CR com-
pared with our MSATOT2 value of 0.62. This significant difference could be caused by
two factors. First, Kaňková [27] used the original method on a global scale following
Alkemade et al. [11], whereas we used the data on a detailed scale across the CR. Second,
we used Equation (2) for calculating MSATOT2, whereas Kaňková [27] used Equation (1)
according to Alkemade et al. [11]. This latter factor seems to be more influential. When
we recalculated our MSATOT2 using Equation (1) for the same three MSA indicators as
Kaňková [27], we achieved a similar MSATOT1 value of 0.17. When we recalculated the total
MSA value from Kaňková’s [27] data using our Equation (2), the result of the MSATOT2
changed to 0.78.

We assume that it is more appropriate to use our modification of the MSATOT2 in-
dicator through our Equation (2) when we have determined the MSA indicator on the
basis of the naturalness of the habitats. Alkemade et al. [11] calculated the MSA indicator
on the basis of the remaining species abundance compared to the abundance of original
species in undisturbed ecosystems, and for this reason it was appropriate to use a version
of Equation (1) that follows the central limit theorem in logarithmic space. If we apply
Equation (1) of Alkemade et al. [11], the value of MSATOT1 reaches 0.1 of our four MSA
indicators. However, it is possible to calculate the MSATOT value from the values of each
MSA indicator to compare with any equation. Some studies only consider partial MSA
indicators and drivers, or they did not count the MSATOT indicator. Trisurat [20] and
Vačkář [25] evaluated only the land use change drivers. Meyer and McLean [21] assessed
the effect of each of the five drivers on biodiversity separately and did not consider the
MSATOT indicator.

Differences between our MSALU value (0.38), the result (0.26) from Kaňková [27],
and the result (0.31) from Vačkář et al. [25] based on data of a similar scale were smaller.
Recently, Vačkářů and Grammatikopoulou [26] compared the calculation of MSALU from
regional-scale data (CORINE LC) and on a detailed scale across the CR (Consolidated
Layer of Ecosystems) without finding significant differences. Compared to our results,
Kaňková’s results [27] for the two remaining MSA indicators (MSAI, MSAF) reached the
higher values of 0.95 and 0.93, respectively. This was due to the fact that the fragmentation
and infrastructure development drivers were counted only in areas where the MSALU
values were higher than 0.5. The main reason was the assumption that these two drivers
significantly impact natural and near-natural areas [27].

The MSATOT1 calculated in other studies using Equation (1) according to Alke-
made et al. [11] reached the values of 0.26 in Vietnam [22], 0.52 in Thailand [20], and
0.55 in Zambia [18]. Land use change, infrastructure development, and fragmentation
could reduce the MSATOT1 value in the future on the basis of the model prediction calcu-
lated by Trisurat et al. [20] since deforestation in particular can also affect protected areas.
In our study, we found the lowest values for land use change produced the lowest values.
The values then increased with atmospheric nitrogen deposition, infrastructure develop-
ment, and finally fragmentation. The main reason for the higher impact of atmospheric
nitrogen deposition could be the growth of urban areas associated with infrastructure
development [58,59] and the distant transport of pollution to higher altitudes [60]. Accord-
ing to Trisurat et al. [20], the highest MSATOT1 value is associated with high altitude and
inaccessible areas. In line with this finding, we observed the highest MSATOT2 value in the
mountains with high altitudes along the CR state border (Figures 1 and 2), especially in
large protected areas such as national parks, landscape protected areas, and military areas
with limited settlements [61]. Similarly, Vačkář et al. [25] revealed higher MSALU values
in large-scale protected areas with a higher proportion of natural habitats (0.48) than in
non-protected cultural forest–agriculture landscapes (0.28).
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The additional aim of our study was to determine the vulnerability of habitat types
according to the individual drivers. Threats differed for each driver and naturalness type
of natural, near-natural, and degraded habitats. According to our results, the mean values
of MSALU for the whole CR reached only 0.38. This corresponds to historical land use
changes. After 1950, due to the communist regime, these changes mainly involved the
collectivization of agricultural land and the centralization of its management, resulting in
large blocks of arable land and the elimination of grassland boundaries and hedgerows.
In many areas, nearly 800,000 ha of agricultural land was converted from grassland to
arable land and/or drainage [62]. Later, since the regime change in 1989, progressive
urbanization and construction of commercial centers took place [53,63,64], resulting in
permanent loss of high quality arable land. Among the most significant changes since 1989
has been the conversion of low-quality arable land to grassland, which was encouraged by
subsidies after 2000. Almost 50% of grassland in 2010 was in the less -favored areas with
higher elevations and steeper slopes [65]. However, habitat quality was also declining in
grasslands. Floodplain meadows were either converted into managed meadows, pastures,
and arable land, or they were used for construction. A similar situation exists today in
Slovakia [66] and in northern Germany [67].

Infrastructure development connected with fragmentation have reduced the biodi-
versity of many natural, near-natural, and distant natural habitats, especially native and
introduced shrub vegetation habitats along roads, which are affected by regular cutting and
new communication lines. The road network also reduces the quality of natural habitats
with the spreading of weeds and invasive plants [68]. Highway construction has led to the
additional occupation of adjacent habitats 75 m from the edge of the highways themselves
caused by changes in the heat balance [69], and 200 m from the edge as a result of the
secondary development of commercial and residential areas [59]. The share of unfrag-
mented areas decreased from 81% in 1980 to 64% in 2005 due to road transport across the
CR, and the average size of individual unfragmented areas also decreased from 307 km2 in
1980 to 218 km2 in 2005 [70]. These figures show that infrastructure with accompanying
fragmentation has a strong impact on reducing the naturalness of habitats. However, in
our study, infrastructure accompanied with fragmentation had the strongest influence on
the anthropogenic habitat groups and also on the unnatural habitat group such as urban
green spaces and recreational sports areas. These results are related to the establishment
of infrastructure and fragmentation drivers. The driver infrastructure was expressed by
the direct influence of infrastructure (roads, railways), the sensitivity of the assessed area
to infrastructure, and the population density expressed by the number of inhabitants per
one square kilometer. A fragmentation driver is associated with the infrastructure driver.
This driver was expressed by the size of habitats and their degree of naturalness. The
highest values of MSAF had large protected and low fragmented areas, while low values
had highly fragmented natural and semi-natural areas and areas with low naturalness (e.g.,
urban areas). This phenomenon could be due to the connection of habitat blocks with the
same degree of naturalness, which then form larger complexes (Table 4).

Infrastructure development and fragmentation have affected grassland habitats (espe-
cially meadows of all types) more than forest habitats in Central Europe due to long-term
human management [71]. The least affected natural forest habitats are native dwarf pine
scrubs and spruce forests due to their occurrence in inaccessible locations such as large,
protected areas (Table 6). However, fragmentation of the forest landscape caused by the
development of the road network between 1960 and 2016 significantly reduced the com-
pact forest habitats in large, protected areas such as the Šumava NP and the Krkonoše
Mountains NP [64]. Further, the habitats of alluvial forests and oak and oak–hornbeam
forests are most likely to be threatened by fragmentation and infrastructure, probably due
to their occurrence in cultural forest–agriculture landscape near settlements and infrastruc-
ture development.

Atmospheric nitrogen deposition had the highest impact on habitats of native dwarf
pine scrub, rocks, screes, and alpine grasslands occurring in high mountains with an
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elevated atmospheric nitrogen deposition due to distant transport. This process started
40 years ago in the Krkonoše Mts. [72] and Jeseníky Mts. [60]. In the Krkonoše Mts., the
deposition of SO2 rapidly decreased after the desulphurization of coal power stations
during the years 1990–2000 [73], whereas nitrogen deposition still significantly exceeded
the critical load for nutrient nitrogen in 2005 [74]. Nevertheless, spruce forest habitats have
slowly started to regenerate in the Krkonoše Mts. The authors of [38] found that there was
a lower empirical critical load value of nitrogen (5–15 kg N ha−1 year−1) for native dwarf
pine scrubs and alpine grasslands than for spruce forest habitats (10–15 kg N ha−1 year−1).
This wide range of values was determined by analyzing either changes and decline in plant
species composition or the decreased biomass of fine roots and soil fauna. Using long-term
steady-state conditions (Zapletal, unpublished data), we found that the critical load value
for the natural habitats of spruce forests was 11–12 kg N ha−1 year−1.

Atmospheric nitrogen deposition has also had a significant influence on unnatural
habitats such as arable land, vineyards, recreation sport areas, and green urban areas, as
well as on anthropogenic habitats such as discontinuous urban fabric, continuous and
discontinuous urban fabric, industrial and commercial units, transport networks, and
dumps and construction units. The MSAN values ranged only from 0.21 to 0.29 due to the
high amount of atmospheric deposition, while the empirical critical load value of nitrogen
ranged from 1 to 3 kg N ha−1 year−1. These values concur with the current finding that
the largest sources of nitrogen are automobile traffic [75] and big cities [76]. However, the
most natural, near-natural, and distant natural habitats were less affected by the nitrogen
driver and reached an MSAN value in the range from 0.44 to often more than 0.6. The
MSAN indicator reached the values 0.25–0.40 only a few times for habitats of rocks, rubble,
anthropogenic swamps, artificial rocks, and quarries. According to Chytrý et al. [44], the
habitats of tall grasslands on rock ledges and habitat tall-sedge beds are threatened by
eutrophication, which is currently caused by the atmospheric nitrogen deposition. These
findings concur with the results of Kolář et al. [77], who evidenced a reduction of nitrogen
oxide emissions across the Czech Republic after 1990, together with a decreased in the
fertilization rate of farmland, particularly fields [78]. However, atmospheric nitrogen
deposition has remained at a significantly high level, mainly in the forests [79].

According to our results, the total value of the MSATOT2 indicator for CR is still
high (0.62). However, the low values of MSALU show a distinct decrease in biodiversity
compared to the original natural habitats as confirmed by Sklenicka [58], Kaňková [24],
and Vačkář et al. [25]. Land transformation for intensive agriculture, forestry plantations,
and urbanization both in the CR and worldwide has been the most significant reason for
biodiversity loss. For biodiversity loss to be reduced at the habitat level, it is necessary to
effectively protect natural and near-natural habitats, consider the sustainable use of arable
land, and establish plantation forestry on degraded land [11].

The main limitation of our investigation concerns the interpretation of the CZ-GLOBIO
results due to inaccurate input data. Although we tried to work with the most recent data
available, most of the data used were not older than 10 years. Therefore, we assume that
with more recent data, the values of some drivers would probably be different, especially
for the land use change driver. Similarly, we tried to use the most detailed classification
of land use available in the Czech Republic regarding the variability of environmental
conditions of Central Europe and their frequent changes under the influence of natural
and socio-economic drivers [53,65]. Because it was problematic to obtain data on the loss
of biodiversity in comparison with natural communities, we assessed habitat naturalness
using the expert method of “Biotope Valuation Method” [46]. We consider not using the
available plant database data for the CR because these data have a variable distribution in
space and highly variable time records. Therefore, it is not possible to use these species data
to describe the condition of habitats in a defined time period for which we are assessing the
condition of threats to landscape biodiversity in the CR. For this reason, we used habitat
type assessment data from habitat mapping in the CR. The methodology of habitat mapping
in the Natura2000 system at the Czech Republic is largely compatible with Europe-wide
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mapping [49,50]. Automation of processing of heterogeneous input data and processing
of a large number of spatial combinations (segments of individual drivers have a size of
units up to tens of millions) are solvable only with the use of spatially oriented software
tools. For our CZ-GLOBIO model, we used the ArcGIS Pro software. With this software, it
is possible to process data at a detailed scale for the entire Czech Republic in a relatively
short time (on the order of 10 h).

We are working on the creation of a climate change driver for the CZ-GLOBIO model
using EUROMOVE module. The impacts of climate change are more likely to affect habitats
that are in extreme conditions, such as alpine mountain grasslands, dry grasslands, and
peat bogs. An increase in temperature with the same amount of precipitation will also
have a negative impact on habitats that already occur in dry areas, e.g., South Moravia.
At the same time, a change in climatic conditions may lead to a more intensive spread
of alien and invasive species downstream of transport routes and watercourses. A more
accurate prediction of the response of individual habitats to changes in climatic conditions
needs to be made only after the driver of climate change has been incorporated into the
CZ-GLOBIO model.

On the basis of our investigation, we propose the adaptation of the assessment of
the MSA indicators to habitat naturalness and using the CZ-GLOBIO model for political
decision-making on biodiversity protection at the national level. The habitat quality
is a good proxy for biodiversity status, and land use data about habitat occurrences
are easily available to the government [80]. In the CR context, in order to include the
CZ-GLOBIO model in the decision-making processes of the state administration, we
recommend applying the most up-to-date data on driver impacts, on the state of land use,
and on natural habitat occurrences. Habitat mapping is regularly updated via surveillance
following the Habitat Directive obligations by the Nature Conservation Agency of the
Czech Republic [81].

5. Conclusions

The GLOBIO3 model has been modified to CZ-GLOBIO to assess the loss of natural-
ness and current vulnerability of biodiversity at the habitat level in the Czech Republic at
the scale 1:10,000. The main reason was the need for more detailed data to determine the
loss of biodiversity in time and space for all habitats in the Czech Republic. Therefore, we
also changed the original Equation (1) used to calculate the MSATOT1 of Alkemade et al. [11]
to Equation (2). We applied the four drivers of land use change, infrastructure development,
fragmentation, and atmospheric nitrogen deposition. The MSATOT2 calculated from the
spatial overlay of the four MSA indicators reached 0.62 according to our version of Equation
(2), and according to Equation (1), the MSATOT1 reached the value 0.1 for the whole Czech
Republic. On the basis of a comparison of MSATOT values from two different equations,
we recommend using MSATOT to compare landscape segment values within a one study
and using individual MSA indicators to compare biodiversity loss between studies.

The highest values of all MSA indicators were found in the naturally protected moun-
tains with high slopes in the border zone and in the hilly parts in the military areas of the
CR. In these areas, the negative impact of humans on habitats was lower in the past due
to the more difficult accessibility of these areas. Moreover, a large part of these areas is
currently designated as protected areas [25].

Natural and near-natural habitats are threatened by infrastructure development and
fragmentation. These drivers can reduce the biodiversity of the last remnants of natural
and near-natural habitats near large cities, even in nature reserves. Distant natural habitats
are threatened by land use change and atmospheric nitrogen deposition. These habitats can
relatively easily be converted to natural and near-natural habitats through revitalization
measures, but they are at risk of becoming unnatural or anthropogenic habitats through
inappropriate management or land use change. Nevertheless, the MSATOT2 value for
distant natural habitats has decreased by 25% compared to the MSATOT2 for natural and
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near-natural habitats. The important land use change driver reached only the value 0.38
for the CR, but this finding is in accordance with the results of other local studies.

For the loss of biodiversity to be reduced at the habitat level, it is necessary to better
control urban development and to protect more intensively the residues of natural and near-
natural habitats. The modified CZ-GLOBIO model based on the quality of habitats seems
to be a suitable tool for political decision making on biodiversity protection at the national
level. For the GLOBIO model to be successfully applied, however, it is necessary to use
up-to-date detailed data of the state of biodiversity and individual drivers of biodiversity
loss in the areas of interest. Using the CZ-GLOBIO model in ArcGIS software, we are
able to process input data at a detailed scale for the entire Czech Republic in a relatively
short time.
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