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Abstract: The purpose of the study was an assessment of LiDAR point clouds for automat-
ing the mapping of land use and land cover changes, mainly land abandonment and the
process of secondary forest succession. Detailed information about land cover was deter-
mined based on airborne laser scanning data. The presented study focuses on the analysis
of the spatial range and structure of vegetation. The study area was located in Milicz district
in the voivodeship of Lower Silesia — the central west part of Poland. The areas of interest
were parcels where agricultural land had been abandoned and forest succession processes
had progressed. Analysis of the spatial range of the secondary forest succession was carried
out using a reclassified nDSM. Reclassification of the nDSM was done using > 1 m, >2m
and > 3 m for the pixel values, representing the height of vegetation above the ground. Pa-
rameters such as height of vegetation, standard deviation of height and cover density were
calculated, to show the process of the increase in forest succession on abandoned agricul-
tural land. The results confirmed a discrepancy between the cadastral data and the actual
use of the plots. In the study area, more than three times as much forested and wooded area
was detected than had been recorded in official databases. Analyses based on airborne laser
scanning point clouds indicated significant diversity in the vertical and horizontal structure
of vegetation. The results demonstrated gradual succession of greenery in the research area.

Keywords: ALS, nDSM, LULC changes

1. Introduction

Land abandonment and the exclusion of land from agricultural production is a frequent
and popular theme of studies (Bowen et al., 2007; Lasanta et al., 2017; Lieskovsky et
al., 2015; Navaro and Pereira, 2012; Smigielski et al., 2017). Currently functioning re-
mote sensing technologies and a large resource of geoinformation tools allow remote
research, including research into dynamic land use/land cover (LULC) changes and pro-
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cesses of forest succession. Regarding this aspect, there are many studies which use im-
ages (Bergen and Dronova, 2007; Prishchepov et al., 2012), LiDAR data (Ewijk et al.,
2011; Falkowski et al., 2009) or a combination of the two (Singh et al., 2012). Some
studies also present the possibility of using remote sensing technologies to detect sec-
ondary forest succession on abandoned land in Poland (Kolecka et al., 2015; Kolecka
et al., 2016; Szostak et al., 2014; Wezyk and de Kok, 2005; Wezyk et al., 2009) and in
this aspect present analyses based on LiDAR point clouds to indicate the structure of
vegetation (Kolecka, 2018; Szostak et al., 2018).

Monitoring of LULC changes is essential in terms of European Union programmes
on assessment of biomass, renewable energy and problems around CO; sequestration
(Susyan et al., 2011). Within the framework of simplifying and modernizing the com-
mon agricultural policy, the European Commission (2018) accepted new rules, which for
the first time clearly allow the application of modern technologies during the control of
subsidies for farms and agricultural holdings. According to these regulations, physical
control visits to farms can be replaced with automated systems based on the analysis of
the data from earth observations. This will allow for using satellite images and other data
from the earth observations during the process of checking that farmers are complying
with the requirements of the European Union in terms of area payments — either direct
payments to farmers or payments within the framework of the support of the develop-
ment of rural areas. This will lead to a reduction in the number of check-up visits to
agricultural holdings. As the European Commission states, visits in the field will only be
necessary if digital evidence is not sufficient to verify compliance with the application.
The proposed new approach to monitoring uses satellite or observation technologies.
These data are then automatically processed with the help of computer algorithms which
can define, e.g., an example of the use of land in agricultural areas. This information
is then compared and combined with existing information in the system regarding the
identification of agricultural plots, referring to each individual application for help in
assessing whether payment can be made.

The aim of this study was to investigate the possibilities of using LiDAR (Light De-
tection and Ranging) data — Airborne Laser Scanning (ALS) point clouds for monitoring
LULC changes, mainly with regard to forest succession on agricultural land and for in-
dicating diversity in the vertical and horizontal structure of vegetation. LiDAR technolo-
gies allow the definition of many indices characterizing various aspects of vegetation
(Alberti et al., 2013; Andersen et al., 2006; Hyypp4i et al., 2004; Maier et al., 2008; Mal-
tamo et al., 2004; McGaughey et al., 2004; Naesset and Okland, 2002; Tompalski, 2012;
Wezyk et al., 2008). In this study, parameters such as the height of vegetation, standard
deviation of height and cover density, will be calculated to obtain information about the
process of forest succession.

2. Methods

The study area (Figure 1) is in the central west part of Poland — the locality of Pracze,
Milicz district, voivodeship of Lower Silesia (51°28'30” N, 17°12'30” E). In previous
studies (Szostak et al., 2014; Szostak et al., 2018; Wezyk et al., 2009), monitoring of
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LULC changes and the process of secondary forest succession has been started for this
area. Analysed parcels are situated close to the State Forests (administered by the State
Forest National Forest Holding). In these areas — directly adjacent to forests, we can
very often observe examples of agricultural production abandonment and the beginning
of uncontrolled forest succession.
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Fig. 1. The study area: a) general map of Poland, b) analysed plots — plots of the state forest
marked in red — hatched area. Background: orthophotomap (source: Main Office of Geodesy
and Cartography; coordinate system: PL-PUWG 1992)

The study was carried out based on ALS point clouds (2015) from the REMBIOFOR
project (4 points/m?, ALTM 3100 Optech laser scanner; Jagodziniski et al., 2018; Socha
et al., 2017; Stereficzak et al., 2018). The results were compared with those of previous
studies (Szostak et al., 2014, Szostak et al., 2018; Wezyk et al., 2009) based on point
clouds from the year 2007 taken from the Directorate General of State Forests in the
Warsaw research project (14 points/m?, TopoSys Falcon II scanner; Wezyk et al., 2008)
and from the year 2012 taken from the ISOK project (6 points/m?, source: Main Office
of Geodesy and Cartography (Gléwny Urzad Geodezji i Kartografii; GUGIK; projekt
“Informatyczny System Ostony Kraju przed nadzwyczajnymi zagroZeniami’).
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The processing of ALS point clouds (2015) was started by preparing a Digital Terrain
Model (DTM) based on the automatic approximation of the points of the “ground” class,
a Digital Surface Model (DSM) based on points from the other classes and a normalized
DSM (nDSM) where the relative altitude is determined as the difference between the
absolute altitude of a given point and the place found exactly under this point on the
DTM surface. DTM and DSM preparation was performed using the GridSurfaceCreate
and CanopyModel functions in FUSION Version 3.50 (R.J. McGaughey, Pacific North-
west Research Station; McGaughey, 2012) together with LAStools (rapidlasso GmbH).
nDSM (DSM-DTM) was generated in ArcGIS (Esri).

Analysis of the spatial range of the secondary forest succession was carried out using
reclassified nDSM (Figure 2). Reclassification of the nDSM (Reclassify, ArcGIS, Esri)
was carried out using > 1 m, > 2 m and > 3 m for the pixel value, representing the
height of vegetation above the ground (Szostak et. al., 2014; Szostak et al., 2018; Wezyk
et al., 2009). To prepare the area nDSM > 1 m, > 2 m and > 3 m inventories for the
whole study area, the Zonal Statistics as Table function (ArcGIS, Ersi) was applied.

N raster
@ » Map Algetira nDSM_parcels_land use reclass H H = 1m, 2m, 3m
Reclassification
methad
O parcels land use_raster
weCtor—sraster
parcels_land use_vectar

Statistics inside
polygons

Descriptive statistics for parcels and land use

Fig. 2. The scheme of analysis

ALS data were also used also for obtaining precise information about the struc-
ture (2D and 3D) of vegetation. Using FUSION software (with LAStools), the height
of vegetation was calculated (GridMetrics and CloudMetrics) as the value of the 95
percentile of relative altitude of the ALS point cloud, indicating the height below which
there are 95% points (Naesset, 2002) and the cover density was also calculated (Cover;
McGaughey, 2012).

3. Results

Official (cadastral) data are presented in Figure 3. In the study area in the cadastral
database there were Forest (F), Arable land (A), Meadow (M), Pasture (P) and Other (O)
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classes. The results of the reclassification nDSM at height > 1 m are presented in
Figure 4.
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Fig. 3. The study area — cadastral data
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Fig. 4. The study area — reclassified nDSM (height > 1 m)

The study area is an example of forest succession on abandoned agricultural parcels.
The total areas of LULC classes as a result of nDSM (ALS data, 2015) reclassification
are presented in Table 1. Changes in total areas of LULC classes between 2007, 2012



www.czasopisma.pan.pl P@I J www.journals.pan.pl

310 Marta Szostak, Adrian Bednarski, Piotr Wezyk

and 2015 (Table 1) were calculated using nDSM > 1 m for the year 2015 and the results
from previous studies for the year 2012 (Szostak et al., 2018) and the year 2007 (Szostak
et al., 2014; Wezyk et al., 2009).

Table 1. Land use in the study area — result for ALS data processing (nDSM)

Area [ha]
LULC classes Percentage [%]
Cadastral ALS 2015 Difference
data nDSM > 1m | nDSM >2m | nDSM > 3 m | 20152012 | 2015=-2007
Forested area 5.73 23.87 23.19 22.59 2.73 4.03
(D) 14.00 58.35 56.69 55.22 6.66 9.85
Arable land 27.53 13.51 13.99 14.50 —1.40 —3.40
(A) 67.28 33.02 34.21 35.44 —342 —8.31
Pasture (P) 4.14 2.23 2.38 2.45 —0.41 —-0.22
10.12 5.46 5.84 6.01 —1.00 —0.53
Meadow (M) 2.05 0.96 0.97 0.98 —-0.32 —0.34
5.01 2.34 2.8 2.40 —0.78 —0.83
Other (0) 1.45 0.35 0.39 0.40 —0.58 —0.07
3.54 1.0 0.9 1.0 —1.42 —0.17
Total area 40.92 ha

The results of the reclassified nDSM (2015) at heights > 1 m, > 2 m and > 3 m
show similar trends in the forest succession process as the previous studies (Szostak et
al., 2014; Szostak et al., 2018). In the study area, more than three times as much forested
and wooded area was detected than had been recorded in official databases. We observed
that the increase in the process of secondary forest succession — the area for nDSM > 1 m
— for Forested area (F) was 1.66% higher than for nDSM > 2 m and 3.13% higher than
for nDSM > 3 m. The same trend was seen in the previous studies (Szostak et al., 2014;
Szostak et al., 2018) based on analyses of ALS data from 2007 and 2012.

The progress of secondary forest succession in terms of the occupied area was con-
firmed. The greatest changes in the total areas of the various LULC classes between 2007
and 2015 (Table 1, Figure 5) occurred for Forested area (F) and Arable land (A). Com-
paring nDSM > 1 m results for 2007, 2012 and 2015, we notice a decrease in Arable
land and an increase in Forested area. The total decrease in Arable land area between
2007 and 2015 was —3.40 ha (—8.31% in the analysed study area) and the increase in
Forested area was 4.03 ha (9.85%).

The results of point cloud processing (nDSM, 2015 and 2007) are shown in Figure 6.
We can see how many changes (increases in forest succession processes) occurred in the
analysed area.
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Fig. 5. Land use in the study area between 2007 and 2015: a) nDSM > 1 m;
b) trend line for classes Arable land and Forested area

Using ALS data, the progress of secondary forest succession, not only in terms of
the occupied area but also in terms of the growth of trees and shrubs, was confirmed. In
terms of the growth of trees and shrubs, precise parameters were calculated: the value
of vegetation height (95" percentile) and the standard deviation of height. Processing
of point clouds from 2007, 2012 and 2015 shows that the mean height of the vegeta-
tion in the forest succession area was: in 2007 — 11.91 m, in 2012 — 12.20 m and in
2015 — 14.97 m, i.e., an increase in height of 0.29 m during the period 20072012,
2.77 m during the period 2012<-2015 and a total increase of 3.06 m for the whole period
2007-+2015. The cover density was also calculated, giving the results: 2007 — 39.5%,
2012 — 40.6% and 2015 — 55.3%. The cover density value also increased in the study
area between 2007 and 2015.

The graphical results of point cloud (2015) processing: vegetation height (95" per-
centile) and standard deviation of height are presented in Figure 7.
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Fig. 6. Forest succession area: nDSM 2007 (a) and 2015 (b); background: orthophotomap
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a)

b)

Fig. 7. The results of point cloud (2015) processing: a) vegetation height (95® percentile);
b) standard deviation of height

As the final step in analysing forest succession, a map of height changes in vegetation
was prepared for the period 20072015 (Figure 8).

At the end of the study, an assessment of LiDAR point clouds was made for au-
tomation of the mapping process of forest succession for general areas near State Forest
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a)
b)

Fig. 8. Forest succession area: a) increase in height of vegetation (2007--2015); b) selected parts of the map,
as examples of the largest height changes

parcels in Milicz (Figure 9; Btajda, 2015), based on ALS data (2012) from the ISOK
project.

Based on reclassified nDSM, abandoned land was selected as an example of forest
succession areas. These parcels had a total area of 282.50 ha. Detailed information about
the results of the reclassification nDSM for > 1 m, > 2 m and > 3 m cadastral data
and the results of manual vectorization of the orthophotomap (GSD: 0.25 m; coordinate
system: PL-PUWG 1992; ISOK project, 2012) for this area, are presented in Table 2.
The results showed similar results for the general parts of Milicz to the results for the
study area. We can see an increase in total the forest succession total area — three times
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as much Forested area (F) than had been recorded in the cadastral database. We notice
at the other site a decrease in the following classes: Arable land (A), Meadow (M) and
Pasture (P).

Fig. 9. Mapping forest succession area in Milicz: State Forest plots — hatched area, the study area — red
rectangle, analysed area close to the State Forest parcels — yellow, land abandonment (forest succession) —
red parcels with numbers (background: orthophotomap)

The results (Table 2) confirmed the possibility of using ALS point clouds for au-
tomation in mapping land use and land cover changes, mainly land abandonment and the
process of secondary forest succession. The results of the reclassification nDSM > 1 m
for general parts of Milicz are similar to the results of traditional methods, i.e., manual
vectorization of the orthophotomap. For the main classes it was: 1.61 ha (0.57%) dif-
ference in Forested area (F) and 1.36 ha (0.48%) in Arable land (A). Comparing these
results with those of previous studies (Szostak et al., 2014; Szostak et al., 2018) con-
firmed that good results can be obtained using ALS point clouds. The results are better
than using classification of Sentinel-2 images (Szostak et al., 2018).
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Table 2. Land use for general parts of Milicz — results for ALS data processing

Area [ha]
LULC classes Percentage [%]
Cadastral data ALS 2012 Orthophoto
nDSM >1m | nDSM >2m | nDSM >3 m
Forested area (F) 33.84 94.06 86.09 79.73 92.45
11.98 33.30 30.48 28.22 32.73
Arable land (A) 113.06 81.2 85.71 89.64 82.56
40.02 28.74 30.34 31.73 29.22
Pasture (P) 37.68 29.76 30.46 31.02 28.87
13.34 10.53 10.78 10.98 10.22
79. . 1 . 74
Meadow (M) 9.53 66.38 68.19 69.3 65
28.15 23.50 24.14 24.53 23.27
18. 11.1 12. 12.82 12.
Other (O) 8.39 05 8 88
6.51 3.93 4.26 4.54 4.56
Total area 282.50 ha

4. Conclusions

The use of remote sensing spatial data from different periods of time, offers the pos-
sibility of monitoring changes taking place in the environment. New European Union
regulations allow willing states to replace or supplement their control system for agri-
cultural holdings with an automated and less resource-consuming system. The European
Commission states that several member states have already expressed an interest in us-
ing new technologies. Advantages for the national administration could include a more
integrated process of communication with farmers, simpler administrative procedures
because of the smaller number of visits and more flexible processes for submitting ap-
plications.

According to this statement, due to the use of LIDAR data, an exact assessment of
many biometric features of vegetation connected with the spatial distribution of the point
cloud is possible. These indicators are often defined for the needs of planning and the
inventory, and for mapping plant associations. Geoinformation technologies show great
potential for carrying out large-area studies of the spatial vegetation structure. Point
clouds generated based on images from UAV can also be used for this purpose. In 2018
new satellite laser scanning mission began (GEDI and ICESat-2), so in future we can
also test the possibilities of using these satellite data for detecting and monitoring forest
succession areas.

In the presented study, collected airborne laser scanning point clouds showed sig-
nificant differences in the spatial structure of vegetation. This diversity is visible in the
surface size (2D), the vertical vegetation structure (3D) and the time dimension (4D).



www.czasopisma.pan.pl @I 1 www.journals.pan.pl
<

Monitoring of secondary forest succession on abandoned farmland using LiDAR point clouds 317

Differentiated vertical structures of vegetation indicate a long-lasting natural process
of forest succession on abandoned agricultural land. Using ALS point clouds allowed
wider and more precise definitions of the spatial structure of vegetation than in the case
of work using orthophotomaps alone. The application of the processed ALS data allowed
objective and relatively accurate assessment of the spatial structure of vegetation.

Acknowledgements

This research was financed by the Ministry of Science and Higher Education, Poland.
Study was supported (ALS data) by: the Directorate General of State Forests in the
Warsaw research project: “Analysis of the possible use of terrestrial lidar (TLS) in
forestry” (2006-2009) and project REMBIOFOR - “Remote sensing based assessment
of woody biomass and carbon storage in forests”, financed by the National Centre
for Research and Development in Poland under BIOSTRATEG program (no. BIOS-
TRATEG1/267755/4/NCBR/2015).

References

Alberti G., Boscutti F., Pirotti F., Bertacco C., De Simon G., Sigura M., Cazorzi F., and Bonfanti P.
(2013). A LiDAR-based approach for a multi-purpose characterization of Alpine forests: an Italian
case study. iForest, 6, 156-168. DOI: 10.3832/ifor0876-006.

Andersen H.E., Reutebuch, S.E., and McGaughey, R.J., (2006). A rigorous assessment of tree height
measurements obtained using airborne lidar and conventional field methods. Canadian Journal of
Remote Sensing, 32, 355-366.

Bergen, K.M., and Dronova, 1. (2007). Observing succession on aspen-dominated landscapes using a
remote sensing-ecosystem approach. Landscape Ecology, 22, 1395-1410.

Btajda S. (2015). Monitoring of changes in EGiB database concerning forest succession process based
on orthophotomaps and airborne laser scanning data for the area in Milicz district. Diploma thesis.
University of Agriculture.

Bowen, M.E., Mcalpine, C.A., House, A.P.N., and Smith, G.C. (2007). Regrowth forests on abandoned
agricultural land: A review of their habitat values for recovering forest fauna. Biological Conserva-
tion, 140(3-4), 273-296.

European Commission. (2018). Modernising the CAP: satellite data authorised to replace on-farm checks.
NEWS, 25 May 2018, Brussels (https://ec.europa.eu/info/news).

van Ewijk, K.Y, Treitz, P.M., and Scott, N.A. (2011). https://ec.europa.eu/info/news Characterizing forest
succession in central Ontario using lidar-derived indices. Photogrammetric Engineering and Remote
Sensing, 77(3), 261-269.

Falkowski, M.J., Evans, J.S., Martinuzzi, S., Gessler, PE., and Hudak, A.T. (2009). Characterizing for-
est succession with lidar data: An evaluation for the Inland Northwest, USA. Remote Sensing of
Environment, 113(5), 946-956.

Hyyppi J., Hyyppd H., Litkey P., Yu X., Haggrén H., Ronnholm P., Pyysalo U., Pitkanen J. and Mal-
tamo M. (2004). Algorithms and methods of airborne laser-scanning for forest measurements.
Thies M., Koch B., Spiecker H. and Weinacker H. (eds.): Laser-Scanners for Forest and Landscape
Assessment: Proceedings of the ISPRS Working Group VIII/2. Freiburg, Germany. International
Archives of Photogrammetry, Remote Sensing, and the Spatial Information Sciences, XXXVI-
8/W2.



www.czasopisma.pan.pl QAN www.journals.pan.pl
318 Marta Szostak, Adrian Bednarski, Piotr Wezyk

Jagodzinski, A., Dyderski, M., Gesikiewicz, K., and Horodecki, P. (2018). Tree- and Stand-Level Biomass
Estimation in a Larix decidua Mill. Chronosequence. Forests, 2018, 9, 587.

Kolecka, N. (2018). Height of Successional Vegetation Indicates Moment of Agricultural Land Abandon-
ment. Remote Sensing, 2018, 10(10), 1568.

Kolecka, N., Kozak, J., Kaim, D., Dobosz, M., Ginzler, C., and Psomas, A. (2015). Mapping secondary
forest succession on abandoned agricultural land with LiDAR point clouds and terrestrial photogra-
phy, Remote Sensing, 7(7), 8300-8322.

Kolecka, N., Kozak, J., Kaim, D., Dobosz, M., Ginzler, Ch., and Psomas, A. (2016). Mapping secondary
forest succession on abandoned agricultural land in the Polish Carpathians. International Archives
of the Photogrammetry, Remote Sensing and Spatial Information Sciences — ISPRS Archives, 41,
931-935.

Lasanta, T., Arndez, J, Pascual, N., Ruiz-Flafio, P, Errea, M.P, and Lana-Renault, N., (2017). Space-time
process and drivers of land abandonment in Europe. Catena, 149, 810-823.

http://dx.doi.org/10.1016/j.catena.2016.02.024

Lieskovsky, J. Bezik, P., Spulerovd, J., Lieskovsky, T., Koleda, P., Dobrovodské, M., Biirgi, M., and
Gimmi, U. (2015). The abandonment of traditional agricultural landscape in Slovakia — Analysis of
extent and driving forces. Journal of Rural Studies, 37, 75-84.

Maier, B., Tiede, D., and Dorren, L. (2008). Characterising mountain forest structure using landscape met-
rics on LIDAR-based canopy surface models. Lecture Notes in Geoinformation and Cartography,
Object-Based Image Analysis, 625-643. 10.1007/978-3-540-77058-9_34.

Maltamo M., Mustonen K., Hyyppa J., Pitkanen J. and Yu X. (2004). The accuracy of estimating individual
tree variables with airborne laser scanning in a boreal nature reserve. Canadian Journal of Forest
Research, 34(9), 1791-1801.

McGaughey R.J. (2012). Fusion/Idv: Software for lidar data analysis and visualization. Software manual.
USDA Forest Service. Pacific Northwest Research Station.

McGaughey R. J., Carson W., Reutebuch S. and Andersen H.E. (2004). Direct measurement of individual
tree characteristics from lidar data. Proceedings of the Annual ASPRS Conference. Denver. Ameri-
can Society of Photogrammetry and Remote Sensing.

Navarro, L. and Pereira, H. (2012). Rewilding abandoned landscapes in Europe. Ecosystems, 15, 900-912.

Naesset E., and @kland T. (2002). Estimating tree height and tree crown properties using airborne scanning
laser in a boreal nature reserve. Remote Sensing of Environment, 79, 105-115.

Naesset E. (2002). Predicting forest stand characteristics with airborne scanning laser using a practical
two-stage procedure and field data. Remote Sensing of Environment, 80, 80-99.

Prishchepov, A. V., Volker, C. R., Dubinin, M., and Alcantara, C. (2012). The Effect of Landsat ETM/ETM
+ Image Acquisition Dates on the Detection of Agricultural Land Abandonment in Eastern Europe.
Remote Sensing of Environment, 126, 195-209.

Singh, K., Vogler, J., Shoemaker, D., and Meentemeyer, R. (2012), LiDAR-Landsat data fusion for large-
area assessment of urban land cover: Balancing spatial resolution, data volume, and mapping accu-
racy. ISPRS Journal of Photogrammetry and Remote Sensing, 74, 110-121.

Socha, J., Pierzchalski, M, Batazy, R., and Ciesielski, M. (2017). Modelling top height growth and site
index using repeated laser scanning data. Forest Ecology and Management, 406, 307-317.

Sterericzak, K., Mielcarek, M., Wertz, B., Bronisz, K., Zajaczkowski, G., Jagodzinski, A.M, Ochat, W.,
and Skorupski, M. (2018). Factors influencing the accuracy of ground-based tree-height measure-
ments for major European tree species. Journal of Environmental Management (in press).

Szostak M., Hawrylo P., and Piela D. (2018). Using of Sentinel-2 images for automation of the forest
succession detection. European Journal of Remote Sensing, 51, 1, 142—149.



www.czasopisma.pan.pl QAI J www.journals.pan.pl
<D
~_/

Monitoring of secondary forest succession on abandoned farmland using LiDAR point clouds 319

Szostak M., Wezyk P., Kirdly G., Hawryto P., and Bednarski A. (2018). Automation of forest succession
dynamics using airborne laser scanning data. 18th International Multidisciplinary Scientific Geo-
Conference SGEM 2018, www.sgem.org, SGEM2018 Conference Proceedings, 18, 2.3, 41-48.

Szostak M., Wezyk P., and Tompalski P. (2014). Aerial Orthophoto and Airborne Laser Scanning as Mon-
itoring Tools for Land Cover Dynamics: A Case Study from the Milicz Forest District (Poland).
Pure and Applied Geophysics, 171(6), 857-866. DOI: 10.1007/s00024-013-0668-8.

Susyan, E.A, Wirth S., Ananyeva, N.D, and Stolnikova, E.V. (2011). Forest succession on abandoned
arable soils in European Russia — Impacts on microbial biomass, fungal-bacterial ratio, and basal
CO;, respiration activity. European Journal of Soil Biology, 47(3), 169-174.

Tompalski P. (2012). The use of 3D spatial indices for urban vegetation analysis based on airborne laser
scanning data. Archives of Photogrammetry, Cartography and Remote Sensing, 23, 443-456.

Smigielski M., Pijanowski J., and Gniadek J. (2017). Forest succession and afforestation of agricultural
land as a current challenge agricultural works. Acta Sci. Pol. Formatio Circumiectus, 16(4), 51-63.

Wezyk, P., Szostak, M., and Tompalski, P. (2009). Comparison of the accuracy of the “PHOTO” check
method with automatic analysis based on ALS data for direct control of subsidy payments. Archives
of Photogrammetry, Cartography and Remote Sensing, 20, 445-456.

Wezyk P., and de Kok R. (2005). Automatic mapping of the dynamics of forest succession on abandoned
parcels in south Poland. [In:] Strobl et al. (Eds.). Angewandte Geoinformatik, 2005. Herbert Wich-
man Verlag. Heidelberg, pp. 774-779. ISBN 3-87907-244-4.

Wezyk P., Tompalski P., Szostak M., Glista M., and Pierzchalski M. (2008). Describing the selected canopy
layer parameters of the Scots pine stands using ALS data. 8th international conference on LiDAR
applications in forest assessment and inventory. SiliviLaser 2008, Edinburgh, pp. 636—645.



