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Evaluation of the influence of disturbances on forest vegetation using Landsat
time series; a case study of the Low Tatras National Park
Radovan Hladkya,b, Josef Lastovickaa, Lukas Holmana and Premysl Stych a

aDepartment of Applied Geoinformatics and Cartography, Faculty of Science, Charles University, Prague, Czech Republic; bAdministration
of the Low Tatras National Park, State Nature Conservation of the Slovak Republic (NAPANT), Banska Bystrica, Slovakia

ABSTRACT
This study is focused on the evaluation of forest vegetation changes that took place between
1992 and 2015 in the Low Tatras National Park in Slovakia, using time series on Landsat 4, 5, 7,
and 8 data. Time-series analysis was performed by evaluating the development of six vegeta-
tion indices in nine different localities selected based on the type of damage. The CDR (Climate
Data Records) of the Landsat data was first normalized using the PIF method, and the
trajectories of the used vegetation indices were compared with in-situ data. The area was
damaged by both wind and bark beetles that significantly affected the forest vegetation in the
Low Tatras National Park at the beginning of the 21st century. The results confirmed the
excellent predictive abilities of vegetation indices based on SWIR bands (e.g. NDMI) for the
purpose of evaluating the individual stages of a disaster. The use of the Landsat data CDR in the
research of long-term forest vegetation changes is of high relevance and perspective owing to
the free availability and distribution of the corrected data. Finally, several applications of
remote sensing data are proposed for the management and the protection of national parks.
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Introduction

Earth observation (EO) provides unique information
for the purpose of observing dynamic phenomena
occurring on the surface of the Earth. Because of the
availability of free data via archives, including satellite
imagery and processing technology, new possibilities
have been made available for studying dynamic
changes to the landscape (Roy et al., 2014; Wulder,
Masek, Cohen, Loveland, & Woodcock, 2012). One of
the most recent issues approached using EO image
analysis is to determine the health of the forests and
changes that have occurred in the forests on
a continental or global level. One of the most signifi-
cant outputs as yet is the worldwide database covering
the status and changes in the forests by Hansen,
Stehman, and Potapov (2010) or the database of
changes in the forests of Eastern Europe by Potapov
et al. (2015). The basic sources of data used in these
areas of research is the Landsat Thematic Mapper, the
Enhanced Thematic Mapper Plus (TM/ETM +), and
more recently the Operational Land Imager (OLI).

Time Series (TS) methods are often used to evaluate
changes in vegetation. The essence of TS is the repre-
sentation of the dynamics of a phenomena expressed
as changes in monitored values over time. The output
of a graph, or a series of graphs, brings us closer to an
accurate understanding of specific phenomena using
the trajectory in a line graph. TS technologies are

widely used not only in the field of EO and geoinfor-
matics, but have been used in many other scientific
disciplines as well (for example biology, see Jakobsen,
Carstensen, Harrison, & Zingone, 2015). EO data is
mainly applied for investigating Land Cover/Land
Use, understanding the current state of vegetation
(Forkel et al., 2013), or in the study and observation
of changes in arid, semiarid, or glacial areas
(Baumann, 2011).

Many different types of satellite data can be used for
TS investigation. When choosing the type of data to be
used, the availability and suitability of images are
initially considered (especially in terms of time and
spatial resolution). Due to the availability of the free
archives, the satellite imagery from Landsat is some of
the most commonly used data (Wulder et al., 2016).
Neigh et al. (2014) took advantage of the Landsat data
to research the development of the forests in
Wisconsin and Minnesota, using an algorithm that
maps any disturbances to insect populations using
time series. Zhu and Woodcock (2014) used the data
to systematically address changes taking place in
forested areas, in North America.

Tracking the dynamics of changes in the forest
vegetation of Central Europe has been undertaken by
several scientists. Many studies have been carried out
since 1990 to evaluate the damage that industrial
emissions in the Black Triangle area (the traditional
industrial area between the Czech Republic, Germany,
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and Poland) caused, e.g. Entcheva et al. (1999),
Campbell et al. (2004), and Albrechtova and Rock
Barrett (2003). A systematic investigation of the use
of vegetation indices in the field of deforestation and
evaluating the consequences of disturbances in
Sumava National Park (in the Czech Republic) has
been dealt with by Hais, Jonasova, Langhammer, and
Kucera (2009a), Hais & Kucera (2009b) and (2016).
Hajek and Svoboda (2007) used Landsat images to
evaluate the damage that occurred in a spruce forest
in Trojmezna in the Sumava National Park using
a time series of aerial photographs to investigate an
invasion of the bark beetle. An evaluation of the
impact of catastrophic events on the state and devel-
opment the forest in Sumava was also the focus of
Zemek, Cudlin, Bohac, Moravec, and Herman
(2003). Several studies have also been carried out
using EO in Krkonose National Park and Krusne
hory (in the Czech Republic) Kupkova et al. (2017),
Kupkova and Potuckova (2018). Musilova (2012) used
EO techniques to assess the health conditions and
development of spruce stands using very high-
resolution data and Landsat time series to evaluate
the spruce stands while applying a broad range of
vegetation indices. The result of the evaluation
assessed the long-term development of the health sta-
tus of the spruce stands, as well as a mutual compar-
ison of the indicating capabilities of the vegetation
indices used. An evaluation of the changes in forest
vegetation in Slovakia has also been carried out in
several studies, Bucha (2014), Bucha and Koreň
(2017), Griffiths et al. (2014), Havasova, Bucha,
Ferencik, and Jakus (2015), Hlasny et al. (2015),
Kern et al. (2017), Vladovic (2011) or Hlasny and
Sitkova (2010), and in Poland with a focus on the
High Tatras (e.g. Kozak, 2010; Kozak, Estreguil, &
Troll, 2007). The complex assessment of the changes
in the forest areas and their consequences in the
Carpathian region has also been addressed in several
Landsat studies, such as those carried out by
Kuemmerle, Hostert, Radeloff, Perzanowski, and
Kruhlov (2007) and Butsic et al. (2017).

This work is focused on evaluating the changes in
the forest vegetation of selected localities in the Low
Tatras National Park using TS methods and based on
data from Landsat images. Changes in the forest vege-
tation that have been caused by various disturbances
are evaluated on the basis of the vegetation indices
selected and from data gathered in the field. The main
aim of this study is to evaluate the potential of the
selected vegetation indices for providing information
concerning the detection of disasters (such as high
winds or bark beetle invasions) and to evaluate the
health of the forest during the individual stages of
a disturbance (the condition of the forest before, dur-
ing, and after such events). The values gathered from
the time series of the selected vegetation indices are

monitored and evaluated for each individual type of
disturbances (biotic and abiotic) and the individual
phases (pre-disturbance, disturbance, and post-
disturbance). The individual trajectories of the TS
are interpreted and validated in relation with the in-
situ data provided by the Administration of the Low
Tatras National Park. We cooperated with the Low
Tatras National Park Administration in the process of
collecting and evaluating the data. For this reason, an
important part of this study is an evaluation of the
application of the EO data and methods for the man-
agement and protection of national parks.

The main objectives of this work are:

(1) To evaluate the changes to the forest vegetation
in selected localities of the Low Tatras National
Park in the period 1992–2015 using Landsat
data and TS methods.

(2) To evaluate the suitability of individual vegeta-
tion indices to capture the influence of different
types of biotic and abiotic disturbances on for-
est vegetation.

(3) To validate and interpret the results of TS using
in-situ data.

(4) To discuss the application of the EO data for
use in nature conservation and the manage-
ment of national parks.

Description of the observed area

The Low Tatras are among the most important moun-
tainous regions of Slovakia, represented by a massive
range that crosses the center of Slovakia in an east-
west direction for approximately 70 kilometers. The
average width of the mountain range is 15 to 30 kilo-
meters, with a maximum height of 2 043 meters above
sea level at the summit of Dumbier.

Due to its large size, the diverse soil substrate, and the
variation in the forms of relief, the Low Tatras are a part
of the area with the highest diversity of plant species in
Slovakia. The dominant plant community in the area is
forest, with the presence of extensive forest ecosystems.

Spruce trees are found with a typical naturally occur-
ring structure in the natural forest ecosystems, and
forests which have undergone forestry applications dif-
fer significantly from the former. The natural spruces
are generally preserved in the less accessible areas, with
forested areas that are typically smaller than the areas of
forest used for economical gain. Spruces from the eco-
nomically affected areas are significantly different from
the spruces of natural origin in spatial construction, and
especially in terms of synecological relationships as the
development of these relationships takes place under
the influence of both natural and anthropogenic factors.
Overall, this biotope belongs to the most extensive
administratively protected habitat in Slovakia with the
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highest levels of territorial protection. Mountain and
alpine spruce stands have been endangered by the long-
distance transmission of pollutants (acidification,
ozone), and by global warming and wind calamities
that have led to the introduction of sub-shell insects.
The integrity of the forest ecosystems has undergone
significant disturbances from abiotic events (wind,
snow, frost, avalanches), biotic agents (sub-insects),
and anthropogenic influences (e.g. air pollution).
Forest ecosystems that are economically affected are
predominantly optimum to suboptimal in terms of
grading for the occurrence of the bark beetle
(S-NAPANT, 2007).

The declaration of the Low Tatras National Park
(hereinafter NAPANT) occurred in 1978. The national
park covers an area of 73 km2 with a buffer zone of
more than 110 km2. NAPANT is one of the largest
protected areas, not only in Slovakia, but in the entire
Carpathians (Figure 1).

Between 15:00 and 24:00 on 19 November 2004,
a windstorm passed through the Low Tatras with

a maximum speed of approximately 175 km/h. Both
the Low Tatras National Park and its buffer zone was
severely damaged, with the destruction of forest stands in
several localities. The risk of a spontaneous invasion of
sub-insects in the spruce forests could not be excluded
following this storm because of the threat from the
surrounding forest stands. The amount of damaged
wood that had to be removed was evidence of how
dramatic the disaster was. In the period leading up to
2 December 2004, 950 000 m3 of damaged wood was
recorded in the Low Tatras (NAPANT Report, 2004).
A loss of 1 355 000 m3 was recorded in 2005 in the state
forest of the Low Tatras area, and 177 000 m3 of timber
was harvested by state foresters in the Low Tatras in
2006, of which 80.8% was calamity wood (Kunca,
Galko, & Zubrik, 2014; S-NAPANT Report, 2008).

The windstorm in November 2004 hit the territory
of NAPANT strongly and ultimately led to an invasion
of the European bark beetle (Ips typographus) as
a result, causing a biotic disaster beneath the bark of
the trees that occurred after 2005. Extremely favorable

Figure 1. Map of the sites of interest (source: own creation, ESRI data).
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conditions for the movement of these subcortical
insects occurred in almost all of the non-native and
natural spruces in Slovakia during the summer of
2007. An archived report from the National Park
concerning an assessment of the current state of the
insect population (S-NAPANT Report, 2008) included
areas that were partially or dramatically damaged. The
territory of the Low Tatras was also hit by other dis-
asters in the following years (Kunca et al., 2014), the
most important of which were the snow storm
“Tamara” (in Jan. 2006), the windstorms “Kyrill” (in
Jan. 2007), “Filip” (in Aug. 2007), and “Zofia” (in
May 2014), and the advancing biotic calamities that
have occurred in several parts of the territory.

Aspects of the changes/stability of forest areas, for-
estry intensity, and damage caused by the disturbances
after 2004 all played a role in the selection of the sites of
interest (Figure 1), which are located in the Dumbier
part of the Low Tatras (Western Carpathians), the
Mlynna valley, and the Bystra valley. Both valleys are
part of the territory that is classified as 3rd of 5 levels of
territorial protection (national park), according to the
official national categorization of nature protection. The
Mlynna valley is approximately 7 km long, and is
divided into two by Zelenska Mlynna valley and
Posova Mlynna valley. To protect this valley, Slovakia
has committed to pre-accession agreements with the
European Union (NATURA 2000). The territory is
currently part of a site of Community importance
(“SKUEV 0302 Dumbierske Tatry”) and part of
a special protection area (“SKCHVU 018 Nizke
Tatry”). This area was originally proposed by conserva-
tionists as a strictly protected zone, but foresters did not
agree. The Mlynna valley has therefore been defined as
under forest management. Despite the high value of the
ecosystem and the inaccessibility of the area due to the
high altitudes and steep slopes (it is located 1 200–1
500 m above sea level), intensive logging has been
introduced; foresters harvested approximately 268
000 m3 of wood in this area in 2016. Only 10–30% of
this wood has to be left untouched according to rules set
out by the state administration authorities.

The Bystra valley is approximately 8.5 km in length.
Although a busy road leading from Bystra village
passes through the Bystra valley to the center of tour-
ism in the southern side of Chopok peak, the valley
itself is not a tourist destination. A primeval forest is
located in this valley which has been well-preserved
for centuries. The primeval forest in Bystra valley has
been preserved in six areas, covering a total of almost
410 ha and in two other areas within the forest a resi-
dual primeval forest covering an area of less than 25 ha
can be found. The integrity of some parts of the forest
has been damaged by the cattle grazing and logging.
The majority of the primeval forest is represented by
Acidophilous spruce forests (Vaccinio-Piceetea).

In both valleys the predominant tree is the spruce
(Picea abies), which occurs naturally in mountain
spruce forests ecosystems. The lower foothills include
beech forests (Fagus sylvatica) and mixed forests.
Mountain pine (Pinus mugo) dominates above the
upper boundary of the forest, together with alpine
grasslands and herbaceous stands. After the wind-
storm in 2004, these valleys were affected by the bark
beetle invasion, culminating in a decline in spruce in
2009, with a corresponding peak in the decay of the
entire forest in 2012.

The sites of interest for this study were categorized
according to the type of disturbance that affected these
locations. The first group of sites represents the territory
influenced by wind (aerial photographs and a photo of
the local forest are presented in Attachments - Table 3-5
and Figure 11-16). The second group of sites has been
affected by bark beetle (aerial photographs and a photo
of the local forest are presented in Attachments -
Table 6-8 and Figure 17-22), and the third group of
sites is characterized as locations where only a very low
impact of disturbance occurred in the forest (aerial
photographs and a photo of the local forest are pre-
sented in Attachments - Table 9-11 and Figure 23-28).

Data

Both satellite data and in-situ data were used in this
study. Landsat CDR (Climate Data Record, Landsat
Collection 1 Level-2 with L1TP) satellite imageries
were used as the remote sensing data. The distributed
CDR data is preprocessed to include atmospheric cor-
rections (LEDAPS algorithm for Landsat 4–7 and
LaSRC for Landsat 8) using the CDR database (Vuolo,
Mattiuzzi, & Atzberger, 2015). The images from
Landsat 4–7 are eight-bit datasets and those from
Landsat 8 are twelve-bit datasets. The Level-2 datasets
are rescaled to a sixteen-bit structure to improve com-
parability. The CDR frames are therefore scaled to the
date of the sixteen-bit structure. Other useful layers
such as the Fmask (by Zhu, Wang, & Woodcock,
2015; Zhu & Woodcock, 2012) layer, which provides
a mask for classified opaque elements such as water,
cloud cover, snow, and shadows, can be found in the
generated raster mask (from the original satellite
image); for more information on the methodologies
used see (Zhu et al., 2015; Zhu & Woodcock, 2014).

A total of 11 usable Landsat satellite images were
finally selected covering the area of interest in this
study. One Landsat 4, six Landsat 5, two Landsat 7,
and two Landsat 8 images were chosen from between
1992 and 2015. An overview of all the images used is
documented in Table 1. Important aspects that were
considered for selection were cloud cover (elimina-
tion) and the date of acquisition. According to several
authors, such as Griffiths et al. (2012) and Vogelmann,
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Xian, Homer, and Tolk (2012), the best time for the
assessment of the forest vegetation is between the
summer and the autumn. Images from the months
between July and September were therefore selected.

In-situ data obtained from the Low Tatras National
Park include field records, information concerning
forest management plans, and archived records of
nature conservation documentation for the areas
assessed during the study period. The forest manage-
ment plan is legislatively enshrined in the Forest Law
on Forest Economic Planning and is being developed
as a basis for forest status and forest management for
a period of 10 years. Three aspects are included in the
plan; a textbook, a document detailing the economy,
and maps of the forest. All the necessary data concern-
ing the state of the forest and its management can be
found in the text and the economic document. Data
was provided concerning the status of the forest and
the past management in the sites monitored; the area
and category of forest, the age of the stock, a percen-
tual representation of the individual trees, the average
height, methods of management, and economic
proposals.

The sites of interest were categorized according to
the type of disturbance selected (Table 2), and were
subsequently evaluated using Landsat multispectral
images.

Data processing

In order to determine the state of and the changes to
the vegetation from satellite images, key information is
found in the spectral characteristics of the vegetation
species studied. Each species of vegetation has specific
characteristics that can be detected via EO, and the

properties of these species (e.g. health status) can be
determined based on this knowledge. Spectral reflec-
tion can be represented by a curve divided into three
basic parts according to the main structural properties:
the area of pigmentation absorption, cellular struc-
tures, and the amount of water absorbed (see
Albrechtova & Rock Barrett, 2003). Time series ana-
lysis monitors the changes in vegetation over long
periods of time, and is often used for estimating the
spectral characteristics of objects studied, or is based
on the spectral characteristics of derived data such as
vegetation indices.

In order to ensure compatibility, the Landsat CDR
data source was used. As mentioned above, atmospheric
and radiometric corrections did not need to be per-
formed on the CDR data because the images are distrib-
uted with the appropriate corrections, and are already
converted to surface reflectance. The Fmask feature (Zhu
et al., 2015; Zhu & Woodcock, 2012, 2014) was used to
select cloud-free images and to unmask clouds, shadows,
snow, and other problematic elements.

It is clear from many studies that one significant
problem in creating a time series is ensuring compat-
ibility between the types of data that are often taken
with multiple types of sensors (e.g. Vogeler, Braaten,
Slesak, & Falkowski, 2018). A different sensor type and
a different acquisition time may have a large influence
on the result of time series analysis. For this reason,
relative radiometric normalization was used to elimi-
nate the influence of different acquisition times, differ-
ent phenological phases of vegetation, and the influence
from the different spectral and radiometric character-
istics of different sensors. Problems caused by the dif-
ferent times and locations of acquisition, the different
positions of the Sun, and different radiometric and
spectral differences can be reduced via normalization.

The PIF-Based Linear Regression method was
selected for normalization on the basis of previous
empirical testing that was carried out in several pre-
vious studies (Chen, Vierling, & Deering, 2005;
Rahman, Hay, Couloigner, Hemachandran, & Bailin,
2015; Song, Woodcock, Seto, Lenney, & Macomber,
2001), and testing of the relative radiometric normal-
izations in the article by Lastovicka, Hladky, Stych,
and Holman (2017). The PIF-Based Linear
Regression method is a relatively standard proven

Table 1. List of the used images (source: USGS).
Name of image Date of acquisition Sensor

LC81880262015193LGN00 12 July 2015 Landsat 8
LC81880262013219LGN00 7 August 2013 Landsat 8
LT51880262011198MOR00 17 July 2011 Landsat 5
LT51880262009240KIS00 28 August 2009 Landsat 5
LT51880262007203MOR00 22 July 2007 Landsat 5
LT51880262006200KIS01 19 July 2006 Landsat 5
LT51880262005245KIS00 2 September 2005 Landsat 5
LE71880262001242SGS00 30 August 2001 Landsat 7
LE71880261999221SGS01 9 August 1999 Landsat 7
LT51880261994183XXX02 2 July 1994 Landsat 5
LT41880261992202XXX02 20 July 1992 Landsat 4

Table 2. Description of the sites of interest (source: NAPANT).
Locality Treatment Disturbance Site name Valley name Coordinates (ETRS89)

1 managed Wind Veľký Gápeľ Zelenská Mlynná 48.9049668 19.6364943
2 managed Wind Trangoška I. Bystrá 48.9246311 19.6134983
3 managed Wind Trangoška II. Bystrá 48.9223156 19.6047867
4 unprocessed Bark Beetle Králička Zelenská Mlynná 48.9157142 19.6521710
5 unprocessed Bark Beetle Kosodrevina I. Bystrá 48.9293947 19.5935642
6 unprocessed Bark Beetle Kološňa Bystrá 48.9291619 19.6088744
7 semi-natural No Malý Gápeľ Pošova Mlynná 48.9005580 19.6533417
8 semi-natural No Zadné Dereše Bystrá 48.9272675 19.5836911
9 semi-natural No Kosodrevina II. Bystrá 48.9310644 19.6011869

44 R. HLADKY ET AL.



method, which has its origins in the 1990s, and is
probably the most commonly used technique with
MAD/IR-MAD. Many variations of PIF are used in
algorithms for investigating time series (e.g. MAD/IR-
MAD by Canty & Nielsen, 2008; Schroeder, Cohen,
Song, Canty, & Yang, 2006; Syariz et al., 2019). The
PIF-Based Linear Regression method is based on lin-
ear alignment using linear regression. In this method,
a traditional linear regression is used in which the
approximation of the known values is represented by
the smallest square method.

The method consists of finding pseudo-invariant
objects via the use of the invariant objects in two
observed images (reference – master and compared –
slave, where the PIF-Based Linear Regression method
uses one reference image from the middle of the obser-
vation period and the others as slaves) that occur as
clusters in a scatter plot (Chen et al., 2005; Mei, Bassani,
Fontinovo, Salvatori, & Allegrini, 2016; Schroeder et al.,
2006; Song et al., 2001; Yang & Lo, 2000). The invariant
values of both images are searched and selected manu-
ally or automatically using an algorithm (Bao et al.,
2012). The master image for normalization selected
was from 19 July 2006 (Landsat 5), the center of the
observation period (Table 1). The invariant areas
required for this method were selected using the
NDVI index and the semi-automatic selection method
inspired by Bao et al. (2012) and Chen et al. (2005).
Pixels with values higher than 0 and lower than 0.5 were
selected from the master image as a mask for the poten-
tial invariant features. Subsequently, this mask was
applied to all the slave images (all the spectral bands).
The individual master and slave bands were then com-
pared for the remaining potential invariant elements.
Based on the calculation of values for the surface reflec-
tance of unchanged land cover types (primarily urban
areas, town squares, and roads) for the different types of
sensors (e.g. Landsat 5 vs. Landsat 8), the range of the
unchanging values was found. Based on this range,
specific invariant pixels were selected to compare the
master and slave images band by band. Thus, inverse
regression by linear regression roots (via matching pairs
of both images – band x of the reference image with
band x of the slave image) was applied to the entire slave
image (Chen et al., 2005).

For the data normalization and the time series
visualization of the CDR Landsat data, custom semi-
automatic applications were developed in the Matlab
environment. The developed application was inspired
by the TimeSync web application (Cohen, Yang, &
Kennedy, 2010), which has limitations in accessing
custom data as well as bulk data over the Internet.
However, the application allows work with any type of
satellite data to be carried out in an off-line mode. This
application is transferable to a wide range of software
and operating systems because of the relatively stan-
dardized Matlab encryption. The application itself

consists of several algorithms for which two user inter-
faces have been created. The first user interface allows
users to see the differences between the two spectral
bands that are required for normalization purposes.
The scatter graph and interdependence are displayed
using a linear regression curve. The second user inter-
face allows users to choose the destination and to
create TS figures.

After the process of data standardization, selected
vegetation indices were calculated in Envi 5.1, and
time series charts created in our own Matlab app. The
application then created time series charts for the spe-
cified locations. The calculations take the pixel values of
the site or its surroundings (3x3 pixels) into account. In
the case of this study, the closest neighborhood of the
site was used, with 3 × 3 pixels. For a more detailed
description of this application, see Lastovicka et al.
(2017).

On the basis of previous studies such as Jin and Sader
(2005) or Chen et al. (2005), it was decided that the
visible, NIR, and SWIR bands would be used for the
evaluation of the vegetation indices based on the use of
spectral bands. Below is a list of the ratios used for
vegetation indices:

(a) The NDVI (Normalized Difference Vegetation
Index), which includes values from −1 to 1. In
general, higher values of the NDVI reflect
a higher amount of vegetation (Musilova,
2012; Wang et al., 2010).

(b) The Simple Ratio Index (SR, Equation 1), which
demonstrates the inverse relationship between
chlorophyll absorption in the red band and the
increased reflection of the healthy vegetation in
the near infrared band. The index assigns a value
of 1 for bare soils and increases in value as the
vegetation cover increases (Birth & McVey,
1968). It is determined using the relationship:

SR ¼ NIR
RED

Equation 1. the Simple Ratio Index (SR)
(c) The NDMI (Normalized Difference Moisture

Index, Equation 2) is an index for observing
the water content in vegetation. This vegetation
index is designed to look for disturbances in the
landscape. The advantage of this index is the
possibility of detecting the vegetation struc-
tures that have been only minimally disturbed
(Jin & Sader, 2005).

NDMI ¼ NIR� SWIR
NIRþ SWIR

Equation 2. the Normalized Difference Moisture
Index (NDMI)
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(d) The FMI (Foliar Moisture Index, Equation 3) is
designed to monitor the humidity ratios of
vegetation (Wang et al., 2010). Its relationship
is:

FMI ¼ NIR
RED� SWIR

Equation 3. the Foliar Moisture Index (FMI)
(e) The wNDII (wide-band Normalized Difference

Infrared Index, Equation 4) is also used to
determine the humidity of the vegetation. It is
mainly used to estimate the moisture in a leaf
per unit area (Musilova, 2012; Wang et al.,
2010). It is determined by the relationship:

wNDII ¼ 2NIR� SWIR
2NIRþ SWIR

Equation 4. the wide-band Normalized Difference
Infrared Index (wNDII)

(f) The slightly modified NDVI index, which does
not take negative values, is called the TVI
(Transformed Vegetation Index, Equation 5,
Rouse, Hass, Schell, & Deering, 1973). The sig-
nificance of the second power in the relation-
ship is to repair the Poisson distribution of the
NDVI values to normal ones. The index is
suitable for masking the influence of the soil,
similar to SAVI. Its relationship index:

TVI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR� REDð Þ
NIRþ REDð Þ þ 0; 5

s

Equation 5. the Transformed Vegetation
Index (TVI)

The TS graphs were created using the above-
mentioned applications and represent the average
values in the location observed (3 x 3 pixels) in the
selected index for the entire observation period. The
center of the site of interest was selected as the location
from which observation was carried out. This method
eliminated any discrepancies that could occur during
the resampling of the images and eliminated any over-
lapping with areas outside the site of interest.

Results

The results are focused on describing and interpret-
ing the value of the vegetation indices in the 9
different case studies where different types of devel-
opment has occurred in the forest (localities 1–3
were influenced by a damage from wind, localities
4–6 were affected by a bark beetle invasion, and
localities 7–9 were forest vegetation that was

unaffected by any significant disturbance). The
similarities and differences in the values for the
studied indices are presented with respect to the
evaluation of the particular disturbances. The
results describe and interpret the values of the
studied vegetation indices during the observed per-
iod and evaluate the suitability of these indices for
the assessment of changes in the forest. The results
should indicate the applicability of different vegeta-
tion indices or combinations of these for the detec-
tion of different types of disturbances.

Localities 1-3 (with wind disturbance)

A significant part of the Low Tatras National Park was
damaged by the catastrophe caused by winds during
storm Elizabeth, which took place on 19 November
2004, and the associated abiotic disturbances that
occurred over the next few years. The first three sites to
be explored represent the area which was most heavily
damaged by this event, followed by the semi-natural
regeneration of the vegetation after the calamity.

Elimination of the consequences of this cata-
strophe was managed economically only after
accessibility to the locality became available
through the construction of a forest road network
after 2008. The damaged trunks were removed
from the site, but approximately 10–30% of the
mass of wood destroyed by the catastrophe was
left in place. The restoration of the forest took
place via both natural and forestry-controlled
regeneration. In this case, the area was occupied
primarily by berry species (Vaccinium myrtillus,
Rubus fruticosus, Rubus idaeus), rowan (Sorbus
aucuparia), and lichens. Young spruces were
planted by the foresters to support the recovery of
the forest.

The results of the development of the individual mon-
itored indices are documented in Figures 2–4. The
changes in the values for the monitored indices indicate
that the 2004 gales significantly affected the state of the
forest vegetation in all three localities. The indices
strongly reflect this wind disaster, and a significant
change is observed in all the values. An accurate assess-
ment of the impact of a disturbance is difficult for the
period immediately following the event because of the
lack of suitable Landsat images from between 2001–2005.
However, images from the subsequent years can be used
to specify the disturbance, which is evident from the
resulting curves. The sudden damage to the vegetation
is reflected in the apparent decrease in the values of the
observed vegetation indices. It can be seen from Figures
2–4 that the most significant changes (decreases) are
apparent in the values of the vegetation indices NDVI,
NDMI, and wNDII; the decline in the curve is minor in
the FMI, SR, and TVI indices. According to the forest
management plan and field observation, many of the tree

46 R. HLADKY ET AL.



trunks (mostly spruce) were left at the site following the
disaster, and after 2006 it was possible to observe both the
natural and forestry-controlled regeneration of the vege-
tation. According to the in-situ data, the vegetation gra-
dually began to cover the affected site, and the land
gradually became dominated by shrubs. All of the indices
reflected the sudden destruction of the forests with the
subsequent death of the trees by a significant drop in
values. Forest undergrowth is recorded in the NDVI,
NDMI, and wNDII index trajectories with a gradual but
noticeable increase in the values. A significant change in

the NDMI values occurred in localities 2 and 3 (see
Figures 3–4). Lower values were recorded in the SR
index while the vegetation was restored, but no increase
could be seen in the values of the FMI index as a respond
to this regeneration. It is apparent that there is a very
similar trend in all localities from the curves describing
the different localities for the same type (wind distur-
bance). We note only minor differences in the values in
the graphs. In the period before and after the calamity,
only minor fluctuations can be seen in the figures, which
could be primarily caused by changes in the phenological

Figure 2. The development of the individual monitored indices for the locality 1 affected by wind disturbance (red vertical line is
the time of wind disturbance and blue line is the start of recovery mode) (source: own creation).

Figure 3. The development of the individual monitored indices for the locality 2 affected by wind disturbance (red vertical line is
the time of wind disturbance and blue line is the start of recovery mode) (source: own creation).
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phase or be due to external factors (e.g. weather
conditions).

Localities 4-6 (with bark beetle disturbance)

The second category of observed sites (Figures 5–7)
are the three sites that were affected by the strongly
expanding, devastating bark beetle invasion that
occurred following 2007. After the invasion, the forest
vegetation was left dying and susceptible to other
forms of biotic attack. Several obvious trends can be
seen from the figures. At the beginning of the timeline
(1992–1994), persistent or slightly increasing values
can be observed in the vegetation indices, reflecting
the natural development of forest vegetation. A role
could also play different Landsat 4–8 data inputs for
normalization, which achieved less accurate normal-
ization results for Landsat 4 images. Consequently,
most of the indices are characterized by a decline,
not from 2007 when the bark calamity culminated,
but from 2005, which was when the bark beetle cata-
strophe began, according to the forestry records. At
this initiation phase, the vegetation indices wNDII,
NDMI, and FMI declined, with the NDVI and TVI
values oscillating between 2005 and 2007. At the peak
period, all indices responded with a drop in value.
A high similarity in these trends is seen in localities
4–6 in Figures 5–7. According to the forest records
and in-situ data, the infectious wave spread over the
entire forest after 2007. In the period 2007–2012, the
observed sites are characterized by significant degra-
dation and mass death of the spruce trees. All mon-
itored indices responded with a change in values that
continued until 2012, when a natural regeneration

began, dominated by rowan (Sorbus aucuparia),
which successively re-occupied the deforested areas.
Many of the dried trunks of the still-standing dead
spruce had fallen and become part of the vegetation
and forest sub-growth by 2012. This was mainly
reflected by the NDMI, wNDII, and NDVI indices,
from which it is apparent that there was an increase in
pioneer forest biomass that was gradually growing
near the scattered dead spruce. The wNDII, NDMI,
and NDVI indices generally show relevant fluctua-
tions in value, from which both the initiation and the
subsequent stages of the bark beetle invasion can be
detected.

Localities 7-9 (without disturbance)

The final observations are for the investigation of
localities where, unlike the two previous categories,
there were no significant changes in the vegetation
due to biotic and abiotic disturbances. It can be seen
from Figures 8–10 that relatively small changes
occurred in the observed area. However, some oscilla-
tions are visible in the values of all the indices. An
insignificant fluctuation was recorded in the index of
TVI. The oscillations in the indices of NDVI, FMI, are
more visible, with the most obvious oscillations in the
wNDII and NDMI indices. In terms of interpretation,
it is necessary to bear in mind that changes in the
values of indices may reflect events other than anthro-
pogenic impact, such as weather conditions (precipi-
tation or drought). Certain oscillations/discontinuities
in the values during the first few years observed (at the
beginning of the charts) could be caused by the result

Figure 4. The development of the individual monitored indices for the locality 3 affected by wind disturbance (red vertical line is
the time of wind disturbance and blue line is the start of recovery mode) (source: own creation).
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of the lower accuracy in the normalization of
Landsat 4.

Figure 8 (locality 7) shows an insignificant decrease
in the first half of the observation period and lower
values for the indices in the years 2005–2009. This
could be related to previous deforestation that has
occurred in the surroundings of this locality. The
value of some of the peripheral pixels (the whole
observed area was 3 × 3 pixels) could be influenced
by this deforestation. In the second half of the period
observed there is an obvious increase in the values

reflecting the gradual afforestation in the surround-
ings. The remaining two localities (Figures 9 and 10)
achieved higher average values and more stable devel-
opment, because the wider surroundings of the sites
observed were forested continuously during the obser-
vation period (see Attachment 9 and 10).

Discussion

It can be argued that if the effects of individual natural
and anthropogenic factors are in equilibrium, the

Figure 5. The development of the individual monitored indices for the locality 4 affected by bark beetle disturbance (red vertical
line is the start of bark beetle disturbance and blue line is the start of recovery mode) (source: own creation).

Figure 6. The development of the individual monitored indices for the locality 5 affected by bark beetle disturbance (red vertical
line is the start of bark beetle disturbance and blue line is the start of recovery mode) (source: own creation).
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ecosystem appears to be stable. When a certain factor
prevails, including a natural factor (wind, bark beetles,
etc.), there is a disruption or even an ecosystem break-
down in a manner that is usually associated with
chain-linked concomitant disorders (Jakus & Stolina,
1997). It is well known that biotic pests can spread
rapidly onto debilitated trees, typically after a previous
abiotic catastrophe. Damage caused by severe winds
may under certain conditions help these pests to
reproduce. Decisions on the nature, extent, manner,
and the timing of any measures to be implemented
must be based on an objective and critical assessment
of the autoregulatory capacity of the forest ecosystem

and the environmental function that the forest has in
the country concerned (Jakus & Stolina, 1997). One of
the sites that was severely affected by both the wind-
storm and the subsequently crawling insect invasion
was the upper border of the forest in the Low Tatras
National Park (S-NAPANT Report, 2008).

The aim of this study was to determine the suitability
of selected vegetation indices for capturing the phenom-
ena of different types of biotic and abiotic disturbances in
the selected localities of the Low Tatras National Park.
Each type of disturbance, whether biotic or abiotic, has
a specific manner by which it develops and different
consequences for the state of the trees and changes in

Figure 7. The development of the individual monitored indices for the locality 6 affected by bark beetle disturbance (red vertical
line is the start of bark beetle disturbance and blue line is the start of recovery mode) (source: own creation).

Figure 8. The development of the individual monitored indices for the locality 7 without disturbance (source: own creation).

50 R. HLADKY ET AL.



the vegetation index value. A large part of the forest
vegetation is usually devastated under strong wind dis-
asters. The remaining forest vegetation is either damaged
and dies later or becomes managed for forest renewal.
This corresponds to a large decrease in the reflectance of
near-infrared radiation (Cohen, Yang, Healey, Kennedy,
& Gorelick, 2018). After intervention by the forestry
services and the planting of new vegetation, the exposed
floor allows the possibility of developing vegetation, and
therefore a renewed increase is observed in the reflection
of green light a relatively short time after the disturbance,
especially in the infrared part of the spectrum.

When interpreting the changes that occur in the
values of the vegetation index, the diversity of the
forest during both attack and restoration must be
considered, and the principles under which the indices
are computed as well. When interpreting the values for
the vegetation indices, knowledge of the nature of the
vegetation, which affects many indices, also plays an
important role. The degradation in the forest vegeta-
tion decreases the vitality and volume of the biomass.
A decrease can be observed in the reflectivity of the
NIR spectrum. Evidence of this in the TS vegetation
indices is shown in Figures 2–4. The NDVI index

Figure 9. The development of the individual monitored indices for the locality 8 without disturbance (source: own creation).

Figure 10. The development of the individual monitored indices for the locality 9 without disturbance (source: own creation).
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sharply declined with the windstorm in 2004, as the
forest vegetation was severely damaged. Similarly,
other vegetation indices responded accordingly.

However, the disaster caused by the presence of bark
beetles is much more complicated, with effects that are
more specific to the vegetation than in the case of wind
turbulence. Initiation is predominantly due to a strong
culmination of favorable conditions, when the primary
deterioration in the health of the forest is mainly within
a small area. The next generation of beetles gradually
occupies the surroundings of the original site and three
generations of beetle can be produced in one year, sig-
nificantly degrading the resistance of the forest stand. In
the case of bark beetles, high sensitivity can be seen in the
vegetation indiceswNDII andNDMIor FMI, all ofwhich
use SWIR bands. These vegetation indices were able to
reflect the most relevant phases of the disturbance in the
TS analysis. The reflectivity of the healthy forest vegeta-
tion in the SWIR is lower than in theNIR, and during the
occurrence of the disturbance or damage the SWIR
reflectivity is increased. It is clear from these results that
this aspect played an important role, because many
changes in the health status of the vegetation due to the
disturbance indices using the SWIR bands responded
sensitively (the NDMI or wNDII vegetation indices
used in the calculationNIR and SWIRbands). An impor-
tant result of this study is the discovery that the NDMI
andwNDII vegetation indices can capture all stages of the
bark beetle calamity (before, during, and after culmina-
tion) and are therefore suitable indicators for monitoring
the health of the forest vegetation in such specific/envir-
onmentally complex processes as a bark beetle invasion
with its causes and consequences. The NDVI or TVI
vegetation indices based on the visible band and NIR
ratios were able to record the peak culmination wave of
the bark beetle invasion in the TS; however, this showed
a different evolution in the initiation phase than the
NDMI or wNDII indices.

At the sites which were not affected by any
strongly disturbing influence in 1992–2015
according to the archive records, values of the
studied vegetation indices (e.g. NDVI or TVI)
did not change significantly. These types of vege-
tation indices are able to record the strongest
disturbance effects on vegetation. Values of the
indices wNDII and NDMI fluctuated more at the
sites of the third group (Figures 8–10). From this
point of view, it can be stated that indices using
SWIR are sensitive to more environmental/exter-
nal factors (Jensen, 2007). The values of the vege-
tation indices can be affected by many factors that
were not included in this investigation, such as
precipitation or soil moisture. For a more detailed

interpretation of these changes, it would be neces-
sary to include several other factors, such as
meteorological factors, which is beyond the scope
of this study.

Information obtained through satellite imagery
can be applied to thematic areas in order to follow
and evaluate aspects of forestry such as the
changes in the woody structure of mountain for-
ests, the increase and decrease in the representa-
tion of deciduous or coniferous trees and their
subsistence in forests that were originally mixed,
trends in the phytosociological changes to bushes
and unprocessed fields, the occurrence of succes-
sive vegetation of woody plants on non-forested
areas and uncultivated hollows, or the long-term
monitoring of the climax forest status (Gloncak,
2009; Sitkova & Pavlenda, 2017). Landsat data
allows us to remotely observe the Earth for the
past 47 years (since 1972). It is therefore an
important source of data for use with TS. An
alternative of Landsat data can be seen in the
data of Sentinel-2 produced by Copernicus. The
advantage of the Sentinel-2 data is the higher
spatial resolution (10 m for VIS/NIR and 20 m
for NIR and SWIR bands) and the higher tem-
poral resolution. Such a high temporal resolution
(5 days) is guaranteed by the operation of two
satellites (Sentinel-2A and Sentinel-2B) and by
a wider swath width of 290 km (compared with
the 185 km for Landsat 5 and the 120 km of
SPOT). It has recently become possible to fuse
data from different sensors. Several methods that
are available have been tested, such as the harmo-
nization algorithms LandTrendr (Kennedy, Yang,
& Cohen, 2010; Yang et al., 2018) and
LandsatLinkr (Vogeler et al., 2018). A cross-
sensor compatibility has been tested with Landsat
and Sentinel data by using BRDF normalization
(Roy et al., 2016) as a result of the HLS
(Harmonized Landsat and Sentinel) dataset
(Claverie et al., 2018), which provides excellent
temporal coverage in conjunction with high spa-
tial resolution. From the point of view of time
series analysis, cloud-based and big data technol-
ogies have become important with very useful
tools. For example, Google Earth (Xie et al.,
2019) and Sentinel-Hub (Sovdat, Kadunc, Batic,
& Milcinski, 2019) allow the processing of large
amounts of data in a very short time without
needing to download the original data. These
applications therefore represent prospective tech-
nologies in time series research using remote sen-
sing data. In completing this article, we worked
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closely with the administration of Low Tatras
National Park. Based on the findings of this
potential end-user of the data and the RS method,
a broad offer and the prospective of a long-term
observation mechanism for individual thematic
issues will become accessible in the future. It is
necessary to design and define this with regards to
the distinctive and temporal possibilities of the
available satellite imagery. The application level
is also important from an economic point of
view, wherein the affordability and availability of
allowing end-users to access data from Landsat or
Sentinel and methods of RS with greater emphasis
and efficiency. As an example of the Low Tatras
National Park, some possible satellite data applica-
tions can be identified that would be useful and
usable for the practical side of the decision-
making processes inherent to conservation, asses-
sing the development and knowledge of the cur-
rent state of the natural and socio-economic
aspects of the landscape or the individual compo-
nents of the environment.

An important finding gained in this study is the high
relevance of forest management data and NAPANT field
research records. The data contained in the forest man-
agement plans appears to be excellent as a source for the
validation of the results of TS investigation and is poten-
tially a highly suitable source of information for classify-
ing the species composition of a forest. The forest
management plans contain a wide range of useful infor-
mation that is regularly updated. Data from the field
surveys of NAPANT provided highly detailed data on
the recovery of the forest ecosystems, especially with
regards to the restoration of the herbaceous and woody
undergrowth.

The issue of the monitoring and evaluation of
the impact from disturbances can open up a wide-
ranging discussion on the assessment of forest
management practices, assessing the age, spatial,
and species differentiation of a forest, and asses-
sing the stability of a forest ecosystems (Vladovic,
2003). Significant attention should be paid to the
occurrence of spruce stands, which is generally
attributed to soil fatigue by the repeated cultiva-
tion of spruce, air pollution, and in particular the
increased activity of sub-insects and fungal patho-
gens (Kunca & Zubrik, 2012). Possibly, and in the
long term, it is necessary to monitor the changes
in the state and development of the grass cover
due to grazing (mowing, wandering livestock),
ruderalization and its remnants from previous
ages or the decline of traditional farming methods.
Another important issue that affects forest ecosys-
tems is the construction/expansion of the forest
transport network and tourist areas (Polak &
Saxa, 2005). Climate change is also expected to
affect the forests, with the gradually rising

temperature and changing temperature regimes.
From this point of view, the long-term monitoring
archive of the satellite data is a great advantage, as
well as the exact location of the object/phenom-
enon monitored.

In conclusion, the use of satellite data to eval-
uate the consequences of differentiated approaches
to conservation and forestry activities provides the
opportunity to monitor and compare the state of
vegetation and its response to the method of pro-
tection and management used in sites of a similar
nature. Suggestions for a comparative study and
potential cooperation with the Low Tatras
National Park administration can be found in the
National Park of Sumava in the Czech Republic or
in the Bavarian Forest National Park in Germany
(Hais et al., 2009a).

Conclusions

From our results, we can state that the Landsat
time series and the calculated values of the vegeta-
tion indices appear to be highly useful methods for
assessing the health status of forest vegetation.
Freely available Landsat data is a very useful data
source in this respect. It is also necessary to pay
attention to the compatibility of data from various
types of Landsat sensors. Although Landsat CDR
data includes atmospheric and radiometric correc-
tions, it is still useful to perform radiometric nor-
malization. Because of this normalization, the
effects of different times and places of acquisition,
different positions of the Sun, and different radio-
metric and spectral differences can be reduced. The
PIF-Based Linear Regression method (and other
methods based on PIF, such as MAD/IR-MAD,
see e.g. Syariz et al., 2019) appears to be
a suitable normalization method for the normal-
ization of images from different acquisition times,
those influenced by various factors (e.g. inhomo-
geneity of the environment or volatility in the sen-
sor measurements). In terms of the utilization of
vegetation indices, this article focused on the eva-
luation of the most frequently used and recom-
mended vegetation indices (FMI, NDMI, NDVI,
wNDII, TVI, SR). The most accurate results were
achieved using the NDMI index, which precisely
reflected the changes in the forest cover that was
caused by the disturbances.

This study should serve as an example for the
application of remote sensing data when the impact
of disturbances on forest vegetation is analyzed using
vegetation indices. These results and methods should
be useful and inspirational for the management of
protected areas in order to determine the appropriate
forest management practices under circumstances of
forest disasters.
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Attachment 1: Locality 1

Table 3. Description of the locality 1 (source: LGIS National Forest Center, GIS S-NAPANT).
Locality 1 (Veľký Gápeľ/Zelenská Mlynná valley)

Disturbance Wind/managed
Terrain parameters Elevation: 1 305 m a.s.l. Slope: 65% Aspect: East
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 6 – spruce-beech fir; (Fagetum abietino – piceosum);

CLC (2012) 324 Transitional woodland-shrub
Forest (sub)category O – protective forests (d- other forests with a predominant soil

protection function)
Described forest area (in year) 12,30 ha (1999) 8,10 ha (2009)
Forest age 145 5

Representation of tree species in % (described forest area-described year)
Picea abies 50 15
Fagus sylvatica 35 -
Abies alba 15 -
Sorbus aucuparia - 85

Figure 11. Aerial photographs of the locality 1 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 12. Photo of the locality 1 (source: own creation).
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Attachment 2: Locality 2

Table 4. Description of the locality 2 (source: LGIS National Forest Center, GIS S-NAPANT).
Locality 2 (Trangoška I./Bystrá valley)

Disturbance Wind/managed
Terrain parameters Elevation: 1 180 m a.s.l. Slope: 65% Aspect: North
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 6 – spruce-beech fir; (Fagetum abietino – piceosum);

CLC (2012) 312 Coniferous forest
Forest (sub)category O – protective forests (d- other forests with a predominant soil

protection function)
Described forest area (in year) 14,43 ha (1999) 2,60 ha (2009)
Forest age 55 5

Representation of tree species in % (described forest area-described year)
Picea abies 90 90
Abies alba 5 -
Sorbus aucuparia - 10
Pinus cembra 5 -

Figure 13. Aerial photographs of the locality 2 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 14. Photo of the locality 2 (source: own creation).
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Attachment 3: Locality 3

Figure 15. Aerial photographs of the locality 3 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Table 5. Description of the locality 3 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 3 (Trangoška II./Bystrá valley)

Disturbance Wind/managed

Terrain parameters Elevation: 1 125 m a.s.l. Slope: 27% Aspect: South
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 6 – spruce-beech fir; (Fagetum abietino – piceosum);

CLC (2012) 313 Mixed forest
Forest (sub)category O – protective forests (d- other forests with a predominant soil

protection function)
Described forest area (in year) 5,75 ha (1999) 2,79 ha (2009)

Forest age 60 0

Representation of tree species in % (described forest area-described year)
Picea abies 85 -
Abies alba 10 -
Fagus sylvatica 5 -

Figure 16. Photo of the locality 3 (source: own creation).
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Attachment 4: Locality 4

Table 6. Description of the locality 4 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 4 (Králička/Zelenská Mlynná valley)

Disturbance Bark Beetle/unprocessed

Terrain parameters Elevation: 1 500 m a.s.l. Slope: 57% Aspect: West
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 7 – spruce; (Sorbeto – Piceetum);

CLC (2012) 322 Moors and heathland
Forest (sub)category O – protective forests (b- forests below the upper limit of tree

vegetation)
Described forest area (in year) 13,10 ha (1999) 11,40 ha (2009)

Forest age 170 5

Representation of tree species in % (described forest area-described year)
Picea abies 75 30
Abies alba - 10
Fagus sylvatica 25 10

Sorbus aucuparia - 50

Figure 17. Aerial photographs of the locality 4 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 18. Photo of the locality 4 (source: own creation).
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Attachment 5: Locality 5

Table 7. Description of the locality 5 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 5 (Kosodrevina I./Bystrá valley)

Disturbance Bark Beetle/unprocessed
Terrain parameters Elevation: 1 365 m a.s.l. Slope: 51% Aspect: South
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 7 – spruce; (Sorbeto – Piceetum);

CLC (2012) 312 Coniferous forest

Forest (sub)category O – protective forests (b- forests below the upper limit of tree
vegetation)

Described forest area (in year) 15,80 ha (1999) 15,80 ha (2009)
Forest age 160 170

Representation of tree species in % (described forest area-described year)
Picea abies 95 95
Pinus mugo 5 5

Figure 19. Aerial photographs of the locality 5 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 20. Photo of the locality 5 (source: own creation).
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Attachment 6: Locality 6

Table 8. Description of the locality 6 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 6 (Kološňa/Bystrá valley)

Disturbance Bark Beetle/unprocessed

Terrain parameters Elevation: 1 360 m a.s.l. Slope: 48% Aspect: Southwest
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 7 – spruce; (Sorbeto – Piceetum);

CLC (2012) 312 Coniferous forest
Forest (sub)category O – protective forests (b- forests below the upper limit of tree

vegetation)
Described forest area (in year) 12,10 ha (1999) 12,10 ha (2009)

Forest age 145 5

Representation of tree species in % (described forest area-described year)
Picea abies 100 10
Fagus sylvatica - 60
Sorbus aucuparia - 30

Figure 21. Aerial photographs of the locality 6 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 22. Photo of the locality 6 (source: own creation).
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Attachment 7: Locality 7

Table 9. Description of the locality 7 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 7 (Malý Gápeľ/Pošova Mlynná valley)

Disturbance Low/No/semi-natural
Terrain parameters Elevation: 1 190 m a.s.l. Slope: 55% Aspect: Southwest
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 6 – spruce-beech fir; (Fageto – Abietum, Abieto-Fagetum);

CLC (2012) 313 Mixed forest

Forest (sub)category O – protective forests (d- other forests with a predominant soil
protection function)

Described forest area (in year) 5,12 ha (1999) 4,68 ha (2009)
Forest age 160 170

Representation of tree species in % (described forest area-described year)
Picea abies 25 5
Abies alba 25 20

Fagus sylvatica 50 70
Acer pseudoplatanus 5

Figure 23. Aerial photographs of the locality 7 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 24. Photo of the locality 7 (source: own creation).
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Attachment 8: Locality 8

Table 10. Description of the locality 8 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 8 (Zadné Dereše/Bystrá valley)

Disturbance Low/No/semi-natural
Terrain parameters Elevation: 1 430 m a.s.l. Slope: 39% Aspect: South
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 7 – spruce; (Sorbeto – Piceetum);

CLC (2012) 322 Moors and heathland

Forest (sub)category O – protective forests (b- forests below the upper limit of tree
vegetation)

Described forest area (in year) 11,60 ha (1999) 9,31 ha (2009)
Forest age 140 150

Representation of tree species in % (described forest area-described year)
Picea abies 100 100

Figure 26. Photo of the locality 8 (source: own creation).

Figure 25. Aerial photographs of the locality 8 from years 2005, 2009 and 2018 (source: NAPANT, own creation).
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Attachment 9: Locality 9

Table 11. Description of the locality 9 (source: LGIS National Forest Center, GIS S-NAPANT).

Locality 9 (Kosodrevina II./Bystrá valley)

Disturbance Low/No/semi-natural

Terrain parameters Elevation: 1 405 m a.s.l. Slope: 54% Aspect: Southeast
Forest vegetation level (group of forest types), Corine Land Cover (2012) class Level 7 – spruce; (Sorbeto – Piceetum);

CLC (2012) 312 Coniferous forest
Forest (sub)category O – protective forests (b- forests below the upper limit of tree

vegetation)
Described forest area (in year) 3,50 ha (1999) 3,10 ha (2009)

Forest age 140 150

Representation of tree species in % (described forest area-described year)
Picea abies 90 90
Pinus mugo 10 10

Figure 27. Aerial photographs of the locality 9 from years 2005, 2009 and 2018 (source: NAPANT, own creation).

Figure 28. Photo of the locality 9 (source: own creation).
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