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Both natural and man−made forest areas are subject to many changes, the observation of which

is necessary to understand their causes, monitor current processes and precisely forecast further

changes. Protected areas with preserved natural forests play a special role in research on long−term

changes in forest cover height. The presented research presents the processes of changes in forest

cover height over the last 30 years in the area of the Białowieża Primeval Forest, the last of the

large, natural forest complexes that once covered the lowland part of Europe. For areas with dif−

ferent degrees of protection, data was obtained representing the spatial arrangement of tree

crowns in the period between 1982 and 2012. The historical status was determined on the basis

of point clouds obtained by processing panchromatic stereoscopic aerial photos. These data were

compared with contemporary datasets resulting from airborne laser scanning measurements.

This allowed for a precise definition of the range of changes, their dynamics and the nature of

these changes in parts of the forest with different conservation regimes. The research demon−

strated the usefulness of the proposed method for determining long−term changes affecting

forested areas, including not only the range, but also the height structure of vegetation. This enables

the identification of events affecting the structure of the forest, both due to normal forest manage−

ment and to natural causes, along with the possibility of determining the location and approximate

determination of the occurrence of a given event in time. 

Introduction 

Natural resources, both renewable and non−renewable, and the ecosystem services associated

with them, are recognized as the true wealth of nations. Proper and sustainable management of these

resources is an important contemporary challenge. This also applies to the monitoring of changes

in these resources over time (Akay et al., 2009) and the implementation of long−term environ−

mental research (Karlson et al., 2015). Monitoring changes in land cover has become an important
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tool for forest management, especially in protected areas (Martinez del Castillo et al., 2015). The

primeval forests were cut down to create arable land and pastures and to enable the exploitation

of forests for firewood and building materials, for centuries being the most important anthropogenic

change to the natural environment (Kaplan et al., 2009). There are few areas left in Europe where

there are remnants of natural forests and they keep continuing to disappear (Sabatini et al., 2021).

Scattered remains of primeval forest still exist in remote areas, in mountain areas and wetlands,

especially in the Balkans, the Alps and the Carpathians (Parviainen, 2005). 

In Europe, forests cover approximately 180 Mha, which is more than 40% of land (Marin

et al., 2011). According to Sabatini et al. (2018), in Europe, primeval forests cover an area of 1.4

Mha located in 32 countries (0.7% of Europe’s forest area), most of which are mountain or boreal

forests. It is recognized that rare and sensitive remains of virgin forests can only be effectively

protected by medium or large reserves (Parviainen, 2005). The global network of protected

areas currently covers 11.5% of the planet’s land area (Rodrigues et al., 2004). Saving Europe’s

remaining natural forests is one of the main challenges of European environmental policy

(Czerepko et al., 2021). In the case of Europe, protected areas function mainly under the Natura

2000 network in combination with areas designated at the national level (Maiorano et al., 2015).

However, the area protected is still considered insufficient (Gaston et al., 2008). 

Both natural and human−transformed forested areas in Europe are subject to many changes,

observation of which is essential to understand the processes behind these changes, prevent

their negative effects, and create reliable forecasts of changes in the future. This also applies to

the modelling of the possible effects of climate change, which allows the assessment of trends

in disturbance regimes in different countries and at different time periods (Noszczyk et al., 2020).

Changes in forested areas occur mainly due to a number of anthropological factors related to the

processes of deforestation and afforestation. These include both socio−economic and political

processes, an example of which are changes in land use recorded in forest areas in many Eastern

European countries in connection with the systemic transformation during the collapse of socialism

(Munteanu et al., 2014; Muchová and Tárníková, 2018; Cegielska et al., 2019; Janus et al., 2019).

This transformation caused both a decrease in forest cover as a result of illegal logging and owner−

ship changes (Kuemmerle et al., 2009), as well as a successive increase in this cover related to

the increasing phenomenon of abandoning land cultivation (Potapov et al., 2015) and subsequent

forest succession (Kolecka et al., 2017). Planned afforestation of low−quality agricultural land

(Kurowska et al., 2020), often supported by appropriate programs encouraging these activities,

has also played an important role in the increase in forest cover (Meyfroidt and Lambin, 2011;

Liu et al., 2019).

Understanding the characteristics of changes in European forests and the dynamics of these

changes requires an interdisciplinary research program, integrated with monitoring networks

and protection models (Lindner et al., 2010). Knowledge of the dynamics of the forest ecosystem

disturbance regime is also an important element of the process of managing these ecosystems

(Zimble et al., 2003). The usefulness of research on understanding the dynamics of forest canopy

with different levels of human impact (managed, protected, strictly protected) is noted by Senf

et al. (2017). However, some of the changes and their effects can only be observed in areas with

natural forms of forest vegetation, because they are not visible in managed forests due to the

significant impact of direct forest use by humans and the high degree of transformation of forest

ecosystems (Cholewińska et al., 2020).

A key role in the development of three−dimensional mapping techniques was played by

photogrammetric techniques related to steroscopic processing of aerial photographs (Winterbotham
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et al., 1921; Birdseye, 1940). The aforementioned methods (Piekarski, 1972, 1974), combined with

the use of remote sensing techniques (Mozgawa, 1977, 1980) and progress in photointerpretation

(Mozgawa, 1985), played an important role in the development of methods for obtaining modern

information about forests (Piekarski and Będkowski, 1991).

Completely new analysis possibilities appeared with the spread of laser scanning technology.

Airborne laser scanning data provide an extremely useful method for visualizing changes in forest

vegetation cover. The very wide possibilities of using the LiDAR technique in forestry were

quickly noticed (Zimble et al., 2003; Będkowski, 2004; van Leeuwen and Nieuwenhuis, 2010; Bour

et al., 2021; Lenoir et al., 2022, Prada et al., 2022; �rka et al., 2022; Stereńczak, 2022). The most

important feature that distinguishes the LiDAR technique from other methods is the ability to

obtain a three−dimensional structure of vegetation (Będkowski, 2005; Wężyk et al., 2013; Sverdrup−

−Thygeson et al., 2018), including at the level of individual trees (Koch et al., 2006; Stereńczak,

2009, 2014; Wężyk et al., 2010; Kolendo and Ksepko, 2019), along with the simultaneous acqui−

sition of data on topography (Akay et al., 2009). Data of this type are now commonly used to

study the height structure of forest cover (Sverdrup−Thygeson et al., 2018; Farhadur Rahman 

et al., 2022), tree species composition (Shi et al., 2018), prediction of undergrowth yields (Bohlin

et al., 2021) or for fire monitoring (Wulder et al., 2009; McCarley et al., 2017). 

Another of the main sources of information for the purposes of research on the long−term

dynamics of changes in forest vegetation are aerial photographs (Fujita et al., 2003; Harper et al.,
2007; Garzon−Lope et al., 2013; Danneyrolles et al., 2020). This form of data combines high spatial

resolution, long range, and a longer possible time range compared to satellite imagery. Airborne

data can be used in conjunction with spaceborne data (Varga et al., 2015) or traditional carto−

graphic studies (Cousins, 2001). Historical panchromatic photos are especially valuable in long−

term analyses. They show the usage status from a time when no satellite imagery was available

(Erener and Düzgün, 2009). Historical aerial photos can also be used as a data source to create

point clouds (St−Onge et al., 2015; Bożek et al., 2019). Most often, motion−multi−view stereo (MVS)

(Ishiguro et al., 2016) or structure from motion (SfM) techniques are used for this purpose

(Rodríguez−Vivancos et al., 2022), which in addition to the analysis of tree crown coverage also

allow for indirect monitoring of greenhouse gas emissions (Mlambo et al., 2017) or above−ground

biomass estimation (Ota et al., 2015).

When highlighting laser scanning data and aerial photographs as the key data sources for the

monitoring of forest areas, the development of the UAV technique should also be mentioned,

which allows for faster and more accurate acquisition of both these types of data for the needs

of detailed local research. Over the last dozen or so years, unmanned aerial vehicle (UAV) systems

have been increasingly used in Europe to collect data for forest research (Torresan et al., 2017).

Due to the limited area of coverage, a large proportion of UAV−based applications in forest research

are aimed at resource inventory, disease mapping, species classification (Hastings et al., 2020),

fire prevention (Fernández−Álvarez et al., 2019) and quantification of spatial gaps (Torresan et al.,
2017). It seems that the use of UAVs in forestry will increase, which is likely to lead to regular use

for small−scale monitoring purposes in Europe using hyperspectral sensors and LiDAR devices

(Torresan et al., 2017).

The presented research attempts to answer the question about the possibility of precisely

depicting changes in the height structure of the stand in protected forested areas over a period

of several dozen years, based on historic, stereoscopic aerial images and contemporary meas−

urements made using the laser scanning technique. The possibility of diversifying forested

areas due to the degree of their protection was assessed. An attempt was also made to answer
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the question whether the precision of depicting the height structure of an area practically

entirely occupied by forest vegetation is sufficient to assess the dynamics of changes in forest

cover and to record events resulting in the loss of this cover in the past. The presented research

in the methodological part will present the process of processing historical photos into point

clouds for the area of the Białowieża Primeval Forest, the largest area of lowland natural forests

in Europe, divided into areas of strict protection and economically used forests. The processing

of the obtained data sets into a frame of reference identical to modern height data sets made it

possible to present a number of phenomena that have been observed in the Białowieża Primeval

Forest over 30 years. The obtained results were the basis for a discussion on the observed

changes in the afforestation structure by example of a few selected areas of the Białowieża

Forest and, at the same time, on the possibilities and limitations of using the proposed tech−

nique in research on long−term changes in forested areas. 

STUDY AREA. The research area is the Białowieża Primeval Forest (more precisely, six test areas

with an area of 1 km2 each), constituting a compact forest complex with an area of approxi−

mately 1500 km2, located on the border of Poland and Belarus. It is considered a unique and

very valuable forest object (Stereńczak, 2022). Some of the last large fragments of the primeval

forest of the European lowlands have been preserved here within the Białowieża National Park.

This area is one of those forests in Europe, where ecological processes have taken place since

the last glaciation without direct human intervention (Cholewińska et al., 2020), although some

studies (Bobiec, 2012) indicate that the area is a remnant of an ecosystem to some extent shaped

by man.

The area of the Białowieża Primeval Forest, regardless of its division by the border between

countries, can be divided into areas of strict protection and active protection, as well as into eco−

nomic forest lands that are not part of the Białowieża National Park. The location of the research

area along with the breakdown according to the degree of protection is shown in Figure 1. The next

two figures show the historical (1982, source: aerial photos, Fig. 2) and the current (2012, source:

ALS data, Fig. 3) state of forest vegetation cover in selected test areas.

Despite the fact that only selected parts of the Białowieża Primeval Forest are under strict

protection as a national park and nature reserves, the forest has been entirely recognized as 
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Fig. 1.

Location of the research area (Białowieża National Park) with a division into zones with different degrees
of protection and location of the areas covered by detailed studies
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a UNESCO natural heritage site since 1976, a biosphere reserve and an integrated Natura 2000

area (Kujawa et al., 2016). The Białowieża Primeval Forest is the only forest area in Europe with

a temperate climate in which forest communities developed the natural structure of the stand

(Bobiec, 2002; Mitchell and Cole, 1998). It is characterized by features related to the original
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Fig. 2.

Historical aerial images which are the source of data for the year 1982 (size of each image: 1 km2)

Fig. 3.

Contemporary images of the research area obtained in 2012 (size of each image: 1 km2)
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habitats, such as the stability of communities over time, high species richness, relatively low

tree density (Czeszczewik and Walankiewicz, 2016; Brzeziecki et al., 2020). The avifauna of the

Białowieża Primeval Forest is also unique, mainly because it has retained most of its virgin features

(Tomiałojć and Wesołowski, 2004). Therefore, it has the potential to present a model of forests

that are unique in Europe and that are close to natural and require special protection 

Methodology

The methodology used is based on the comparison of two point clouds: one set obtained from

stereoscopic, historical aerial photos (photos taken in 1982) and a point cloud resulting from 

a modern measurement by airborne laser scanning (measurement made in 2012). However, in

the final calculation process only information about the structure of the forest canopy was used,

without data on the trees profile in the case of ALS data.

The main elements and stages of the data processing process are illustrated in Figure 4.

The data used comes from publicly available collections managed by the Head Office of Land

Surveying and Cartography in Poland (Polish abbreviation: GUGiK). In the process of generating

the model based on archival photos, 55 photos were used, taken in 4 series in the north−south

direction. The photos were taken on May 15, 1982. The flight altitude was 2200 m. The camera

used during the flight had a lens with a focal length of 153.91 mm. The historical stereograms

were digitized using a 2400−dots−per−inch (DPI) photogrammetric scanner, which resulted in 

a 14−µm pixel. For each photo, information about the approximate coordinates of the projection

centres of the photos was also used.

The high−value data used in the presented study was acquired in 2012−2014 as part of the

national ISOK project. For research, they were obtained from the Central Geodetic and Cartographic

Documentation Center in the form of 1: 25,000 sheets (version 1.2 of the LAS format). The data

received are georeferenced consistent with the PL−1992 (EPSG:2180) coordinate system and

height reference frames PL−KRON86−NH. The density of point cloud was at least 4 points per m2.

The measurement was completed with the RIEGL LMS−Q680i laser scanner. Accuracy assess−

ment of the point cloud geometry resulted in vertical (Z) and horizontal (XY) root mean square

(RMS) errors of 0.15 m and 0.40 m, respectively. The given quantities were obtained from catalog

data provided with LiDAR data from GUGiK. The minimum point density of SFM derived

point cloud was 20 points per m2.
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Diagram of data processing from the processing of historical aerial photos and modern data sets obtained
by airborne laser scanning
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Processing of historical photos was done using Agisoft Metashape™ software. In the first step,

digitized historical images were imported. Then the known parameters of photos and cameras

were introduced. The initial model building was performed using the Align Photos tool. The

use of the Structure from Motion algorithm (Westoby et al., 2012) allowed for the construction

of a model illustrating the spatial extent of tree crowns. The created model was built in a local

system, so it was transformed to the CS92 (EPSG 2180) coordinate system used in Poland using

a set of ground control points with known coordinates (obtained on the basis of modern ALS

data) which are identifiable in historical photos. GCP was used to orient the models to each

other. 12 points were identified and used. The boundaries of cadastral plots and the boundaries

of land use were used, which most likely have not changed over the years, based on the analysis

of source data. 4 points were used in the model orientation process, 8 were used for control in

the Agisoft Metashape™ program. XY coordinates were obtained from the vertices of the cadastral

plots. Point heights were obtained from the DTM model from the LiDAR cloud. The obtained

position errors did not exceed 0.3 m for the XY axis and 0.4 m for Z, both for the points involved

in model alignment and for the control points.

On the basis of the obtained model, a point cloud representing the land cover was generated.

The created point cloud from archival photos was classified, resulting in layers containing

points representing the ground and woody vegetation, then a DTM raster model and a DSM

raster model containing only woody vegetation were created. Then the difference of the two

raster models created the CHM. For the LiDAR point cloud, the classification process was

omitted because it was already classified. Then DSM and DTM were created, and the differ−

ence of the two models allowed for the creation of CHM. In the process of converting point

clouds, an algorithm was used to generate meshes in a raster equal to 4 m2, where the largest

value from the mesh area assumes the value for it. As a result, only those points were left that

represented vegetation over 2 m high, whose height relative to the ground was greater than 2 m.

The result datasets were saved in the *.las format, and then used in the next steps carried out

with ArcMap™ software (part of the ArcGIS ™ environment). Two point clouds from historical

image processing and LiDAR measurement were used to create two Canopy Height Models

(CHMs). This allowed for the determination of the contemporary and historical height structure

of afforestation and the changes that took place during that period (the differential model). 

In each of the cases, the mesh size of the raster was 2 m (4 m2). 

Results

As a result of the application of the described methodology, a number of resulting data sets were

obtained. The first of them, shown in Figure 5, represents the height structure of vegetation in

1982 obtained as a result of processing historical aerial photographs. The figure shows the division

into areas 1, 2 and 3 located in the part of the Białowieża Forest with commercial forest man−

agement and areas 4, 5 and 6 located in the part under strict protection. This division will also

be maintained at the stage of presenting the next described result sets. Figure 6 shows the con−

temporary height structure of vegetation obtained on the basis of airborne laser scanning data.

The colour scale used is the same as in the case of the historical aerial photos.

The next resulting data set (differential model – Fig. 7) is the result of a comparison of

changes in the height structure of the forest vegetation between the historical and present state.

The data that were used to generate historical and contemporary stand heights and to create

a differential model can also be presented using a series of histograms representing the variability

of the area covered by individual height categories of trees. Figure 8 shows these curves for each

403



Jarosław Janus et al.

of the studied areas, including their courses for the historical and contemporary state and the

differences between the two previous sets. 

Discussion

The obtained results show a great potential for the use of historical aerial photographs in com−

bination with modern laser scanning measurements for long−term analyses of changes in forest−

covered areas. The ability to accurately reproduce the three−dimensional structure of vegetation
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Fig. 5.

Map of the height of vegetation in the historical state obtained as a result of the processing aerial photo−
graphs (1982 year); size of each area: 1 km2

Fig. 6.

Map of vegetation height obtained by processing data sets produced by processing ALS data (2012 year);
size of each area: 1 km2
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for a period reaching back several dozen years may be a valuable element of many studies,

especially in areas with limited access due to the requirements of nature protection. 

Both the attempt to recreate the historical state and the measurement of the current state

are carried out in a way that does not require physical presence in the area under study, except

for flights to conduct measurements with laser scanning with the use of traditional airplanes or

with the use of UAV devices. The research area covered both the part of the Białowieża National

Park under strict protection (sub−areas 1, 2, 3) and the part with the status of managed forests

(sub−areas 4, 5 and 6). One of the objectives of the study was to verify the thesis that the charac−

teristics of the height structure, and especially their changes over time, should differ depending

on the degree of protection of a given area (although for the small areas studied, this thesis has not

been positively verified). In both cases, the methodology used makes it possible to effectively

monitor the increase in forest height over long periods of time, but also to monitor the occurrence

of phenomena which reduce forest cover as a result of natural phenomena, planned logging or

illegal logging.
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Fig. 7.

Height difference showing changes in the amount of afforestation recorded in the period 1982−2012; size
of each area: 1 km2

Fig. 8.

Curves showing the variability of the area occupied by individual height classes of vegetation: for the his−
torical state, today, and with a differential approach 
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The selection of test areas was designed in such a way as to cover both areas under long−term

strict protection and those where ordinary forest management is carried out. The three−dimensional

structure of afforestation shown in Figure 5, representing the state in 1982, shows the great

potential of such a method even for densely afforested areas, as in the case of the Białowieża

Primeval Forest. This makes it possible to create vegetation height maps, but also land use

maps, taking into account the division into agricultural, forested or wooded areas, with an accuracy

not available for methods using the first generation of satellite imagery.

The aim of the research was to present long−term changes in the height structure of tree

crowns in the study area. The methodology used should therefore be adjusted to the assumed

goal. Differences in the two result sets are an obstacle in the effective comparison of the height

structure in historical and contemporary terms. The mapping of tree crown occupancy in the

historical perspective, due to the oblique photographing of most trees within individual photos,

is characterized by the lack of photographing of small gaps in the afforestation, an apparent

increase in the height of the space between individual trees and an almost continuous coverage

of the forested area with height data.

The second, modern data set, due to the technology used (LiDAR measurement), reflects

even small gaps in the afforestation very well, so that the area covered by tree crowns seems to

be much smaller than in the case of data from historical photos. In order to standardize the area

covered by tree canopy in both height models, while maintaining the maximum height recorded

in a specific, small area, it was decided to introduce an additional calculation step into LiDAR

data processing. The principle of resampling performed (while maintaining the size of a single

raster cell at 4 m2, which results from the adopted size of the grid with sides of 2 m) is to deter−

mine the height of each cell on the basis of the maximum height value observed within a radius

of 4 m from the centre of a given cell. This action led the LiDAR data to characteristics similar

to those from historical photos, while maintaining the two most key parameters: crown occu−

pancy and their local maximum height. The data on each of the three obtained afforestation

models (historical, contemporary, differential) were also used to create a series of curves illus−

trating the distribution of individual height classes of a given model and their areas. 

The charts presented in Figure 8 aims to reflect the characteristics of the afforestation

structure in both analysed years, that is in 1982 and in 2012. This also applies to the changes

that took place during this period. Based on the shapes of the selected curves, it is also possible

to infer the type of the analysed area. The economically exploited areas are characterized by 

a more irregular shape of the afforestation height curve, which in some cases may have a larger

number of local peaks. In such cases, there may also be fragments with steep curves. This is

related to the periodic clear cut areas of the forest and subsequent plantings. The mutual shift

of the curves representing the historical and contemporary states not only allows for conclusions

about specific events from the past resulting in a change in forest cover, but also allows for the

determination with some accuracy of the age (or rather the stage of development) of the stand

at the time of recording of the historical and contemporary state. Knowledge of the variability

of increases in tree height as a function of time is helpful in this. The curves representing this

phenomenon are sigmoidal (Pödör et al., 2014), which means that the height of trees increases

approximately linearly with time only for the middle part of their life. In the initial period, the

forest grows slower, but especially after it reaches maturity, the annual height increases of trees

are smaller and smaller. 

The differential model of afforestation showing changes recorded over a long period of time

can be presented in the form of a spatial analysis and a graph presenting the balance of changes
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in individual height categories. However, the reliability of the information provided by the dif−

ferential model depends most on the accuracy of the XY position of the output DSM models.

Interpretation of both of these elements may have different applications. The graph shows the

changes in occupancy by individual height categories, it can be used for an approximate balance

of terrestrial biomass contained in wood, but also to assess the dynamics of changes in the structure

of tall vegetation over time and to try to identify the nature of these changes. The spatial data

of the differential model (Fig. 7) show the location of changes in the height of forest vegetation

over the time covered by the study. In this way, it is possible to locate areas where no events

were recorded, apart from the natural increase in the height of the forest cover (depending on

its age at the beginning of the study, species composition and parameters of the habitat). It is also

possible to indicate places where any changes other than natural ones in the structure of the forest

took place, along with the determination of their area and nature.

The differential model (Fig. 7) shows places where the analysis shows a local decrease in

the height of tree crowns. This may indicate events which resulted in the loss of forest cover in

the past due to natural causes or deliberate human activity. The nature of these changes can be

inferred from the size and shape of the observed gap. At the same time, based on the difference

in height from the difference model and the height of trees from the modern model, it is also

possible to ascertain the time of a specific event in the past with a certain accuracy. In the pro−

tected areas of the Białowieża Primeval Forest, most of the currently observed gaps in afforestation

are a consequence of the dieback of spruce groups (Bobiec, 2007). A comprehensive inventory

of such cases seems possible in this, and similar cases, using the proposed method. 

Among the others potential applications of the method described, the possibility of identi−

fying illegal logging in the past should also be indicated. The possibility of using remote sensing

techniques in monitoring this type of change was indicated by Kuemmerle et al. (2009) in their

research.

Existing monitoring systems for protected areas in Europe are still not sufficiently developed

and can be significantly improved (Gaston et al., 2008). This applies in particular to many coun−

tries in South−Eastern and Eastern Europe, where the importance of monitoring and protecting

primeval forests was noticed often only in the early 1990s (Veen et al., 2010). Having a model of

changes in the structure of vegetation, which stretches back to the oldest available sources of

stereoscopic aerial photos, through several intermediate stages, to measurements repeated

cyclically every few years using the laser scanning method would fit well in the modern process

of monitoring areas covered with forest vegetation. It also enables the construction of projection

models determining changes in forest vegetation in the future (Lindner et al., 2010), including

those relating to natural forest communities (Hickler et al., 2012). Undoubtedly, the use of UAVs

equipped with traditional and multispectral cameras and laser scanners in research and moni−

toring of forested areas will increase (Torresan et al., 2017), which is likely to lead to the regular

use of this technique for small−scale monitoring purposes in Europe. 

The proposed method of obtaining data also has its limitations. The first is the availability

of historical data for specific areas, showing the structure of afforestation at a given time. Coverage

with historical aerial photos varies greatly from region to region. These photos are characterized

by high variability in terms of flight altitude, parameters of aerial cameras, as well as the photo−

graphic quality of the negatives. Adjacent areas may be covered by several series of photos

taken in different years. Undoubtedly, obtaining a set of data useful for generating a point cloud

representing the historical state of the data is not possible in every case. 

The second disadvantage of the proposed data processing method is related to the process

of recreating the three−dimensional structure of vegetation in a historical perspective. Aerial
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photos, especially those taken several dozen years ago, constitute a collection of data with a large

variability of the parameters used at the time they were taken, only some of which are known

at present. The quality of these materials also varies. In many cases, it is not possible to create

three−dimensional models using traditional photogrammetry techniques. In such cases, it is possible

to perform this task using other approaches, including the Structure from Motion (SfM) algorithm

used in this case. However, in the case of areas covered mainly with dense forests, this is asso−

ciated with a reduction in the orientation accuracy of the generated point cloud and the height

model created using this cloud. It is not possible to obtain a sufficient number of control points

with known XYZ coordinates, which are necessary for the correct orientation of the created

point cloud in the absence of all data regarding the image acquisition process, such as flight

parameters, aerial camera parameters and photos. 

However, existing research indicates that the use of analogue classic aerial photos to deter−

mine the height of the forest canopy has certain limitations (Korpela and Anttila, 2004), mainly

related to the uncertainty in the horizontal and altitudinal accuracy of the obtained results. The

use of modern digital photographs allows us to obtain more accurate results (Balenović et al.,
2015). However, the key issue is the selection of appropriate points that enable appropriate

placement of the created models in space. The best solution is to use points identified and

measured directly in the field (Stepper et al., 2014); however, this approach is significantly dif−

ficult (and sometimes impossible) when using historical photos.

As mentioned, the accuracy of the results obtained based on historical photos is largely

dependent on the correct selection of appropriate control points and obtaining their correct

parameters in terms of plane coordinates and heights. An additional difficulty is conducting the

analysis in an area covered with forests, which makes it difficult to identify control points using

appropriate parameters. A solution to this problem is the analysis carried out within measure−

ment fields of 4 m2, although adopting a larger field size could increase the reliability of the results

(while reducing their spatial resolution). It is necessary to plan and perform research aimed at

assessing the impact of the number, location, and accuracy of control points (including the pos−

sible occurrence of significant errors in the positions of these points) on the final results of both

the single models of the historical forest canopy and the differential data between the historical

state and data. obtained using modern measurement techniques, both ALS data and point

clouds were obtained by processing the digital aerial photographs.

Conclusions

The obtained results indicate the possibility of precise monitoring of changes in forest cover,

both in relation to its growth and loss of this cover caused by human activity or natural causes.

The differential model and the interpretation of the family of curves representing the charac−

teristics of historical and contemporary afforestation seem particularly useful for this purpose.

The conducted studies, covering relatively small areas of the Białowieża Forest, are encouraging

for wider attempts to use the proposed methodology for the study of long−term changes in forest

cover covering much larger areas of protected forests and other forested areas with low accessibility.

This method can also be used when trying to estimate long−term changes in carbon accumulation

in wooded areas or changes in use associated with the abandonment of land cultivation in marginal

areas. 

The great advantage of using historical, stereoscopic aerial images is the ability to reproduce

the three−dimensional structure of tree crowns for periods dating back to periods earlier than

the first generation of observation satellites. The disadvantage of using historical aerial photos

to create point clouds is the need to adjust the methodology to differentiate the quality of the
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input data, and the availability of data determining the parameters which applied when the pho−

tos were taken. Another limitation is the fact that the availability of source materials enabling

the construction of an afforestation model is usually limited to a few selected periods over the

last several dozen years.

The proposed method may be an element in improving the quality of models predicting

future changes in forest cover. The presented method should also be an effective solution enabling

the differentiation of natural areas from those affected by the human economy, although this

requires further research into the analysis of the observed disorders and their classification.
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Streszczenie

Ocena długoterminowych zmian wysokości koron drzew 
w Puszczy Białowieskiej z wykorzystaniem historycznych
obrazów stereometrycznych i danych lotniczego skaningu
laserowego

Zarówno obszary leśne pochodzenia naturalnego, jak i te stworzone przez człowieka podlegają

wielu zmianom, których obserwacja jest niezbędna do zrozumienia ich przyczyn, monitorowa−

nia bieżących procesów oraz prognozowania dalszych zmian. Obszary chronione obejmujące lasy

o charakterze pierwotnym odgrywają szczególną rolę w badaniach nad długoterminowymi zmia−

nami w wysokości pokrywy leśnej. Przedstawione badania prezentują procesy zmian wysokości

pokrywy leśnej w ciągu ostatnich 30 lat na terenie 6 różnych obszarów o powierzchni 1 km2 poło−

żonych w Puszczy Białowieskiej, ostatnim dużym kompleksie lasów naturalnych, które w prze−

szłości pokrywały nizinne obszary Europy (ryc. 1). Dla obszarów o różnym stopniu ochrony

uzyskano dane reprezentujące przestrzenny układ koron drzew w latach 1982 oraz 2012. Stan

historyczny w roku 1982 został określony na podstawie chmur punktów uzyskanych poprzez prze−

tworzenie monochromatycznych lotniczych zdjęć stereometrycznych (ryc. 2). Dane te zostały

porównane ze współczesnymi danymi uzyskanymi z pomiarów wykonanych w roku 2012 tech−

niką lotniczego skaningu laserowego w ramach rządowego projektu ISOK (Informatyczny System

Osłony Kraju). Jako pomocnicze zbiory danych wykorzystano ortofotomapy z tego samego okresu

co użyte chmury punktów. Rycina 3 przedstawia te same obszary co rycina 2, prezentuje jednak

stan starszy o ponad 30 lat. Schemat przetwarzania danych został zamieszczony na rycinie 4.

Wykorzystanie odległych w czasie danych umożliwiających określenie struktury wysokościo−

wej roślinności pozwoliło na przedstawienie zakresu zmian, ich dynamiki oraz wnioskowanie o ich

charakterze w częściach lasu o różnych reżimach ochrony. Wyniki zostały zaprezentowane w kilku

odmiennych formach. Pierwszą z nich są analizy przestrzenne (ryc. 5−7). Obejmują one mapy

wysokości koron drzew w latach 1982 oraz 2012, jak również mapę przedstawiającą zmiany wyso−

kości koron drzew w analizowanym okresie – związane zarówno z przyrostem drzewostanu na wy−

sokość, jak i z lokalną utratą pokrywy leśnej w analizowanym okresie. Inną formą prezentacji

danych są wykresy przedstawiające zmienność struktury wysokościowej roślinności na poszcze−

gólnych obszarach testowych (ryc. 8). 

Badania wykazały przydatność proponowanej metody do określania długoterminowych

zmian wpływających na obszary leśne, obejmujących nie tylko zakres, ale także strukturę wyso−

kościową roślinności. Za szczególnie cenne należy uznać wykorzystanie do określania struktury
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wysokościowej pokrywy leśnej stereoskopowych zdjęć lotniczych, które dla obszaru Polski

dostępne są od lat 50. ubiegłego wieku. Pozwala to na precyzyjne analizy zdarzeń wpływających

na strukturę wysokościową lasów, będących zarówno efektem gospodarki leśnej, jak i przyczyn

naturalnych, wraz z możliwością określenia lokalizacji i przybliżonego ustalenia wystąpienia

danego zdarzenia w czasie.


