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I. Preliminary issues

1. Introduction

Krzysztof Sterenczak', Damian Korzybski'
Forest Research Institute, Department of Geomatics, Sekocin Stary, 3 Braci Lesnej St., 05-090 Raszyn
{k.sterenczak, d.korzybski}@ibles.waw.pl

For centuries, the Bialowieza Forest was a unique and very interesting place, especially
for foresters, who could learn various methods of reforestation and forest management here.
It was also an important place for ecologists who could observe interesting processes in
forest ecosystems here, and for every ordinary person who could learn something about the
forests that covered large parts of Poland centuries ago. The area of the Bialowieza Forest
has always been an object intensively used by science. Research on stand dynamics, habitats
and plant communities, population dynamics of various animals and research on fungi was
conducted here. The special feature of the research on stand dynamics was the use of sample
plots on which measurements of the different development stages of the trees were carried
out. Statistical methods were then used to characterise the state and direction of changes in
Bialowieza Forest..

The project “LIFE+ ForBioSensing PL. Comprehensive monitoring of the dynamics of
the stands of Bialowieza Forest with the use of remote sensing data” was inspired in 2012 by
the then Director of the Forest Research Institute, Prof. Dr. hab. Tomasz Zawita-Niedzwiecki.
The impetus for the project was the desire to use remote sensing data, mainly airborne laser
scanning data, in forest stand analysis. Remote sensing data enable stand characterization at
a specific date. Acquisition of data in several periods allowed not only to describe the static
situation, but also to characterise changes taking place in the stands of Biatowieza Forest.
Additionally, this type of data was intended to provide a reference point for analysing the
condition of Bialowieza Forest in subsequent decades using new methods of data analysis
and interpretation.

The project involved the development and application of a monitoring system for
Biatowieza Forest using ground-based monitoring plots and remote sensing data. The
main objective of the project activities was to link multitemporal remote sensing data (in
2015-2019) with the results of various ground measurements to enable and facilitate sub-
sequent monitoring of forest-wide processes. This monitoring generally involved selected
elements of stand dynamics and was limited by the capabilities of the specyfied remote
sensing data.

Preliminary issues

The project established and inventoried 685 permanent sample plots that served as
ground-based monitoring plots. It should be emphasized that, for the first time in its history,
the ForBioSensing project created a network of field sample plots located objectively on
the entire territory of the Polish part of the Bialowieza Forest, covering all administrative
units and forms of nature conservation. There were 355 plots distributed in a 1300x1300 m
grid, with one side rotated in a 330° azimuth (for more details see subsection 1.4 in Chapter
4, see also Fig. 6.2 in Chapter 6). In addition, a number of existing permanent sample plots
with longer measurement histories and resulting empirical data were used. These were 160
research plots objectively distributed in the Bialowieza National Park (in a grid of about
267%1067 m) (see subsection 1.3 in Chapter 4 with Fig. 6.2 in Chapter 6), and 170 research
plots of the Forest Research Institute subjectively distributed in the best preserved fragments
of the Polish part of the Biatowieza Forest (map 1).

As a result of the activities conducted under the project, the usefulness of individual
remote sensing data in monitoring forest associations was reviewed, the characteristics of
trees and stands that can be successfully monitored were determined, and the best types of
data for analyses of stand dynamics were identified. In addition, based on ground data, the
dynamics of all tree generations in the Biatlowieza Forest were determined, the condition of
coarse wood in local tree stands was inventoried, the most extensive dendrochronological
material on the territory of the Polish part of the Bialowieza Forest to date was analysed, data
on recent changes in the stem diameter of the main tree species in the area were collected,
the dynamics of regeneration in gaps was analysed, and the phytosociological map of forest
communities was prepared.

The results of the project and the effects of all activities were widely promoted to the
public. Almost 5 million people were directly informed about the project and/or its activities.
A series of videos and radio programs were created as part of the project. Promotion of the
project took place at various meetings organised by the project team, as well as at various
mass events (e.g., Earth Days) and scientific conferences.

Below are the key facts about the project:

e Implementation period: 1.10.2014 — 30.04.2022;

e Funding Source: European Commission under the Life+ Instrument,
National Fund for Environmental Protection
and Water Management and the Forest Research Institute;

e Contract numbers: KE: LIFE13 ENV/PL/000048,
NFOSiGW: 485/2014/WN10/OP-NM-LF/D;

e Amount of funding: KE: 1 955 251 €; NFOSiGW: 1 755 616 €;
IBL 352 559 €;

e Beneficiary: Forest Research Institute.
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One of the three most important areas of activity in the ForBioSensing project, in
addition to the technical work and promotion of project results, was the ongoing project
management process. Any project, especially projects characterised by a large number
of interrelated tasks, interactions with numerous stakeholders, a long lead time, a large
project team, numerous risks, and multiple financing institutions, required a methodical
management approach. Numerous tools were already envisioned for the project at the pro-
posal stage to enable effective management, controlled execution, and achievement of the
planned outcomes (products). ForBioSensing's project management was based on selected
elements of the PRINCE2 methodology. The project Steering Committee, management,
and project team were established. Special emphasis was placed on building an effective
project team. As part of the project, more than a dozen project roles and their responsibili-
ties were defined and assigned to individuals. At the time of writing, from the perspective
of the project coming to an end, it can be stated with confidence that the proper planning
and leadership of a competent and dedicated project team (over 60 people) by the expe-
rienced management was one of the key factors that enabled the project to run smoothly
and be completed. The second of the most important elements to ensure project implemen-
tation was the development of numerous mechanisms to monitor the correctness of the
project. The ForBiosensing project was characterized by almost 170 measurable indicators
(project outputs, milestones, task progress indicators, meeting indicators), the successive
achievement of which within 15 main tasks (task groups) ensured the controlled progress
of the project. Another, undoubtedly one of the most important elements, if not the most
important, was the planning of effective communication, both formal and informal. In
the area of communication, nearly 40 formal reports on the progress of the project were
planned to be submitted to the institutions co-financing the project. There were also formal
communication channels in the form of numerous registers (risks, issues, lessons learned),
frequent cyclical meetings at various levels of project management, and appropriate loca-
tions for teams to ensure informal direct communication.

This publication is a summary of the activities undertaken as part of the project.
It contains previously unpublished material as well as a summary of activities, particularly
using remote sensing data already widely published in scientific journals.

Preliminary issues

2. Stand history in Bialowieza Forest

Rafal Paluch’
'Forest Research Institute, Department of Natural Forests, 6 Park Dyrekcyjny St., 17-230 Biatowieza

r.paluch@ibles.waw.pl

Abstract

This chapter presents the history of the forest stands of Biatowieza Forest based on
comprehensive selected literature. Biatowieza Forest is one of the few areas in Europe that
is continuously covered with the forest since the Ice Age to the present times. You can find
there very well-preserved communities of organisms, that are typical for natural forests and
their habitat types. This forest object is characterized by well-preserved, especially in the
already protected areas, species structure, age and spatial structure of tree stands, including
the presence of a large number of trees with monumental dimensions. The area of this forest
complex has been characterized by some intensity of human use over nearly four thousand
years. Particularly clear traces of management can be seen in the last 2,000 years or so. The
Bialowieza Forest may have been influenced by such historical uses as charcoal, potash and
tar production, beekeeping, selective use of deciduous trees, and domestic cattle grazing.
However, they involved neither long-term or permanent deforestation, nor strong anthropo-
genic transformation of forest stands in significant areas of Bialowieza Forest, which made
it possible to preserve its unique values for centuries. Fires were also frequent. Currently,
for the past few decades, a significant increase in the share of common hornbeam in recon-
structing Bialowieza Forest stands has been observed. This species has shown expansion into
a variety of habitats, including poor and moderately fertile habitats. Under natural conditions,
hornbeam dominated most of the analysed communities that undergo reforestation. On the
other hand, the retreat of spruce towards the oligotrophic forest parts was observed — This
species has been significantly reduced in all stands. Pine, oak and birch clearly decrease their
share in the formation of Biatowieza Forest stands, including in the reforestation layer, under
different conditions, and under strict and partial protection.

Keywords: forest dynamics, reforestation, species composition

2.1. Introduction

Bialowieza Forest is one of the largest and best-preserved forest areas in the lowlands
of Central and Eastern Europe. Therefore, this area is an object of extraordinary importance
for natural science studies. This is because the forest is an unparalleled research laboratory,
allowing for in-depth study of the processes and functioning of natural ecosystems and the
population structure of various species of organisms (Sokolowski 1993; Cieslinski 2009;
Pawlaczyk 2009; Paluch et al. 2012; Jaroszewicz et al. 2019). The uniqueness and exception-
ality on a European scale of this forest community is due, among others, to the preservation
of a great diversity of life forms, the presence of natural forest ecosystems and the ecological
links between their individual components (Jaroszewicz et al. 2019). Biatowieza Forest is
dominated by eutrophic habitats, which proves its uniqueness. The total proportion of decid-
uous forest habitat is nearly 60%. There are only a few percent of coniferous forests and just
over 30% of the mixed coniferous forests (Sokolowski 2004).
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Biatowieza Forest is one of the few areas in Europe continuously covered with forest
from the glacial retreat to the present moment (Latalova et al. 2016). According to some
authors, natural processes take place over a significant area of it (Wesotowski et al. 2018).
Biatowieza Forest is one of the few places in Europe where you can find very well-pre-
served communities of organisms, typical for natural forests and their habitat types. This
forest object is characterized by well-preserved, especially in the already protected areas,
species structure, age and spatial structure of tree stands, including the presence of a large
number of trees with monumental dimensions. (Jaroszewicz et al. 2019; Grzywacz et al.
2017).

About 75% of Biatowieza Forest area is currently excluded from direct human interfer-
ence (including Bialowieza National Park, nature reserves, zones for the protection of birds,
fungi and other protected organisms, UNESCO zones). Also, in all stands over 100 years of
age, no silvicultural and protective treatments are performed. Conservative protection dom-
inates, allowing natural ecological processes to follow. On the other hand, 80% of the area
is occupied by protected forest habitats included in Annex I of Council Directive 92/43/
EEC, which are important for the whole European Community. These include subcontinental
oak-hornbeam forests (9170) and priority habitats, e.g., swampy coniferous forests (91D0),
and ash-alder riparian forests (91EQ). Bialowieza Forest is unquestionably one of the most
valuable natural objects of the European Union (Jaroszewicz et al. 2019).

In the studies on the development and dynamics of Biatowieza Forest stands, particular
attention brings the issue of changes in the species composition, which have been registered
for several decades. In the entire Bialowieza Forest, including the Biatlowieza National Park,
a clear decrease in the frequency of pine, oak and spruce is recorded, with a simultaneous
increase in the share of shadow-bearing species, mainly hornbeam and lime (Bernadzki et al.
1998; Kuijper et al. 2010; Sokolowski 1991, 1999, 2004; Niklasson et al. 2010; Drozdowski
etal. 2012; Finger 2015; Zin et al. 2015; Brzeziecki et al. 2016, 2020, 2021; Zine 2016; Spinu
et al. 2020; Gabrysiak et al. 2021). The causes of these changes are likely complex, among
the possible ones are climate change, habitat eutrophication (probably strongly related to
nitrogen deposition — compare, e.g., Malzahn et al. 2009), human economy, activity of her-
bivorous mammals or disappearance of fires previously present in the area (Falinski 1986;
Sokolowski 1991, 1999, 2004; Bernadzki et al. 1998, 2001; Niklasson et al. 2010; Zin et al.
2015; Brzeziecki et al. 2016, 2020; Spinu et al. 2020).

Biatowieza Forest has been used by mankind with varying intensity for nearly four
thousand years. Particularly clear traces of human activity can be seen in the last nearly 2000
years (Latalova et al. 2016; Zaptata and Sterenczak 2016, 2018; Sterenczak et al. 2020).
Biatowieza Forest may have been significantly influenced by forms of historical use such as
agriculture (Zapata and Sterenczak 2016, 2018; Sterenczak et al. 2020), charcoal, potash and
tar production, beekeeping (Samojlik et al. 2013), selective use of deciduous trees (Samojlik
2005b; Samojlik et al. 2013) or domestic cattle grazing (Samojlik et al. 2013, 2016). Howev-
er, the listed forms of traditional use were not associated with either long-term or permanent
deforestation, nor with severe anthropogenic transformation of forest stands over significant
areas of the forest (Samojlik et al. 2013; Latalova et al. 2016), which has allowed its unique
qualities to be preserved for centuries (Jaroszewicz et al. 2019).

As part of the study carried out at the Forest Research Institute in cooperation with the
Swedish University of Agriculture (SLU) and the “Belovezhskaya Pushcha” State National
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Park, the dynamics of regeneration and development of selected major forest-forming spe-
cies of Biatowieza Forest — primarily Scot’s pine (Pinus sylvestris L.) — has been studied in
relation to the history of fire disturbance in the coniferous forests habitats in the area over the
past several hundred years (Zin 2016). The research was conducted in both parts of Biatow-
ieza Forest — in Poland and in Belarus. It was shown that fires were an important factor shap-
ing the structure and species composition of Biatowieza Forest stands over the last 400 years.
During the period from about 1600 to about 1850, these disturbances occurred very fre-
quently, every few years, then their frequency decreased significantly until they completely
disappeared in the first decades of the 20th century (Zin 2016). Based on tree diameter at the
first fire scar and fire disturbance-induced incremental responses, it was concluded that the
historical fire regime in Biatowieza Forest was dominated by low-intensity disturbances that
allowed successful natural regeneration of pine. Occasionally, however, very intense fires
also occurred in the area, completely altering the age and spatial structure of stands by trig-
gering waves of regeneration for this species (Zin et al. 2015). As fire disturbance frequency
decreased, a decrease in effective pine regeneration and an increase in effective spruce re-
generation were observed. The disappearance of fire disturbances in Biatlowieza Forest in
the first decades of the 20th century appeared to be equivalent to the end of effective pine
regeneration in the studied stands. It has been shown in Bialowieza Forest that fire — similar
as in the boreal zone — can be seen as a positive factor for pine regeneration in competition
with other tree species (such as spruce), also in Central European forests (Niklasson et al.
2010; Zin et al. 2015; Zin 2016).

Figure 2.1. Traces of probably agricultural systems in the strictly protected part
of the Bialowicza National Park (Hilszczanski J. and Sterenczak K. 2017. GDSF Inventory)

11
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Human activity very clearly influenced the formation of quantitative proportions of the
species composition of tree stands (the share of coniferous species such as pine or spruce in
relation to the rest, and deciduous species such as oak) and the relation of forest areas to open
spaces (burned areas, meadows, pastures, clear-cuttings, etc.). Undoubted influence, the ef-
fects of which continue to this day, was also exerted by agricultural and settlement activity in
the area, as well as by the water regulations, and in the recent history of the last century also
by conscious forest management (Falinski 1986; Sokolowski 2004). Beekeeping and other
activities that selectively influence the formation of forest structure have also played a signif-
icant role in the history of forest stands. According to many researchers, Bialowieza Forest
survived as a large forest complex due to the fact that it was a hunting ground for Polish and
Russian rulers for several hundred years (Hedemann 1939; Wiecko 1984; Sokolowski 2004;
Samojlik 2005a). Shaping the structure of forest stands took place through selective gnawing
or deliberate promotion of some species and elimination of others, as well as through forest
management lasting for a hundred years with periods of increased intensity. Biatlowieza For-
est has been subject to various forms of use for centuries. Among other things, the forests
were used by the Russian Tsar as a game preserve. During World War I, more than 4 million
m3 of tress were plundered for timber (6500 ha of clear-cutting). In the interwar period,
there were further episodes of plundering the forest. As a result of an agreement signed with
the then government of Poland, The Century European Timber Corporation (1924—-1929)
harvested 2.5 million m3 of timber without restoring the area after clear-cutting (Sokotowski
2004). These sites were subsequently restored by the Polish forestry administration, includ-
ing spruce of uncertain origin, or regenerated spontaneously. The period of World War II
contributed to further damage caused by uncontrolled tree cutting by successive occupiers,
also in the area of the present national park. After the war, in the Districts of Biatowieza
Forest, most of the harvesting was done by clear-cutting, in areas where mainly coniferous
species were planted. In addition, until the 1960s, livestock was grazed in many forest stands.
Sustainable and multifunctional forest management has been practised since the 1990s (Ber-
nadzki et al. 2012). The work of many generations of foresters has increased the abundance
of forest stands from 187 m3 of trees per hectare of forest in 1930 to 330 m3 ha-1 until today
(Opinion of the Scientific Council of Forestry 2016).

Matuszkiewicz (2016) writes that in a significant part of Biatowieza Forest we are deal-
ing with “the occurrence of biocenoses showing features of systems close to natural ones”.
Past forest use and anthropogenic transformations of this unique area show that humans have
played an important role in shaping some of its biodiversity, today protected, without which
it often cannot survive (Opinion of the Forest Science Council 2016). This is confirmed by
many years of research carried out by various scientific institutions, including SGGW in War-
saw and the Forest Research Institute (Brzeziecki et al. 2012, 2018; Paluch 2015).

In the former Strict Reserve of the Bialowieza National Park, long-term studies of
changes in the species composition and structure of tree stands are currently being carried
out on five permanent research plots (transects) designated by Professor T. Wtoczewskiego
in 1936. The results of systematically conducted measurements now form an extensive
database of a unique nature, comprising empirical material that dates back over 80 years
and from an area of about 15 ha (Bernadzki et al. 1998). They are the basis for creating eco-
logical models of forest stands and developing forecasts of their development with chang-
ing climatic conditions (Brzeziecki 1999). In the study plots, information is systematically
collected primarily on the layer of living trees reaching at least 5 cm of DBH (diameter at
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breast height). Only on one transect was a single study of the composition and density of the
natural reforestation carried out (Zajaczkowski 1999), changes in other elements of the phy-
tocenosis over a period of almost 40 years (1959-1998) were elaborated — the vegetation of
the forest floor (Paluch 2001a), and lying dead wood was inventoried (Paluch 2001b). Apart
from the above-mentioned works, the Department of Natural Forests of the Forest Research
Institute conducts research on several dozen permanent plots in Bialowieza Forest of the
size 0f 0.25-0.5 ha (distributed in habitat-forest systems typical for the object), including the
measurement of breast height of all trees, inventory of regeneration, and phytosociological
photo (Sokotowski 1993). In most of the forest communities analysed and in a short period
of time, about 40-50 years, there have been significant changes in the species composition
of natural stands growing without human interference. It should be emphasized that the
study period represented a small part of the history of forest development, and inferences
and predictions based on this can only be approximate. The present findings fully confirm
previous studies of longer duration (nearly 90 years) (Bernadzki et al. 1998; Brzeziecki
2008; Brzeziecki et al. 2010; Drozdowski et al. 2012), emphasizing at the same time that the
irregularities observed apply to the entire Bialowieza Forest, including the areas under par-
tial protection. On the basis of the accumulated long-term research material, systematically
supplemented with new research plots, the cited authors have grouped tree species in their
recent publications, distinguishing small-volume (“endangered”), admixture (“relatively
safe”’) and “expansive” species. It is noteworthy that in the group of expansive species only
hornbeam is currently listed, whereas in previous periods linden and ash also showed such
tendencies (Brzeziecki et al. 2012; Drozdowski et al. 2012). In light of the results of other
studies from Bialowieza Forest (Paluch 2015; Gabrysiak et al. 2021) hornbeam appears to
be very expansive, encroaching on both poor and mixed coniferous forest habitats and on
wet ash-alder riparian forests. In mixed coniferous forest habitats, it competes strongly with
spruce, among others, and its regeneration is at least as numerous as its competitors. How
can a Calamagrostio-Piceetum forest complex look like and function, where spruce — that
should play the key role in the stand — is replaced by hornbeam, a species that is character-
ized by completely different ecological properties? The existing data indicate that transition-
al communities, strongly reminiscent of oak-hornbeam forests, with still evident elements of
coniferous forests and few diagnostic species, are formed. If the described trends continue,
areas overtaken by hornbeam will completely transform into oak-hornbeam forests. Such
a situation is currently observed in the case of the thermophilous bastard balm-hornbeam
forest community, in which the vast majority of the examined plots have been transformed
into the typical oak-hornbeam forest. In this community, there has been a multiple increases
in hornbeam density in all stand layers, including seedlings, saplings, and the second layer,
over the past 15 years. This species has displaced all of its competitors from the restoration
layer, including the spruce that dominated there at the beginning of the study, nearly 40
years ago (Paluch, Zin 2013).

Analysing the long-term dynamics of linden regeneration and its promotion to higher
stand layers allows us to conclude that the expansion of this species is currently inhibited and
limited to optimal and suboptimal (oak-hornbeam) habitats (Gabrysiak et al. 2021). Several
decades ago, it was much more pronounced, as confirmed by earlier work (Kowalski 1982;
Bernadzki et al. 1998).

In the case of ash, considered a dozen or so years ago as an expansive species, dominant
or co-dominant in alder-ash riparian forests (Brzeziecki, Zybura 1998; Bernadzki et al. 1998;

13



14

Paluch 2001; Drozdowski et al. 2012), it can be concluded that its dynamic status has changed
dramatically. Ash has now become a highly endangered species, being in regression, similar
to elm trees once were. At the beginning of the 20th century there began an unprecedented
phenomenon of mass dying of ash and whole stands with the participation of this species.
This phenomenon is not dying out (Gil et al. 2011). It has been proven that, also under natural
conditions, ash has separated from all stand layers. There was also a lack of restoration of this
species. In several cases, all of the ash trees in the study plot were found to have separated
in just 15 years. We don't know when the ash tree will begin to regenerate, so far there is no
indication of that. Certainly, the current health of the ash tree is worrying, because the con-
dition of the few surviving specimens is bad. The condition of ash described here appears to
be more critical than in analyses performed in the Strict Reserve of the Biatlowieza National
Park (Brzeziecki et al. 2012). The cited authors found the death of the species mostly among
young trees, less frequently in the whole population.

Among the large group of species with a currently clearly declining proportion in
Bialowieza Forest are pine and oak (Brzeziecki et al. 2012), very important species for the
functioning of many forest communities. It was confirmed that the share of these species
was decreasing and that there was no regeneration of pine and very low abundance of oak.
The complete withdrawal of pine from habitats theoretically optimal for it, namely fresh
and mixed coniferous forests, is noteworthy. Even when natural regeneration of pine trees
did occur, which happened only once in 1975, it then gradually disappeared. Occasionally,
this species was found growing up to higher breast height classes. On the aforementioned
1936 transects of the Department of Silviculture of the Warsaw University of Life Scienc-
es (SGGW), a tree above 5 cm in breast height of pine has not been recorded in almost 90
years of research (Brzeziecki et al. 2012). Drozdowski (2014) reported that oak regeneration
systematically occurs in different habitat conditions of Biatlowieza Forest, but does not find
suitable conditions for growth. On the other hand, our own research (Paluch 2015) showed
that seedlings and low oak saplings, although occurring, especially paradoxically most abun-
dantly in poor coniferous forests and mixed coniferous forests habitats, did not advance to
higher stand layers, which indicates the ineffectiveness of oak regeneration under current
conditions.

Between 1975 and 1986, the changes in the species composition of Biatowieza Forest
stands discussed above were generally very small, suggesting an acceleration of their rate in
the last 15 years. When comparing all the forest communities studied, it was found that the
greatest changes occurred in the bastard balm-hornbeam forest. In terms of the rate and mag-
nitude of changes in the species composition of forest stands, the forest communities studied
can be ranked as follows (in descending order): bastard balm-hornbeam forest, fresh conifer-
ous forest, fresh mixed coniferous forest, ash-alder riparian forests and typical oak-hornbeam
forest. It has been observed that a low rate of change was sustained in the oak-hornbeam
throughout the study period (Paluch 2015; Miscicki 2016).

It can be said that currently the dominant phenomenon, having the most significant
impact on the image of Biatowieza Forest and ecological conditions in it, is the expansion of
hornbeam, which certainly starts a sequence of changes in the whole forest ecosystem. The
encroachment of hornbeam on habitats where this species did not occur before, or was small,
causes a unification of the species composition of forest communities, making them more
similar to oak-hornbeam (Paluch 2001; Sokolowski 2004; Bernadzki et al. 1998; Brzeziecki

Preliminary issues

2008; Brzeziecki et al. 2012). The cited authors wrote during the past decade that the expan-
sion of hornbeam was not yet over.

The current picture of Biatowieza Forest, characterized by high biological diversity,
is a resultant not only of natural processes, but also of many centuries of human activity (e.g.,
Kowalski 1982; Bernadzki et al. 1998; Sokolowski 2004). An underestimated role may have
been played by fires, grazing, burning of potash and charcoal, very high amounts of forest
animals or other factors, including human activities, that significantly modified the species
composition of tree stands and possibilities of regeneration of individual tree species. As
a result of the superimposition of various historical, global, and anthropogenic phenomena,
significant changes were found in a relatively short period of time, which were not predicted
by the former forecasts of the great researchers of the Forest from the first half of the last
century (Paczoski 1930; Matuszkiewicz 1952).

Current forecasts indicate a continuation of hornbeam expansion, with the gradual re-
ceding of other tree species important for biodiversity, such as pine and oak (Brzeziecki et al.
2016, 2020, 2021; Gabrysiak et al. 2021). All protection activities for the nature of Biatow-
ieza Forest should take into account its natural and cultural uniqueness on the European scale
resulting both from its natural conditions and from the existing land use, which is connected
with a certain part of biodiversity of Bialowieza Forest.
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Abstract

Climatic conditions are among the most important habitat factors that determine the de-
velopment and persistence of ecosystems. The document analyses meteorological parameters
in the period 1951-2019 measured at the station of the Institute of Meteorology and Water
Management - National Research Institute (IMGW) in Bialowieza. A large impact of climate
warming on individual meteorological variables dependent on air temperature was demon-
strated. The average air temperature for the considered period was 6.7°C with a clear trend of
temperature increase of 0.34°C/10 years. The temperature increase refers to the average tem-
peratures of all months of the year, as well as to the minimum and maximum temperatures.
Higher air temperatures extended the meteorological growing season by 16 days, mainly
due to an earlier start of the growing season. Analysis of the frequency of days in relation to
temperature showed that climate warming resulted in a decrease in the number of frost days
per year by 29 and an increase in the number of hot days by 19. Higher temperatures in winter
months lead to fewer days with snow cover in the Biatowieza Forest. From 1951 to 2019, the
number of days with snow cover decreased by 34.

Keywords: climate, meteorological conditions, precipitation, air temperature

3.1. Introduction

The climate of the Bialowieza Forest is classified as temperate continental, cool with
Atlantic influence. According to the classification of Romer (1949), the territory of the
Bialowieza Forest is located in the climatic zone of the region "C" of the Land of the Great
Valleys, in the Chelmsko-Podlaski Land. In one of the more recent classifications, based on
the average number of days with a certain weather type, Wo$ (1996) assigned the Biatowieza
Forest to the Masurian-Podlaskie region, which includes the eastern part of the Masurian
Lake District and part of Podlaskie. Only part of this region lies within the borders of Poland,
and it extends further east and north. The region is characterized by the relatively highest
frequency of the coldest weather, i.e. days with very cold weather, very cold and sunny
weather, very cold and cloudy weather at the same time. It also has the relatively highest
number of days with fairly cold weather. On the other hand, the lowest frequency in this part
of the country marks days with cool, cloudy, without rain and with rain. Low frequency also
characterizes days with moderately warm, sunny weather without rain (Wos$ 1996).
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3.2. Materials and Methods

The study is based on data from the meteorological station of the Institute of Meteor-
ology and Water Management (IMGW), located in Bialowieza at a point with coordinates:
52°42.43'N, 23°50.87'E. The data used are available on the website: danepubliczne.imgw.
pl. Data from the years 1951-2019 were analysed. Since some measured data from 1956
were missing, this year was excluded from the analysis of air temperature and growing
seasons.

For the whole period, the average daily air temperature was calculated from measure-
ments at 2 m height according to the following formula:

= (T +Tmax+Téa,m'+T /4

average min 6p.m.)

where:

T . — minimum air temperature during the day,
n

mij

T . —maximum air temperature during the day,

ma;

T, . — air temperature at 6:00 am,

T, . —air temperature at 18:00.
p.m.

Recalculation of mean values was aimed at standardization of data due to changes in
the method of calculation of average daily temperature by IMGW during the considered
period.

The analysis of air temperature and atmospheric precipitation was carried out for the
values of annual average, monthly average, summer half-year average, which included the
months from May to October, winter half-year average calculated from November of the
previous year to April of the year under consideration.

An analysis of days with ground frosts was conducted, which were classified when the
minimum temperature at ground level was below 0°C and the maximum temperature above
0°C (Wo$ 2010; Kossowska-Cezak 2003; Tomczyk 2015). This paper considers the number
of days with frost in the period from April to October from 1973 to 2019, for which system-
atic measurements of temperature near the ground level were conducted. Based on the values
of minimum air near the ground, based on the work of Draganska et al. (2004) and Tomczyk
(2015), frosts were separated: mild (t min from 0°C to -2.0°C), moderate (t min from -2.1°C
to -4°C), severe (t min from -4.1°C to -6°C) and very severe (t min below -6°C).

The start and end of the Meteorological Growing Season (MGS) and the Forest Grow-
ing Season (FGS) were calculated using the method of Huculak and Makowiec (Bartoszek
et al. 2012). In both cases, the beginning of the growing season was determined based on the
first day with an average temperature equal to or higher than the threshold temperature, from
which the cumulative deviations from the average daily temperature did not reach negative

Preliminary issues

values until the end of the first half of the year. The end of the growing season is the last day
with a temperature greater than or equal to the threshold temperature, from which the cumu-
lative series of daily average temperature deviations from the threshold temperature reaches
no positive values until the end of the year. The threshold temperature for the meteorological
growing season is 5°C.

The division of days with weather types based on air temperature was done after Wo$

(1996):

- hot weather (T >25.0°C, T _, >0°C, T >0°C)

- very warm weather (T __ 15.1-25.0°C, T . >0°C, T >0°C)

- moderately warm weather (Taverage 5.1-15.0°C, T, >0°C, T _ >0°C)

- cool weather (T, 0.1-5.0°C, T . >0°C, T _>0°C)

age >0-0°C, T <0°C, T >0°C)
0.1-5.0°C, T, <0°C, T, >0°C)

- frosty weather moderately cold (Taverage 0.0°C-(-5.0°C, T, <0°C, T __>0°C)

- very cold frosty weather (T _ <-5.0°C,T_ <0°C,T__ >0°C)

nean 0,0 - (-5.0)°C, T, <0°C, T <0°C)

- quite cold weather (T, -5.1-(-15.0)°C, T . <0°C,T__<0°C)

- pogoda bardzo mrozna (T, <-15.0°C, T <0°C, T, <0°C)

min

- frosty weather moderately cool (T,

- very cold frost weather (T

mean

- moderately frosty weather (T

Variation of total annual atmospheric precipitation was characterised by the criterion
introduced by Kaczorowska (1962):

- extremely dry year (half-year) - precipitation less than 50.0% of the multi-year average
precipitation,

- very dry year (half-year) - precipitation from 50.1% to 75.0% of the average precipitation,
- dry year (half-year) - precipitation from 75.1% to 89.9% of the average precipitation,

- average year (half-year) - precipitation in the range of 90.0% - 110,0% of the average pre-
cipitation,

- wet year (half-year) - precipitation between 110.1% and 125.0% of the average precipitation,

- very wet year (half-year) - precipitation in the range from 125.1% to 149.9% of the average
precipitation,

- extremely wet year (half-year) - precipitation exceeding 150,0% of the average precipitation.

The number of days with snow cover was counted for winter half-years, i.e., from No-
vember of the first year to April of the second year, which necessitated the presentation of the
analysis for the period 1952-2019.
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Annual precipitation totals in Biatowieza were compared with precipitation measured
in the same region, i.e. at the measuring stations and precipitation stations of the Institute of
Meteorology and Water Management in Hajnéwka, Narew, Klejniki and Bransk (data pro-
vided by the Institute of Meteorology and Water Management on the danepubliczne.imgw.
pl website were used).

The trend of changes in meteorological parameters between 1951 and 2019 was tested
with the non-parametric Mann-Kendall test using the Makesens 1.0 software developed at
the Finnish Meteorological Institute (Salmi et al. 2002). The non-parametric method of Sen
(Sen 1968) was used to estimate trends in the time series. The advantage of the methods used
is that data with missing values can be used and the data do not have to follow a specific dis-
tribution. In addition, Sen's method is not greatly affected by individual data errors or outliers
(Salmi et al. 2002). Both methods are described in detail by Salmi et al. (2002).

3.3. Results and discussion

During the period 1951-2019, the average annual air temperature in Bialowieza was
6.7°C. The coldest month was January with an average air temperature of -4.4°C, while
the warmest month was July (17.7°C). The average temperature of the summer half-year
(V-X) was 13.6°C and the average temperature of the winter half-year was -1.5°C. During
the studied period there was a high variability of average annual temperatures. The coolest
year was 1969, when the average temperature was 4.4°C, while the warmest year was 2019,
with an average temperature of 9.0°C. The warmest summer period was 2018, when the
average temperature was 15.6°C. During the study period, the average temperature of the
summer half-year was above 15°C (15.3°C) only in 2019. The lowest average temperature
of the summer half-year was 11.6°C and was measured in 1962.

Between 1906 and 2005, the global average temperature increased by 0.74°C (Solomon
et al. 2007). This change is similar to that in the Northern Hemisphere, where air temperature
showed a significant positive linear trend from 1961 to 2005 (Brohan et al. 2006). The results
for Bialowieza are higher than these data, but are consistent with the study by Christiansen et
al. (2007), who suggest that the average annual air temperature in Central Europe is likely to
be above the global average. Studies conducted in other Central European countries also indi-
cate a greater increase in temperature compared to global changes. Average air temperatures
in the Czech Republic show a statistically significant increase of 0.27°C per 10 years over the
period 1961-2005 (Brazdil et al. 2009). Climate warming in Biatlowieza between 1949 and
2019 is comparable to climate change observed throughout Central Europe.

The rate of air temperature increase in Bialowieza between 1951 and 2019 was
0.34°C/10 years. During this period, the temperature increase calculated from the Sens trend
was +2.3°C.

The temperature increase applies to all temperatures studied: maximum, minimum,
and interval averages, and most of the changes shown were statistically significant (Tab.
3.1). Monthly average air temperatures showed the highest increase in February (+3.2°C),
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March (+4.0°C), and April (+3.0°C). The lowest temperature increase of +0.7°C was record-
ed for October. The strong increase in monthly average temperatures resulted in an increase
of 2.0°C in the summer half-year and 2.6°C in the winter half-year.

Climate warming affects meteorological features that depend on air temperature, such
as the length of the meteorological growing season, the occurrence of cold and hot days, and
the occurrence of ground frost. There is a clear trend of increasing meteorological growing
season (MGS) in Bialowieza in the period 1951-2019 (Fig. 3.2). The mean (MGS) during
the considered period was 204 days. The shortest was recorded in 1992 with 168 days and
the longest in 2010 with 245 days. It is noteworthy that only in the 21st century the length
of the MGS exceeded 230 days - in 2004, 2007, 2010 and 2019 (Fig. 3.2).

The lengthening of the growing season is observed throughout the country. The average
length of the growing season in Poland was 224 days in 1971-2010 (Tomczyk et al. 2016).
Nierdbcea et al. (2013) report that the growing season in Poland was 8 days longer from 2001
to 2009 than from 1971 to 2000. Tomczyk et al. (2016) indicate that the changes in the length
of the MGS in the northeast are due to its increasingly earlier onset. In Biatystok, the MGS
lengthened by almost 5 days between 1971 and 2010, due to an earlier onset of almost 3
days and a later end of almost 2 days. The study showed that in Bialowieza the length of the
growing season increased by 16 days between 1951 and 2019, which was practically influ-
enced only by the earlier onset of the MGS, which changed by 15 days over the analysed 69
days (Tab. 3.1). The process of lengthening MGS will continue in the future - the analysis of
changes in MGS by climate scenarios showed that by 2030 the growing season in central Po-
land will be 10-14 days longer than in 1971-2000 and 18-27 days longer by 2050 (Nierobca
etal. 2013).

The classification of Polish climate based on the frequency of occurrence of weather
types (Wo$ 1996), made on the basis of data from the period 1951-1980, showed that in the
climatic region where Biatowieza is located, the most frequent weather in Poland is frosty
and very frosty. An analysis of the number of days with very cold, quite cold and moderately
cold weather types and moderately warm, very warm and hot weather types was performed.
The results show a systematic decrease in the occurrence of days with freezing weather types
and a steady increase in the number of days with warm weather types (Fig. 3.3). During the
70-year period considered, the number of cold days decreased by 29 days, while the number
of warm days increased by 19 (Tab. 3.1).
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* significance level: * o = 0.05; ** o« = 0.01; *** o« = 0.001; and n.s. o« > 0.1
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Figure 3.1. Air temperature over the period 1951-2019 in Bialowieza: a) annual means, b) annual maximum,
¢) annual minimum, d) winter half-year mean, ¢) summer half-year mean
(trend equations are summarized in Table 3.1)
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Figure 3.2. The length of the meteorological growing season in Bialowieza Forest
in the years 1951-2019 (The trend equation is presented in Table 3.1)
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Figure 3.3. Change in the frequency of days in the years of the 19512019 petiod (a) very cold,
quite cold and moderately cold, (b) moderately warm, very warm and hot
(trend equations are summarized in Table 3.1)

In Biatowieza, in the years between 1973 and 2019, an average of 41 days with ground
frost were recorded between April and October. The highest number of days with this phe-
nomenon was recorded in 1976, when frost occurred on 60 days, and the lowest in 1989, when
frost occurred on 17 days (Fig. 3.4). It can be seen that light frosts are the most common (17
days per year on average) and that the frequency decreases as the severity of the phenomenon
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increases. On average, moderate ground frosts occurred on 10 days, severe ground frosts on 8
days, and very severe ground frosts on 6 days (Fig. 3.4). Ground frosts corresponding to the
different severities of the phenomenon occurred in each of the years considered, with no very
severe frost recorded except in 1998. The temporal trend shows that the number of days per
year with ground frost decreased by about 6 days between 1973 and 2019 (Tab. 3.1).
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Figure 3.4. Number of days with ground frosts by the strength of occurrence

On average, 637 mm of precipitation per year was measured in Biatowieza in the period
1951-2019. The lowest amount of precipitation was measured in 1953 with 425.9 mm, while
the highest amount of precipitation fell in 1974 with 933.0 mm. Previous works have pointed
out the periodicity of precipitation in Bialowieza (Pierzgalski et al. 2002; Boczon 2006).
Based on these studies and Kaczorowska's (1962) classification used in them, the following
periods can be currently distinguished:

- Period I: 1951-1966, characterized by low precipitation, with an average annual pre-
cipitation of 562.7 mm. There was 2 very dry year, 6 dry years, and 8 average years. No wet
or very wet years were recorded.

- Period II: 1967-1981, dominated by years with high precipitation. The average pre-
cipitation was 733.6 mm, influenced by 4 very wet years and 5 wet years. In addition, there
were 5 average years and 1 dry year.

- Period III: from 1982 to 2008, the amount of precipitation decreased, so the average
amount of precipitation was 610.3 mm. Again, dry years began to dominate over wet years.
1 very dry year, 9 dry years, 15 average years and 2 wet years were recorded.

- Period IV: from 2009 to 2019, the average precipitation was 678.7 mm. The period is
characterized by a high variability of years in terms of precipitation. There were 3 very wet
and 2 wet years, but also 1 very dry and 2 dry years were recorded. Note that the last two
years of the period were one dry and one very dry year. This could indicate the beginning of
another period of lower precipitation and predominantly dry years, or subsequent years will
continue the trend of high variability in annual precipitation.

The 1951-2019 multi-year trend shows a 54 mm increase in annual precipitation, but
the change is not statistically significant. A similar difference of +52 mm is obtained when
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comparing the average precipitation from 1891 to 1990 (Wisniewski 1953) with the average
precipitation of the last 40 years of measurements: 1980-2019. Climate change projections
show (Christensen et al. 2011) that precipitation in Poland will increase mainly in winter. In
Bialowieza, the trend of precipitation changes from 1952 to 2019 indicates such a tenden-
cy. In the winter half-year (November-April) precipitation increased by 27 mm, and in the
summer half-year (May—October) by 17 mm. However, significantly less precipitation fell
in the winter half-year (239.8 mm on average) than in the summer half-year (396.8 mm on
average). Precipitation varies greatly from month to month, with the highest precipitation
in July, averaging 83.4 mm, and in June, averaging 76.2 mm. In contrast, the lowest pre-
cipitation occurs in the first months of the year: in February 35.3 mm, in March 35.3 mm
and in January 38.3 mm (Fig. 3.6). Monthly precipitation totals are characterized by high
variability. October had the highest amplitude, with precipitation ranging from 2.8 mm in
2014 to 237.5 mm in 1974, and the lowest in February, with 0.6 mm in 1976 and 71.7 mm
in 2002. In each month, the lowest precipitation amount did not exceed 18 mm, and the
highest precipitation amount of more than 200 mm was recorded in June, July, August, and
October (Fig. 3.6).
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Figure 3.5. Total annual precipitation in Bialowieza in the years 1951-2019
(trend equations are summarized in Table 3.1)

There are significant changes in the snow cover in Bialowieza. During the considered
period, the number of days with snow cover per year decreased by 34 days (Tab. 3.1). Tom-
czyk et al. (2021) report that in the period 1966/67-2019/20 in Bialystok the number of days
with snow cover decreased at a rate of 4.2 days/10 years. In Bialowieza the situation is similar,
here the rate of change in the period 1951-2019 was 5 days/10 years. This is probably related
to climate change. It is concluded that climate warming will increase the frequency of rain in
winter at the expense of snowfall (Kundzewicz et al. 2012). In addition, winter snowpack in
Central Europe has declined in recent years and tends to melt much earlier (Szwed et al. 2017;
Dong, Menzel 2020; Robinson 2020). During the winter of 2019/2020, snowpack was absent
or patchy and largely ephemeral in much of the Polish lowlands (Tomczyk et al. 2021).
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Figure 3.6. Monthly precipitation in Bialowieza from 1951 to 2019

On average, snow cover in Biatowieza lasts 85 days per year. The highest number of
days with snow cover was recorded in 1965, when it lasted for 134 days. Still in four years:
1956, 1958, 1969, 1996, snow cover was recorded for more than 120 days. The fewest num-
ber of days with snow cover was in 2015 with 23. Also in 1975, 1989 and 1990 the number
of days with snow cover was below 40 (Fig. 3.7).
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Rycina 7. Liczba dni z pokrywa $niezna. (réwnanie trendu zostalo zawarte w tabeli 1)

Annual precipitation amounts in Bialowieza are higher compared to measurements at
meteorological stations and precipitation stations in the vicinity of the Biatowieza Forest.
Higher values in Bialowieza are determined both for the mean annual precipitation and
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for the range of annual precipitation. In Bialowieza, the average annual precipitation in
1951-2019 reached 637.0 mm, while at the compared meteorological stations in Hajnowka,
Narwia, Klejniki and Bransk it did not exceed 600 mm and was 587.2 mm, 589.4 mm, 574.1
mm and 563.8 mm, respectively (Fig. 3.8). In Biatowieza, total annual precipitation reached
values between 426 mm and 933 mm, while at measurement points outside the Bialowieza
Forest: in Hajnowka from 333 mm in 1959 to 803 mm in 2017, in Narew from 374 mm
in 1951 to 840 mm in 2010, in Klejniki from 334 mm in 1951 to 827 mm in 1974, and in
Bransk from 344 mm in 1959 to 800 mm in 1970 (Fig. 3.8).
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Figure 3.8. Characteristics of atmospheric precipitation measured at five points
in the Bialowieza Forest region during 1951-2019

Climate warming strongly influences the water balance by increasing water with-
drawals for evaporation. If precipitation remains constant, this has the effect of reducing
water retention, lowering groundwater levels, and decreasing river runoff. Such changes
also occur in the Biatowieza Forest. From 1995-2004, a decrease in the water table was
observed in all habitat types: fresh, wet, and marshy; at some monitoring points, the water
table dropped by more than 30 cm (Boczon 2008). Given the steady trend of rising air
temperatures after 2004, it can be assumed that the drop in groundwater levels has now
increased significantly. The water deficit in river basins manifests itself in a decrease in
runoff. The analysis of hydrological conditions of Polish river basins by Piniewski et al.
(2018) for the period 19562016 at 57 monitoring points and for the period 1981-2016 at
144 monitoring points showed decreasing trends of water flow in the northern part of Po-
land. Boczon et al. (2020) showed that in a small forest catchment in the Augustéw Forest,
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annual runoff decreased by 151.7 mm in the period 1970-2016. We are dealing with similar
phenomena in the Bialowieza Forest as a result of climate change. Warming in the winter
months leads to earlier snowmelt and less snowfall. These processes reduce spring runoff
peaks and lead to less flooding in riparian areas.

3.4. Meteorological measurements in Bialowieza Forest

The variability of precipitation and other meteorological parameters in the Bialowieza
Forest requires measurements at at least several monitoring points. For several years, meas-
urements have been carried out in the Polish part of the Bialowieza Forest or in its vicinity
by automatic meteorological stations, three of which - in Rybaki, Gruszki and Jagiellonskie
Wilderness - were established as part of the ForBioSensing project (Fig. 3.9). The remaining
stations perform measurements in Czerlonka within the ICP Forests network, in Woélka Ter-
echowska, which is part of the State Forests Meteorological Stations network, in Zamosze,
where the Biatlowieza National Park station is located, and in Topito, where the Forest Re-
search Institute's “extended precipitation point" operates (Fig. 3.10).

Figure 3.9. Meteorological station in Jagielloniskie Wilderness established within the framework
of ForBioSensing project (photo K. Pilch)
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Figure 3.10. Locations of meteorological stations in the Polish part of Bialowieza Forest

3.5. Conclusions

Climatic conditions in the Biatowieza Forest are subject to the same changes as the
warming climate in Central-Eastern Europe. The average air temperature is 6.7°C and has
increased by 2.3°C between 1951 and 2019, which means that the air temperature is in-
creasing at a rate of 0.34°C/10 years. The temperature increase also applies to the minimum
temperature, maximum temperature, and average temperatures for all months of the year.
Climate warming has lengthened the meteorological growing season by 16 days, mainly due
to the earlier start of the growing season. The number of frost days decreased by 29 and the
number of days with ground frost decreased by 9, while the number of hot days increased by
19. The analysis of the frequency of days in relation to temperature shows that the climate
of the Bialowieza Forest is currently similar to the climate between the Central and Western
Masuria regions when compared to the climate regionalization of Wo$ (1996), which is based
on data from 1951-1980.

The sums of annual precipitation in Biatowieza are characterized by reaching higher
values than at stations located near the Bialowieza Forest but outside its boundaries. The av-
erage amount of precipitation in Bialowieza was 637 mm. The sums of annual precipitation
in Bialowieza are characterized by great variability; in the years in question, distinct periods
of varying precipitation can be observed. However, recent years (after 2009) in Biatowieza
are characterized by high variability of precipitation, with very dry and dry years alternating
with wet and very wet years. The effects of climate warming mean that there are fewer and
fewer days with a snow cover in the Bialowieza Forest. From 1951 to 2019, the number of
days with a snow cover decreased by 34.

Continued climate warming will lead to increased soil water deficits and lower ground-
water levels. These changes will have a strong impact on the habitats of the Biatowieza
Forest.
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Abstrakt

The natural resources of the Bialowieza Forest are rich and relatively well preserved.
Research on the state of wood resources of the Bialwieza Forest has been sparse and often
referred to its fragments - more to the Strict Reserve, less often to the stands in the managed
part of the Forest. Determination of the state of wood resources of the whole (Polish) part
of the Biatowieza Forest became possible after a unified network of permanent sample plots
was established within the ForBioSensning project.

The study material consisted of the results of measurements taken three times on per-
manent concentric sample plots in 2015, 2017, and 2019. They were arranged according to
a 1300 m x 1300 m square grid. Because there were relatively few such sample plots in the
Strict Reserve (due to the relatively small size of this ,,interpretation unit”- used to present
and interpret results), we also used 160 sample plots distributed on a grid with average di-
mensions of 267 m x 1067 m, also measured in 2015, 2017, and 2019. Concentric sample
plots of equal size were measured at each measurement time. The location of each tree, in-
cluding those from the regeneration layer, was determined relative to the centre of the sample
plot. The biometric parameters of all trees with diameter at breast height at least 7 cm located
within the sample plots were also measured.

In 2015, the average volume of Biatowieza Forest stands was quite big - it amounted
to almost 400 m3 ha'. In 2019, this value decreased to about 360 m? ha™'. The current volume
increment averaged about 8,4 m? ha'! year'. The volume net change for 2015-2019 was

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

-41,1+13,7 m* ha' i.e.10,34+3,4 m* ha! year'. In 2015, Norway spruce had the largest volume
share (32%), but in 2019, Scots pine had the largest share (23%). In 2019, spruce volume
was 58% of 2015 volume, and it was one of the two species (along with ash) whose volume
and proportion decreased so significantly during this period. Hornbeam was the most numer-
ous in the low and high saplings layer. A new situation was the dominance of maple in the
seedlings layer. In 2015-2019, the volume of dead trees in the Bialowieza Forest amounted
to 4.173 million m?, of which 2.750 milion m?® (66%) were spruce.

Keywords: multi-temporal analyses, ingrowth, interpretation unit, young generation, growth,
species composition, loss, parent layer, change

4.1. Introduction

4.1.1. Historical aspect of studying the status of wood resources
of Bialowieza Forest

A number of historical events influenced the fact that at the end of the period of inten-
sive forest transformation in Central Europe (conventionally: before the outbreak of World
War I) the natural resources of Biatowieza Forest were relatively well preserved. In spite of
some transformation, often considerable, of the fragments of this vast forest area as a result of
intensive and often wasteful manage during World War I and common exploitation of Polish
forests after the war, in order to gain funds for the reconstruction of the country, already in
1921 Biatowieza National Park was created (although formally under a different name until
1932), as well as several nature reserves. Bialowieza Forest itself, especially Biatowieza
National Park, has become a place and object of many researches. However, there have been
few studies that have looked at the status of Biatowieza Forest's wood resources. The term
“wood resources” can be understood here as a set of features that represent (often in relation
to the area of the entire forest complex or to the area unit): the volume of trees, their number,
the share of species, their damage, their age structure, the structure of tree dimensions (most
often diameters), the area coverage by tree crowns, stand structure, the amount of young trees
(regeneration), their quality and damage, volume increment, the intensity of tree dying, the
supply rate of the canopy layer by trees growing out of the regeneration layer, changes in the
quantitative state of many of these features. Some of the features on this list (and an incom-
plete one at that) have been of interest to researchers since the beginning of so-called modern
forestry — even from the early 19th century and before. Many of these became of interest after
approx. 1950 (Kohl et al. 2006). More features continue to add to this list, e.g. those related
to dead wood resources.

Historically, the set of features that characterise the state of wood resources has been
modest. This was not only due to less need for knowledge about the forest. A significant limi-
tation was the lack of appropriate inventory methods over extensive forested areas. Regularly
collected such data which were used in plan preparation for managed forests. For this reason,
historical data characterising the forest are thematically sparse, and their reliability (due to
the data inventory methods adopted rather than the quality of the work performed) may be
questionable. Apart from managed forests, data were also collected in forests of national
parks and nature reserves. Initially according to the so-called author's concepts specific to
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a given object (Niedziatkowski 1949), and later according to a compulsory instruction (In-
strukcja... 1962).

The establishment of the Biatowieza Forest Park influenced the fact that for decades it
was impossible to obtain data that would present the state of the wood resources of the en-
tire Bialowieza Forest at one time. The 1945 division of the naturally homogeneous forest
area into parts belonging to two countries made it even more difficult to obtain such data.
Since then, the characteristics of Biatowieza Forest stands in most cases are made separate-
ly for the Polish part and separately for the Belarusian (formerly Soviet).

4.1.2. Determination of the state of wood resources in the managed part
of Bialowieza Forest

Forest management plans are the source of data about Biatowieza Forest wood resourc-
es. For the interwar period, synthetic data on managed forests (state forest districts) were
presented by Wiecko (1984), using a provisional plan from 1920 and a definitive one from
1931. More detailed data for this period will probably be unobtainable. In many cases, forest
management plans, especially those that were up to date, were destroyed at the beginning
of World War II by the Polish forestry administration to make management (practically:
excessive logging) more difficult for the occupying forces. Destroying the plans was easy
because they were usually prepared in only 2-3 copies. After World War 11, in the years
1948-1949, in the Polish part of Bialowieza Forest the so-called provisional forest manage-
ment (for the managed part) was carried out. Some of the most important data from this plan
were presented by Wigcko (1984). In 1958 plans were elaborated according to the so-called
definitive forest management planning. The work was carried out with great care. Their re-
sults can be found in archival resources, and a synthesis was presented by Czerwinski (1968).
In 1968, data on wood resources of state forest districts in the Biatowieza Forest were col-
lected in a similar manner as in 1958. Complete enumeration (determination of tree species
and diameter at breast height DBH measurement of all trees) was performed in mature and
over-mature stands, and when their area was too large, assessment on field plots (general-
ly 1 ha in size) subjectively placed at "representative" location were used. The same type
of sample plots, except that they were smaller (0.25-0.75 ha), were used in pre-mature stands
(generally older than 40 years). In the youngest stands, their features were visually assessed.
In 1979 the wood resources inventory for the preparation of the forest management plan were
conducted for the first time by applying the representative method with the use of randomly
distributed Bitterlich samples. Forest districts located in Biatowieza Forest were considered
as objects of implementation of this method in forest management planning. The inventory
of wood resources during the preparation of subsequent forest management plans has already
been performed with the use of the representative method, and in 2011, for the first time,
circular sample plots were used.
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4.1.3. Determination of the state of the wood resources
of the Bialowieza National Park

Determination of the state of wood resources in Biatowieza National Park was per-
formed at different times than in the forest districts of Biatowieza Forest. The first works
on delineating and measuring the boundaries of forest stands in Bialowieza National Park
and assessment of their structure were carried out in the years 1936—-1939 on the initia-
tive of Jozef Kostyrko — head of the Division of Reserves and National Parks Research in
the State Forest Research Institute in Warsaw. These works were directed by Prof. Wactaw
Niedziatkowski. Stand characteristics were evaluated on a 4 m wide strip along the longer
diagonal of the stand contour. By the time World War II broke out in 1939, about 80% of
the studies had been completed. The materials deposited in the building of the Ministry of
Forestry in Warsaw were — without military reason — burned by German troops during the
Warsaw Uprising in 1944. Only map prints with boundaries and information on the area of
forest stands have survived.

In 1947, using the preserved map, new works on recognition of the forest condition
of Bialowieza National Park were started. Stand descriptions, including relevé according
to the Braun-Blanquet method, and soil surveys were performed. In stands with an area
of more than 1 ha (since 1948 more than 1.5 ha), sample plots with a radius of 25.23 m
(2000 m?) were established, where DBH, and height of trees were measured and their age
was assessed. In smaller stands, 4-metre-wide sample strips along the longer diagonal were
used. Until 1949 (until his death) the work was directed by Professor Niedziatkowski. Field
work was completed under the direction of later Professor (then master of science) Ryszard
Zareba in 1953 and 1958 (in the case of 1958, it was a strip of forest compartments along
the border with the USSR that was inaccessible until 1956). Due to funding shortfalls,
many of the final studies were not completed — including the compilation of stand descrip-
tions and the calculation of quantitative stand characteristics. These data have not been
elaborated to date (2021).

The first results concerning stands of the whole Bialowieza National Park were ob-
tained only after measurements made in 1989-1990 by the Bureau of Forest Management
and Geodesy in Bialystok (Michalczuk 2001). Previously (since 1985), soils were surveyed
and forest habitats were assessed. Boundaries of stands were established, their structure was
described and basic features were measured (volume, average DBH and height of particular
tree species), age of trees was estimated (on the basis of relation between DBH and age,
measured earlier on dead trees). The volume of individual living trees was calculated using
the same method as in the forest management inventory at that time (Instrukcja... 1980).
In each stand, depending on its area and degree of complexity, 3-20 Bitterlich samples were
measured with a basal area factor £ = 4, but without callipering of the trees included in
the sample. There were a total of 5460 samples. For a tree species whose volume share in
a given stand was less than 5%, it was “swapped” to the most similar species or to the main
species during the inventory. Thus, the proportion of sparse species was underestimated to an
unknown degree. The growing stock volume (merchantable timber volume) of all stands was
estimated with high accuracy — the error was £0.70% (at significance level p=0.05). Howev-
er, the scope of this inventory was modest and included estimation of volume by species, age
classes (not very useful in natural forest) and stand area by dominant tree species and forest
habitats (Michalczuk 2001).
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In 1995, in the area of Bialowieza National Park, data were collected on 460 temporary
sample plots distributed in a 100 m x 1000 m grid, the shorter side of which was oriented
according to the azimuth 330° (Krasuska, Miscicki 2002). This inventory was the first time
that data were collected to determine, using a representative method, the status of the regen-
eration (young tree) layer. In 2005, using the same distribution scheme, data were again col-
lected in 460 temporary sample plots. This allowed to assess some of the changes occurring
in the stands of Bialowieza National Park in the periods 1990-1995-2005 (Miscicki 2012),
as well as to determine the interdependencies between tree species of the regeneration layer
and species of the canopy layer (Gazda, Miscicki 2018).

Detailed assessments of stand dynamics in the so-called Strict Reserve of Biatow-
ieza National Park (i.e., within the former boundaries of the national park) in the peri-
od 2000-2004 were made on the basis of data collected on 160 permanent sample plots
(Miscicki 2012). Some of the 384 measurement points set by Biatlowieza National Park
staff in 1998—-1999 were used as sample plot centres, these being set by the quoted au-
thor in the case of three areas with no measurement points. All sample plot centres were
located at a distance of 71 metres and according to an azimuth of 45° from a branch
post (or an auxiliary post placed at the midpoint of the forest branch side). They formed
a grid with average dimensions of 267 m x 1067 m, with the longer side oriented approx-
imately according to the 0° azimuth. The same sample plots were used to assess changes
in the stands of the Strict Reserve of Bialowieza National Park in the period 2000-2015
(Miscicki 2016). A complete network, counting 384 permanent sample plots in the area of
the so-called Strict Reserve of Biatowieza National Park (i.e., within the former bound-
aries of the national park) in 2009, was used by Brzeziecki et al. (2010) for a study on
stand dynamics, including regeneration layer dynamics. This study also included a part
of Biatowieza National Park added in 1996, which included a separate network of 206
sample plots. The differences between the stands of the Strict Reserve and the forests of
the new part of Biatowieza National Park were taken into account, giving many results
separately for each of these units.

A special place in the assessment of the state and dynamics of the wood resources of
Bialowieza National Park is occupied by the research conducted with the use of permanent
observation (research) plots with identification of trees (with DBH d>5cm). They were estab-
lished in 1936 by Prof. Tadeusz Wloczewski, an employee of the Forest Research Institute,
re-measured around 1957 and since then regularly inventoried at an interval of about 10
years (Bernadzki et al. 1998a, b). There are five of them, they have the shape of an elongated
rectangle, and their total area is 15.44 ha. The intention was to establish them in such a way
that they would represent all the diversity of the stands of the so-called Strict Reserve of the
Bialowieza National Park, and at the same time be situated in a forest as little degraded by
human activity as possible. Although there is a problem with adequacy of representation of
the Bialowieza National Park stands by these plots (e.g., lack alder swamp forest habitat and
— apart from ash alder forest — other swamp habitats), the results of measurements carried out
on these plots constitute unique material illustrating the changes in the natural forest over the
period of more than 80 years (e.g. Brzeziecki et al. 2016, 2020).

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

4.1.4. Determination of the state of the wood resources simultaneously
in the whole Bialowieza Forest

The first determination of the state of the wood resources in both the managed and
the protected part of Bialowieza Forest was possible after performing inventory on per-
manent sample plots established in the years 2005-2009 within the framework of the
National Forest Inventory of the State of Forests (WISL). These measurements repeated
every five years (2010-2014, 2015-2019 periods) allowed assessment of the dynamics of
wood resources. However, the use of these data was limited. This was due to the general
purpose of the WISL data for assessing large administrative units such as all forests of
individual provinces, natural forest regions, or the entire country. Although in the area of
the Polish part of Bialowieza Forest there were 184 sample plots grouped in 41 tracts, each
of which contained five sample plots (or less when the centre of the sample plot fell out-
side the forested area), their number was only sufficient for the general characterization of
Biatowieza Forest stands. These sample plots were too few to separately assess the status
of wood resources of, for example, Biatlowieza National Park. Moreover, the size of the
sample plot for determining the state of the young generation of trees was too small (20
m?) — especially in the case of the so-called high saplings (trees with a DBH of 4-6.9 cm)
(Michalak et al. 2004).

Determination of wood resources in the whole (Polish part) of Bialowieza Forest
became possible after establishing a uniform network of permanent sample plots. It was
projected and performed in 2015 within the LIFE+ project ForBioSensing PL “Compre-
hensive monitoring of the dynamics of Bialowieza Forest stands using remote sensing
data” by employees of the Forest Research Institute in Sekocin Stary and Biatowieza in
cooperation with Stanistaw Miscicki, an employee of the Faculty of Forestry of the War-
saw University of Life Sciences. The centres of the sample plots, which numbered 355,
were arranged according to a square grid pattern of 1300 m % 1300 m. The grid was rotated
so that one of the sides was oriented according to an azimuth of 330°. This was to avoid
linking grid spacing to, for example, forest compartment arrangement or with repeated
silviculture or forest management treatments. Inventories were repeated in 2017 and 2019
(see Map 1).

In 2016, the data for the above grid was made available to the Directorate General of
State Forests. This grid was compacted four times (side was 650 m x 650 m), resulting in
1373 sample plots. These sample plots were measured in 2016, 2017 and 2018 for the project
“Assessment of the status of biodiversity in Biatowieza Forest based on selected natural and
cultural elements”.
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4.1.5. Purpose of the work

Data collection on permanent sample plots as part of the implementation of the ForBi-
oSensing project scheduled for years: 2015, 2017, and 2019, so as to understand the short-
term dynamics of the wood resources of Bialowieza Forest, and also to determine whether
different parts of this forest, different due to management and conservation history, differ in
the structure and dynamics of wood resources.

4.2. Materials and Methods

4.2.1. Interpretation units

The total area of Bialowieza Forest (BF) stands that were included in the study was 56
003 ha. The three interpretation units, which are distinct parts, were:

e managed stands (hereinafter referred to as “Managed Forest” and sometimes desi-
gnated as “MF”) covering an area of 35,241 ha, i.e., 62.9% of Biatowieza Forest,

e stands in nature reserves established in different years with the so-called new part
of Biatowieza National Park attached (further referred to as “Nature Reserve” and
sometimes marked as “NR”) covering 16,138 ha, i.e., 28.8%,

e stands in the so-called Strict Reserve of Bialowieza National Park, i.e., within the
original boundaries of Biatowieza National Park (further referred to as “Strict Re-
serve” and sometimes as “SR”) covering 4 623 ha, i.e., 8.3%.

4.2.2. Research material

The research material consisted of data taken three times in permanent sample plots in
2015, 2017, and 2019. Sample plots distributed according to a 1300 m x 1300 m square grid
scheme were used. Since there were relatively few such sample plots in the Strict Reserve (due
to the relatively small area of this interpretation unit), 160 sample plots distributed in a grid
with average dimensions of 267 m x 1067 m were also used. The number of sample plots in
interpretation units equaled: MF — 204, NR — 91, SR — 182, total 477. The first campaign of
data collection in permanent sample plots distributed across Bialowieza Forest was in 2015,
when a significant number of Norway spruce trees were dying as a result of bark beetle feeding.

Concentric sample plots of the same size were measured on all occasions. Each con-
sisted of four circles with the following areas: 5.31 m? (within which all trees at least 2 years
old were measured — regardless of size), 20 m? (measurement of trees with height #>0.3 m),
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50 m? (measurement of trees with DBH>2 cm), 500 m? (measurement of trees DBH>7.0 cm).
The location of individual trees, including those from the regeneration layer, relative to the
centre of the sample plot was determined. This used the magnetic azimuth of the left edge of
the trees and the distance to the growing site. This allowed them to be identified during subse-
quent measurements. In this way, size changes and overall status (surviving, loss, ingrowth)
were determined. The species were identified, and DBH and height of each tree included in
the sample were measured.

Since 2017, the measurement of sample plots has been conducted digitally using
a mobile application that is an element of the information system developed within
the ForBioSensing project by Barttomiej Kraszewski with substantive support from Lukasz
Kuberski. The system (Fig. 4.1) consists of four parts:

e FBS Assessment application for entering measurement data
on mobile devices,

e FBS Integrator application responsible for integrating measurements from many
mobile devices,

e local database (Local DB) installed on mobile devices, where measurement data
were stored,

e a central database (Central DB) installed on a desktop device that integrates me-
asurements from many mobile devices.
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Figure 4.1. Overall schematic of the project's taxonomy information system
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The FBS_Surveying application was installed on mobile devices used in the field (Fig.
4.2). A PostgreSQL database was integrated with the application, which stored measurements
from 2015 and new data acquired since 2017.

Figure 4.2. FBS_Surveying application on a mobile device during fieldwork (photo K. Pilch)

The use of data from 2015 accelerated field work in subsequent inventory years, which
mostly consisted of updating previous tree measurements. The FBS Surveying application
consists of four basic tabs (Fig. 4.3):

e tab for describing characteristics of the stand around the sample plot,
e tab for data on standing trees,
e tab for data on dead lying trees,

e tab for data on a stand boundary (if exists).
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Figure 4.3. Example window of the FBS_Surveying application

The main features of FBS Surveying were: full integration with the database, back-
up during the measurement (in case of power failure or interruption of the measurement)
and after its completion, graphical representation of the measurements allowing for better
orientation on the sample plot in the field, control of the correctness of the entered data and
minimising the use of the keyboard during the measurement by adding selectable menus.

4.2.3. Data preparation for calculations

The volume of sampled trees was calculated using formulas currently used in Polish
forest management (Bruchwald et al. 2000). The lower threshold for measuring the DBH
and calculating growing stock volume (to be included in the canopy layer) was 7.0 cm. The
volume of trees exceeding (as a result of growth) DBH threshold of 7.0 cm (ingrowth in
a given period), as well as the volume increment of these trees, were calculated according to
the rules adopted by Miscicki and Nowicka (2007). The volume of live trees with broken tops
was reduced accordingly. When a steam fracture site was decreasing during a given period,
the loss volume of such a tree was referred to as “partial loss”. To determine the amount of
regeneration, the sum of tree heights per square-unit was mainly used, and to a lesser extent
density of trees (number of trees per square-unit).
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4.2.4. Data analyses

Calculations of mean values of the so-called static and dynamic features and structural
features were performed. Calculations of so-called static features (e.g., merchantable timber
volume) were carried out for three dates: 2015, 2017, and 2019. For dynamic features (e.g.,
current volume increment), calculations were performed for two periods: 2015-2017 and
2017-2019. In some cases, especially when the value of a given feature changed a little,
state differences were determined for the 2015 and 2019 dates, and for dynamic features,
its value was determined for the entire 2015-2019 period. The calculations for structural
characteristics referred to the distribution of the number of trees in DBH classes and the tree
species composition of stands or particular stand layers (canopy trees, seedlings, low and
high saplings).

Calculations of mean values of static or dynamic features were performed for each
interpretation unit. For the stands of the whole Polish part of Biatowieza Forest, they were
estimated as for the stratified sampling. In this situation, the mean value was:

Xpr = Xmr " Pmr + XNr " Pnr + Xsg " Dsr
where:

XmrF > XNR> Xsgp — mean values for individual interpretation units,

PMmF > PNR> Psr — share of area of individual interpretation units,

the mean error was defined as:

Spr = Jsr?u: 'pPerF + S.’%R ) pfm + 552R 'pSZR
where:

Sff Fs Sﬁ, R> SSZR — mean square error for individual interpretation units,

PmF - PNRr» Psg — share of area of individual interpretation units.

The empirical distribution of most features (quantities per sample plot related to 1
ha area) had a positively skewed distribution. In this case, a root-mean-square transforma-
tion of the data was performed before proceeding to statistical analyses. Repeated measures
ANOVA was used to compare mean values obtained from permanent sample plots. Post-hoc
multiple comparisons of mean values (of the state of a feature at particular dates or periods
and between interpretation units) were conducted using Tukey's HSD (honest significant
difference) test.
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The similarity of the structure of the number of trees in the size classes was assessed
using the test proposed by Zingg and Duc (1998):

Zi‘c=1(m zy — In z,)?
k-1

res =

where:

z,, z, — number of trees in a size class i in two compared units,

k — number of size classes.

Because of the decreasing number of trees in successively thicker DBH classes, classes with
unequal widths (which were multiples of 4 cm), which were getting larger with dimensions
were used. Following the quoted authors, it was assumed that the distributions are similar
when the res value is 0.5 or less, and partially similar when the value is between 0.5 and 1.0.

The similarity of tree species composition between a pair of interpretation units or
terms (within a particular unit) was determined using Morisita's M index in Horn modifica-
tion (1966). Its value was calculated using the formula:

M= 2 Zi'czl Xi " Vi
Qi xHEE v

where:
x, — share of ith species in unit X,
v, — share of ith species in unit Y,

k —number of species.

4.3. Results

4.3.1. Growing stock volume

In 2015, the average growing stock volume (GSV) of stands of Bialowieza Forest was
quite high — it was nearly 400 m3 ha' (Fig. 4.4, Tab. 4.1). However, it declined significantly
in subsequent inventory dates. Considering the three dates, GSV differed significantly only
between the stands of SR and MF (p=0.005). In each interpretation unit, the trend of change
was the same as in Biatowieza Forest as a whole, but only GSV of stands of MF decreased
significantly from 2015 to 2019 (p<0.001).
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Figure 4.4. Average growing stock volume in interpretation units of Bialowieza Forest
in 2015, 2017, and 2019. Similarity and differences in mean values

(at p=0.05): SRZMF; BF15#BF17#BF19; MF15#MF17, MF15#MF19; MF17#SR17, MF19£SR19;

other differences — not significant. MF — Managed Forest, NR — Nature Reserve,
SR — Strict Reserve, BF — Bialowieza Forest (Polish part, all interpretation units in total)

Table 4.1. Growing stock volume and tree density in interpretation units of Bialowieza Forest in 2015, 2017,
and 2019; trees with DBH>7.0 cm; standatd error SE at p=0.05.

Feature Year
2015 2017 2019

Interpretation unit mean SE mean SE mean SE
Volume (m* ha')
MF Managed Forest 388 24 352 26 334 26
NR Nature Reserve 404 42 388 44 384 44
SR Strict Reserve 436 37 426 37 417 38
Biatowieza Forest (total) 396 20 368 21 355 21
Tree density (ind. ha™')
MF Managed Forest 692 50 648 51 614 52
NR Nature Reserve 707 82 667 77 638 73
SR Strict Reserve 589 35 570 35 547 34
Biatowieza Forest (total) 688 39 647 39 615 38
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4.3.2. Tree density of the canopy layer

Considering the three measurement dates, tree density of the canopy layer (trees with
DBH>7.0 cm) was significantly higher in SR stands than in MF stands (p=0.036) (Fig. 4.5).
Because GSV was the highest in SR and the lowest in MF, the average tree volume was the
highest in SR stands and lowest in MF stands. In subsequent inventory dates, tree density
decreased significantly throughout Biatowieza Forest (p<0.001). The trend of change was
the same across interpretation units. In each, the decrease in tree density between opposite
measurement dates was significant (p<0.001 for all units).
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Figure 4.5. Average density of trees in the canopy layer in interpretation units of Bialowieza Forest
stands in 2015, 2017, and 2019. Similarity and differences in mean values (at p=0.05):
SR#MF; BF15#BF17#BF19; MF15#MF17#MF19; NR15#NR17, NR15#NR19; SR15#SR19, SR17#SR19;
other differences — not significant. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,
BF — Bialowieza Forest (Polish part, all interpretation units in total)

4.3.3. Current volume increment

The current volume increment, which averaged about 8.4 m* ha' year' in Bialowieza
Forest, differed only slightly between the two two-year periods (Fig. 4.6, Tab. 4.2). There
were also insignificant differences in volume increment between the interpretation units. The
volume increment estimated for the entire four-year period was slightly smaller than that cal-
culated as the sum of the two two-year periods. For the whole Biatowieza Forest it amounted
to 8.10+0.41 m* ha! year'. This difference was due to excluding the volume increment of
trees that died in the period 2017-2019.
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Table 4.2. Current volume increment, ingrowth volume, loss volume and volume net change
in interpretation units of Bialowieza Forest in the 2015-2017, 2017-2019 and 2015-2019 periods;

trees with DBH27.,0 cm; standard etror SE at p=0.05

Period
Feature
2015-2017 2017-2019 2015-2019
Interpretation unit

mean SE mean SE mean SE
Current volume increment
(m® ha'! year™)
MF Managed Forest 8.46 0.57 8.42 0.58 8.10% 0.55
NR Nature Reserve 8.06 0.79 8.82 0.85 8.26 0.76
SR Strict Reserve 8.03 0.55 7.55 0.57 7.61 0.51
Bialowieza Forest (to-tal) 8.31 0.42 8.46 0.44 8.10 0.41
Ingrowth volume
(m?® ha'! year)
MF Managed Forest 0.048 0.024 0.057 0.020 0.052 0.021
NR Nature Reserve 0.033 0.016 0.059 0.027 0.046 0.016
SR Strict Reserve 0.035 0.011 0.032 0.015 0.033 0.010
Biatowieza Forest (to-tal) 0.043 0.016 0.056 0.015 0.049 0.014
Loss volume
(m?® ha'! year")
MF Managed Forest 26.5 8.0 17.2 6.0 21.5 4.6
NR Nature Reserve 15.9 8.3 10.8 42 13.2 4.6
SR Strict Reserve 12.8 4.2 12.0 43 12.3 3.1
Biatowieza Forest (to-tal) 223 5.5 15.0 4.0 18.4 3.2
Volume net change
(m® ha'! year™)
MF Managed Forest -18.0 8.3 -8.8 6.2 -134 5.0
NR Nature Reserve -7.9 8.6 2.1 43 -5.0 49
SR Strict Reserve -4.9 43 -4.6 4.4 4.7 3.2
Biatowieza Forest (total) -14.0 5.7 -6.5 4.1 -10.3 3.4

* The result for the entire four-year petiod did not equal the sum of results for petiods 2015-2017 and 2017-2019
due to excluding the volume increment of trees that died in the period 2017-2019.
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Figure 4.6. Current volume increment in interpretation units of Bialowieza Forest

stands in the 2015-2017 and 2017-2019 periods. Similarity and differences in mean values (at p=0.05):

no significant differences. MF — Managed Forest, NR — Nature Reserve,

4.3.4. Ingrowth volume

SR — Strict Reserve, BF — Bialowieza Forest (Polish part, all interpretation units in total)

Ingrowth volume — i.e., trees that, in a given period, following growth, exceeded the
DBH threshold equalled 7.0 cm and passed from the regeneration layer (young tree genera-
tion) to the canopy layer — for the 2015-2019 period in Bialowieza Forest was 0.049+0.014
m? ha'! year!. This volume varied slightly between the two-year periods (Fig. 4.7, Tab. 4.2).
Differences between interpretation units were also insignificant.
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Figure 4.7. Ingrowth volume in interpretation units of Bialowieza Forest stands
in years 2015-2017 and 2017-2019

Similarity and differences in mean values (at p=0.05): no significant differences.
MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest
(Polish part, all interpretation units in total).

4.3.5. Loss volume

Loss volume — trees that were felled or died in a given period — for the 2015-2019
period in Biatowieza Foreste was 73.5+£12.8 m3 ha! (i.e., 18.44+3.2 m? ha'! year'). This was
a large amount — far in excess of the volume increment deposited on living trees during the
same time period. During the 2015-2017 period, the loss volume was greater (at the limit of
significance, p=0.052) than during the 2017-2019 period (Fig. 4.8, Tab. 4.2). Over the entire
four-year period 2015-2019, the loss volume of MF stands was greater than that in SR stands
(»=0.003). This result was influenced by the large difference in loss volume between these
interpretation units during the 2015-2017 period. The loss volume estimated for the entire
four-year period was slightly lower than the sum of loss volume from both periods. This
difference was due to the method this feature was estimated based on three dimensions at the
beginning of a given period.

The partial loss volume — parts of trunks that broke off from live trees — was small.
It was 0.055+0.028 m® ha' year! in the whole Biatowieza Forest in the period 2015-
2019. Individual interpretation units differed slightly on this characteristic. Its value was:
MF — 0.050+0.034 m* ha'! year', NR — 0.053+0.060 m? ha"! year', SR — 0.104+0.080 m?
ha'year!.
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Figure 4.8. Loss volume in interpretation units of Bialowieza Forest stands
in yeats 2015-2017 and 2017-2019

Similatity and differences in mean values (at p=0.05): BF15-17#BF17-19; MF#SR, MF15-17#SR15-17;
other differences — not significant. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,
BF — Bialowieza Forest (Polish part, all interpretation units in total).

4.3.6. Volume net change

The volume net change — i.e., the total change resulting from volume increment and
ingrowth (positively acting factors) and loss (negatively acting factor) — for the 2015-2019
period in Biatowieza Forest was -41.1£13.7 m?* ha! , i.e., -10.3+3.4 m? ha! year. This rep-
resented a significant reduction in growing stock volume (compare Fig. 4.1, Tab. 4.2). The
volume net change was greater in years 2015-2017 (at the limit of significance, p=0.058)
than in years 2017-2019 (Fig. 4.9). The difference in the volume net change was most influ-
enced by loss volume, as the volume increment was similar in both periods and across the
three interpretation units. Over the entire four-year period 2015-2019, the volume net change
in MF stands was greater than that in SR stands (p=0.012). This result was influenced by the
large difference in loss volume between these units during the 2015-2017 period.
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Figure 4.9. Volume net
change in interpretation
units of Bialowieza Forest
1 stands in years 2015-2017
1l and 2017-2019.
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4.3.7. Tree size structure

In each interpretation unit, the tree density curve (addressed for the square-unit) was
regular. The larger the DBH, the fewer trees were in a given size class (Fig. 4.10, Tab. 4.3).
In SR stands there were more thick trees (with DBH>48 cm) than in the stands of the other
interpretation units. At the same time, medium (DBH=12-47.9 ¢m) and thin (DBH<12.0
cm) trees were the least in this unit. There were relatively few trees with DBH>60 c¢m in
MF stands.

NR and SR stands were similar in the tree density in size classes. This was true for
both 2015 and 2019, and comparisons were made considering the dimensions of trees with
DBH>7 cm as well as DBH>0 cm along with the two height classes of the smallest trees
(Tab. 4.1). The tree density structure in size classes in NR stands was partially similar to the
tree density structure in MF stands, and different between MF and SR stands.

Table 4.4. Value of res index of similarity of tree density structure
in size classes between interpretation units in years 2015 and 2019 (res<0.5 similar distributions,
res=0.5-1.0 partially similar distributions, 7es>1.0 dissimilar distributions).

Assessment Number | SR-MF | SR-MF | SR-NR | SR-NR | NR-MF | NR-MF
of classes 2015 2019 2015 2019 2015 2019

All tree dimen-

. 16 1.06 1.08 0.13 0.12 0.65 0.68
sions
Only trees
DBH>7.0 cm 11 1.27 1.48 0.15 0.09 0.69 0.96

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

Figure 4.10. Tree density
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Table 4.3. Tree density in size classes in interpretation units of Bialowieza Forest
stands in 2015 and 2019; MF — Managed Forest,
NR - Nature Reserve, SR — Strict Reserve.
Interpretation unit, year
Size class MF NR SR
2015 2019 2015 2019 2015 2019

h<0.3 m 9584 5263 11156 5464 17448 12388
h=0.3-13m 4591 2667 3055 2824 3585 3937
DBH=0.1-1.9 cm 2515 1017 511 489 503 621
DBH =2-3.9 cm 270 321 231 224 170 176
DBH =4-6.9 cm 177 181 178 169 152 160
DBH =7-7.9 cm 47 38 59 41 41 30
DBH =8-11.9 cm 145 132 163 149 135 125
DBH =12-19.9 cm 203 185 214 193 176 167
DBH =20-27.9 cm 130 115 124 117 95 90
DBH =28-35.9 cm 86 74 70 64 56 55
DBH =36-47.9 cm 57 52 49 46 46 45
DBH =48-59.9 cm 17 14 16 15 23 20
DBH =60-71.9 cm 5.0 3.1 7.3 6.6 7.8 7.1
DBH =72-87.9 cm 1.5 0.9 3.5 3.5 5.6 4.8
DBH =88-103.9 cm 0.3 0.3 1.3 1.3 1.3 1.4
DBH =104-119.9 cm - - 0.7 0.7 0.9 1.0
DBH =120-199.9 cm 0.1 0.1 - 0.2 0.8 0.8
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4.3.8. Sum of height of young generation trees (regeneration layer) Table 4.5. Sum of tree heights in the regeneration layer (seedlings /<1.3 m;
low saplings /=0.3-1.3 m or DBH=0.1-1.9 cm, high saplings DBH=2.0-6.9 cm) in interpretation units

The sum of tree heights in the regeneration layer, consisting of seedlings (trees with of Bialowieza Forest stands in 2015, 2017, and 2019; standard error SE at p=0.05
height #<0.3 m), low saplings (trees with height range #=0.3-1.3 m or DBH=0.1-1.9 cm)
and heigh saplings (DBH=2.0-6.9 cm) in Biatlowieza Forest was quite big in 2015 and Feature Year
2017. This was influenced by the amount of regeneration in MF stands (Fig. 4.11, Tab. 4.5). Interpretation unit 2015 2017 2019
During the 2017-2019 period in this interpretation unit, the sum of tree heights decreased mean SE mean SE mean SE
(but was not a significant change) and became similar to the amount in the other two units. Sum of tree heights
Variability in the sum of regeneration tree heights was much greater in MF than in the other total regeneration l;y er
two interpretation units due to the greater irregularity of regeneration occurrence (in the (m ha™)
.form of separate young stand§). The 1arge error in estimating the sum of tree helghts in MF MF Managed Forest 12192 734 12138 7659 7503 2541
influenced the fact that the differences in mean sum of tree heights between interpretation
units were insignificant. NR Nature Reserve 6558 1495 6262 1487 5891 1478
SR Strict Reserve 7037 1233 7412 1313 7438 1300
Bialowieza Forest 10143 | 4558| 10055  4823| 7090 1652
(total)
Sum of tree heights,
20000 - T seedlings
18000 (m ha')
~ 16000 MF Managed Forest 1278 479 959 355 765 304
‘Tg NR Nature Reserve 1310 452 984 392 837 350
g 1 SR Strict Reserve 2046 600| 1967 570 1809 492
W 12000 - i iez
£ —MF Bt‘jhiwma Forest 1351, 331 1049 253 872 219
‘o 10000 NR (total)
ﬁ _ - - Sum of tree heights,
o 8000 1 -—SR low saplings
S 000 4 1 - : —BF (m ha')
g 1000 - It MF Managed Forest 8414 7058 8344 7226 3958 2151
@ NR Nature Reserve 2924 1054 3034 1016 2874 957
20009 SR Strict Reserve 3217 780 3606 878 3678 915
0 T . . . . \ . ..
2014 2015 2016 2017 2018 2019 2020 Eﬁ;l);v ieza Forest 6403 4437 6422 4542 3622 1378
ear
y Sum of tree heights,
high saplings
Figure 4.11. Sum of tree heights in the regeneration layer in interpretation units (m ha)
of Bialowieza Forest stands in 2015, 2017, and 2019. MF Managed Forest 2500 662 2836 863 2870 1014
Similarity and differences in mean values (at p=0.05): no significant differences. MF — Managed Forest, NR Nature Reserve 2324 751 2244 717 2180 714
NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest SR Strict Reserve 1774 501 1839 521 1950 568
(Polish part, all interpretation units in total) Biatowicza F :
tatowieza Tores 2390 469| 2583 580 2595 669
(total)
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4.3.9. Sum of tree heights in the seedling layer

Sum of tree heights in the seedling layer (trees with a height #<0.3 m) in Biatowieza
Forest decreased between 2015 and 2019 (p<0.001) (Fig. 4.12, Tab. 4.5). The amount of
seedlings was greater in SR than MF stands (p=0.006). This was associated with smaller var-
iation in light conditions on the forest floor in SR (compared to the stands of the other units),
yet with greater shading on average. This influenced the slower growth of the smallest trees,
and therefore their remaining in the seedling layer longer.
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Figure 4.12. Sum of tree heights in the seedling layer (4<0.3 m) in interpretation units
of Biatowieza Forest stands in 2015, 2017, and 2019.

Similarity and differences in mean values (at p=0.05): BF15#BF17, BF15#BF19; SR#MF, MF15#MF19;
MF17#SR17; MF19#£SR19; other differences — not significant. MF — Managed Forest, NR — Nature Reserve,
SR - Strict Reserve, BF — Biatowieza Forest (Polish part, all interpretation units in total)

4.3.10. Sum of tree heights in the low sapling layer

The sum of tree heights in the low sapling layer (with height #=0.3-1.3 m or DBH=0.1
-1.9 cm) in Bialowieza Forest decreased during the 2017-2019 period (Fig. 4.13, Tab. 4.5),
but this change was not significant. This was influenced by the high variability in the num-
ber of low saplings in MF stands. During the 2017-2019 period, the sum of low sapling
heights in this interpretation unit decreased and became similar to its amount in the other
two units.
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4.3.11. Sum of tree heights in the high sapling layer

i Figure 4.13. Sum of tree heights
16000 5 . .
in the low sapling layer
14000 1 (with height 4=0.3-1.3 m
. ot DBH=0.1-1.9 cm)
‘zv 12000 - in interpretation units
= R - of Bialowieza Forest stands
E 10000 in 2015, 2017 and 2019.
£ — MF
o 8000 NR Similarity and differences
2 SR in mean values (at p=0.05):
3 6000 . - no significant differences.
f 1. = BF MF — Managed Forest,
2 4000 1 | NR - Nature Reserve,
2 . B F ‘l I’ SR — Strict Reserve,
01 ’ : : BF - Bialowica Forest
ol ) ) ) . ) . (Polish part, all interpretation
2014 2015 ] 27 A8 k] 2020 units in total)
year

The sum of tree heights in the high sapling layer (with DBH=2.0-6.9 cm) in Biatowieza
Forest remained almost unchanged during the 2015-2019 period (Fig. 4.14, Tab. 4.5). There
was only slightly less sum of high sapling heights in SR stands, and the differences in the
amount of high saplings between the stands of interpretation units were insignificant.

sum of tree heights (m ha")

1500 4

1000

500 4

—_— MF

NR
— SR
— BF

2014

2015

2016

anr 208 219

year

2020

Figure 4.14. Sum of tree heights in the high saplings layer (with DBH=2.0-6.9 cm) in interpretation
units of Bialowieza Forest stands in 2015, 2017 and 2019.

Similarity and differences in mean values (at p=0.05): no significant differences. MF — Managed Forest,
NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest

(Polish part, all interpretation units in total)
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4.3.12. Tree species composition in stand layers

In the relatively short four-year period 2015-2019, the rather diverse tree species com-
position of the canopy layer (trees with DBH>7.0 cm) of Biatowieza Forest stands changed
(Fig. 4.15, Tab. 4.6). This was due to a decrease in Norway spruce volume and, to a lesser
extent, ash volume. In 2015, spruce had the largest share (32%), but in 2019, Scots pine
had the largest share (23%). In the stands of each interpretation unit, changes in tree species
composition occurred at different degrees. Based on Morisita’s index, it was estimated that
the tree species composition of SR stands changed the least and of MF stands changed the
most. Interpretation units differed from each other. The tree species composition of MF and
SR stands was least similar, while of SR and NR stands, as well as of MF and NR stands,
was most similar.
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Figure 4.15. Tree species composition by volume of the canopy layer (with DBH27.0 c¢m)
in interptet ation units of Bialowieza Forest stands in 2015 and 2019

Degree of similarity: ME15-MF19=0.941, NR15-NR19=0.980, SR15-SR19=0.994, BF15-BF19=0.957,
MF15-NR15=0.878, MF19-NR19=0.833, MF15-SR15=0.693, MF19-SR19=0.657, NR15-SR15=0.872,
NR19-SR19=0.854. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest
(Polish part, all interpretation units in total); UG — elm, PA — Norway spruce, PT — common aspen,

AG — black alder, TC — small-leaved lime, AP — Norway maple, FE — European ash, CB — common hornbeam,
QR — oak, BP — birch, PS — Scots pine, oth. — other.
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Table 4.6. Share of tree species by volume of the canopy layer (with DBH=>7.0 cm) in interpretation units
of Bialowieza Forest stands in 2015 and 2019; MF — Managed Forest, NR — Nature Reserve,
SR — Strict Reserve, BF — Bialowieza Forest

Interpretation unit, year
SpT;:; . MF NR SR BF

2015 2019 2015 2019 2015 2019 2015 2019
Birch 6.8 7.7 5.1 53 3.4 3.0 6.0 6.5
Oak 83 10.6 15.2 17.0 21.4 23.6 11.5 13.9
Hornbeam 7.2 9.2 9.5 10.8 17.2 18.6 8.8 10.6
other 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Ash 0.9 0.6 1.3 1.0 2.4 1.2 1.2 0.8
Maple 0.8 1.0 1.3 1.4 3.7 3.7 1.2 1.4
Lime 0.9 1.2 3.7 4.2 13.9 14.9 2.9 3.4
fllc?;rk 11.6 14.1 22.7 25.4 12.1 11.9 14.9 17.4
Aspen 1.9 2.4 3.3 3.6 1.2 1.4 2.2 2.6
Pine 26.0 31.6 10.8 11.5 5.1 53 19.6 22.8
Spruce 35.5 21.4 27.1 19.8 19.3 16.2 31.6 20.4
Elm 0.1 0.1 0.0 0.0 0.2 0.1 0.1 0.1

During the 2015-2019 period, the tree species composition of the regeneration layer
in Bialowieza Forest changed less than that of the canopy layer (Fig. 4.16, Tab. 4.7). This
change in composition, defined in terms of the sum of tree heights, was largely influenced
by the decrease in the amount of hornbeam in the low saplings layer in MF stands. In this in-
terpretation unit, the similarity in tree species composition of the regeneration layer between
2015 and 2019 was the lowest. There was the least similarity in tree species composition of
the regeneration layer between interpretation units in SR and MF stands. In all interpretation
units and in each date, hornbeam was the most abundant species.
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Figure 4.16. Tree species composition by the sum of tree height of the regeneration layer

in interpretation units of Bialowieza Forest stands in 2015 and 2019.

Degree of similarity: MF15-MF19=0.972, NR15-NR19=0.998, SR15-SR19=0.998, BF15-BF19=0.979,
MF15-NR15=0.939, MF19-NR19=0.974, MF15-SR15=0.911, MF19-SR19=0.947, NR15-SR15=0.976,
NR19-SR19=0.960. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,

BF — Bialowieza Forest (Polish part, all interpretation units in total); UG — elm, PA — Norway spruce,

PT - common aspen, AG — black alder, TC — small-leaved lime, AP — Norway maple, FE — European ash,
CB - common hornbeam, QR — oak, BP — birch, PS — Scots pine, oth. — other

Table 4.7. Share of tree species by the sum of tree height of the regeneration layer in interpretation units
of Bialowieza Forest stands in 2015 and 2019; MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,
BF — Bialowieza Forest. Bialowieskiego Parku Narodowego, PB — Puszcza Bialowieska (cala polska czes¢)

Interpretation unit, year

Tree

specics MF NR SR BF

2015 2019 2015 2019 2015 2019 2015 2019
Birch 1.9 4.6 2.8 2.6 3.3 2.8 2.2 4.0
Oak 32 4.8 2.5 2.1 1.1 1.0 3.0 3.8
Hornbeam 67.6 53.6 48.9 472 47.0 459 63.0 514
other 4.7 7.9 7.1 7.4 1.8 2.2 5.0 7.3
Ash 1.9 2.9 35 5.1 32 3.5 2.2 3.5
Maple 5.8 6.7 12.2 10.1 18.4 17.9 7.7 8.5
Lime 0.6 1.3 4.9 5.4 8.0 9.0 1.8 2.9
Black alder 43 6.2 2.0 23 6.9 8.4 4.0 54
Aspen 1.0 2.2 1.6 1.7 0.5 0.4 1.1 1.9
Pine 0.6 0.5 0.3 0.0 0.0 - 0.5 0.4
Spruce 6.9 7.2 12.7 14.1 7.8 6.0 8.0 8.7
Elm 1.5 2.2 1.4 2.0 1.8 3.0 1.5 2.2
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Tree species composition of the seedlings layer (#<0.3 m) differed from the overall
species composition of the entire regeneration layer (Fig. 4.17, Tab. 4.8). In all interpreta-
tion units and at each date, Norway maple was the most abundant species by sum of tree
heights. The most numerous species in this layer were hornbeam, ash, and spruce. During the
2015-2019 period, the tree species composition of the seedlings layer in Biatowieza Forest,
as well as in the stands of each interpretation unit, changed little. There was also considerable
similarity in seedling species composition between interpretation units. The greatest differ-
ence was between SR and MF stands.
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Figure 4.17. Tree species composition by the sum of tree heights in the seedlings layer ($<0.3 m) in interpretation
units of Bialowieza Forest stands in 2015 and 2019.

Degree of similarity: ME15-MF19=0.983, NR15-NR19=0.987, SR15-SR19=0.996, BF15-BF19=0.994,
MF15-NR15=0.966, MF19-NR19=0.936, MF15-SR15=0.955, MF19-SR19=0.935, NR15-SR15=0.995,
NR19-SR19=0.975. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest
(Polish part, all interpretation units in total); UG — elm, PA — Norway spruce, PT — common aspen,

AG - black alder, TC — small-leaved lime, AP — Norway maple, FE — European ash, CB — common hornbeam,
QR — oak, BP — birch, PS — Scots pine, oth. — other

The tree species composition of the low saplings layer (trees with height #=0.3-1.3 m
or DBH=0.1-1.9 cm) was dominated by hornbeam (Fig. 4.18, Tab. 4.9). Its share in this layer
in the entire Bialowieza Forest was so high, especially in 2015 (73%), that the other species
could only be described as admixture. During the 2015-2019 period, the species composition
of the low saplings layer changed due to a decrease in the amount of hornbeam. Overall, the
species composition of low saplings layer in stands of interpretation units was similar. The
biggest difference occurred between MF and NR stands. In the low saplings layer in SR, in
addition to hornbeam, species with significant contributions were: lime, black alder, maple,
and spruce; in NR: spruce, lime, ash, and (collectively) “other” species (willows, rowan, wild
fruit trees); and in MF: only “other” species. Although black alder dominated the canopy
layer in NR stands, its proportion was very small in the low saplings layer.
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Figure 4.18. Tree species composition by the sum of tree heights in the low saplings layer (with height 4=0.3-1.3 m
or DBH=0.1-1.9 cm) in the interpretation units of Bialowieza Forest stands in 2015 and 2019.

Degtee of similarity: MF15-MF19=0.955, NR15-NR19=0.990, SR15-SR19=0.995, BF15-BF19=0.954,
MF15-NR15=0.887, MF19-NR19=0.944, MF15-SR15=0.928, MF19-SR19=0.962, NR15-SR15=0.958,
NR19-SR19=0.953. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,

BF — Bialowieza Forest (Polish part, all interpretation units in total); UG — elm, PA — Norway spruce,
PT - common aspen, AG — black alder, TC — small-leaved lime, AP — Norway maple, FE — European ash,
CB — common hornbeam, QR — oak, BP — birch, PS — Scots pine, oth. — other

The tree species composition in the high saplings layer (trees with DBH=2.0-6.9 cm)
was also dominated by hornbeam (Fig. 4.19, Tab. 4.10). There was little change in the species
composition of the high saplings layer in Biatowieza Forest during the 2015-2019 period.
Also, there were few differences between interpretation units due to this characteristic — the
largest was between NR and SR stands. In the high saplings layer in SR, in addition to horn-
beam, species with significant proportions were lime, black alder, spruce, and birch; in NR,
spruce; and in MF, black alder, spruce, and oak. There was still Scots pine in the high saplings
layer in MF, which was not present in the high saplings layer of the other units.
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Figure 4.19. Tree species composition by the sum of tree heights in the high saplings layer (with DBH=2.0-6.9 cm)
in the interpretation units of Bialowieza Forest stands in 2015 and 2019.

Degree of similarity: ME15-MF19=0.986, NR15-NR19=0.999, SR15-SR19=0.990, BF15-BF19=0.992,
MF15-NR15=0.985, MF19-NR19=0.959, MF15-SR15=0.966, MF19-SR19=0.968, NR15-SR15=0.972,
NR19-SR19=0.946. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve, BF — Bialowieza Forest
(Polish part, all interpretation units in total); UG — elm, PA — Norway spruce, PT — common aspen,

AG - black alder, TC — small-leaved lime, AP — Norway maple, FE — European ash, CB — common hornbeam,
QR - oak, BP — birch, PS — Scots pine, oth. — other

4.3.13. Share, size structure and dynamics of tree species

Birch trees (including silver birch and downy birch) accounted for 6.5% of the tree
volume of the canopy layer and slightly less (4.0%) of the total sum of tree heights of the re-
generation layer in 2019 throughout the Bialowieza Forest. Their volume decreased between
2015 and 2019 (p=0.032). They were not represented to the same degree in the stands of each
interpretation unit: there were significantly more of them in MF compared to SR (p=0.018).
In the regeneration layer, the sum of birch tree heights was similar at all inventory dates and
in all interpretation units. The proportion of birch trees was relatively higher in the middle
DBH classes (Fig. 4.20). There was a fairly high proportion of birch trees in the #=0.3-1.3 m
size class in MF — probably due to the higher proportion of young, not dense stands.

Oak (mainly pedunculate oak) in 2019 throughout Biatowieza Forest accounted for
13.9% of tree volume of the canopy layer (the fourth species by volume) and less (3.8%) of
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the total sum of tree height of the regeneration layer. Volume of oak increased in Biatlowieza
Forest during 2015-2019 (p<0.001). This change affected stands of all interpretation units
(»<0.001 in all cases). The increase in oak volume was associated with a good survival rate of
thick trees that were still increasing in volume. In the young generation, among the thin trees,
oak made up a very small proportion of SR and NR stands (Fig. 4.20). There were slightly
more thin oaks in MF. Among the very thick trees (DBH>72cm), oak accounted for 45-100%
of the number of trees of a given size class. There was significantly bigger oak volume in SR
stands compared to MF stands (p<0.001).

Common hornbeam was also a species whose volume increased in Biatowieza For-
est during the 2015-2019 period. In 2019, its share was 10.6% and as much as 51.4% of
the total sum of tree heights in the regeneration layer (four years earlier, 63.0%). Increases
in volume of hornbeam occurred in stands of all interpretation units (p<0.001 in all cas-
es). There was significantly bigger hornbeam volume in SR than in NR (p<0.001) and
MF (p<0.001) stands. In the regeneration layer, the sum of hornbeam tree heights during
the 2015-2019 period remained at similar levels in SR and NR stands, while it decreased
insignificantly in MF. In the low and high saplings layer, hornbeam comprised approxi-
mately 50-77% of the number of trees in each interpretation unit (Fig. 4.20). It was less in
the group of thick trees — with the exception of SR, where its share in some DBH classes
was about 30%.

European ash was the species whose volume decreased significantly in Bialowieza
Forest during the 2015-2019 period (p<0.001) and was 0.8% in 2019. This was only 59% of
the volume compared to the year 2015. Ash volume was the highest in SR and the lowest in
MF stands, but these differences were not significant. Volume of ash decreased significantly
in SR stands between 2015 and 2019 (p<0.001). In the regeneration layer, ash accounted for
3.5% of the total sum of tree height. This quantity did not vary significantly between inter-
pretation units or between dates. Ash was a fairly abundant species in the seedlings and low
saplings layers (Fig. 4.20). In the high saplings layer and in the group of thin trees of the can-
opy layer, the contribution of this species was negligible or even absent in some of the DBH
classes, which concerned SR stands to the greatest extent. A small proportion of ash was still
recorded in the thick DBH classes.

In 2019, in the stands of Bialowieza Forest, Norway maple accounted for 1.4% of
the volume of the canopy layer, but as much as 8.5% of the total sum of tree heights of the
regeneration layer (the third most abundant species). During the 2015-2019 period, volume
of maple did not change in the entire Biatowieza Forest or in individual interpretation units,
but the amount of maple in the regeneration layer decreased (at the significance limit of
p=0.061). Maple volume was greater in SR than in MF stands (p=0.010), as was the sum of
tree heights of the regeneration layer (p=0.041). Maple was the most abundant species in the
seedlings layer — 42-57% of all trees (depending on the interpretation unit), but its proportion
in the low saplings layer was already much smaller (Fig. 4.20). There was very little of it in
the high saplings layer and among the thin trees of the canopy layer, and in some DBH class-
es practically none at all. In the thick DBH classes, maple had a small share.
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The volume of small-leaved lime in the stands of Biatowieza Forest was relatively
small. Its share in 2019 was 3.4%. The proportion of lime in the regeneration layer was
slightly higher — according to the sum of tree heights it was 5.4%. During 2015-2019, vol-
ume of lime did not change in any of the interpretation units, but the sum of tree heights
of the regeneration layer increased in both the entire Bialowieza Forest (p=0.027) and SR
stands (p=0.012). In SR stands, the mean volume of lime was significantly greater than in
NR (p<0.001) and MF (p<0.001) stands. Likewise, the sum of tree heights in the regeneration
layer for this species was significantly greater in SR than in NR (p<0.053) and MF (p<0.001)
stands. Differences between interpretation units were evident with respect to the proportion
of lime in each DBH-class (Fig. 4.20). In each of these units, there was a relatively small
quantity of lime in the seedlings layer. In SR stands, there was a large share of lime in the
group of trees with medium and very large DBH (with a clear depression in class DBH=60-
71.9 cm). In NR stands this structure was similar, although the proportion of lime in the DBH
classes was much smaller. There were no thick limes in MF stands.

In 2019, in the stands of Biatlowieza Forest, black alder accounted for 17.4% of the
volume of the canopy layer (the third species in terms of volume), but less (5.4%) of the
sum of tree height of the regeneration layer. In none of the interpretation units during the
2015-2019 period the average black alder volume did not change, nor did the sum of tree
heights of the regeneration layer. Black alder volume in the NR stands was significantly
greater than in MF (p=0.011) and SR (p=0.028) stands. Due to rapid growth in youth, the
proportion of black alder in the seedlings layer was low (Fig. 4.20). On the other hand,
the proportion of trees of this species in the low and high saplings layer was quite big
(although it was different in NR), and further in the group of trees with medium or large
DBH.

Common aspen belonged to a group of sparse species. In 2019, the proportion of its
volume in the canopy layer in the stands of Bialowieza Forest was 2.6%. In the regeneration
layer, aspen accounted for 1.9% of the total sum of tree heights. In the period 2015-2019,
the mean volume of aspen increased (p=0.040). Although volume of aspen was greatest
in NR stands, individual interpretation units did not differ significantly. On the other hand,
the amount of aspen in the regeneration layer was significantly higher in MF compared to its
amount in SR stands (p=0.028). Aspen had, in proportion to the abundance of this species,
a relatively high share in the low saplings layer, as well as in the thick DBH-classes (Fig.
4.20).

Elm (mainly wych elm, with a small admixture of field elm) was a sparse species. Its
share in the canopy layer in Bialowieza Forest in 2019 was 0.07%, but in the regeneration
layer this share was higher at 2.2%. Average volume of elm did not change between 2015 and
2019 and stands of each interpretation unit did not differ in the amount of this species. There
was a relatively high amount of elm in the seedlings and low saplings layers (Fig. 4.20). Ex-
cept for rare cases — DBH of the thickest elm trees did not exceed 28 cm. In MF stands, the
proportion of elm in the high saplings layer and in the thin DBH-classes of the canopy layer
was greater than in the other two interpretation units.
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Scots pine was the main tree species by volume in the canopy layer of Biatlowieza
Forest stands in 2019. Its share was 22.8%. Mean volume of Scots pine was greater in MF
than NR (p=0.004) and SR stands (p<0.001). Between 2015 and 2019, mean pine volume
increased in both the entire Bialowieza Forest (p=0.005) and MF stands (p<0.001). The pro-
portion of pine in the regeneration layer was very small and was 0.4% in 2019 in Bialowieza
Forest. The amount of regeneration for this species was similar in stands of all interpretation
units and decreased slightly from 2015 to 2019. There were large numbers of pine in the thick
DBH-classes (Fig. 4.20). In MF stands it reached 37-42% in some DBH-classes. The thinnest
recorded Scots pines in SR stands belonged to the 12-19.9 cm DBH-class. Similarly, there
was a very low proportion of pine in the seedlings layer, low and high saplings layer in NR
and MF stands.

Norway spruce was the second (by volume) species in the canopy layer of Biatow-
ieza Forest stands in 2019. Its share was 20.4%. However, as recently as 2015, spruce was
the main tree species (31.6%). In 2019, it was recorded at 58% of the 2015 volume and was
one of two species (apart from ash) whose volume decreased so significantly (p<<0.001).
There was a significant decrease in the volume of Norway spruce in MF (p<0.001) and NR
stands (p=0.006). In 2015, the volume of this species was greater in MF than in SR stands
(»<0.001), but four years later the interpretation units did not differ by spruce volume. In
the regeneration layer, the proportion of Norway spruce was 8.7% and according to the
sum of tree heights, it was the second species by proportion. In Biatowieza Forest, the
total sum of tree height of this species decreased during the 2015-2019 period (p<0.001),
wherein this change was associated with a significant decrease in regeneration in MF stands
(»<0.001). In the other interpretation units, the amount of regeneration for this species re-
mained similar. The stands of the interpretation units differed to some extent because of the
proportion of Norway spruce in the size classes (Fig. 4.20). In all units, the proportion of
spruce in the seedlings and low saplings layers was small — less than 10%. In MF and NR
stands, there was a relatively high proportion of spruce in the thin and thick DBH classes,
with a “depression” in the medium DBH classes. In SR stands, the proportion of this spe-
cies in the group of trees with medium DBH was quite large and became smaller as the size
class increased.
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Figure 4.20. The proportion of a given tree species in size classes in stands of interpretation units.
Number of trees of all species in a given dimension class =100%. The two smallest classes
(illustrated by negative values) represent the seedlings layer (h)=0.3-1.3 m) and the saplings layer (/=0.3-1.3 m).
All figures use the same colour symbols (explained in the figure for pine). MF — Managed Forest,

NR - Nature Reserve, SR — Strict Reserve
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4.3.14. Damage caused by herbivorous ungulate mammals

The share of trees belonging to the height class 4#=0.3-1.3 m with last-year-sector
of the main shoot browsed illustrated how much pressure herbivorous ungulate mammals
had on the young generation of trees, and at the same time how attractive each species was
(Fig. 4.21). This proportion, averaging (regardless of tree species) over 40% in Biatow-
ieza Forest, was relatively high. The most damaged species were elm, hornbeam, and ash;
the least damaged black alder, birch, and spruce. The low proportion of browsed aspen trees
(a species generally heavily damaged) was unusual.
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Figure 4.21. Proportion of trees of height class /=0.3-1.3 m with the main shoot browsed during the year
(since April of the previous year until April of the present year, i.e. browsing of the last-year-sector
of the main shoot), by herbivorous ungulate mammals; for aspen and black alder, data were omitted

for units with too few obsetvations. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve,
BF — Bialowieza Forest (Polish part, all interpretation units in total)
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The smoothed relationship between the share of browsed trees and tree height also
confirmed the differences in the degree of damage between the stands of the interpretation
units. In the case of hornbeam (the most numerous tree species in the regeneration layer), the
dimensions of the most “attractive to be browsed” trees differed: in MF stands, there were
trees of 0.45 m high, in NR they were already 0.8 m high, and slightly more (0.85 m) in SR
stands (Fig. 4.22a). In the last unit, the proportion of browsed hornbeams was the highest
(which was consistent with the average data for the #/=0.3-1.3 m height class). For maple (the
most numerous tree species in the seedling layer), the dimensions of the most “attractive to
be browsed” trees did not differ (Fig. 4.22b). In all interpretation units it was 1.0 m high. In
MF stands maple was more browsed than in the other units.
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Figure 4.22. Browsing probability of hornbeam (a — left panel) and maple (b — right panel) during one year in diffe-
rent interpretation units in Biatlowieza Forest. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve

The density of trees with stem surface damage, i.e. bark-stripped or frayed by herbiv-
orous ungulates, was on average 149427 ind. ha'! in Biatowieza Forest. It was similar in the
stands of all interpretation units (Fig. 4.23) and was: MF — 164+39 ind. ha!, NR — 116+37
ind. ha'!, SR — 140434 ind. ha''. The number of trees with new wounds (occurred within one
year) was 22413 ind. ha'! and it was also similar in the three units: MF — 25420 ind. ha'!, NR
—17£14 ind. ha', SR — 22424 ind. ha™'. There were more trees that had only healed wounds,
and the largest number of trees were those that had at least one old open wound (“old” wound
of bark-stripping or fraying).
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Figure 4.23. Densities of bark-stripped or frayed trees divided into sub-types in stands of interpretation
units of Bialowieza Forest. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve

The proportion of trees damaged by bark stripping or fraying by herbivorous ungulates
depended on tree size (Fig. 4.24). In each of the interpretation units of Biatowieza Forest
stands, the largest proportion with this damage were trees in class DBH=8.0-11.9 cm. This
was related to the fact that much of the damage occurred when the trees were thin, i.e., DBH
within the range of 2.0-11.9 cm. Thicker trees were also subject to damage but to a lesser
degree. In the following size classes, beginning with class DBH=12.0-19.9 cm, the density
of damaged trees decreased. This phenomenon may have been related to the higher mortality
of damaged trees, their more frequent elimination in silvicultural treatments (in MF stands,
as well as to the healing of wounds that gradually became invisible. In the class DBH=2.0-
7.9 cm, the proportion of damaged trees was similar in all interpretation units. In the group
of trees with DBH>20.0 cm in SR, the proportion of trees damaged due to bark stripping or
fraying was higher than in the other units.

Similar relationships between the proportion of trees damaged by bark stripping or
fraying and their size were in the case of Norway spruce (Fig. 4.25). The difference was in
the high proportion of damaged spruces in classes with the DBH=12.0-19.9 cm. This was
because — due to the thin and smooth bark — the fairly thick spruce trees are still attractive to
ungulates that cause bark stripping or fraying.
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Figure 4.24. Proportion, in size classes, of trees damaged (bark stripping or fraying) by herbivorous ungulate
mammals in stands of interpretation units in Bialowieza Forest; data for all tree species; number of trees
in a given class =100%. MF — Managed Forest, NR — Nature Reserve, SR — Strict Reserve
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Figure 4.25. Proportion, in size classes, of Norway spruce damaged (bark stripping or fraying) by herbivorous
ungulate mammals in stands of interpretation units of Bialowieza Forest; number of trees in a given class =100%.
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4.4. Discussion

In the ForBioSensing project, for the first time, the analysis of the state and dynamics of
wood resources was carried out for the whole area of the Polish part Biatowieza Forest using
the same method for collecting inventory data collection in individual parts of this object. The
reference to the previous state of the forest was possible only in the case of the Strict Reserve
of Bialowieza National Park, and even with some limitations. Results from 1990 (Michal-
czuk 2001), 1995 and 2005 (Krasuska, Miscicki 2002; Miscicki 2012), from years 1999-2009
(Brzeziecki et al. 2010), from the period 2000-2015 (Miscicki 2016), and from the period
1999-2019 (Brzeziecki et al. 2020) were obtained using different methodological approaches.

In this study, the results on the state of wood resources were interpreted not only for
the entire Biatowieza Forest, but also for stands in three separate interpretation units: Man-
aged Forests (MF), Nature Reserve (NR), and Strict Reserve (SR). The criteria for defining
these units were historical differences in forest management and protection. The number of
sample plots measured in 2015-2019 was sufficient to assess the state and dynamics of the
stands in these three interpretation units, but was too small to divide them further by consid-
ering forest habitat structure. This would be useful, for example, in interpreting differences
in tree species composition of the stands. Brzeziecki et al. (2019) used 16 interpretation
units (four habitat groups multiplied by four management and/or protection units) and data
obtained from 1373 sample plots (every fourth centre of the sample plot coincided with the
centre of the sample plot of the set used in this study). It is difficult to directly compare the
results of the two studies. The general trends in changes in wood resources were similar,
but, for example, the average volume of stands in Bialowieza Forest and some interpretation
units (two of them — MF and SR — were the same as units used in this study) differed (in
this study they were slightly bigger). The reasons for this could be complex. It is likely that
the influence of a difference in the number of sample plots and their size was small (500
m? for the canopy tree layer assessment in this study versus 400 m? in the cited studies). To
a greater extent, this difference may have resulted from the use of different formulas for
calculating the individual tree volume. The quality of the results — especially those obtained
from measurements using numerous sample plots — may also depend on the correctness of
the data, which is related, among other things, to the careful control of the results of the
field measurements. In the cited studies by Brzeziecki et al. (2019), in addition to assess-
ing the status and dynamics of wood resources, the issue of comparing protected stands of
Bialowieza Forest with managed stands was also addressed. Among the 42 characteristics
and parameters used, in 21 cases no differences were found between these units, in 11 cases
the result indicated superiority of protected stands over managed stands, but in 10 cases the
opposite was true.

Comparisons of the state and development of protected forest with managed forest have
been done elsewhere in Europe (Keren et al. 2017; Keren, Diaci 2018; Keren et al. 2018).
However, such a comparison in the case of Bialowieza Forest had the advantage that the ob-
ject under strict protection (SR) is relatively large. Its size (about 4600 ha) is sufficient for the
state of the wood resources, subject to the processes of life, surviving, loss and ingrowth, to
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be stable. Was the state of the wood resources really balanced in SR during the study period,
as well as in the other two interpretation units (NR and MF), with an area even larger than
that of SR?

Previous studies on SR of Bialowieza National Park indicated that the growing stock
volume (GSV) of forest stands decreased to a small extent in the period 1990-2005 (Miscicki
2012), but was stable in the period 2000-2015 (Miscicki 2016). Previous studies conducted
in SR stands showed that GSV slightly decreased in the period 1990-2005 (Miscicki 2012),
but was stable in the period 2000-2015 (Miscicki 2016). According to this study, volume
of SR stands decreased to a small extent in the period 2015-2019 (and the least among the
analysed interpretation units). This result partially coincides with the results of the study by
Brzeziecki et al. (2020). According to these authors, the average volume of BNP Strict Re-
serve decreased by an average of 2.9 m* ha'! year' during the period 2009-2019. According
to the present study, it decreased by an average of 4.7 m3 ha'! year! in the period 2015-2019,
so in absolute values the latter result was bigger. However, it should be taken into account that
the result presented in this study concerned the period of particularly intensive tree dieback
— especially of Norway spruce. GSV in Bialowieza Forest decreased significantly during the
period 2015-2019. This was due to the high tree mortality, but also due to the decrease in
current volume increment, which could be assessed by comparing the data for SR. During
the period 20002015 volume increment amounted in SR 9.0 m® ha' year’, and 7.6 m*® ha’!
year! in 2015-2019. In 2019, the average GSV in the Polish part of Biatowieza Forest was
similar to that recorded before the outbreak of World War I, which was 372 m® ha'! (Wiecko
1984). This figure should be treated as an approximation, as it concerned the entire forest at
that time. The decline in GSV during 2015-2019 was a surprising phenomenon due to its
intensity. According to the prognosis of Gazda and Miscicki (2016), the average volume of
SR stands should increase by 3 m? ha'! in the ten-year period 2015-2025.

There were fewer differences in tree species composition of the regeneration layer be-
tween interpretation units. In the high saplings layer, traces of past management in stands
of MF could still be seen. This was expressed by the presence of relatively numerous oaks
and less numerous pines. In the other interpretation units, the share of these species in the
high saplings layer was smaller, and was small in the low saplings and seedlings layers in
all interpretation units. Everywhere in the low and high saplings layers, the most numerous
was hornbeam. However, a new situation was the dominance of maple in the seedlings layer.
Limiting comparisons to SR only, because for that unit only there are earlier (since 1995) data
available for the regeneration layer, the proportion of some species in the lowest tree layers
has changed (Miscicki 2012). The proportion of hornbeam and ash in the seedlings and low
saplings layer decreased, while the proportion of maple increased. It is difficult to assess
whether a change in the proportion of maple and hornbeam will also occur in the future in the
low and high saplings layer, and further in the canopy layer. This will be affected by damage
— mainly browsing — caused by herbivorous ungulates mammals. The results of the present
study confirmed that young trees were intensively damaged, and that hornbeam and maple
belonged to the group of tree species highly favoured by these animals. However, hornbeam
is resilient to damage, while maple is much less so (Kuijper et al. 2010). The proportion of
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browsed trees, as well as the density of trees with damaged trunk surfaces (bark-stripped or
frayed), differed, although not too much, among the interpretation units. This could be related
to the abundance of a particular tree species and the form of its occurrence in the regeneration
layer. It could also be influenced by the species composition of ungulates in a given area,
since tree species are not equally attractive as food for individual species of these animals
(v. Raesfeld 1970, 1971).

In the past, the stands of the interpretation units differed by the growing conditions of
the young trees and, consequently, by the attractiveness of their shoots as food. Most often
they grew under the canopy of old trees in SR and NR, and quite often in open areas in MF.
Young trees growing in good light conditions are considered the most attractive as food for
ungulates. However, the restriction on silvicultural measures resulted in changes in young
tree growth condition in the analysed period 2015-2019 in MF. Significant part of the young
trees grew under the canopy layer.

Due to previously unanticipated events, the four-year study period conducted in 2015—
2019 coincided with intense changes occurring in the stands of Biatowieza Forest. The most
significant phenomenon was spruce dieback, which led to significant disturbance of stand
structure (or “catastrophe”, to use another term). It was pointed out that such significant dis-
turbances, which could be prevented in the managed part of the forest, lead to a deterioration
of the conservation status of many valuable elements of the natural richness of Biatowieza
Forest (Brzeziecki et al. 2018). Without entering into a discussion here as to what were the
causes of the significant rate of spruce decline, it is worth mentioning its impact on Biatow-
ieza Forest. In the 2015-2019 period, the volume of dead trees in Bialowieza Forest was
4,173 million m?, of which 2.750 million m? (66%) was spruce. It was estimated that in the
period 1915-1918 the occupying German administration felled 5 million m?® in the entire
Bialowieza Forest and that this was one of the biggest disasters in the history of the Forest
(Wiecko 1984). Assuming that timber was harvested evenly from the whole area, in the cur-
rent Polish area of Biatowieza Forest was cut 2.20 million m*. It should be emphasised that
the forest stands suffered losses also in later years: it was estimated that the volume of spruce
trees dead as a result of the bark beetle feeding in 1921-1922 amounted to 1.95 million m?
(Mokrzecki 1923). However, contemporary tree dieback has caused losses in the living wood
resources of Bialowieza Forest comparable to those of 1915-1922 or even greater.
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4.5. Summary

The state and dynamics of wood resources were determined for the entire area of the
Polish part of Bialowieza Forest, using the same method for collecting inventory data in in-
dividual parts of this object. The results were evaluated for the entire Bialowieza Forest, but
also for stands in three separate interpretation units: Managed Forests (MF), Nature Reserve
(NR), and Strict Reserve (SR). The criteria for defining these units were historical differences
in forest management and protection.

The four-year research period 2015-2019 coincided with the intense changes that took
place in the stands of Biatlowieza Forest. The most important phenomenon was the dieback of
spruce, which led to significant disturbances in the structure of the stands. In 2015-2019, the
volume of dead trees in the Polish part of Biatlowieza Forest was 4.173 million m?, of which
2.750 million m® (66%) were Norway spruce trees. In general — in the whole forest — volume
of stands decreased, although to a small extent in SR (among the analysed interpretation
units). Spruce and ash mortality and, to a lesser extent, differences in mortality and increment
of other tree species changed the tree species composition of stands in Bialowieza Forest.

Differences in tree species composition in the regeneration layer between the inter-
pretation units were smaller. In the high sapling layer, traces of previous management could
still be seen in the stands of MF. This was expressed in the presence of relatively numerous
oaks and less numerous pines. In all interpretation units, hornbeam was most numerous in
the low and high sapling layers. However, the dominance of maple in the seedling layer was
anew situation. Young trees were frequently damaged by herbivorous ungulates. On average,
about 40% of trees in the height class #=0.3-1.3 m were browsed within one year, with elm,
hornbeam, ash, and maple being the most affected.
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Abstract

Bialowieza Forest is a vast ecosystem where spontaneous natural processes, includ-
ing the emergence and decomposition of dead wood, can be observed. These processes are
among the most important factors determining forest biodiversity. As a part of the ForBio-
Sensing project, a comprehensive inventory of dead wood (Coarse Woody Debris, CWD)
was conducted for the first time in Biatowieza Forest in the short timeframe from 2015
to 2019. The study coincided with a substantial dieback of Norway spruce (Picea abies
(L.) Karst). due to the spruce bark beetle outbreak. The chapter reports on changes in the
amount of various types of CWD in the Polish part of Biatowieza Forest that occurred
between 2015 and 2019 in three conservation categories (BNP Strict Reserve, conserva-
tion reserve, managed forest) and four habitat groups (coniferous forests, mixed forests,
deciduous forests, alder bog and riparian forests). The inventory was carried out on 477
permanent, circular monitoring plots of 500 m?, schematically distributed in a grid of 1300
m x 1300 m squares (322 plots) and a grid of 250 m % 1000 m rectangles in the strict protec-
tion area of the Bialowieza National Park (155 plots). It was found that the area-weighted
average CWD volume in Biatowieza Forest in 2019 was 113.2 m? ha’!, consisting of snags
(54%), logs (42%), and stumps (4%). Compared to 2017, the total CWD volume increased
by 21%. Compared to 2015, by 2019 the volume of snags has increased more than 2.5-fold.
Locally, above-average dead wood volume was recorded. In 2019, the relative CWD vol-
ume on 60% of the study plots was higher than 100 m* ha! — most often in the BNP Strict
Reserve and conservation reserve.

Keywords: natural forest dynamics, nature conservation regime, forest habitat type, spruce
bark beetle outbreak
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5.1. Introduction

Bialowieza Forest is an ecosystem where spontaneous natural processes can be ob-
served, including the emergence and decomposition of dead wood (i.e., Coarse Woody De-
bris, CWD). These processes belong to the most important determinants of biodiversity, cru-
cial for numerous, often rare and threatened elements of the forest biota (Bobiec et al. 2005;
Blanco and Lo 2012; Gutowski et al. 2012; Stokland et al. 2012; Hilszczanski and Jaworski
2018). Dead trees in the form of standing dead wood, scrap wood, and lying dead wood are
a permanent component of natural forest biocenoses, especially during the terminal stages of
stand development (Miscicki 2016). The presence of dead wood contributes to the mosaicism
of microhabitats in a forest ecosystem. Decay of trees causes differences in temperature,
humidity, amount of light reaching the forest floor, and uprooting additionally shapes the
microrelief of the terrain (Falinski 1978, 1986; Pawlik 2013). The effect of the presence of
standing dead trees is an increased penetration of sunlight into the forest interior, which in-
creases the temperature during the day, diurnal temperature amplitude, and slightly heightens
wind speed in the forest interior (Harmon et al. 1986).

More and more is known about the relationship between microhabitats formed by dead
wood and various systematic groups of organisms (Stockland et al. 2012). The key role of
dead wood for biodiversity is particularly evident in the world of insects. So far, 455 species
of beetles associated with standing dead trees have been recorded in Bialowieza Forest. The
coniferous communities are the most valuable in terms of the occurrence of insects associ-
ated with dead wood. Up to 30% of species associated with decaying trees occur in other
forest habitat types (Byk 2001). Many species of fungi are also associated with dead wood
(Lofroth 1998; Bobiec et al. 2005; Hilszczanski and Jaworski 2018). The existence of various
fungi communities on dead wood ensures proper circulation of matter in the forest ecosys-
tem (Franklin et al. 1981). It should be emphasized that dead wood is a microhabitat that
changes its properties as the process of rotting progresses. Therefore, it provides favourable
conditions for many species of bryophytes with different habitat requirements. The brioflora
found on dead wood includes both common and endangered species. Therefore, dead wood
is of great importance for maintaining an appropriate level of bryophyte diversity in forest
ecosystems (Bobiec et al. 2005; Wierzcholska et al. 2018). Dead wood also enables the cre-
ation of specific biocenotic bonds, facilitating the coexistence of many related species. One
such example is the relationship between small mammals and saproxylic fungi. Mammals
involuntarily spread fungal spores, facilitating fungal colonization of subsequent substrates,
which increases the food base of these mammals. Moreover, the distribution of fungi changes
the migration routes of small mammals (Franklin et al. 1981).

Uprooted trees diversify the microrelief of the forest floor (Falinski 1978; 1986; Fig. 5.1),
and dead trunks play an important role in slowing down the runoff of rainwater (Zielonka et al.
2009; Pawlaczyk 2017). Lying dead wood can accumulate water up to 250% of the dry mass of
the trunk, forming a water reservoir which — through evaporation — increases the air humidity
in the forest (Maser et al. 1988). Tree regeneration is also an inherent process related to tree
dieback, which plays a key role in forest dynamics. Dead wood often facilitates it by creating
convenient places for seed germination, e.g., stabilizing the soil, regulating water conditions or
protecting seedlings and saplings against animal access (Bobiec et al. 2011; Smit et al. 2012).

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

The volume of dead wood in the forest is not constant, as new fragments of wood ap-
pear constantly along with the simultaneous decomposition process (Bujoczek 2012), and its
pace depends on several factors, including climatic conditions (Stokland et al. 2012).

In 20152019, a significant increase in the amount of dead wood was observed in
Biatowieza Forest. It was caused by the massive dieback of spruce and ash driven by various
factors (Paluch 2015; Brzeziecki et al. 2018; Jaroszewicz and Cholewinska 2018).

The research presented in this chapter aimed to characterize the state and dynamics
of dead wood volume in the Polish part of Biatowieza Forest in 2015-2019, taking into
account the different degrees of its decay, depending on the forest habitat and stand conser-
vation category.

Figure 5.1. Effect of the 2017 windthrow in the compartment 630 of Bialowieza Forest (photo .. Kuberski, 2020)

5.2. Materials and Methods

In the study, measurement data from 477 circular sample plots from two regular grids
were used. The first grid of research plots is the ForBioSensing project grid which was es-
tablished in 2015 in the Polish part of Bialowieza Forest and which is 1300 m x 1300 m in
size (322 study plots). The grid was cropped (i.e., inclined by about 30°) relative to the north
to avoid overlapping of the study plots with roads and compartment lines, most of which run
north-south and east-west in Bialowieza Forest. The second of the study plot grids used for the
measurements was established in 1999, in the strict protection area of the Biatlowieza National
Park, and is approximately 250 m x 1000 m in size (155 study plots). This grid is away from
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the land division lines (see Chapt. 1 and Fig. 5.2). Plots that are located in areas that do not
constitute forest according to the Forest Numerical Map were excluded from the analyses.

A survey of dead wood was carried out on 500 m? circular monitoring plots (r = 12.62 m).
Standing dead trees and stumps were included in the inventory if the centre of their cross-section
fell within the plot. Dead standing trees (hereafter: snags) with DBH (diameter at breast height,
i.e., 1.3 m above the ground) > 7.0 cm (in bark) and > 1.3 m in height and stumps with height
< 1.3 m and with a diameter at mid-height > 7.0 cm (in bark) were measured. For each of the
considered dead standing trees and stumps, the height, diameter (in the case of broken trees,
the diameter at the fracture site) and the degree of wood decay were determined according to
a 5-point scale (Pyle and Brown 1998) by determining in the field only the first 4 classes, i.e.:
I - fresh wood; II — wood partially decayed; Il — wood heavily decayed; IV — wood very heavily
decayed. In the case of lying dead wood (logs): down woody material lying within the sample
plot, with a diameter at the thinner end > 7.0 cm (in bark) were included in the sample. For
every element of lying dead wood, the following measurements were taken: length, diameter at
the centre, and the degree of wood decay according to the aforementioned rules. Moreover, the
tree species and the presence of bark at the point of diameter measurement were determined.
Measurements were carried out in 2015, 2017 and 2019, from July to October.

Analyses were conducted for four habitat groups: (1) coniferous forests, (2) mixed for-
ests, (3) deciduous forests, (4) alder bog and riparian forests, and for three stand conservation
categories (Tab. 5.1). The first category consisted of the area of the former Strict Reserve of
the Biatowieza National Park, under strict protection since 1921, hereafter referred to as "BNP
Strict Reserve". The second category included stands located in nature reserves and in the for-
mer Hwozna Protection Area of the Bialowieza National Park, which was a part incorporated
into the park in 1996, hereafter referred to as ,,conservation reserve”. The third category con-
sisted of stands used for commercial purposes, located outside the Bialowieza National Park

Table 5.1. Monitoring plots representing particular forms of stand conservation and habitat groups.
The measurement was conducted in 2015, 2017, and 2019, from July to Octobet; BNP — Bialowieza National Park

Standc;:)engs::;atlon Habitat group Number of plots (n)
coniferous forests 14
mixed forests 109
Managed forest deciduous forests 62
alder bog and riparian forests 19
coniferous forests 8
Conservation mixed forests 33
reserve deciduous forests 32
alder bog and riparian forests 18
coniferous forests 3
BNP Strict Reserve mixed forests 47
deciduous forests 114
alder bog and riparian forests 18
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Figure 5.2. Distribution of monitoring plots where data on dead wood volume were collected (n = 477)

and outside nature reserves, hereafter referred to as ,,managed forest” (Tab. 5.1 and Fig. 5.2).
Depending on the level of analysis (conservation category or habitat group), the amount of wood
was determined as a weighted average, where the weight was always the area covered by the
certain habitat group or conservation category.

The mid-section formula (Huber’s formula) was used to calculate the volume of ly-
ing dead wood (logs) and stumps, for standing dead trees (snags) the empirical formula
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(Bruchwald et al. 2000) was used. In the case of dead broken trees, the volume was cal-
culated using the formula of 15 sections — developed by Prof. Arkadiusz Bruchwald (an
unpublished formula implemented in the ACER programme that allows calculating the
volume of broken stems based on the diameter at breast height, height and diameter of
the stem at the place of fracture). Volume analyses were conducted excluding bark thick-
ness. The following dead wood volume classes were adopted for visualization on the maps:
a) <5 m’hal,b)>5<10m’hal, ¢) > 10 <30 m® ha'!, d) > 30 < 100 m? ha'!, ¢) > 100
<200 m® ha'', and f) > 200 m?® ha™.

5.3. Results

The mean amount of dead wood in Biatowieza Forest in 2019 was 113.2 m® ha’!, of
which the volume of dead standing trees was 54% (60.8 m? ha!), lying wood 42% (48.1 m?
ha'!), and the remaining 4% (4.3 m* ha'!) was constituted by stumps. In 2019, compared to
2017, the average value of dead wood volume increased by 21%. Both the average volume of
lying dead wood and of standing dead wood increased by over 10 m* ha'! within two years.
Compared to the first measurement year (2015), the volume of standing dead trees increased
by over 2.5 times. A smaller change was recorded in the volume of stumps, which in 2015
was 3.4 m* ha'l.

The dynamics of dead wood volume varied between habitat groups. In 2019, maximum
values were recorded in deciduous forests and alder bog and riparian forests. They were
117.1 m® ha! and 131.2 m® ha!, respectively. The third position was occupied by the group of
mixed forests with an average volume of dead wood of 110.7 m* ha''. Coniferous forests were
ranked fourth with a value of 62.1 m® ha'l. In the category of lying dead wood in 2019, as in
2017, the maximum amount was recorded in the alder bog and riparian forests and was 90.1
m?® ha'!, while in 2017 it was 80.4 m® ha''. The lowest values of the average volume of lying
dead wood were registered in the coniferous forests and were 25.8 m* ha' in 2019 and 20.3
m? ha'in 2017. In the category of standing dead wood at the beginning of the measurements,
i.e. in 2015, the largest amount was in the alder bog and riparian forests (on average 34.4 m?
ha'!), followed by deciduous forests (on average 23.3 m® ha!). The situation changed in 2017
when the highest amount of standing dead wood was recorded in mixed forests (on average
57.3 m® ha''), followed by deciduous forests (on average 44.8 m® ha'). This trend continued
in the third measurement series, i.e. in 2019. At that time, an average of 73.6 m® ha! was
recorded in mixed forests, and 58.9 m?® ha'! in deciduous forests. The greatest increase in
standing dead wood volume between the first and the last measurement series, i.e., in the
period 2015-2019, was recorded in mixed forests. This increase was more than 3.5 times in
deciduous forests and more than 2.5 times in coniferous forests. The smallest increase was
recorded in alder bog and riparian forests and was 1.1 times (Fig. 5.3).

When considering the stand conservation regime, it was noticeable that in the managed
forests and in the BNP Strict Reserve, the highest volume of dead wood was found in alder
bog and riparian forests. In contrast, in the conservation reserve the highest volume was re-
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corded in mixed forests where approximately 140 m? ha! of dead wood was found in 2019
(Fig. 5.4).

These results indicate a significant increase in the volume of standing dead trees in the
study period (2015-2019) (Fig. 5.3-5.4). This phenomenon is less pronounced in the BNP
Strict Reserve (Fig. 5.4).
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Figure 5.3. Average (area weighted) volume of dead wood in the Polish part of Bialowieza Forest in 2015, 2017,
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Figure 5.4. Average (area weighted) volume of dead wood in the Polish part of Bialowieza Forest in 2015, 2017,
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The highest values of dead wood volume were found in the longest protected area, i.e.
in the BNP Strict Reserve. In 2019, an average of 167 m’ ha! was recorded there, and this
value increased by about 10 m?® ha' during the analysed period (Fig. 5.4). This increment
appeared due to an increase in the lying dead wood (Fig. 5.5). The amount of standing dead
wood in three measurement surveys in the BNP Strict Reserve oscillated between 40 and 60
m? hal. In the conservation reserve, the average dead wood volume in 2019 was nearly 120
m? ha'l. Lying dead wood was prevalent. The most dynamic increase in the volume of dead
wood took place in the managed forests. This increase was mainly shaped by the increase in
the volume of standing dead trees. In 5 years, the amount of standing dead wood in managed
forests increased more than 3.5 times, from about 20 m* ha! recorded in 2015 to nearly 70
m? ha! in 2019. The total average amount of dead wood in managed forests was over 100 m®
ha'in 2019 (Fig. 5.5).

180
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140
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100

volume [m? ha]
=

2005* 2017 2019 |2005* 2007 0019 | 20015* 2017 2019 | 2005* 20017 2019

Managed forest Conservation reserve | BNP Strict Reserve Biatowieza Forest
(n=204) (n=91) (n=182) (0=477)

W snags mstumps  m logs

Figure 5.5. Average (area weighted) volume of dead wood in the Polish part of Bialowieza Forest in 2015, 2017,
and-2019, different conservation categories, * — logs were not considered

Dead wood of all forest-forming tree species growing in the Polish part of Bialowieza
Forest was found in the study plots. The species structure analysis included 11 species and
one combined group including the remaining sparse taxa. Spruce dead wood dominated in
the study area and accounted for up to 50% (depending on the measurement year). Standing
dead wood, lying dead wood, and stumps show significant increases in the amount of spruce
dead wood between measurement dates. The other tree species that influenced the dead wood
volume in Biatowieza Forest were ash, alder, and oak (Fig. 5.6).
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Figure 5.6. Average volume of dead wood in the Polish part of Bialowieza Forest in the period 2015-2019
depending on tree species, * — logs wete not considered
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The proportion of dead wood in various decay classes differed markedly across tree
stands with different conservation regimes. In 2019, CWD in the first decay class accounted
for more than 3/5 of the dead wood in managed forests, */s in conservation reserve, and nearly
!/; in the BNP Strict Reserve. This area also had the most balanced proportion of each dead

wood decay class (Fig. 5.7).

Managed forest Conservation reserve BNP Strict Reserve

Decay class: [l fresh wood ___ wood partially decayed __ wood heavily decayed _ wood very heavily decayed

Figure 5.7. Proportion of dead wood decomposition classes in the Polish part of Bialowieza Forest in 2019
in three stand conservation categories

The spatial distribution of dead wood in Biatlowieza Forest also varied markedly (Fig.
5.8). Very high volume of dead wood (exceeding 100 m® ha') with the predominance of ly-
ing dead wood was recorded in the BPN Strict Reserve. In the remaining area of Bialowieza
Forest, the value of 100 m® ha! and higher was recorded less frequently and the dominance
of standing dead wood, formed as a result of the recent dieoff of tree stands, was observed.
The amount of dead wood below 10 m? ha! was found more often here, but some places, e.g.,
Szafer Landscape Nature Reserve were rich in dead wood and documented CWD volume

30 m* ha'.
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Figure 5.8. Amount of dead wood in the Polish part of Bialowieza Forest in 2019
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5.4. Discussion

Biatowieza Forest is a unique, world-renowned natural site, which has been protected
in various ways for about 600 years. The entire forest (Polish and Belarusian parts) has been
included into the list of UNESCO Transboundary World Heritage Sites (Jaroszewicz et al.
2019), among others due to the persistence of undisturbed natural processes (Krzysciak-Ko-
sinska et al. 2012). Currently, about 75% of the Polish part of Bialowieza Forest is subject
to a logging ban (based on data from the Forest Management Plans for 2011-2021 for the
Bialowieza, Browsk and Hajndwka Forest Districts and Krzys$ciak-Kosinska et al. 2012).
This favours an increase of dead wood resources, as observed in individual measurement
years in the period 2015-2019 (Fig. 5.5).

The implementation of the ForBioSensing project coincided with the intensification of
environmental changes in Bialowieza Forest, related to, inter alia, rising temperatures in re-
cent decades, repeated droughts (Boczon et al. 2018; see Chapt. 3), the presence of the inva-
sive fungal pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, comb.
nov. (formerly: Chalara fraxinea T. Kowalski) (Kowalski 2006; Baral et al. 2014) responsible
for the mass dieback of ash (Jaroszewicz, Cholewinska 2018), significantly high age of many
spruce stands and — in particular — with a dynamic development of the spruce bark beetle out-
break, resulting in intense dieback and partial or complete collapse of spruce stands, and thus
a rapid increase in the amount of dead wood (Grodzki 2016; Sterenczak et al. 2020). A signif-
icant increase in the amount of wood from dead trees is visible, especially in managed forests
and in the areas within the conservation reserve category (Fig. 5.5). A relatively small increase
in dead wood volume in the area of the BNP Strict Reserve may indicate the dynamic stability
of forest ecosystems in this area in comparison with the stands representing the conservation
reserve category, and even more so compared to the managed forest category, confirming the
results of comparative studies on the mosaic of development phases of lime-oak-hornbeam
forests of Bialowieza subject to various forms of protection (Bobiec et al. 2000). In the context
of the difference in the demographic and developmental characteristics of tree stands in the
protected and managed areas which was documented in that study, one can argue that a sig-
nificant decline in the economic pressure in Bialowieza Forest at the beginning of the 2010s
(Grodzki 2016) initiated ecological processes, one of which is a more dynamic increase in
dead wood volume outside the BNP Strict Reserve. On the other hand, the significantly lower
increase of dead wood volume in the analysed period inside the BNP Strict Reserve is most
likely associated with a much longer history of uncontrolled spruce bark beetle outbreaks in
this area, which resulted in large diebacks of spruce, especially at the beginning of the 20th
century (Keczynski 2002; Miscicki 2012). Outside of the Biatowieza National Park, the sani-
tary condition of the stands was actively controlled until 2012 (Grodzki 2016).

Biatowieza Forest has long been of interest to scientists (Paczoski 1930; Falinski 1986;
Bobiec et al. 2005; Jaroszewicz et al. 2019; see Chapt. 2). The first measurements of stand pa-
rameters (forest inventory), date back to the mid-19th century (Genko 1902—-1903). Nowadays,
the first large-scale inventory of dead wood resources in the Polish part of Biatowieza Forest
was conducted together with the measurements for the Forest Management Plan in 2012. In
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turn, the first full-scale inventory of the tree necromass of the entire Polish part of Bialowieza
Forest, including all forms of nature protection, was carried out within the ForBioSensing
project. The innovative aspect of the project was an attempt to determine the short-term dyna-
mics of the amount of dead wood in two-year intervals. The obtained results do not constitute
a reliable representation of long-term changes which could not be measured during the ForBio-
Sensing project. The demonstrated significant increase in the volume of dead wood (especially
in managed forests and in coniferous and mixed forest habitats) is most likely closely related
to the fact that — as already mentioned — the research coincided with the exceptional intensifi-
cation of the spruce bark beetle outbreak, which accelerated the dieback of spruce stands (Gu-
towski and Jaroszewicz 2016; Grodzki 2016; Brzeziecki et al. 2019; Sterenczak et al. 2020).

The study revealed a very high volume of dead wood in the stands of the Polish part
of Biatowieza Forest. The total amount of dead wood recorded in the study plot was nearly
530 m® ha! in some cases. Such high values were recorded when whole spruce stands, char-
acterised by very high stand (i.e., wood) volume, died. In Biatowieza Forest, a very high
amount of dead wood occurred in almost 80% of the study plots, of which about 60% of the
plots were characterised by values of dead wood volume above 100 m® ha''. These values
were most often recorded in the former Strict Reserve of the Biatowieza National Park and
the stands representing the conservation reserve category. However, it should be noted that
similar values were also recorded in the Bialowieza National Park 20 years earlier. At that
time, in the lime-oak-hornbeam forests of the BNP, the volume of the lying dead trees ranged
between 80 and 160 m® ha'!, reaching the highest values in the terminal phase (240 m® ha!).
Similar values were recorded in wet riparian habitats — between 110 and 145 m* ha! (Bobiec
2002). A noticeable difference between the results presented in this chapter and the data from
the above-cited work is the greater share of standing dead wood. The research carried out
in the ForBioSensing project showed that standing dead trees currently account for approxi-
mately 30% of the total volume of dead wood, and the quoted publication reports the amount
of standing dead wood between 3 and 20% (Bobiec 2002). This difference may result from
both the different measurement methods used and the fact that in the meantime the process
of ash dieback has intensified (Jaroszewicz and Cholewinska 2018) and the effect of a new
wave of spruce bark beetle outbreak is present, albeit limited in recent years (Sterenczak et
al. 2020). The average volume of dead wood in the BNP Strict Reserve, i.e. 167 m? ha’!, re-
corded in 2019, is also comparable to the results of Brzeziecki’s 2019 inventory (Brzeziecki
2020), where the value of 194.6 m® ha! has been documented. A certain discrepancy in the
results, however, may be due to the differences in the methods of the analysis and the fact that
the calculations of the dead wood volume were made there without distinguishing between
wood in bark and without bark. In this study, analyses were performed for the wood of dead
trees without bark (for details see: ,,Materials and methods”).

In 2019, there was a clear increase in the proportion of study plots with dead wood
volume above 100 m* ha! — an increase of approximately 15% over two years. Currently, this
share is more than half, which further confirms the progress of dieback of spruce stands in
many places in Biatowieza Forest. In managed forests, this share is 16%. It is a significant
value, more so as such a high volume of dead trees is rarely found in commercially managed
stands (Czerepko 2008; Lombardi et al. 2008; Bujoczek et al. 2021; Oder et al. 2021). For
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dead wood volume of 30—100 m? ha!, changes in the proportion of study plots falling into
that class during the study period were small, but it should be emphasised that its share is
also significant and currently amounts to approximately 25-30%. In 2015, about 20% of the
study plots were characterised by a low amount of dead wood — up to 10 m3 ha''. Two years
later, in 2017, that proportion fell to just 12%. In 2019, the average amount of dead wood
(i.e., 10 to 30 m® ha!) was found on 8% of the study plots, and the overall proportion of that
category also decreased.

This chapter presents the results of dead wood volume inventory based on schematic,
circular, and continuous monitoring plots. Circular plots are the most commonly used meth-
od for surveying dead wood resources (Wolski 2002; 2003; Bujoczek 2015). While simple,
this method is time-consuming and requires a meticulous approach to repeated measure-
ments to properly record the changes over the study period. Another method of dead wood
inventory is transect surveys. Unfortunately, on the scale of a single stand, these methods
are difficult to compare, as demonstrated by the ForBioSensing project. The results of these
methods can effectively be compared only for large spatial units. In previous studies of dead
wood in Biatowieza Forest, both methods were used (Paluch 2001; Bobiec 2002; Brzeziecki
et al. 2010).

There is relatively little data on the amount of dead wood in forests analysed on
a large spatial scale. Large-scale measurements of dead wood were carried out several times
in Poland (e.g., Czerepko 2008; Stachura-Skierczynska and Bobiec 2008), and since 2014,
the measurement of dead wood has been included in the large-scale the National Forest In-
ventory (BULIGL 2021). These large-scale inventories show a much larger amount of dead
wood in hard-to-reach mountain forests and legally protected areas than in easily available
lowland Scots pine monocultures that are commercially managed. This is consistent with

Figure 5.9. Dead standing oak in Bialowieza Forest (photo L. Kuberski, autumn 2020)
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trends observed in other Central European forests (e.g., Winter et al. 2005; Lombardi et al.
2008; Oder et al. 2021), as well as with the results presented in this study, which show the
comparable impact of the forest stand protection category on the dead wood volume (Fig. 5.5).

Dead wood does not appear evenly distributed in the forest. The scale of the appear-
ance of dead wood can be local — due to the death of one or a few trees — or large-scale — due
to the death of entire stands (Miscicki 2016; Hilszczanski and Jaworski 2018), as was the
case in Biatlowieza Forest at the beginning of the study period. The occurrence of dead wood
in a given area depends on the species composition of the stands, the form of forest man-
agement or nature conservation carried out, the dominant species, and many other factors.
This is confirmed by our research, in which the variability in the amount of dead wood in
the studied areas is very high (Fig. 5.8), which reflects the complex structure and species
composition of Biatowieza Forest. Bobiec (2002) emphasises the impact of historical fac-
tors (i.e., dead wood as an element of a specific ,,ecological memory” of a forest ecosystem)
on the structure of dead wood resources. In this study, the amount of dead wood was mainly
the result of the spruce bark beetle outbreak (lasting since 2012) (Grodzki 2016; Sterenczak
et al. 2020). However, this outbreak and its effects can also be interpreted as a phenomenon
related to much earlier processes, such as the introduction of fire protection in the 19th cen-
tury, which led to the disappearance of forest fires previously present in Bialowieza Forest,
and resulted in the expansion of spruce, especially in coniferous forests (Niklasson et al.
2010; Bobiec 2012). Due to the multitude of factors determining the volume of dead trees
and its dynamics in such a diverse (both in terms of habitats and in terms of the management
and protection of tree stands) and vast forest area as Bialowieza Forest, it is worth emphasis-
ing the value and the need to continue the inventory of such a key environmental parameter
which is dead wood.

5.5. Summary

Recently (in the 20th century) Bialowieza Forest has seen a historically significant
(Sterenczak et al. 2020) increase in the supply of dead wood, especially spruce dead wood
(Fig. 5.10). Currently (in 2019), over 75% of the monitoring plots used in this study are
characterised by a high or very high amount of dead wood, with values above 100 m> ha!
subsequently occurring on an increasing number of study plots. This is further confirmed
by complementary data on a significant increase (between 2015 and 2019) in the number of
sample plots where the terminal phases of Biatowieza Forest stands have been identified (see
Chapt. 4).

The data collected within the ForBioSensing project on the status and short-term dy-
namics of the dead wood volume are exceptionally comprehensive and collected with high
frequency, allowing for a very detailed characterization of this environmental parameter and
possibly forming a baseline for future analyses of dead wood dynamics in the Polish part
of Bialowieza Forest.
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Figure 5.10. Dead spruce stand in Bialowieza Forest (photo L. Kuberski, summer 2016)
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Abstract

Forest gaps are an immanent part of forest ecosystems. They are formed as a result of the
death of individual trees or groups of trees due to various factors of natural or anthropogenic
origin. The objective of this study was to determine the extent to which gaps were colonized
during the early-stage regeneration (regeneration height was less than 2 m) as a function of gap
origin, forest conservation type, and habitat. The research was carried out in the whole area of
the Polish part of Biatowieza Forest. Canopy gaps were generated from airborne laser scanning
data and then 313 study plots (gaps) were randomly selected for field measurements. All for-
est-forming species occurring in Bialowieza Forest early-stage have regenerated in the gaps.
Regeneration numbers varied widely across the gaps. Most tree species were characterised by
lack of regeneration in gaps (at least 75% of gaps). Gaps of natural origin predominated among
the study plots analysed (54% of gaps). The presence of regeneration in gaps depended on hab-
itat, conservation form, and origin. Gaps favoured regeneration of both deciduous and conif-
erous species, although deciduous trees regenerated more often. Hornbeam was the dominant
species in the gap’s regeneration layer, especially in deciduous habitats. Spruce regenerated in
gaps especially in moist habitats. Reserve forests had a higher proportion of hornbeam in gaps
than managed forests. In contrast, Conservation Reserve, birch, linden, and oak regeneration
was favoured in the gaps. Comparing regeneration in gaps and under the stand canopy will
provide an in-depth understanding of the role of gaps in regeneration in Bialowieza Forest.

Keywords: airborne laser scanning, gaps, forest regeneration

6.1. Introduction

Gaps form in all forests as a result of natural factors (insects, fungi, wind, ice, or fire) or
as a result of cutting individual or groups of trees in managed forests (Kern et al. 2017). The
regeneration process in gaps depends on many biological and physical factors, including den-
sity of stands, tree height, and the presence of regeneration prior to the disturbance (Martins
and Rodrigues 2002; Sapkota et al. 2009), stand area (Runkle 1992), and habitat (Zhu et al.
2014). Not only gap size, but also disturbance intensity or spatial and temporal variation in
gaps affect regeneration structure and species composition (Sapkota et al. 2009). The size of
the gap determines the most important factors affecting regeneration, such as light, air and soil
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temperature, and relative air and soil moisture (Martins and Rodrigues 2002). The appearance
of pioneer or shade-tolerant species depends on the gap area (Spies et al. 1990). Regeneration
in large gaps is characterized by a higher proportion of ruderal species that prevent the de-
velopment of other species (Kern et al. 2013). Browsing by herbivores can negatively affect
regeneration development, despite favourable light conditions in gaps (Kern et al. 2013). An-
other factor shaping regeneration in gaps is the presence of shrubs (Montgomery et al. 2010).

Disturbances are the most important factor influencing forest ecosystem functioning
(Turner 2010). The disturbance regime is subjected to changes due to changing climatic
conditions. Increasingly frequent and prolonged periods of drought (Millar and Stephenson
2015), bark beetle outbreaks (Raffa et al. 2008) or fires (Stephens et al. 2014) are affecting
forest ecosystems worldwide (Seidl et al. 2017). Bialowieza Forest is also subject to various
small- and large-scale spatial disturbances. Recently, one of the most significant disturbances
in Bialowieza Forest has been the bark beetle outbreak, which has been ongoing since 2012
and was particularly exacerbated in 2015 due to warm winters and summer drought (Bobiec
et al. 2011a; Grodzki 2016). Not only single spruces or groups of trees are dying, but whole
parts of forest, creating a specific mosaic of stands. Quantifying the pattern of disturbances
(size, shape, predominant type of disturbance) as well as learning about the factors that influ-
ence disturbances is an important research problem.

Previous studies of gap dynamics have focused on natural gaps (Runkle 1992; Sapkota
et al. 2009) or resulting from logging (Montgomery et al. 2010). In contrast, there are few
studies that consider both types of gaps (natural and artificial) (Bobiec 2007). The main ob-
jective of the research presented in this chapter was to determine the extent to which gaps
were colonized by early-stage regeneration (regeneration height <2 m) as a function of gap
origin, forest conservation type, and habitat. The study verified the following hypotheses:
H1 — Hornbeam is the most frequently regenerating species in gaps; H2 — spruce regenerates
in gaps significantly less often than thermophilus species (hornbeam, linden), regardless of
the stand type; H3 — The form of protection affects the abundance of regeneration in gaps.

6.2. Materials and Methods

6.2.1. Study area

Biatowieza Forest covers an area of approximately 620 km? on Polish territory. The
study covered the entire area of the Polish part of Biatlowieza Forest (Fig. 6.1), which is dom-
inated by deciduous and mixed forests, often of natural origin, with a diversified species and
age structure. They are mostly overgrown by fertile brown and grey-brown soils (dominated
by fresh mixed forest (FMF), fresh forest (FF), and wet deciduous forest (WF)), and in river
valleys and in places of former raised bogs — by formations of organic origin (Wigcko 1984).
The dominant tree species are Norway spruce (Picea abies (L.) Karst) — 26%, Scots pine
(Pinus sylvestris L.) — 24%, black alder (Alnus glutinosa Gaertn.) — 17%, oak (Quercus L.)
—12% and birch (Betula L.) — 11%. Over 40% of the study area is covered by stands over 80
years old (Sterenczak et al. 2017). An area of approximately 105 km? is occupied by Biatow-
ieza National Park together with the oldest protective zone, the so-called Strict Reserve (RS).
Nature Reserves (RP) of varying conservation status and year of establishment cover an area
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Figure 6.1. Study area and location of gaps in the Polish part of the Bialowieza Forest
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of about 120 km?. The remaining part, about 395 km?, consists of managed forests (LG) with
different intensity of use managed by three forest districts: Browsk, Hajnowka, and Biatow-
ieza (Wesotowski et al. 2016). The area of Biatowieza Forest is characterized by low diver-
sified relief. The absolute altitude ranges from 131-196 m. The climate is continental with an
influence of the Atlantic climate. The multi-year average (study period 1950-2001) annual
temperature is 6.8°C and average annual precipitation is 633 mm (Pierzgalski et al. 2012).

6.2.2. Field research

Based on Airborne Laser Scanning (ALS) data, over two million objects representing
gaps in the stand were generated. A gap was defined as an area with a vegetation height of
no more than 2 m and an area of no less than 20 m?. From the generated polygons, test sites
were randomly selected for field measurements. The study used measurement data from 313
study plots. The criteria for selecting the gaps were their area and form of protection. In each
gap, concentric circular surfaces with different radii were assumed at the centre point (surface
centroid). Depending on the radius, the different stages of regeneration were measured. In a
1.3 m (5.3 m?) radius plot, regeneration ranging from 2 years to 30 cm in height (seedlings)
was measured. In an area with a radius of 2.52 m (20 m?), regeneration with a height greater

Figure 6.2. Field data collection at one of the designated gaps in Bialowieza Forest (photo by K. Rzeczycki)
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than 30 cm and a diameter at breast height up to 2 cm (small saplings) was measured. In an
area with a radius of 3.99 m (50 m?), regeneration with a diameter at breast height of 2 to 7 cm
(tall saplings) was measured. For each individual regeneration, the species was determined
and the height and diameter at breast height (for trees over over 1.3 m in height) were meas-
ured. In addition, the forest habitat type was determined from the habitat map, the age of the
gap, its origin (natural vs artificial), and its form of protection. The gaps were divided into
three groups depending on the form of protection: Strict Reserve of Bialowieza National Park
(area excluded from use since 1921) - RS, managed forests - LG and conservation reserve
- OR (nature reserves plus part incorporated into Biatowieza National Park after 1996), and
into four groups with regard to habitat: 1) coniferous forests, 2) bog coniferous and decidu-
ous forests, 3) deciduous forests, and 4) alder bog forests and riparian forests. Field studies
were conducted in 2016-2018 during the full growing season (Fig. 6.2).

6.2.3. Statistical analysis

For the most abundant regenerating tree species/types (spruce, pine, birch, oak, hornbeam
(Carpinus betulus L.), Norway maple (Acer platanoides L.), small-leaved lime (7ilia cordata
Mill.), the mean regeneration density values, median and standard deviation are summarized in
table. A Kruskal-Wallis test was conducted to check statistically significant differences between
groups of individual variables (habitat group, conservation form, gap origin) in the occurrence
of restoration. Interpretation of the results depends on the p value: p<0.05 — significant dif-
ferences between groups, p>0.05 — non-significant differences between groups. A statistically
significant test result only indicates that at least one of the studied groups is different from an-
other. Therefore, when significant differences were found between the study groups, post-hoc
analysis was performed to identify groups that were statistically significantly different. During
post-hoc analysis, a nonparametric Mann-Whitney and Wilcoxon test was performed for each
pair of groups. A non-parametric Chi’ test was used to assess the relationship of the occurrence
(presence or absence) of regeneration in gaps to habitat type, conservation form, and gap origin.
This test considered two hypotheses: HO, where p>0.05 indicates that there is no evidence of
a relationship between the variables (in the case under consideration, this means that the varia-
bles are independent and the variable does not affect the presence of regeneration). H1, where
p<0.05 indicates that the variables are dependent on each other (the variable affects the presence
of regeneration). For the test, regeneration abundance was changed to a dichotomous variable
(presence/absence). The test was performed for 7 species at each stage of recovery and three
independent variables. All analyses were performed in the R programme.

6.3. Results

6.3.1. Regeneration in the gaps

The main species that regenerated in the gaps was hornbeam (Fig. 6.3), whose propor-
tion (38%) was almost twice that of spruce (21%) (Fig. 6.4). The proportion of birch in the
regeneration was 14% and the other species were less than 10% (regeneration of maple, oak,
rowan and lime). The presence of 13 tree species/genera was recorded in the seedlings phase,



15 in the small saplings phase, and 9 in the tall saplings phase. All forest-forming species
occurring in Biatowieza Forest have regenerated in the gaps (Fig. 6.3).

6.3.2. Gap origin vs regeneration abundance

Regeneration density varied widely across the gaps. Most species were characterized
by a lack of regeneration in gaps (at least 75% of gaps). In a few cases, the median >0, indi-
cating that the species was frequently regenerating (Tab. 6.1).
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Figure 6.3. The proportion of all species regenerating in gaps in Bialowieza Forest. Gb — common hornbeam, Sw —
Norway spruce, KI — maple, Db — oak, Jrz — mountain ash, Lp — small-leaved lime, So — Scot’s pine, Os - common
aspen, Ol — black alder, Js — common ash, other * — elm, willow, fruit trees, shrubs

Table 6.1. Mean regeneration density (+ SD) by gap origin

spruce 4254 +19776 0 1724 +6066 0 36 +147 0
maple* 79 +£665 0 196 +1164 0 1 £16 0
lime* 79 +439 0 171 £1270 0 1 £16 0
Natural
Species seedlings small saplings tall saplings
average median average median average median
pine 210 £1012 0 41 £227 0 0 0
birch* 432 +2197 0 1179 +4325 0 9 +52 0
oak* 144 +579 0 221 +462 0 2 £21 0
hornbeam 3711 £14322 0 2694 +8625 0 12 +69 0
spruce 886 +£2649 0 975 +5510 0 44 +169 0
maple* 1340 +5476 0 451 +1701 0 0 0
lime* 531 +£5839 0 365 £2702 0 5 £33 0

Anthropogenic
Species seedlings small saplings tall saplings
average median average median average median
pine 500 £2212 0 241 1371 0 0 0
birch* 1145 +£6043 0 2586 +5453 501 39 260 0
oak* 250 +679 0 1069 +1677 501 12 +68 0
hornbeam 2463 +14647 0 5341 +£26532 0 19 +130 0
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* pedunculate oak, silver birch and downy birch, Norway maple, small-leaved lime

Figure 6.4. Spruce regeneration

in one of the gaps in Bialowieza Forest

(photo L. Kuberski)
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Gaps of natural origin predominated among the study plots analysed, accounting for 54%.
The origin of the gap had a significant effect on the presence of maple seedlings (Chi® test
p<0.01) (Tab. 6.2). Spruce regenerated most often in gaps of anthropogenic origin, especially
in coniferous and deciduous forest habitats. Pine and birch were also more common in the seed-
lings layer in gaps of anthropogenic origin in coniferous and deciduous forest habitats. On the
other hand, in natural gaps oak and hornbeam regenerated more often, especially in deciduous
forest habitats as well as lime, alder and ash (Fraxinus excelsior L.), regardless of the habitat.

Tabela 6.2. Siedlisko, formy ochrony i pochodzenia luki a wystgpowanie odnowienia w lukach
(warto$ci w tabeli oznaczaja poziom istotnosci - test Chi?)

Species** habitat form origin of the gap
of protection
pine seedlings 0.0298 0.4993 0.1317
pine small saplings 0.0061 0.0638 0.3855
pine tall saplings brak brak brak
birch seedlings 0.0740 0.6694 0.2033
birch small saplings 0.0000 0.2604 0.0000
birch tall saplings 0.0787 0.5801 0.1712
oak seedlings 0.0953 0.5817 0.0962
oak small saplings 0.0000 0.0366 0.0000
oak tall saplings 0.3597 0.0444 0.1846
hornbeam seedlings 0.0000 0.0271 0.9311
hornbeam small saplings 0.0000 0.4744 0.0161
hornbeam tall saplings 0.2559 0.7807 1.0000
spruce seedlings 0.0007 0.6209 0.0767
spruce small saplings 0.0000 0.2875 0.0180
spruce tall saplings 0.0000 0.5853 1.0000
maple seedlings 0.0001 0.0023 0.0015
maple small saplings 0.0000 0.1093 0.0245
maple tall saplings 0.8081 0.3963 0.9309
lime seedlings 0.1352 0.0767 0.7921
lime small saplings 0.0002 0.0001 0.2214
lime tall saplings 0.3024 0.0161 0.3044

* values that are bold indicate significant differences
** gpecies designations as in Table 6.1 (pedunculate oak, silver birch and downy birch,
Norway maple, small-leaved lime)
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In the small saplings layer, hornbeam, oak, pine and birch, and spruce were more like-
ly to regenerate in gaps of anthropogenic origin. Gap origin had a significant effect on the
presence of birch, hornbeam, oak, maple, and spruce small saplings (Chi’ test p<0.05) (Tab.
6.2). The abundance of birch (Fig. 6.5) and oak (Fig. 6.6) saplings was significantly higher
in gaps of anthropogenic origin in all habitats except alder and riparian forests (statistically
significant differences compared to gaps of natural origin, p<0.05 — Wilcoxon test). Spruce
and pine, on the other hand, regenerated mainly in artificial gaps, and also in coniferous for-
est habitats. In the gaps of natural origin, ash, alder, maple, aspen (Pupulus tremula L.), lime
and elm (Ulmus glabra Huds.) regenerated more frequently.
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Figure 6.5. Density of birch small saplings in gaps according to gap origin, habitat, and conservation form
in Bialowieza Forest

In the tall saplings, spruce regenerated in natural gaps in deciduous forest habitats,
while in coniferous forest habitats it regenerated more often in gaps of anthropogenic origin.
Oak occurred mainly in gaps of anthropogenic origin. Alder saplings were observed primari-
ly in natural gaps in moist habitats (alder and riparian forests). Hornbeam was present in both
types of gaps.
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Figure 6.6. The density of oak small saplings in gaps according to the origin of the gap in Bialowieza Forest

6.3.3. Regeneration density in gaps depending on habitat

The occurrence of pine, hornbeam, spruce and maple seedlings in gaps was influenced
by habitat (Chi’ test, p<0.05) (Tab. 6.2). Coniferous forest habitats were dominated by pine,
birch, and oak seedlings (Fig. 6.3). Figure 6.7 shows an example of oak and hornbeam regen-
eration in a gap in Bialowieza Forest.

Figure 6.7. Oak and hornbeam regeneration in one of the gaps in Bialowieza Forest (photo by L. Kuberski)
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Spruce regenerated in all habitats, although it was most abundant in coniferous forests,
and bog coniferous and deciduous forests. Maple, lime, and hornbeam regenerated in gaps
in deciduous forest habitats. In contrast, ash and alder primarily occupied gaps in deciduous,
alder and riparian forest habitats (Tab. 6.3).

The presence of small saplings of pine, birch, lime, hornbeam, oak, maple, and spruce
in the gaps was significantly affected by habitat (Chi? test p<0.001) (Tab. 6.2). Hornbeam
was dominant in this regeneration phase and was more abundant than in the seedling phase.
The average density of small saplings of birch was twice that of hornbeam and spruce. There
was a significant abundance of saplings of rowan (Sorbus aucuparia L.) and oak. The number
of maple, aspen, and lime small saplings was low. Forest habitats were occupied primarily
by hornbeam saplings (Fig. 6.8) (statistically significant differences from the other habitat
groups, p<0.05 — Wilcoxon test), accompanied by oak, maple, aspen, lime, and elm. Co-
niferous and bog habitats were dominated by spruce and pine regeneration. Birch saplings
were most abundant in bog coniferous and deciduous forest habitats (Fig. 6.5) (statistically
significant differences compared to the other habitat groups, p<0.05 — Wilcoxon test). On the
other hand, alder and ash were restored in the alder forest habitats.
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Figure 6.8. Density of small saplings of hornbeam in gaps according to habitat in Biatowieza Forest

In described regeneration stages (seedlings, small and tall saplings) the density of
tall saplings was the lowest. Regeneration of spruce in gaps depended on habitat (Chi? test
p<0.0001). Spruce regenerated primarily in bog and coniferous habitats, although it occurred
in all habitats, as birch saplings. The density of birch and alder was twice as low as that of
spruce. Alder was most abundant in gaps in wet habitats, alder and riparian forest habitats,
while hornbeam was most abundant in deciduous forest habitats. Oak saplings were recorded
mainly in gaps in the coniferous forest habitats and sparsely in the deciduous forest habitats
(Tab. 6.3).
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Table 6.3. Mean regeneration density (£ SD) depending on the habitat

6.3.4. Regeneration abundance in gaps and form of protection

The presence of maple and oak seedlings in the gaps depended on the form of protection
(Chi? test p<0.05) (Tab. 6.2). In managed forest, spruce and birch were most likely to regen-
erate in coniferous forest habitats and pine, especially in bog and deciduous forest habitats. In
the reserve forests, oak, hornbeam, spruce, and maple were present in the seedlings phase. On
the other hand, in the Strict Reserve, not only pine, spruce and birch seedlings were found, but
also maple and lime and hornbeam seedlings, especially in deciduous forest habitats (Tab. 6.4).

Table 6.4. Mean regeneration density (+ SD) depending on conservation form

Coniferous forests
Species seedlings small saplings tall saplings
average median average median average median
pine 757 +2806 0 339 +£1636 0 0 0
birch 1320 +7198 0 2863 +6693 501 22 +77 0
oak 259 +£769 0 599 £1115 0 13 +£73 0
hornbeam 368 +2146 0 547 +2254 0 4 £30 0
spruce 4741 £23470 0 2535 +8031 0 78 +203 0
maple 43 +403 0 5 453 0 0 0
lime 21 +201 0 0 0 0 0
Swampy coniferous forests and swap forests
Species seedlings small saplings tall saplings
average median average median average median
pine 519 +£1661 0 138 +462 0 0 0
birch 649 +£2210 0 3180 +5435 1503 27 +88 0
oak 64 +349 0 259 +678 0 0 0
hornbeam 0 0 0 0 0 0
spruce 1104 +£2688 0 1486 +3008 0 103 £204 0
maple 0 0 0 0 0 0
lime 0 0 0 0 0 0
Forests
Species seedlings small saplings tall saplings
average median average median average median
pine 165 £775 0 50 +4385 0 0 0
birch 651 £2974 0 1424 +4031 0 27 +£243 0
oak 225 +648 0 819 +1482 0 6 +41 0
hornbeam 5970 +19851 0 7361 £26237 1503 27 £139 0
spruce 1966 +7656 0 926 +5267 0 16 £131 0
maple 1480 +5667 0 655 +£2033 0 1 +15 0
lime 627 +6044 0 539 +£3023 0 6 +35 0
Alder bog and riparian forests
Species seedlings small saplings tall saplings
average median average median average median
pine 0 0 0 0 0 0
birch 0 0 65 +238 0 0 0
oak 0 0 13 81 0 0 0
hornbeam 49 +305 0 105 +438 0 5 £32 0
spruce 49 +£305 0 39 +136 0 10 +64 0
maple 0 0 0 0 0 0
lime 0 0 26 +113 0 5 +32 0
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Managed forest (LG)
Species seedlings small saplings tall saplings
average median average median average median
pine 393 +1376 0 318 £1562 0 0 0
birch 1112 +6560 0 2077 +5002 250 41 £293 0
oak 222 +661 0 1025 +1722 0 16 +£77 0
hornbeam | 1455 +£8773 0 3280 +15287 0 18 +136 0
spruce 4297 +21974 0 1786 +6770 0 45 £170 0
maple 547 +4552 0 236 +1157 0 1 +19 0
lime 0 0 45 +£230 0 1 £19 0
Conservation reserve (OR)
Species seedlings small saplings tall saplings
average median | average median | average median
pine 353 +1990 0 39 +207 0 0 0
birch 536 +2621 0 1813 +£5277 0 10 +55 0
oak 194 +645 0 419 +891 0 1+£15 0
hornbeam | 3002 +14789 0 4231 +22838 0 15 £79 0
spruce 1575 +5079 0 1278 +5697 0 43 £166 0
maple 605 +3056 0 385 £1706 0 0 0
lime 91 +455 0 145 £1178 0 2 £21 0
Strict Reserve (RS)
Species seedlings small saplings tall saplings
average median | average median | average median
pine 148 +675 0 0 0 0 0
birch 693 +£2334 0 1121 42428 0 21 £77 0
oak 99 +426 0 224 +446 0 5 £32 0
hornbeam | 8624 +22978 0 4286 +£7353 0 10 +64 0
spruce 693 +1827 0 131 +301 0 15 +71 0
maple 2081 6127 0 395 +1288 0 0 0
lime 2280 +12309 0 1516 +5613 0 15 +54 0

113



114

The effect of protection form on the presence of small saplings in gaps was found for
lime and oak (Chi® test p<0.05) (Tab. 6.2). In managed forests, regenerating was primarily
pine in coniferous, bog and deciduous forest habitats, oak in coniferous forests habitats,
spruce in coniferous and bog forest habitats, birch and alder in bog and deciduous forest
habitats. In reserve forests, birch (Fig. 6.5) and hornbeam were more likely to regenerate in
coniferous forests habitats, spruce in moist habitats (bog coniferous and deciduous forest
habitats, alder forests), ash and alder in alder and riparian forests, and rowan in all habitats.
In the Strict Reserve, oak regenerated more frequently in bog habitats, hornbeam, maple
and aspen in deciduous forest habitats, and lime, elm and fruit trees in alder forests. Birch
and oak tall saplings were found more often in managed forests than in conservation forests.
More spruce and alder saplings were also recorded in the coniferous and bog coniferous and
deciduous forests. Reserve forests were characterized by a higher proportion of hornbeam in
deciduous forest habitats. On the other hand, strict protection favoured birch regeneration in
the coniferous forest habitats. It has been found that forest protection influenced the appear-
ance of lime and oak tall saplings in the gaps (Chi? test p<0.05) (Tab. 6.2).

6.4. Discussion

6.4.1. Natural gaps vs artificial gaps

In Biatowieza Forest, mass dieback of spruce has been observed for years (Bobiec et
al. 2011a; Brzeziecki et al. 2020). In managed forests, work is carried out to remove dead
spruce trees infested by the bark beetle. Not only individual infected trees are removed, but
also groups of trees. Therefore, anthropogenic gaps represent a large proportion in Biatlow-
ieza Forest. Spruce dieback also causes natural gaps of varying sizes (Bobiec et al. 2011a).
Regeneration was found to vary according to the origin of the gaps. Spruce, pine, and birch
were more commonly found in gaps of anthropogenic origin, especially in coniferous and
deciduous forest habitats. Gap management included oak and pine planting (Bobiec 2007).
However, in our study we focused on natural regeneration in gaps. All plots with introduced
pine trees were fenced. In Biatlowieza Forest, the high pressure of wildlife on regeneration
makes it necessary to use fences (cf. Kuijper et al. 2010). Spruce most often regenerated nat-
urally in gaps of anthropogenic origin as a result of sanitary cuts, which loosened the stand
and initiated spruce regeneration.

Some tree species regenerated only in natural gaps. Brzeziecki et al. (2020) found that
spruce and ash dieback in Biatowieza Forest rarely promotes regeneration of species other
than hornbeam or lime. These studies of regeneration in gaps confirmed the dominance of
hornbeam in both gap types, especially in the small saplings stage (Bobiec 2007). In contrast,
no abundant lime regeneration was found in the gaps in managed forests. Lime, ash, maple,
and elm regenerated mainly in natural gaps.

The size of the gap did not affect the density of regeneration in the Biatlowieza Forest,
except for the regeneration of birch and hornbeam. Detailed research results concerning the
impact of the gap characteristics (size and geometry of gaps) on the number and presence of
regeneration in gaps are presented in a separate publication.
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6.4.2. Regeneration in gaps depending on the habitat or community

The most frequently regenerating species in the small seedlings and saplings layer was
hornbeam, which primarily dominated in gaps that were located in deciduous forest habitats,
as confirmed by H1. Numerous studies indicate that climate change and increased nitro-
gen deposition, may affect the species composition of forest stands in Bialowieza Forest
(Brzeziecki et al. 2016; Boczon et al. 2018). Compared to the 19th century, the climate in
Bialowieza Forest is definitely warmer (especially in winter) and also drier (Boczon et al.
2018). Hornbeam, as well as lime, are species associated with moderately humid climates
that may recover better in warmer climates (Brzeziecki and Kienast 1994). In the gaps that
were located in deciduous habitats, not only hornbeam regenerated, but also maple, lime,
aspen, and elm. Bobiec (2007) also observed abundant regeneration of hornbeam and lime in
gaps in Biatowieza National Park. Some changes may be associated with natural disturbanc-
es (Seidl et al. 2017). The regeneration process is complex and usually asynchronous in na-
ture (Bobiec 2007). Hornbeam is a species that regenerates continuously. In contrast, oppor-
tunistic species, such as small-leaved lime, oak, and pioneer species, are characterized by a
wave-like mode of regeneration (Bobiec 2007). The increasing abundance of hornbeam may
also be related to the presence of herbivores in Bialowieza Forest. Hornbeam is one of the
palatable species while tolerating game pressure (Churski et al. 2017; Bubnicki et al. 2019).

Spruce regenerated in the gaps much less frequently than hornbeam, especially in the
seedlings layer, as confirmed by H2. Our findings are consistent with those of other authors
(Bobiec 2007). This species was prevalent in gaps in the coniferous forest habitats (small
saplings) and in bog coniferous and deciduous forests (small and tall saplings). Norway
spruce was found throughout Biatowieza Forest, in coniferous and very wet habitats. It is
a taxon associated with boreal climate, which is cooler and wetter (Brzeziecki and Kienast
1994), and as a result, in Bialowieza Forest, it is now receding from deciduous forest habitats
and remains in the bog coniferous and deciduous forest habitats. The results of the regen-
eration density and occurence in the gaps presented in this chapter are consistent with the
study of Gazda and Miscicki (2016), who found more numerous spruce regeneration in dry
alder forests or in mixed coniferous forests or bog deciduous forests. They also observed the
receding of this species from previously occupied habitats — habitats that are now too dry.

Regeneration of light-demanding species such as pine, birch, and oak were noted main-
ly in gaps in the coniferous forest habitats, primarily in the seedlings and small saplings stag-
es. The abundance of these species in the coniferous forest habitats was much lower than the
abundance of hornbeam. Bobiec et al. (2011a) also reported numerous regeneration of oaks
in mixed coniferous forest habitats compared to oaks located in deciduous forest habitats, at
the same time clearly indicating the positive influence of gaps caused by spruce dieback on
the regeneration of pedunculate oak. Shading by hornbeam is thought to contribute to the de-
cline or disappearance of thermophilic species (Brzeziecki et al. 2018b), as well as other tree
species (Brzeziecki et al. 2018a). The present study indicates that coniferous forest habitats
influence in a positive way on the regeneration of pine. Pine seedlings were most common
and advanced to the small saplings stage, but rarely to the tall saplings stage. Similar results
were obtained by Paluch (2015), who indicated a decrease in the proportion of pine, oak and
birch in the regeneration layer in Bialowieza Forest. The sparse pine regeneration may be
related to the fire regime in the area, which was quite frequent in the past. Pine, as a fire-tol-
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erant species, was more likely to recover from disturbance (Niklasson et al. 2010; Zin et al.
2015). Some researchers even believe that natural regeneration is impossible in forest habi-
tats without the help of a forester (Grzywinski 2006). Our study contradicts these statements.
Although hornbeam has dominated the regeneration layer in Bialowieza Forest for many
years, other species, such as oak, spruce and birch, also regenerate. Despite hornbeam com-
petition, the abundance of oak and spruce in the gaps is not decreasing (Bobiec 2007; Bobiec
et al. 2011a, b). Birch and spruce were much more likely to regenerate in the gaps in the bog
coniferous and deciduous forest habitats. It seems that not only spruce is retreating to moist
habitats, but also birch. Bog habitats have not been overrun by hornbeam, which is significant
competition for both tree species in deciduous forest habitats. In addition, the canopy of some
species is important for regeneration. As Gazda and Miscicki (2016) found, the regeneration
of birch and black alder in mixed coniferous forest habitats and in bog coniferous and decid-
uous forest habitats was quite strongly associated with pine canopy.

Habitats of typical alder, ash alder and riparian forest were favourable for alder and ash
regeneration. Both species form stands in these habitats where they have found favourable
conditions for regeneration in the gaps. Over the past 60 years, the forest stands in Biatow-
ieza Forest have undergone numerous changes resulting not only from the dying of spruce
trees, but also from dying ash and elm trees (Gazda and Miscicki 2016). This phenomenon
has an impact on natural regeneration of the mentioned species. Elm regeneration, which was
most common in deciduous forest habitats, along with maple and aspen, declined. Also, ash
regeneration was basically limited to alder and riparian habitats.

6.4.3. Type of protection versus natural regeneration in gaps

The origin of gaps affects the regeneration of trees in gaps, i.e., H3 was positively veri-
fied. In managed forests, regeneration of spruce, birch, and pine and oak dominated the gaps.
Pedunculate oak is one of the most important species forming communities in Biatowieza
Forest (Wigcko 1984; Brzeziecki et al. 2016). In managed stands, it is planted in gaps in de-
ciduous forest habitats as well as in coniferous forest habitats (shelterwood system). Spruce
was also one of the key species in Biatowieza Forest (Boczon et al. 2018). In managed forest,
it can also be introduced artificially when natural regeneration of this species is insufficient.
Pine, on the other hand, was planted as part of conducting clear-cutting.

Gaps in the reserves area were dominated by hornbeam in the early stages of regen-
eration (seedlings and small saplings). The occurrence of hornbeam in nature reserves in
Biatowieza Forest was written, among others, by Brzeziecki et al. (2016), who suggested
two main trends of changes in the species composition of forest stands in this area. In the first
one, they assumed a decrease in the share of light-demanding species, and in the second one
— replacement of spruce by hornbeam and, to a lesser extent, lime in all forest communities.
The results of study conducted by the authors confirm these changes. Hornbeam regenerated
in large numbers not only under the canopy of stands, but also in gaps. In contrast, the abun-
dance of spruce and birch in the gaps was twice smaller than that of hornbeam. Replacement
of spruce by hornbeam is therefore likely. These results are consistent with numerous reports
of hornbeam expansion in Biatowieza Forest (e.g., Paluch 2015; Gabrysiak et al. 2021).
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On the territory of the Strict Reserve, numerous regeneration of various tree species,
including the light-demanding ones (oak and pine, but pine only in the seedlings phase), was
found in the seedlings and small saplings phase. Among the shade-tolerant species, maple,
lime, and elm were noted, but it was hornbeam that was most abundant. The numerous regener-
ation of hornbeam in the Strict Reserve can be associated with the predominance of oak-horn-
beam communities in the area. In recent years, the proportion of light-demanding species has
declined in the Strict Reserve, with a particularly drastic decline observed in pine (Brzeziecki
et al. 2016; Gazda and Miscicki 2016) under the canopy of stands. In contrast, the presence
of shade-tolerant species such as lime and hornbeam were recorded much more frequently.
Grzywinski (2006) pointed out the numerous occurrences of maple and ash in the seedlings
layer, but observed that these species rarely formed the saplings layer, let alone the second
storey, due to damage from animals. The results of our gap study support these observations.
An interesting issue is the presence of oak in the tall sapling layer in the Strict Reserve. This
result indicates that under favourable light conditions, despite game pressure, oak is able to
regenerate in the gaps, contrary to the suggestion of Gazda and Miscicki (2016) that it is the
presence of pine in the canopy of the stand that can be considered the most important factor for
maintaining a significant proportion of oak and spruce. Similar results were obtained by Bobiec
et al. (2011b), who found a beneficial effect of gaps on oak regeneration in Bialowieza Forest.

6.5. Summary

The research presented here demonstrates the mechanisms that influence tree regener-
ation in gaps in Biatlowieza Forest. The presence of regeneration in gaps depends on habitat,
conservation form, and origin. Gaps promote regeneration of both deciduous and coniferous
species, although deciduous trees are more likely to regenerate. Hornbeam is the dominant
species in regeneration in gaps, especially in deciduous forest habitats. Spruce also regener-
ates in gaps and is most often found in moist habitats. Reserve forests had a higher proportion
of hornbeam than managed forests. In contrast, in conservation reserve, birch, lime, and oak
regeneration was favoured in the gaps. Gap origin influenced the presence of regeneration.
Spruce, pine and birch were found more often in artificial gaps. Comparing regeneration in
gaps and under the stand canopy will provide an in-depth understanding of the role of gaps
in regeneration in Bialowieza Forest.
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Abstract

Despite the long tradition of research on forest dynamics in Biatowieza Forest, the
number of studies reconstructing the history of individual tree stands or forest communities
based on tree ring analyses is still limited. The main goal of the dendrochronological research
conducted within the ForBioSensing project was to add more empirical data of this type to
the knowledge of the long-term dynamics of Bialowieza Forest, which, among other things,
is also a valuable contribution to the development of dendroclimatic research in the area. The
research material collected from 100 study plots in tree stands older than one hundred years
in the Polish part of Bialowieza Forest made it possible to characterise the age structures of
tree stands in each plot and to identify the regeneration patterns of certain tree taxa over the
years, as well as to establish master chronologies of the main tree species in the area, which
can be used for dendroclimatic analyses. As an example of such an analysis, this chapter
presents the response of Norway spruce (Picea abies (L.) Karst.) to changing climatic con-
ditions in a selected study plot. Numerous populations of trees up to 350—400 years old were
recorded, dating from the first half of the 17th century. Both mechanisms of tree regeneration
were observed: cohort regeneration and continuous regeneration. The main climatic factors
affecting radial growth of spruce were: winter temperature and precipitation, spring temper-
ature, summer precipitation (positive influence) and February precipitation, November pre-
cipitation of the previous year, June temperature (negative influence). The negative impact
of drought periods was obvious. Although the conducted research has significantly increased
the knowledge about the history and development of tree stands in Biatowieza Forest, includ-
ing their response to changing climatic conditions, the need for further dendrochronological
studies in this area is still considerable.

Keywords: tree regeneration, radial increment, age structure, climatic conditions

7.1. Introduction

Trees are one of the natural archives of forest history (e.g., Niklasson and Granstrom
2000; Kullman 2002; Heyerdahl et al. 2014; Babst et al. 2017), and dendrochronology, i.e.,
dating of tree rings, is a tool that allows precise determination of tree age and long-term
stand dynamics with annual or even seasonal resolution (Stokes and Smiley 1968; Zielski
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and Krapiec 2004). Currently, this tool is widely used in studies of forest ecosystems around
the world, including analyses of tree age structure (e.g., Wallenius et al. 2002; Brown and
Wu 2005), history of various types of biotic disturbances such as insect outbreaks, mass
emergence of pathogenic fungi, etc. (e.g., Fraver at al. 2007; Demidko et al. 2021), and
abiotic disturbances such as windthrow, snow damage, floods, or fires (e.g., Zielonka et al.
2010; Heyerdahl et al. 2014), dendroclimatic studies that include reconstruction of individual
climate parameters in the past, modelling of the adaptation of individual tree species and/or
forest communities to changing climate conditions, etc. (e.g., Anchukaitis et al. 2013; Babst
et al. 2013), geomorphological (e.g., Malik et al. 2021), dendroarchaeological, palacoecolog-
ical (e.g., Kullman 2002; Li et al. 2015), and many other analyses.

Bialowieza Forest is one of the best-preserved forest areas of the Central European
Lowland, where tree stands with a high degree of naturalness still exist (Jaroszewicz et
al. 2019; see Chapt. 2). Therefore, it is treated as a model ecosystem in forest ecology
(Gutowski and Jaroszewicz 2004) and as a reference area for other temperate European
forests (Falinski 1986; Ellenberg 1996; Peterken 1996; Leuschner and Ellenberg 2017). In
this area there is unique material for dendrochronological research that is almost non-ex-
istent elsewhere in Central Europe. These are ancient, multi-aged tree populations and
their remains in the form of coarse woody debris (stumps, snags, logs), whose tree rings
allow us to reconstruct the development history of individual trees and stands, including
past disturbances.

Ecological research in Biatowieza Forest has a very long tradition (see Chapt. 2).
However, the amount of empirical dendrochronological data is still very limited (E. Zin
and K. Pilch, unpublished data) and therefore relatively little is known about the maximum
age of individual tree species, long-term stand dynamics, natural regeneration mechanisms
of individual tree taxa, and disturbance history and dynamics in this area (see e.g., Zabek
and Zareba 1958; Korczyk 1994; Niklasson et al. 2010; Bobiec at al. 2011b; Bobiec 2012;
Zin et al. 2015; Yermokhin et al. 2017; Spinu et al. 2020). An increase in the proportion of
spruce at the turn of the 19th and 20th centuries is discussed and interpreted as an effect of
overabundance and the resulting greatly increased herbivory pressure from ungulates at that
time (Falinski 1986; Jedrzejewska et al. 1997). Long-term analyses of stand dynamics in the
Biatowieza National Park documented significant changes in tree species composition dur-
ing the last decades, in particular a decrease in the proportion of species such as oak, pine,
or spruce in favour of hornbeam and lime (e.g., Bernadzki et al. 1998; Kuijper et al. 2010b;
Brzeziecki et al. 2016, 2020). Analogous observations (lack of pine regeneration, spread
of shade-tolerant species) were also made at other sites in Biatlowieza Forest (Sokotowski
1991, 1999; Niklasson et al. 2010; Drozdowski et al. 2012; Paluch 2015; Zin et al. 2015;
Zin 2016; Spinu et al. 2020; Brzeziecki et al. 2021; Gabrysiak et al. 2021). Possible causes
of these changes include the activity of herbivorous ungulates, human land management
(including past cattle grazing), habitat eutrophication, and climate change (Falinski 1986;
Sokotowski 1991, 1999; Bernadzki et al. 1998, 2001; Brzeziecki et al. 2016, 2020). On the
other hand, tree ring studies show that the reason for the lack of regeneration and the gradual
decrease in the proportion of light-demanding tree species in favour of late-successional
species is the loss of fires that once occurred in Biatowieza Forest (Niklasson et al. 2010;
Zin et al. 2015; Spinu et al. 2020).
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Since problems with natural regeneration of some tree species and changes in stand
structure are also observed in other regions of Poland (Matuszkiewicz 2007) and Europe (see
e.g., Vera 2000), explaining their causes through a better understanding of the mechanisms
determining regeneration and stand dynamics in Biatowieza Forest is important for sustain-
able management and conservation of natural resources not only at the local, but also at the
national or European level.

Since there are not many studies that reconstruct the history of individual tree stands or
forest communities based on tree ring analyses (Niklasson et al. 2010; Bobiec 2012; Zin et
al. 2015; Yermokhin et al. 2017; Spinu et al. 2020), the main objective of the dendrochrono-
logical research conducted within the ForBioSensing project was to complement the existing
knowledge on the long-term stand dynamics of Bialowieza Forest with more empirical data
of this type. The dendrochronological reconstruction of the history and long-term dynamics
of selected forest stands was aimed at the precise determination of their age, origin, and
periodic or sudden changes they experienced (including possible disturbances), which in
turn would allow for a better understanding of the mechanisms determining the regeneration
dynamics of individual tree species (continuous regeneration vs. cohort regeneration). In
turn, the established tree ring master chronologies of the main tree species of Biatowieza
Forest, should, among other things, make a valuable contribution to the development of den-
droclimatic research in the area, which is still limited to a small number of studies (Jarosze-
wicz 1993; Koprowski and Zielski 2008; Yermokhin et al. 2010, 2016, 2017; Yermokhin and
Savel’ev 2011). In this chapter, we present the response of Norway spruce (Picea abies (L.)
Karst.) to changing climatic conditions as an example of dendroclimatic analyses.

7.2. Materials and Methods

7.2.1. Fieldwork

In the vicinity of selected permanent study plots used for stand monitoring (i.e., moni-
toring plots, see Chapt. 1 and Map 1), 100 separate permanent study plots were established to
analyse the age structure, history, and long-term dynamics of selected tree stands, as well as
to build the tree ring master chronologies of the main tree species in Biatowieza Forest (so-
called dendrochronological plots). These plots were located in forest stands that were over
100 years old (based on the data of the Forest Management Plan for the period 2011-2021)
and were characterised by a semi-natural structure, indicated by the presence of uneven-aged
tree populations and a large amount of coarse woody debris (features assessed in the field),
and situated in the Polish part of Bialowieza Forest outside the Biatowieza National Park,
both in nature reserves (43 plots) and in managed forests under the responsibility of the
Bialowieza, Browsk, and Hajnowka Forest Districts (57 plots) (Fig. 7.1). They were circular
plots with a radius of 12.52 m (area 500 m?). The centre of each dendrochronological plot
was stabilised with a metal pipe embedded at ground level and an oak stake protruding above
the ground, and its coordinates were recorded using a land surveying method. In each plot,
the following characteristics of all standing, living, and dead trees with a diameter at breast
height (i.e., 1.3 m above the ground, DBH) of 5 cm or greater were determined: tree species,
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Figure 7.1. Location of the dendrochronological study plots of the ForBioSensing project (divided into five habitat
classes) in the Polish part of Biatowicza Forest
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DBH, height, crown base height, damage, condition (living/dead), location: azimuth, dis-
tance from plot centre. Then increment cores were collected from the above trees using an
increment borer. Because sampling height can significantly affect tree age determination, es-
pecially for shade-tolerant species or suppressed individuals (Niklasson 2002; see Niklasson
et al. 2010; Spinu et al. 2020), increment cores were taken as close to the ground as possible
to determine the true age of trees (Fig. 7.2). If a complete increment core could not be taken
from a particular tree due to decay, it was determined which part of the stem was missing, and
then an additional core was taken from the nearest individual of the species in question with
a similar DBH outside the study plot, as close to the plot as possible. Additionally, when-
ever possible, to establish master chronologies (Stokes and Smiley 1968; Schweingruber et
al. 1990; Yamaguchi 1991; Zielski and Krapiec 2004), potentially oldest tree specimens of
individual species were selected outside the plot and sampled according to the methodology
described previously. In addition, whenever possible, supplementary dendrochronological
material in the form of partial or full cross sections from stumps or logs was collected within
or near the plot for the same purpose.

Figure 7.2. Collecting a tree ring sample (increment core) using an increment borer (photo K. Pilch)

7.2.2. Tree Ring Analysis

The collected dendrochronological material was successively glued to stabilising sticks
or boards, described, dried, and then sanded with progressively finer grades of sandpaper
(grain size 40—600) to make the tree ring sequences appear clear. In some cases, a scal-
pel cut and zinc paste were also applied to increase the visibility of the wood cells. Wood
samples were then appropriately labelled, scanned, and dated. Tree ring dating (so-called
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cross-dating) and ring counting were performed under a dissecting microscope with 6—40x
magnification according to standard dendrochronological methodology (Stokes and Smiley
1968; Yamaguchi 1991; Schweingruber et al. 1990; Zielski and Krapiec 2004). For trees
where the increment core slightly missed the pith, the pith year was estimated based on the
distance from the pith and the average annual increment at the youngest age, using a special
tool called pith locator (Applequist 1958). Determination of germination years allowed esti-
mation of tree age at coring height (see Heyerdahl et al. 2014).

After discarding samples with excessive decay or damage that prevented cross-dating
and accurate age determination, a total of 4420 trees were used for the final dendrochrono-
logical analyses. The tree ring data collected allowed us to describe the age structure of the
tree stands in each study plot, which enabled the characteristics of the regeneration patterns
of individual tree species over time. The dendrochronological material was analysed in five
predetermined habitat classes (Tab. 7.1).

Table 7.1. Division of the dendrochronological study plots into habitat classes. FDF — fresh deciduous forest,
FMDF — fresh mixed deciduous forest, HDF — humid deciduous forest, HMDF — humid mixed deciduous forest,
FCF — fresh coniferous forest, FMCF — fresh mixed coniferous forest, HCF — humid coniferous forest,
HMCF — humid mixed coniferous forest, ABF — alder bog forest, AASF — aldet-ash streamside forest, BMCF
— bog mixed coniferous forest, BMDF — bog mixed deciduous forest, BCF — bog coniferous forest

No. Habitat class Forest habitat type Number of study
plots per class
1. deciduous and mixed FDF, FMDF, HDF, 36
deciduous forests HMDF
2. coniferous and mixed FCF, FMCF, HCF, 33
coniferous forests HMCF
3. alder bog forests and ABF, AASF 10
riparian forests
4. spruce bog forests BMCF, BMDF 7
5. pine bog forests BCF 14
Total 100

In order to analyse the response of trees in Bialowieza Forest to changing climatic
conditions, using Norway spruce as an example, a study plot from the class of coniferous and
mixed coniferous forests was randomly selected from the plots where the presence of at least
15 spruce trees was recorded. The tree ring material collected from these plots did not exhibit
decay or damage, which allowed dating of complete tree ring sequences and precise determi-
nation of tree age. Site chronologies of this tree species were then established by measuring
the width of the annual rings to an accuracy of 0.01 mm (in the study material digitised with
the scanner) using dedicated dendrochronology software (WinDendro, Regent Instruments
Inc; CooRecorder, Cybis Elektronik & Data AB). Site chronologies were indexed to remove
long-term growth trends related to age, competition effects, or changes in canopy closure
due to various disturbances in the main stand layer, and to highlight short-term trends related
to the influence of climatic conditions. For this purpose, a cubic smoothing spline method
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with an interval of 30 years was used (“dplR” package in R software, Cook and Peters 1981;
Speer 2010). Daily climate data for the period 1920-2020 from the E-OBS grid climate
database with a spatial resolution of 0.1°x0.1° (version 23.0e) were used for analyses of the
effects of climatic conditions on spruce growth patterns (Cornes et al. 2018). Mean daily air
temperature and daily precipitation sum were used as climate variables. Climate sensitivity
analyses considered the period from September of the previous year to September of the
current year. The analyses of correlations of the indexed tree ring widths with the main cli-
mate variables were performed using a nonlinear Bayesian regularisation training algorithm
method for a time window from seven to 30 days (“dendroTool” package in R software, Je-
vsenak and Levani¢ 2018). Monthly mean air temperatures, monthly precipitation sums, and
standardised precipitation evapotranspiration indices integrated over three (SPEI3) and six
months (SPEI6), which determine the normalised difference between precipitation and po-
tential evapotranspiration in the respective period (“SPEI” package in R software, Begueria
et al. 2014), were used to calculate the non-stationary (i.e., moving) correlations between
tree ring width and monthly climatic variables. Correlation coefficients were calculated for
a 25-year window moving with a 1-year offset for the climatic variables from September of
the previous year to August of the current year (“treeclim” package in R software, Zang and
Biondi 2015). The effect of extreme drought conditions on the occurrence of narrow tree
rings (so-called negative pointer years) was quantified for negative pointer years determined
with a 5-year moving time window and a growth response threshold for 60% of the tree ring
series (“pointRes” package in R software, Cropper 1979; van der Maaten-Theunissen et al.
2015). Years in which drought index values fell below -2 were classified as years of extreme
drought (McKee et al. 1993; Vicente-Serrano et al. 2010; Paulo et al. 2012). For these years,
the growth response in the three years before and three years after the extreme drought year
was determined using Superposed Epoch Analysis (SEA) with 1000-fold sampling (“dpIR”
package in R software, Chree 1914).

7.3. Results and Discussion

7.3.1. History and Long-Term Dynamics of Selected Tree Stands
in Bialowieza Forest

The reconstructed age structures of one hundred selected old-growth stands in the Pol-
ish part of Biatowieza Forest revealed numerous populations of trees 350—400 years old, i.e.,
from the first half of the 17th century. Interestingly, such old generations occurred in almost
all habitat classes. The only exceptions, but not very different from the rest, were alder bog
forests and riparian forests, where the oldest generations represented the 320-340 year age
class, i.e., trees from the second half of the 17th century (Fig. 7.3-7.9). Two mechanisms of
tree regeneration were observed in all habitat classes: cohort regeneration and continuous
regeneration (Fig. 7.4 and 7.6).

The highest number of tree species (16) was observed in the habitat class of deciduous
and mixed deciduous forests. All tree species typical for Bialowieza Forest were observed
on the study plots (Falinski 1986; Jedrzejewska and Jedrzejewski 1998), namely pedunculate
oak (Quercus robur L.), small-leaved lime (7ilia cordata Mill.), Norway maple (Acer pla-
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tanoides L.), Norway spruce (Picea abies (L.) Karst.), common ash (Fraxinus excelsior L.),
common hornbeam (Carpinus betulus L.), black alder (Alnus glutinosa (L.) Gaertn.), silver
birch (Betula pendula Roth.), Scots pine (Pinus sylvestris L.), aspen (Populus tremula L.),
wych elm (Ulmus glabra Huds.), European white elm (Ulmus laevis Pall.). In single study
plots, the occurrence of much rarer taxa was noted, such as sessile oak (Quercus petraca
(Matt.) Liebl.), common pear (Pyrus communis L. s.1.), or apple (Malus spp.), or even taxa
that do not occur naturally in the area, such as common beech (Fagus sylvatica L.) (Falinski
1986) (Fig. 7.3). Hornbeam was the most numerous species and occurred in all 36 study
plots. On the vast majority of study plots, the oldest tree generations were represented by
oak, on some plots also by pine, and on some also by ash, maple, or spruce. The oldest pop-
ulations in this habitat class were found in oak and pine. However, it is worth noting that
spruce, ash, maple, and hornbeam trees older than 240 years were also found (Fig. 7.3). Of
all 36 study plots in this habitat class, only two had an age structure where the oldest gener-
ations represented tree ages less than 200 years. Regeneration cohorts of late-successional,
shade-tolerant species (hornbeam, spruce, lime, maple) from the first half of the 20th cen-
tury were found in nearly all study plots (Fig. 7.4). The reasons for this phenomenon could
be various, including: increasing canopy closure and thus shading of forest stands (which
could result from the disappearance of earlier disturbances leading to a decrease in stand
density and increased light availability in forest fragments), changes in meteorological and
hydrological conditions, ungulate pressure (Kuijper et al. 2010a,b; Spinu et al. 2020). Inter-
estingly, as mentioned above, the presence of late-successional species belonging to older
generations (i.e., trees more than one hundred or even two hundred years old) was detected
in some study plots. However, in no case was this a regeneration cohort of a particular tree
species, but rather single individuals. The long-lived, light-demanding species, namely oak
and pine, generally represented much older generations. Pine, whose potential for successful
regeneration in multi-species rich deciduous and mixed forests is very limited due to its high
light demand (Falinski 1986; Brzeziecki and Kienast 1994; Ellenberg 1996; Kuijper et al.
2010b; Brzeziecki et al. 2016, 2020), was recorded in a relatively large number of study plots
in this habitat class (n=23, 63.89%). Specimens currently belonging to age classes ranging
from 120-140 to 260280 years, with the vast majority falling within the centennial regen-
eration period represented by age classes ranging from 160—180 to 240-260 years, confirm
that pine successfully regenerated on these study plots from the second half of the 18th
century to the second half of the 19th century. Individual younger specimens, dating from
the 1930s and 1940s, i.e., approximately 80-90 years old today, and much older specimens,
approximately and over 350 years old, were also recorded. Oak regenerated over a similar
period, but ranged further back (age classes up to 400 years) — from the first half of the 17th
century to the second half of the 19th century. Again, there were occasional representatives
of younger age classes that extended back to the 1950s and were thus about 70 years old (Fig.
7.3). Interestingly, such sparse occurrence of the youngest oak generations seems to confirm
reports of a decline in effective regeneration of this species (e.g., Paluch 2005) and a signifi-
cant decrease in its proportion (Bernadzki et al. 1998; Kuijper et al. 2010b; Drozdowski et al.
2012; Brzeziecki et al. 2016, 2020) in Biatowieza Forest. However, it should be mentioned
that there are also works confirming the fact of regular and effective occurrence of young oak
generations in this area (Sokotowski 1991; Bobiec et al. 2011a,b; Bobiec and Bobiec 2012).
Factors affecting this phenomenon in Biatowieza Forest include the presence of dead wood
that serves as protection against browsing (Bobiec et al. 2011a; Smit et al. 2012), and the
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proximity of other, more preferred components of herbivore diet which play an analogous
role in oak regeneration (Bobiec et al. 2011b), the decline of spruce stands as a disturbance
that increases the amount of light in the stand and thus promotes light-demanding oak (Bo-
biec et al. 2011a; Bobiec and Bobiec 2012), and the movement and consumption of acorns by
wild boars and rodents (van Ginkel et al. 2013). These results are in marked contrast to Vera’s
(2000) hypothesis that light-demanding species (including oak) do not regenerate naturally
in closed-canopy forests dominated by shade-tolerant tree species because they require open
areas created by the activity of large herbivores (the so-called savanna landscape type) to es-
tablish effectively. In this context, it is particularly interesting that on some of the study plots,
in addition to the already mentioned regeneration cohorts of shade-tolerant species in the
20th century, regeneration cohorts were also observed in the more distant past, from the 18th
to the first half of the 19th century. In almost all cases, these were regeneration cohorts of
light-demanding species (oak, pine) (Fig. 7.4), which may indicate previous disturbances that
increased light availability in the forest stands (Aldrich et al. 2010; Bobiec and Bobiec 2012;
Flatley et al. 2015; Spinu et al. 2020). The amount of empirical tree ring data documenting
analogous regeneration processes of species with different light requirements in temperate
rich deciduous and mixed deciduous forests in Europe is practically limited to a single study
from Bialowieza Forest, which showed the relationship between demographic changes in tree
populations and the disappearance of fires (Spinu et al. 2020). The recorded age structures in
many study plots in the habitat class of deciduous and mixed deciduous forests suggest that
these disturbances were not limited to individual stands, but were a widespread phenomenon
in the area. Interestingly, the shift from light-demanding, early-successional tree species to
shade-tolerant, late-successional taxa in the absence of fire has long been known from eastern
North America. This has been described using the term mesophication (Nowacki and Abrams
2008) and confirmed by a number of studies, including tree ring research (e.g., Aldrich et al.
2010; Flatley et al. 2015), recently summarised by Lafon et al. (2017).

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

Tree

species

%

uG

-00F-08€

—

1 -08E-09E
‘ -09€-0vE
-0FE-0CE
- 026-00€
-008-082
-08¢-092
-092-0v2
-0fé-0cc
-022-002
-00c-081
-081-091
-081-0%1
.0pL-0Z1
-021-001

-00L-08

300-

N

125-

-08-09

-09-0F

[T¢] o
[ L

100-
25-

$9aJ} JO JaquINN

Al .L.lh.lh.h.l .|Iul s

-0F-02

-02-0

D_

Age class (years)

Figure 7.3. Age structure of the tree stands on dendrochronological study plots of the ForBioSensing project representing the habitat class of deciduous and mixed deciduous

36). AG — Alnus glutinosa, black alder, AP — Acer platanoides, Norway maple, BP — Betula pendula, silver birch, CB — Carpinus betulus,

common hornbeam, FE — Fraxinus excelsior, common ash, FS — Fagus sylvatica, common beech, MM — Malus spp., apple, PA — Picea abies, Norway spruce, PC — Pyrus communis,

forests in the Polish part of Bialowieza Forest (n

common peat, PS — Pinus sylvestris, Scots pine, PT — Populus tremula, aspen, QP — Quercus petraca, sessile oak, QR — Quercus robur, pedunculate oak, TC — Tilia cordata,
small-leaved lime, UG — Ulmus glabra, wych elm, UL — Ulmus laevis, European white elm
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Figure 7.4. Age structure of a tree stand on a sample dendrochronological study plot of the ForBioSensing
project representing the habitat class of deciduous and mixed deciduous forests in the Polish part
of Bialowieza Forest. AP — _Acer platanvides, Norway maple, BP — Betula pendula, sitver birch, CB — Carpinus betulus,
common hornbeam, PA — Picea abies, Norway spruce, PS — Pinus sylvestris, Scots pine, QR — Quercus robur,
pedunculate oak. Upper diagram — age class distribution, lower diagram — cumulative germination years

Eight tree species were recorded in the habitat class of coniferous and mixed coniferous
forests. Scots pine and Norway spruce were the most abundant species and were found in
every study plot, often unaccompanied by other taxa. Silver birch, pedunculate oak, aspen,
common hornbeam, Norway maple, and black alder were rare or occurred as single speci-
mens. The separation of age classes between the two main tree species, i.e., pine and spruce,
was clearly visible in the studied tree stands. Scots pine formed older populations, which
today represent age classes ranging from 120-140 to 360—380 years, confirming the success-
ful regeneration of this species from the first half of the 17th century to the second half of
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the 19th century. The vast majority of specimens were trees in the age classes ranging from
140-160 to 260280 years. Spruce populations belonged to age classes ranging from 20—40
to 220-240 years, with the majority of trees representing age classes ranging from 20—40 to
180-200 years. This confirms the effective regeneration of this tree species since the second
half of the 18th century. However, it must be mentioned that it was a very strong phenomenon
from the mid-19th century to the mid-20th century (Fig. 7.5). Pine populations showed the
presence of regeneration cohorts from the 18th and/or 19th centuries (mostly from the first
half of the century). In contrast, spruce cohorts on most study plots were from the second
half of the 19th century and/or the first half of the 20th century. In addition to regeneration
cohorts, the occurrence of continuous regeneration of both species was also noted, mostly in
the period before or between the regeneration cohorts mentioned above (see Fig. 7.6). The
presence of fire scars in tree ring material from some study plots, and dendrochronological
data from other sites in Biatowieza Forest (Niklasson et al. 2010; Zin et al. 2015; Zin 2016),
as well as a number of studies from the boreal region of Europe (Niklasson and Draken-
berg 2001; Wallenius et al. 2002), which reported analogous demographic patterns of Nor-
way spruce and Scots pine as a result of changing fire disturbance frequency, may indicate
a relationship between recorded tree demography in the habitat class of coniferous and mixed
coniferous forests with past fire occurrence. Furthermore, this could be a strong indication
that this type of disturbance occurred at the scale of the entire forest area, rather than in in-
dividual tree stands. Similar to temperate forests in North America (Flatley et al. 2015), fire
disturbance in Bialowieza Forest could be a phenomenon occurring across a wide range of
habitat conditions, from poor, dry habitats (Niklasson et al. 2010; Zin et al. 2015; Zin 2016)
to rich forest communities (Spinu et al. 2020).
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Figure 7.5. Age structure of the tree stands on dendrochronological study plots of the ForBioSensing
project representing the habitat class of coniferous and mixed coniferous forests in the Polish part of Bialowieza
Forest (n=33). AG — Alnus glntinosa, black alder, AP — Acer platanoides, Norway maple, BP — Betula pendula, silver birch,
CB — Carpinus betulus, common hornbeam, PA — Picea abies, Norway spruce, PS — Pinus sylvestris, Scots pine,

PT — Populus tremnla, aspen, QR — Quercus robur, pedunculate oak
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Figure 7.6. Age structure of a tree stand on a sample dendrochronological study plot of the ForBioSensing
project representing the habitat class of coniferous and mixed coniferous forests in the Polish
part of Bialowieza Forest. PA — Picea abies, Norway spruce, PS — Pinus sylvestris, Scots pine. Upper diagram
—age class distribution, lower diagram — cumulative germination years

Nine tree species were recorded in the habitat class of alder bog forests and riparian for-
ests: black alder, common ash, Norway spruce, downy birch (Betula pubescens Ehrh.), com-
mon hornbeam, occasionally pedunculate oak, Norway maple, small-leaved lime, and Scots
pine. The oldest tree generations were specimens in the age classes ranging from 260-280 to
320-340 years, dating from the 18th century and represented by ash, oak, and spruce. Single
Norway maple trees were also found in the older generations, which are about 240 years old.
Alder and hornbeam typically belonged to the younger generations, representing age classes
ranging from 20—40 to 140—160 years. However, it is worth noting that the oldest generations
of black alder, which represented age classes of 160—180 and 180200 years, were from the
mid-19th century (Fig. 7.7).
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Figure 7.7. Age structure of the tree stands on dendrochronological study plots of the ForBioSensing project
representing the habitat class of alder bog forests and riparian forests in the Polish part of Bialowieza Forest (n=10).
AG — Alnus glutinosa, black alder, AP — Acer platanoides, Norway maple, BP — Betula pubescens, downy birch,

CB — Carpinus betulus, common hornbeam, FE — Fraxinus excelsior, common ash, PA — Pigea abies, Norway spruce,
PS — Pinus sylvestris, Scots pine, QR — Quercus robur, pedunculate oak, TC — Tilia cordata, small-leaved lime

In addition to the features described above, there is another feature that is characteris-
tic of both the habitat class of coniferous and mixed coniferous forests and the habitat class
of alder bog forests and riparians forests: the presence of common hornbeam in younger
age classes (Fig. 7.5 and 7.7) in some study plots. The phenomenon of the spread of this
species not only in deciduous and mixed deciduous forests, which are optimal for it (see
Fig. 7.3—7.4), but also in other habitats, including much poorer ones, has been described in
several studies based on data from permanent study plots in Biatowieza Forest (e.g., Ber-
nadzki et al. 1998; Sokotowski 1991, 2004; Kuijper et al. 2010b; Drozdowski et al. 2012;
Paluch 2015; Brzeziecki et al. 2016, 2020; Gabrysiak et al. 2021). It is not straightforward to
determine with certainty the cause of this process. The increasing proportion of this species
could be the result of the disappearance of previous disturbances, such as fires, as shown in
Bialowieza Forest for a stand in an oak-lime-hornbeam forest (Spinu et al. 2020). Another
possible cause is the influence of herbivorous ungulates, which, like fires, can act as a filter
in shaping tree species composition (McEwan et al. 2014), allowing only some tree species,
such as the browsing-tolerant hornbeam and lime, to regenerate successfully, as documented
in the Biatowieza National Park (Kuijper et al. 2010a). Another factor that could contribute
to the spread of hornbeam, especially in oligotrophic habitats, is nitrogen deposition, which
currently averages about 10-12 kg ha! year' in Bialowieza Forest (Malzahn et al. 2009;
Malzahn 2014). The resulting increase in habitat fertility (eutrophication) may lead to chang-
es in species composition, and not only at the tree stand level (see e.g., Sokotowski 2004;
Cholewinska et al. 2020). The spread of hornbeam may also be related to current climate
change. Thermal and hydrological conditions in Bialowieza Forest have changed significant-
ly in recent decades. Reported changes include an increase in temperature, shorter periods
of permanent snow cover, and more frequent droughts (Bernadzki et al. 1998; Malzahn et al.
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Figure 7.8. Age structure of the tree stands on dendrochronological study plots of the ForBioSensing
project representing the habitat class of spruce bog forests in the Polish part of Bialowieza Forest (n=7).
AG — Alnus glutinosa, black alder, BP — Betula pubescens, downy birch, PA — Picea abies, Norway spruce,
PS — Pinus sylvestris, Scots pine

2009; Boczon et al. 2018). This can undoubtedly affect the competitive strength of individ-
ual tree species (Falinski 1986; Brzeziecki and Kienast 1994; Ellenberg 1996) and lead to
changes in their proportion.

The lowest number of tree species (four) was observed in the study plots representing
the habitat class of spruce bog forests, these include: Norway spruce, Scots pine, downy
birch, and black alder. In the vast majority of the study plots, the oldest generations were rep-
resented by Scots pine. The oldest specimens found were pines in the 380—400 year age class,
dating to the 17th century. Interestingly, the presence of similarly aged spruce populations,
approximately 350 years old, was also noted, but this occurrence should undoubtedly be con-
sidered sporadic. As in the habitat class of coniferous and mixed coniferous forests, pine was
represented by generations older than spruce, belonging to age classes ranging from 140—160
to 380—400 years, confirming the regeneration of this species from the first half of the 17th
century to the second half of the 19th century. Spruce, on the other hand, belonged in most
cases to the younger generation — generally to age classes ranging from 20—40 to 220-240
years, which indicated its regeneration in the period from the second half of the 18th century
to the 20th century (with the exception mentioned above) (Fig. 7.8). For both tree species, the
predominant mechanism of regeneration was cohort regeneration, as described above, clearly
separated in time. The youngest tree generations in this habitat class were represented by
alder and downy birch, which belonged to age classes ranging from 20-40 to 160—180 years,
i.e., recruited since the second half of the 19th century (Fig. 7.8). The described demographic
characteristics of spruce bog forests are consistent with the results of a 24-year study of veg-
etation dynamics conducted on permanent study plots in the ,,Wysokie Bagno” nature reserve
(where one of the dendrochronological study plots of the ForBioSensing project was located,
see Fig. 7.1). In the tree layer, only the older generations of pine were observed, which gradu-
ally decreased as this species did not regenerate, the proportion of alder increased, spruce re-
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Figure 7.9. Age structure of the tree stands on dendrochronological study plots of the ForBioSensing
project representing the habitat class of pine bog forests in the Polish part of Bialowieza Forest (n=33).
BP — Betula pubescens, downy birch, PA — Picea abies, Norway spruce, PS — Pinus sylvestris, Scots pine,
QR — Quercus robur, pedunculate oak

generated well, and birch remained as an admixture species. The cause of these changes was
identified as eutrophication of the habitat, most likely caused in part by adverse changes in
the local hydrology (in particular, the lowering of the groundwater level) as a result of drain-
age works in the immediate vicinity (Sokotowski 2004; see Yermokhin and Savel’ev 2011).

The same small number of tree species (four) as in the habitat class of spruce bog
forests, was found in the habitat class of pine bog forests: Scots pine, Norway spruce, downy
birch, and pedunculate oak. As in the habitat classes of spruce bog forests and coniferous and
mixed coniferous forests, the oldest generations were represented by Scots pine. In addition,
age class separation between pine and spruce was also observed here. The former species
belonged to age classes ranging from 40-60 to 380—400 years, while the latter species be-
longed to age classes ranging from 20—40 to 180-200 years. The high proportion of pine in
the 80—100 year age class was the result of mid-20th century regeneration cohorts present
in some of the study plots. It is worth noting that this regeneration mechanism was the pre-
dominant type of tree regeneration found in this habitat class for all tree species found except
oak. For pine, in addition to those already mentioned, there were 19th century regeneration
cohorts represented by age classes ranging from 140-160 to 200-220 years. In most study
plots, spruce and downy birch belonged to much younger generations represented by age
classes ranging from 20—40 to 80—100 years, which were derived from 20th century regen-
eration cohorts. The described demographic patterns of the three main tree species occurring
in the habitat class of pine bog forests may indicate changes in habitat fertility and hydrol-
ogy (Sokotowski 2004; Yermokhin and Savel’ev 2011; Potapov et al. 2019). Interestingly,
slightly older generations of spruce and birch were found in some study plots, belonging to
age classes ranging from 100-120 to 160—180 years, which may indicate that the changes
mentioned above occurred in some stands as early as the mid-19th century (Fig. 7.7).

135



136

7.3.2. Tree Response to Changing Climatic Conditions on the Example
of Norway Spruce Picea abies (L.) Karst.

The residual chronology of Norway spruce from the selected study plot representing the
habitat class of coniferous and mixed coniferous forests (EZ42 PA) is comparable in length
to the vast majority of chronologies of this tree species from other sites in Bialowieza Forest
(Jaroszewicz 1993; Yermokhin and Savel’ev 2011; Yermokhin et al. 2010, 2017). However,
it is still shorter than the longest chronology for this taxon and area, which dates back to the
late 18th century (Koprowski and Zielski 2008). The spruce chronology of the studied plot
was characterised by the predominance of negative pointer years over positive pointer years
(7 and 4, respectively), with negative pointer years becoming more frequent in the period
19902010 (Fig. 7.10), which is also confirmed by other studies (Koprowski and Zielski
2008; Yermokhin and Savel’ev 2011). Comparison of negative pointer years for the period
1990-2010 with the values of standardised precipitation evapotranspiration indices for indi-
vidual years made it possible to determine only 2000 as a year when extreme drought con-
ditions (SPEI3 value < -2) were accompanied by the occurrence of a negative pointer year.
Using Superposed Epoch Analysis (SEA) to show the significance of changes in indexed tree
ring width in the three years before and three years after the onset of extreme drought did not
reveal a clear negative growth response in the year with negative water balance. However,
a significant decrease in radial growth was observed in the following three years after the
extreme drought (Fig. 7.11). Interestingly, very strong drought-induced growth responses of
small-leaved lime were also observed in Biatlowieza Forest in the analogous period — from
the 1990s to the first years of the 21st century (Yermokhin et al. 2017).
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Figure 7.10. Time seties of standardised precipitation evapotranspiration indices integrated over three (SPEI3)
and six months (SPEI6), and Norway spruce site chronology for the dendrochronological study plot
of the ForBioSensing project EZ42_PA representing the habitat class of coniferous and mixed coniferous
forests (upper, middle, and lower panel, respectively). Negative and positive pointer years in the site chronology
were marked (white and black circles, respectively). RWI — ring width index

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

EZ42_PA_SPEI3

-3 -2 -1

EZ42_PA_SPEIE

1

+DEIDDDI

Superposed Epach

o4

R

R
0.2
|
00 02 04 06

0.0
|

-0.2
=04

a1 2 3

Superposed Epach

-3 -2 -1

Figure 7.11. Bar diagrams for Norway spruce site chronology EZ42_PA in response to extreme drought,
as determined by values of standardised precipitation evapotranspiration indices integrated over three (SPEI3)
and six months (SPEIG) (SPEI3 — left panel, SPEIG — right panel). Grey and dark grey bars indicate significance
of changes in the indexed tree ring width (p<0.05 and p<0.01, respectively)

The most important climatic factors affecting radial growth of spruce in the selected
study plot were spring temperature (late February—early April) and summer precipitation
(June—July) (Fig. 7.12). At the same time, a positive effect of weather conditions preceding
lateral meristem activity was observed, namely winter temperature and precipitation (No-
vember—January and December—January, respectively). In contrast, November precipitation
of the previous year and temperatures in February and June had a negative effect on tree ring
width. These results agree almost completely with the studies from the Belarusian part of
Bialowieza Forest, where a positive correlation of spruce growth with spring temperature
(for different sites and studies: March; February—April) and summer precipitation (June—
July; June—August) and a negative correlation with summer temperature (May—June; July)
were also demonstrated. On the other hand, a positive effect of temperatures in September
and October was reported for the period preceding the radial growth (Yermokhin and Sav-
el’ev 2011; Yermokhin et al. 2017). Interestingly, the importance of precipitation for radial
growth of Norway spruce in Biatowieza Forest is emphasised in all dendroclimatic studies
on this tree species (Koprowski and Zielski 2008; Yermokhin et al. 2010; Yermokhin and
Savel’ev 2011; Yermokhin et al. 2017)
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Figure 7.12. Climate sensitivity of Norway spruce, as determined on the basis of daily climate data.
Correlations of the 7-30-day time window: between indexed tree ring width and precipitation (upper panel)
and air temperature (lower panel) in the period from September of the previous year (Prev_Sep) to September
of the current year (Cur_Sep). Red dots — positive correlations, blue dots — negative correlations, asterisks (¥)
indicate the correlation significance level (p < 0.05), horizontal whiskers indicate the length of the time window,
the maximum value of the correlation coefficient is indicated under each whisker. DOY — day of year

The response of spruce growth to monthly values of climatic factors was characterised
by temporal variability expressed in non-stationary correlations between indexed tree ring
width and precipitation, air temperature, and drought indices. A positive influence of winter
and spring temperatures was observed until the 1970s, after which the response to monthly air
temperatures decreased (Fig. 7.13). This is most likely related to the increase in average air
temperature observed in recent decades, especially during the winter months (January—Feb-
ruary) and early spring (March—April) (Malzahn et al. 2009; Yermokhin et al. 2010; Malzahn
2014). On the other hand, the influence of June precipitation, which was pronounced at the
beginning of the studied period after weakening temporarily, was noticeable again in the
last decade. Medium- and long-term droughts had a significant negative influence on spruce
radial growth in the last decade (SPEI3 and SPEI6 positive correlation) (Fig. 7.13). This
trend was mainly related to the negative water balance during summer (June—July) and fall
and winter preceding radial growth (September—December of the previous year). This result
is consistent with other studies from Biatlowieza Forest, which clearly showed the nega-
tive effects of both climate change in recent decades and drainage activities — mainly in the
20th-century (Yermokhin et al. 2010; Yermokhin and Savel’ev 2011). In addition, Norway
spruce growth in Bialowieza Forest is projected to decline by 20-30% by 2050 as a result of
climate change (Yermokhin and Savel’ev 2011). In the long term, it is predicted that this tree
species will only occur as a dominant understorey species and as an admixture in stands in
the wettest areas, at the edges of wetlands, and in river valleys (Yermokhin et al. 2010). This
may indicate that ongoing climate change, especially increasing temperatures and lengthen-
ing of the growing season, will not always and everywhere lead to increased growth of forest SIEEEA N i H Sy fRiiiiale
trees, including spruce (see Pretzsch et al. 2014). ' ' S
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Figure 7.13. Correlations of a 25-year moving time window: between indexed ring width
of Norway spruce and monthly precipitation (Prec, P), monthly mean air temperature (Temp, T) (upper panel),
standardised precipitation evapotranspiration indices integrated over three (SPEI3) and six (SPEIG)
months (lower panel). Correlations calculated for the petiod from September of the previous year (prev.sep)
to August of the current year (curr.aug). Asterisks (*) indicate the correlation significance level (p < 0.05)
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7.4. Conclusion

Undoubtedly, the research described in this chapter, conducted as part of the ForBio-
Sensing project, has significantly increased the amount of existing empirical tree ring data
from Biatowieza Forest. To our knowledge, this is the largest dendrochronological materi-
al collected in this area to date. The reconstruction of long-term dynamics of selected tree
stands, as well as the established master chronologies of the main tree species, contribute
significantly to the knowledge of the history and long-term forest dynamics in the area, in-
cluding the response of trees to changing climatic conditions, and provide better insight into
the mechanisms that shape the regeneration dynamics of individual tree species in different
habitats. However, for many species or forest communities for which there are no compara-
tive data, either from Bialowieza Forest or from other European forests, many questions must
remain unanswered, which means that the need for dendrochronological research in this area
is still high.
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Abstract

Radial growth of trees depends on many factors. Automatic dendrometers are one of
the tools that can be used to study this phenomenon. These are devices that record, with high
temporal resolution, the changes in tree stem volume, both the irreversible growth of stem
volume due to wood formation by cell division and growth, and the reversible shrinkage and
swelling of stems caused by variations in water content in the wood. The main goal of the
research with dendrometers within the ForBioSensing project was to increase the knowledge
about the current radial growth of the main tree species of Biatowieza Forest under different
habitat conditions. The aim of this chapter is to demonstrate the potential of dendrometer data
for determining stem circumference changes of selected tree species in different habitats of
Bialowieza Forest during the 2016-2020 period. Meteorological conditions in Biatowieza
Forest in the studied period were characterised in comparison with long-term average values
(1951-2020). Selected tree species in the main habitat types of Biatlowieza Forest responded
to the diverse meteorological conditions in the period 2016-2020 with different stem circum-
ference changes. During this period, there were both significant anomalies in meteorological
conditions (2018-2020) and more average conditions (2016-2017). The highest stem cir-
cumference growth during 2016-2020 was recorded for elm in oak-lime-hornbeam forests.
Most tree taxa showed the highest stem circumference growth during the 2017 meteorolog-
ical growing season. The obtained results may indicate certain trends. However, long-term
meteorological and dendrometric observations are needed to confirm these trends, because
long-term empirical data greatly increase the chance of detecting regularities in tree response
to environmental conditions.

Keywords: radial growth, meteorological conditions, climate change

8.1. Introduction

Tree growth depends on many factors, including climatic conditions, biocenotic re-
lationships, genetic characteristics of a specimen and species, biotic factors such as insect
outbreaks, and abiotic factors such as droughts. The critical role in growth is usually played
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by the factor that is insufficient (Fritts 1976), which means that tree growth is primarily con-
trolled by limiting factors. Removal of a limiting factor (e.g., insufficient temperature, lack
of precipitation) leads to increased growth until another factor inhibits the process (Downes
et al. 1999).

One of the tools commonly used to study the current radial tree growth, are automatic
dendrometers, which record changes in stem volume with very high temporal resolution
(Deslauriers et al. 2003; Rossi et al. 2006; van der Maaten et al. 2013; Herrmann et al. 2016;
Nalevankova et al. 2018; Klisz et al. 2020; Salomoén et al. 2022). These changes consist of
two processes, one permanent and the other reversible. The permanent change, called radial
growth, is caused by the annual deposition of new wood cells and their growth, while the
non-permanent change results from fluctuations in the amount of water in the phloem, which
cause reversible changes in stem volume (Deslauriers et al. 2007a; Korpela et al. 2008; Na-
levankova et al. 2018).

The process of reversible changes in stem volume, which occurs in both seasonal and
diurnal cycles, consists of tissue swelling and shrinking (Deslauriers et al. al. 2003; Mékinen
et al. 2008). During winter frosts, the water in the living cells (cambium, phloem) migrates
into the wood and causes significant shrinkage (i.e., decrease) of the stem circumference. The
water in the wood has a higher freezing point than the water in the phloem, which causes the
water in the wood to freeze quickly. This in turn leads to a decrease in the water potential in
the wood. It is replenished by the water previously contained in the living cells mentioned
above. Its movement into the wood causes the cells to shrink and the stem circumference to
decrease. This mechanism is aimed at protecting the living cells from frost damage. During
the thaw, when the water frozen in the xylem melts, the water potential in the wood becomes
higher than in the living cells, causing water from the wood to enter the living cells, lead-
ing to their swelling and increasing the stem circumference (Zweifel and Hésler 2000). This
phenomenon occurs on a large scale in spring, when the phloem and cambium soak up water
before radial growth begins (Turcotte et al. 2009). The swelling of tree stems in summer is
caused by a slowing of transpiration under high air humidity conditions induced, for example,
by precipitation (Herzog et al. 1995). The mechanism of diurnal stem volume change, consist-
ing of shrinkage during the day and swelling during the night, is also due to water transport
between tissues. This mechanism has been shown to be related to transpiration. The water
potential in the xylem decreases as a result of transpiration, causing water to flow from the
phloem into the wood, while the elastic tissues (cambium, phloem, parenchyma) can be con-
sidered as a specific water reservoir (e.g., Dobbs and Scott 1971; Herzog et al. 1995; Zweifel
et al. 2000; Turcotte et al. 2011). However, there are also studies suggesting that there is no
relationship between the mechanism of diurnal stem volume changes and transpiration, where
these changes were found even after the removal of the entire assimilative apparatus. This
study showed that the diurnal changes in stem volume were related to the variation in relative
humidity at the stem surface, reflecting the hygroscopic properties of the bark (Lovdahl and
0din1992).

Weather factors can explain more than half of the reversible variation in stem circum-
ference (Downes et al. 1999; van der Maaten et al. 2013), both seasonal and diurnal. Exist-
ing studies refer to such key factors as precipitation or its absence, i.e., droughts, changes
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in mean and maximum air temperature, soil water content (Herzog et al. 1995; Downes et
al. 1999; Deslauriers et al. 2003; Turcotte et al. 2011; King et al. 2013; van der Maaten et
al. 2013; Vieira et al. 2013; Nalevankova et al. 2018). It should be noted that trees respond
to changing weather conditions with a time lag, and its inclusion in the study increases the
strength of the correlation between radial growth and weather conditions (Downes et al.
1999; van der Maaten et al. 2013).

Dendrometers record both types of stem circumference changes described above, i.e.,
both the irreversible increase in circumference due to wood formation by cell division and
growth, and the reversible stem shrinkage and swelling caused by changing water content in
the wood. Therefore, data on current radial tree growth provided by dendrometers should be
interpreted with caution (Deslauriers et al. 2007b). The onset of stem circumference increase
recorded by a dendrometer may be more than 20 days earlier than the onset of wood for-
mation determined by micro-coring and pinning, i.e., inserting a thin needle into the tree to
damage the cambium and observing at what point in the tree ring the cells change appearance
and a scar forms. On the other hand, the end of stem circumference changes recorded with
dendrometers may be a week later than the end of wood cell growth (Makinen et al. 2008).
Furthermore, the early observation of an increase in stem circumference may actually be
due to the flow of water into the cambium and phloem in the spring (Deslauriers et al. 2003;
Turcotte et al. 2009). Despite the above considerations that must be taken into account when
interpreting the results, there is no doubt that dendrometers provide valuable data for under-
standing the mechanisms that control changes in stem circumference and radial tree growth,
including the influence of certain environmental factors (van der Maaten et al. 2013).

Temperature and photoperiodism are crucial for the process of xylogenesis. Tempera-
ture influences metabolic activity during cambium cell division and xylem cell differentia-
tion, while photoperiod determines the timing of maximum radial growth (Rossi et al. 2006;
Jezik et al. 2016). Thus, climatic and meteorological conditions are among the most impor-
tant factors affecting this process (Fritts 1976). Numerous signs of stress and weakening of
trees have been observed in recent years, which have been characterised by strong fluctu-
ations in climatic conditions (e.g., Allen et al. 2010; Anderegg et al. 2015). Projections for
Europe predict a continuation of current climate change trends, with an increase in mean air
temperature, changes in precipitation, a decrease in cloud cover, a shortening of the duration
of snow cover, a decrease in soil water content, and a significant increase in the frequency
and intensity of extreme weather phenomena such as floods and droughts (Giorgi et al. 2004;
Zajaczkowski et al. 2013). It should be added that these changes are likely to be character-
ised by significant regional variations (Giorgi et al. 2004). For the Biatlowieza Forest climate
zone, the IPCC (Intergovernmental Panel on Climate Change) predicts that by the end of
the 21st century the average annual temperature will increase by 2—3°C in spring and 3—4°C
in other seasons. Precipitation distribution will change throughout the year, with total pre-
cipitation decreasing by about 10% in summer and increasing by a similar amount in winter.
These changes will also be accompanied by other phenomena, such as a shortening of the
duration of snow cover, an increase in wind speed, and a decrease in cloud cover (IPCC
2007). The response of trees to these changes, which are so complex and multidirectional,
is likely to be equally complex.
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Consequently, the analysis of the relationship between the meteorological conditions
and tree growth is a very important issue. It is well known that the degree of correlation be-
tween meteorological conditions and stem circumference growth varies throughout the year
(Downes et al. 1999; van der Maaten et al. 2013). In the study on common beech (Fagus
sylvatica L.) a positive correlation of tree growth with air temperature was observed at the
beginning of the year. From the beginning of July, the correlation between temperature and
growth began to decrease and even reached negative values. At the same time, the correlation
of growth with precipitation started to increase (van der Maaten et al. 2013). Similar results
were obtained in a study on a North and Central American pine species, Pinus hartwegii
Lindl. This study showed that radial growth was most strongly correlated with temperature
(especially soil temperature) and solar radiation in late spring (April-May), while it was
correlated with humidity and precipitation in early summer (June—July). In late summer,
the correlation with meteorological factors was more diverse (Biondi and Hartsough 2010).
Since meteorological factors have such a significant influence on radial growth of trees, it
seems crucial to include meteorological data in the analysis of this process, especially to
allow a more complete interpretation of the results obtained and possible future modelling of
tree growth (Korpela et al. 2008).

The main goal of the research with dendrometers conducted within the ForBioSensing
project was to increase the knowledge about the current growth of the main tree species of
Biatowieza Forest under different habitat conditions. The objective of this chapter is to demon-
strate the potential of dendrometer data to determine how stem circumference of selected tree
species has changed in different habitats of Biatowieza Forest during 2016-2020. To illustrate
the diversity of meteorological conditions in Bialowieza Forest during the studied period, this
chapter presents its characteristics in comparison with long-term averages (1951-2020).

8.2. Materials and Methods

8.2.1. Fieldwork

To monitor changes in stem circumference in Bialowieza Forest, automatic measure-
ment with DRL26 tape dendrometers was selected among several existing methods (Mékin-
en et al. 2008; Drew and Downes 2009). These are automatic measuring and data recording
devices that measure stem circumference and air temperature at a fixed time interval (1 hour).
Maintenance is limited to checking the status of the devices every few months when reading
the data. Due to the relatively small fieldwork it was possible to use a large number of den-
drometers. A total of 278 devices were installed in the Polish part of Bialowieza Forest. In
2015, the dendrometers were hung on ten tree species: Scots pine (Pinus sylvestris L.) — So,
Norway spruce (Picea abies (L.) Karst.) — Sw, pedunculate oak (Quercus robur L.) — Db,
Norway maple (Acer platanoides L.) — K1, small-leaved lime (7ilia cordata Mill.) — Lp,
common ash (Fraxinus excelsior L.) — Js, common hornbeam (Carpinus betulus L.) — Gb,
black alder (Alnus glutinosa (L.) Gaertn.) — Ol, elm (Ulmus spp.) — Wz, birch (Betula spp.)
— Brz. The dominant and codominant trees (class I and II, Kraft 1884) were selected for the
installation of the equipment. To avoid theft or damage, the dendrometers were attached to

151



152

the tree trunks at a height of about 4.5 m above the ground (Fig. 8.1). The devices were hung
on 38 study plots established specifically for this purpose, which were located in tree stands
over a hundred years old in different habitats and represented the main forest communities
of Biatowieza Forest. The forest habitat type was determined separately for each tree when
the dendrometer was attached. The study plots were located in the Polish part of Biatowieza
Forest, in areas with different nature conservation regimes: in the Biatowieza National Park
(including its strictly protected part) (18 study plots, 128 dendrometers), in nature reserves
(15 study plots, 110 dendrometers), and in managed forests under the responsibility of the
following Forest Districts: Bialowieza, Browsk, and Hajnowka (5 study plots, 40 dendrom-
eters) (Fig. 8.2). The average distance of the study plot with dendrometers from the meteor-
ological station of the Institute of Meteorology and Water Management — National Research
Institute (IMGW) in Biatowieza, from which the meteorological data included in this chapter
were obtained (for more details see: ,,Data Analyses”), is 9 km (the minimum distance is 2.7
km and the maximum distance is 18.6 km). Dendrometer data were downloaded approxi-
mately every three months using a non-contact method with infrared communication via a
sensor on a boom arm so that the data could be read from the ground. Each data download
monitored the condition of the device and the condition of the tree on which the device was
installed. If a tree died, broke, fell, or the device was damaged, the dendrometer was replaced
or hung on an adjacent tree of the same species with similar dimensions. In some cases, when
it was not possible to find a suitable tree within a given study plot, it was necessary to move
the dendrometer to another plot representing the same forest type.

Figure 8.1. Attaching a dendrometer to an oak tree in one of the study plots of the ForBioSensing project in the
Polish part of Bialowieza Forest (photo L. Morel)
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Figure 8.2. Map of the distribution of study plots with dendrometers of the the ForBioSensing project in the Polish
part of Bialowieza Forest

153



154

8.2.2. Data Analyses

Dendrometer data were analysed for habitat groups formed by combining forest habitat
types. These groups represent the main forest communities of Biatowieza Forest: deciduous
forests, mainly oak-lime-hornbeam forests (hereafter: ,,0ak-lime-hornbeam forests”), conif-
erous forests, alder bog forests, and riparian forests (Tab. 8.1).

Table 8.1. Division of study plots with dendrometers into habitat groups. FDF — fresh deciduous forest, FMDF
— fresh mixed deciduous forest, HDF — humid deciduous forest, HMDF — humid mixed deciduous forest, HMCF —
humid mixed coniferous forest, FCF — fresh coniferous forest, FMCF — fresh mixed coniferous forest, HCF — humid
coniferous forest, ABF — alder bog forest, AASF — alder-ash streamside forest

. . Number
Habitat group Forest habitat type of dendrometers
Oak-lime-hornbeam FDF, FMDEF, HDF, HMDF, 175
forests HMCEF if there is oak in the 1. stand layer
Coniferous forests FCF, FMCF, HCF, HMCF 54
Aldgr bgg forests ABF, AASF 49
and riparian forests
Total 278

In this chapter, only the results for the trees where the dendrometer continuously re-
corded changes in stem circumference at least from the beginning of winter 2016 (i.e., from
the beginning of winter 2015/2016) to the end of the 2020 growing season are presented.
Dead and dying trees were excluded. The resulting collection was divided into species-hab-
itat groups. A species-habitat group is a collection of trees of a particular species growing in
forest habitat types that form a particular habitat group (Tab. 8.1). Only groups with at least
four trees were analysed. A total of 193 trees were included in the analyses (Tab. 8.2).

Table 8.2. Number of specimens of each tree species in the habitat groups selected for analysis in this chapter.
DBH - diameter at breast height (i.c., 1.3 m above the ground)

93.6
Pedunckulate )3 28
oa (49.8-138.0)
Common 532
hornb 20 20
ornbeam (39.8-64.5)
66.2 77.4
Common ash 10 4 14
(45.2-99.8) (62.5-85.0)
69.5
Norwa;y ma- ” 2
pie (52.6-96.5)
Small- 81.4
. 19 19
-leaved lime (46.8-125.5)
64.0 59.5
Black alder 6 17 23
(51.0-83.0) (37.0-115.0)
57.0
Scots pine 22 8 30
(37.5-74.2)
46.9
Norway 4 6 10
Spruce (42.0-56.5)
60,0
Elm spp. 7 7
(41.0-87.5)
Total 31 141 21 193

Speciest DBH DBH % DBH
Ss
Habitat | § m) g em) 158 (em) Total
e mean (min— | g 3 mean 28 mean
group < 2 =232 : o] :
b= max) LE2 (min-max) |5 *=%| (min—max)
g g 25§ Sz
O &£ oL <cS
37.0 52.0
Birch spp. 5 15 20
(25.8-56.4) (37.2-72.8)
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For each of the above species-habitat groups, the mean, median, and variation (for
growing season — for individual years, for winter season — for individual winters in 2016—
2020) of seasonal stem circumference changes during the growing and winter seasons were
calculated, for which separate calculations were performed. In the analyses of stem circum-
ference changes during the 2016-2020 period, the winter season was understood as a period
outside the growing season. Calculations were performed for both the meteorological grow-
ing season (MGS) and the forest growing season (FGS). Because of the low sensitivity of this
measure of variation to outliers, variation was calculated as the difference between the first
and third quartile. In this chapter, changes in stem circumference during the growing season
are considered stem circumference growth (see ,,Introduction”).
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The meteorological data used for the analyses come from a meteorological station in the
centre of Bialowieza Glade (pl. Polana Bialowieska), in the village of Bialowieza. The owner
of the data is the Institute of Meteorology and Water Management — National Research Institute
(IMGW, www.dane.imgw.pl). The IMGW data were processed for the preparation of this chapter.

The beginning and end points of the meteorological growing season (MGS) and forest
growing season (FGS) were determined according to the method of Huculak and Makowiec
(1977) (after Bartoszek et al. 2012). The beginning of the growing season was defined as the
first day with a daily mean temperature equal to or above the threshold temperature (5°C for
MGS and 10°C for FGS), from which the cumulative series of daily mean temperature devia-
tions from the threshold temperature reached positive values until the end of the first half of the
year. The end of the growing season was defined as the first day with a temperature less than or
equal to the threshold temperature, from which the cumulative series of daily mean temperature
deviations from the threshold temperature reached negative values until the end of the year.

To compare the 2016-2020 period with the long-term average of the 1951-2020 period,
a classification of thermal and precipitation conditions was made. Lorenc’s (2000) classifica-
tion was used to compare thermal conditions. Thermal classes were formed based on annual
average temperatures and standard deviation. Between 0.5 and 2.5 standard deviations were
added to and subtracted from the mean in 0.5 standard deviation increments to form thermal
classes. The annual mean temperature was then assigned to the appropriate class. Precipi-
tation was classified according to the method of Kaczorowska (1962). Precipitation classes
were formed based on the percentage deviation from the long-term average in 25% incre-
ments, to which the annual precipitation totals from 2016-2020 were assigned.

The Selianinov hydrothermal coefficient was also used. It was calculated for each grow-
ing season (and for the long-term average) according to the following formula (Jendrzej-
czak 2005):

k= P)/(0,1*YT ($rd))

Where:
k — Selianinov coefficient;
> P — sum of precipitation during the growing season;

>T (srd)—sum of daily mean temperatures during the growing season.

Winter conditions in a given year were described using the Paczos index (1985) to
calculate winter severity (Olszewski et al. 1992). The winter period was defined as the time
from the beginning of December of the previous year (01.12.) to the end of March of the
current year (31.03.). The index was calculated for winters in the period 2016-2020, and a
long-term average was also calculated for the period 1951-2020. In addition to winter sever-
ity, the number of winter days (mean daily temperature < 0°C), cold days (maximum daily
temperature < 0°C), extremely cold days (minimum daily temperature < -10°C), mean winter
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temperature, mean minimum winter temperature, and total winter precipitation were also
listed. The winter severity index was calculated using the following formula::

Wp = (1-0,257)0,8325 + 0,0144dz + 0,0087dm + 0,0045dbm - 0,0026ST

Where:

Wp — winter severity index;

T — mean winter temperature in °C, calculated on the basis of monthly mean temperatures;
dz — number of winter days;

dm — number of cold days;

dbm — number of extremely cold days;

ST — sum of daily temperatures below 0°C.

8.3. Results

8.3.1. Changes in Tree Stem Volume in Bialowieza Forest
during the 20162020 period

8.3.1.1. Changes in Tree Stem Circumference in 2016-2020

In 2016-2020, the highest stem circumference growth, i.e., change in stem circumfer-
ence during the growing season (see ,,Data Analyses™), was recorded for tree species in oak-
lime-hornbeam forests, namely elm (Fig. 8.3-8.4), spruce (Fig. 8.3 and 8.5), alder (Fig. 8.3
and 8.12), and pedunculate oak (Fig. 8.3 and 8.7). The lowest values of stem circumference
growth were found for lime in oak-lime-hornbeam forests (Fis. 8.3 and 8.10) and for birch
in coniferous forests and oak-lime-hornbeam forests (Fig. 8.6). For some species, such as
spruce, there was a clear dependence of stem circumference growth on habitat conditions
(Fig. 8.5). Significant stem shrinkage was observed during winter periods, which is particu-
larly striking when comparing the periods of the most severe winter in 2017/2018 and the
mildest winter in 2019/2020 (Fig. 8.3-8.13).

8.3.1.2. Changes in Tree Stem Circumference during Growing Season
in 2016-2020

In the analysed period 2016-2020, the highest values of stem circumference changes
during the growing season (i.e., stem circumference growth, see ,,Data Analyses”) were re-
corded in oak-lime-hornbeam forests. Elm in oak-lime-hornbeam forests was characterised by
the highest median of stem circumference growth during 2016-2020. This species achieved
the highest stem circumference growth (over 16 mm year?!), particularly in 2016 and 2017.
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Stem circumnference change, precipitation [mm]
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The second species with the highest stem circumference growth was spruce in oak-lime-horn-
beam forests, which also achieved the highest values (over 13 mm year') in 2017. The third
species was oak in oak-lime-hornbeam forests, which also reached the highest values in stem
circumference growth in 2017. Alder and maple in oak-lime-hornbeam forests should also be
mentioned, which reached the highest values in stem circumference growth (over 11 mm) in
2017. On the other hand, the species with the lowest values for stem circumference growth in
the studied period included: lime in oak-lime-hornbeam forests and birch in coniferous forests
and oak-lime-hornbeam forests (Tab. 8.3, Fig. 8.14). An interesting feature observed for both
the meteorological growing season and the forest growing season is that most species had the
highest stem circumference growth in 2017, which then decreased and reached a minimum in
2019, while in 2020 it had values approaching those of 2018 (Fig. 8.3 and 8.14). Spruce and
birch in oak-lime-hornbeam forests and ash in alder bog forests and riparian forests contin-
ued their downward trend in 2020. In contrast, alder in alder bog forests and riparian forests
reached its maximum stem circumference growth in 2018. Hornbeam in oak-lime-hornbeam
forests was an exception compared to the other tree species, reaching its maximum stem cir-
cumference growth in 2020 (Tab. 8.3, Fig. 8.14). The highest variation in stem circumference
growth during 2016-2020 was observed for lime (8.87 mm) and pine (6.83 mm) in oak-lime-
hornbeam forests. The lowest variation was found for birch in coniferous forests (1.0 mm) and
alder in oak-lime-hornbeam forests (2.11 mm) (Tab. 8.4).

Table 8.3. Medians of stem circumference growth (mm) of selected tree species in habitat groups during
the growing season (meteorological growing season — MGS and forest growing season — FGS)
in the period 2016-2020 in Bialowieza Forest

Species | Habitat 2016 2017 2018 2019 2020

group

MGS | FGS | MOW | FGS | MOW | FGS MOW | FGS | MOW | FGS

Birch coniferous | 1.28 1.39 32 2.96 2.12 1.47 1.86 1.37 1.34 1.4
spp. forests
Birch oak-lime- 2.89 2.73 4.95 4.63 44 2.84 2.49 2.05 3.38 3.63
spp. -hornbeam

forests
Peduncu- | oak-lime- 10.62 | 10.54 | 12.31 12.02 | 9.83 8.57 7.36 7.16 9.99 9.71
late oak -hornbeam

forests
Common | oak-lime- 3.77 3.83 5.68 5.51 422 3.56 5.37 4.12 6.66 6.59
hornbe- -hornbeam
am forests
Common | oak-lime- 7.08 6.95 8.4 7.94 6.06 4.9 5.55 3.58 9.47 7.92
ash -hornbeam

forests

Common | alder bog 4.66 4.57 | 4.86 4.84 3.29 2.25 1.92 224 | 443 3.97

ash forests and

riparian

forests
Norway oak-lime- 8.68 8.73 11.35 11.88 | 8.27 7.21 6.08 5.17 9.36 8.9
maple -hornbeam

forests
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Small- oak-lime- 1.9 2.52 2.6 2.58 0.44 -1.14 | 0.31 -1.39 | 2.35 2.49
-leaved -hornbeam
lime forests
Black oak-lime- 8.81 9.21 11.73 11.55 | 10.5 9.36 6.46 5.82 8.77 8.46
alder -hornbeam
forests
Black alder bog 7.27 7.65 8.17 7.99 8.83 7.44 6.55 5.94 8.25 8.25
alder forests and
riparian
forests
Scots coniferous | 3.62 4.22 5.95 5.92 5.36 3.08 5.2 3.86 5.96 5.84
pine forests
Scots oak-lime- 6.66 7.41 8.14 8.49 8.13 6.77 4.73 3.78 8.28 7.67
pine -hornbeam
forests
Norway coniferous | 2.88 3.09 8.85 8.09 6.1 4.41 4.39 1.78 5.48 5.74
spruce forests
Norway oak-lime- 11.83 | 11.25 | 13.01 12.68 | 12.62 11.56 | 9.84 4.84 8.69 8.48
spruce -hornbeam
forests
Elm spp. | oak-lime- 16.6 16.39 | 16.21 15.54 | 14.41 13.69 | 10.93 10.19 | 12.2 11.77
-hornbeam
forests

Median stem circumference increment [mm]

Year

Birch sp. - coniferous forests

—— Pedunculate oak — oak-lime-hombeam forests
X : ime-hombeam forests

-hombeam forests
ombeam forests
s pine — coniferous forests
== =Norway spruce — coniferous forests

Elm sp. - oak-lime-hornbeam forests

Birch sp. - oak-lime-hombeam forests

Common hombeam — oak-lime-hombeam forests
----- Commeon ash — alder bog forests and riparian forests
—— Small-leaved lime — oak-lime-hornbeam forests

Black alder — alder bog forests and riparian forests
m— Sc0ls pine — oak-lime-hormbeam forests
= Norway spruce — oak-lime-hombeam forests

Figure 8.14. Median of stem circumference growth of selected tree species during the meteorological growing

season (MGS) in Biatowieza Forest in 2016-2020

Status and dynamics of the Biatowieza Forest stands - analysis based on field data

Table 8.4. Variation (i.e., difference between the first and third quartile) of stem circumference growth

of selected tree species in habitat groups during the meteorological growing season (MGS) (mm)
in 2016-2020 in Biatowieza Forest

forests

Species Habitat group 2016 | 2017 | 2018 | 2019 | 2020 | Average

Birch spp. coniferous forests | 0.74 | 1.08 | 0.99 | 1.57 | 0.6 1.00

Birch spp. oak-lime-hombeam || g | 4 14 | 451 | 258 | 405 | 343
forests

Pedunculate oak-lime-hornbeam 483 635 1339 | 439 | 338 | 447

oak forests

Common oak-lime-hornbeam | \ ) | 5 43 | 505 | 414 | 462 | 5.06

hornbeam forests

Commonash | 0ak-lime-hombeam |5 15 45 1o g 1 h33 1406 | 407
forests

Common ash | 2derbogforests 1,0l o To6e 1119|371 | 127
and riparian forests

Norway maple | 22k-lime-hombeam | o o 1570 1500 1900 |58 | 5.00
forests

Small-leaved | oak-lime-hombeam | os 16 75 | 744 | 366 | 684 | 8.87

lime forests

Black alder oak-lime-hombeam | 5 o) |} 37 1395 | 118 | 1,18 | 2.11
forests

Black alder alderbog forests | 3 51 | 55 | 555 | 505 | 299 | 458
and riparian forests

Scots pine coniferous forests | 2.76 | 3.88 | 4.8 4.53 | 432 |4.06

Scots pine oak-lime-hombeam | ¢ 17| 709 | 838 | 606 | 644 | 6.83
forests

Norway spruce | coniferous forests | 2.4 733 235 | 138 |29 3.27

Norway spruce | Cak-lime-hombeam | oo 350 1300 13096 232 | 349
forests

Elm spp. oak-lime-hombeam | 11| 595 |76 | 681 | 1176 | 6.85

Depending on the year, the median and variation of stem circumference growth showed
different values for the same tree species. This was most evident for lime, where variation
was higher in the first two years; for hornbeam in oak-lime-hornbeam forests, where varia-
tion was 3.5 and 2.5 mm higher in 2017 than in the previous year and the following year, re-
spectively; for elm, where variation was clearly lowest in 2016 compared to the other years;
for spruce in coniferous forests, where variation was highest in 2017; for ash, where variation
was lower by about 3 mm in the last two years; for oak, which had the highest variation in

2017. The mean variation was highest for all tree species in 2017 (Fig. 8.15).
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8.3.1.3. Changes in Tree Stem Circumference during Winter Season in 2016-2020

mm mm mm mm
w B B w B K E E 8 o « B F
f,g- : : o o [ The highest changes in tree stem circumference during the winter season were recorded
8 F ] e 2 51 L H [ Es HL_ s o in winter of 2017/2018. This was the most severe of the winters in the studied period 2016—
5 . T E o [ 9 . HT J— & o g{ 2020. Definitely the strongest stem shrinkage was observed then. However, stem shrinkage
T h - g g h 3 was also found during the mildest winter of 2019/2020. Ash and spruce stems shrank the
é c %j s{-H 2 51 HLH § 51 H J—io 5 51 () o & most during the winter seasons (Tab. 8.5). The variation in tree stem circumference changes
5 s E; g £ g during the winter season was greatest during the coldest winter of 2017/2018. The highest
g ;,_l . B {H ¢ sif 4 g sH Er 1] o = variation in the studied period was observed for lime, while the lowest variation was ob-
d 08 g ot Z d for birch i if forests (Tab. 8.6).
o 8 ] 5 =4 & served for birch in coniferous
28 3O~ [fxp D L o | | | o "
~ 5 ” Table 8.5. Medians of stem circumference changes (mm) of selected tree species in habitat groups during winter
=5 % .;._ % season in 20162020 in Bialowieza Forest
5 e 3
g Lﬁa% 5 mm mm i
5— 2 =5 = e R B o ome s 8 mim O = - o .
g> 8% S A § T T 3z = Species Habitat group 2015/16 | 2016/17 | 2017/18 | 2018/19 | 2019/20
x5 g §" s 1] 3 =M 9§51 HH E siHH® E Birch spp. coniferous forests | 0.25 0.55 -0.51 0.24 0.16
Bogs 3 e & g
s E i g8 u [ o 2 s H 3 4 Hlo [E=2iH ] o~ Birch spp. oak-lime-hornbeam | 0.09 0.26 -0.91 -0.08 -0.2
g . o & g £ forests
213 2 : g £ ores
= 2 8 & | = o |_| |_| 3o g |_| |—| 2 .
%g 2 3 s HD e 5 = : Sl 3" i Pedunculate | oak-lime-hornbeam | 0.27 1 -1.51 0.32 -0.91
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5 X 28 E B g Common oak-lime-hornbeam | 0.01 0.53 -0.51 0.05 -0.17
2068 2 Y g 7
22 % 58 {H g HH o ey H_[ HZe{H 1~ |& hornbeam | forests
5 == =N @ & g .
a P ’ Common oak-lime-hornbeam | -0.27 0.26 -2.19 -0.05 -1.96
ER ash forests
[ B OO = mim mm mm miT
Z %%E_ n BT oW o w D W s v S5 25T cw Common alder bog forests 0.03 0.87 -1.74 -0.29 -1.97
g ¢ 2 § sk D o E‘FD_' e D I g el I:l . | E ash and riparian forests
o o Qa w ] =)
S BE % 8 5 5 :
g 585 T 7o g = Norway oak-lime-hornbeam | 0.57 0.99 -0,.8 0.56 -0.69
-2 L W R0 B i R o Bl : 5 *—D—*?’; maple forests
= = o
5.2 57 g g L ol .
R 52 % siH TH |es{{ 1 e 5 HTH o E & o o E Small-le- oak-lime-hornbeam | 0.37 0.56 -1.9 -0.39 -0.43
FgEg g g g g aved lime forests
SR ;-l—' | ”’E-l-l I—lug’*’;-|—|l—|u %5'|—|I—| £ :
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g = % 2 and riparian forests
= B E e i i
(E;, é % o o o = ¥ 2 o w e g Scots pine coniferous forests 0.28 1.26 -0.89 -0.47 -1.39
g8 =2 : : : B
82 o o g . 7 =l g i -lime- - - -
PR = 5] | g = HH 5 Scots pine ?grl:i;;:ne hornbeam | 0.39 0.74 1.19 0.52 1.6
E =B g o g
T, o . L o = E = 1
;g o Iy & 1 g HL_H g Norway coniferous forests | -0.91 0.09 -1.4 -0.27 -0.37
g5 & s T g ] - [T} & spruce
T ] P o ; I\II) k-lime-hornb 114 [-095 |-151 |-041 | -108
g g £ orway oak-lime-hornbeam | -1. -0. -1. -0. -1.
S " - g . g
51 s | E s ‘- H_TH ° 1 spruce forests
2 s 2 u 'l Tl H T g Elm spp. oak-lime-hornbeam | 0.39 0.56 -0.26 0.1 -1
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Table 8.6. Variation of stem circumference changes (mm) of selected tree species in habitat groups during winter

season in 20162020 in Biatowieza Forest

|
AEPEVA
© ~ ® a o o II| f |
Species Habitat s e8| 2|25 R )/\\).' k/\ Pz ﬁvf\ \ r J
group )~ = | 2| 3|3 S p f : :
o (g\] o o (o\] < .-E-'.' 'i’ ||l Iﬁ lv ; v — 1,30 -‘-.-i'- 71
a A R - 02022
. . i I " l.l I|I I|' I'. T 4 IJ.II !
Birch spp. coniferous forests 0.13 |04 046 | 029 | 0.1 | 0.28 . A .'I \ A _."-Ufr'., -"“*’“*-., .’I \/ \." '. -’h‘.lf.-’l \/ .\Iﬁ:ﬁ\ N \”_\f' \/
. . ) S T [ " \ Ly
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Figure 8.16. Duration of the meteorological growing season (MGS) and the forest growing season (FGS)
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8.3.2. Meteorological Conditions in Bialowieza Forest in the period 20162020 BN MGE omsat S G onsct
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8.3.2.1. Duration of the Meteorological Growing Season

and the Forest Growing Season

—— Limnear trend — onset of MGS
Lmear trend — end of FGS

~ Lmear trend — onset of FGS
Lmear trend — end of MGS

The meteorological growing season (MGS) and the forest growing season (FGS) in
Bialowieza Forest lengthened in the period 1951-2020 (Fig. 8.16). During this period, the
length of the MGS was 205 days on average, while the length of the FGS was 147 days.

Figure 8.17. Start and end dates of the meteorological growing season (MGS) and the forest growing season (FGS)
in Bialowieza Forest in the years 1951-2020. DOY — day of year

174 | Status and dynamics of the Biatowieza Forest stands - analysis based on field data
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During 20162020, the MGS generally began in late March and early April. It started earliest
in 2017, on 27.03 (DOY, i.e., day of year, 86) and latest in 2020, on 06.04 (DOY 97). The
MGS usually ended in November. It ended latest in 2019, on 20.11 (DOY 324), and earliest
in 2016, on 6.10 (DOY 280). In 20162020, the FGS began in late April and early May, with
the earliest start in 2018, on 8.04 (DOY 98) and the latest start in 2017, on 04.05 (DOY 124).
The end of the FGS was in late September and early October. The earliest end of the FGS was
in 2019, on 16.09 (DOY 259) and the latest in 2016 and 2020, on 04.10 (in both cases, DOY
278) (Fig. 8.17). In the five years considered, the MGS lasted longest in 2019 (235 days) and
shortest in 2016 (191 days). It was thus shorter than the 1951-2020 multi-year average (205
days) mentioned above. The FGS was shortest in 2017 (145 days) and longest in 2018 (167
days). An interesting observation is that the changes in MGS and FGS do not occur at the
same pace and vary from year to year (Tab. 8.17).

Table 8.7. Duration of the meteorological growing season (MGS) and the forest growing season (FGS) in Bialowieza
Forest in the period 2016-2020

Year MGS (days) FGS (days)
2016 191 156
2017 225 145
2018 217 167
2019 235 147
2020 227 159
Long-term average for the period 1951-2020 205 147

8.3.2.2. Thermal Conditions

Based on the classification of thermal conditions in Biatowieza Forest in 2016-2020
according to the method of Lorenc (2000), it was found that 2019 and 2020 were anomalous-
ly warm with mean annual temperatures of 9.0°C. The coldest year was 2017 with an annual
temperature of 7.7°C, which was classified as slightly warm. 2016 and 2018 were warm years
(Tab. 8.8).

Table 8.8. Classification of thermal conditions in 2016-2020 based on compatison with the long-term average for
the petiod 1951-2020 in Bialowieza Forest according to the method of Lotenc (2000). Mean — the average value of
mean annual temperatures in the period 1951-2020, SD — the value of standard deviation from the mean value of
mean annual temperatures in the period 1951-2020

3 mean + 2 SD 8.3-8.8 very warm

4 mean + 1.5 SD 7.8-8.2 warm 2016: 7.8°C
2018: 8.2°C

5 mean + 1 SD 7.3-7.7 slightly warm 2017:7.7°C

6 mean +- 0.5 SD 6.2-7.2 normal

7 mean - 1 SD 5.7-6.1 slightly cold

8 mean - 1.5 SD 5.1-5.6 cold

9 mean - 2 SD 4.6-5 very cold

10 mean - 2.5 SD 4.1-4.5 anomalously cold

11 <mean - 2.5 SD <4.0 extremely cold

8.3.2.3. Precipitation Conditions

The classification of precipitation in Biatowieza Forest in 20162020 according to the
method of Kaczorowska (1962) showed that 2016 was very wet compared to the long-term
average for the period 1951-2020, which was 636.1 mm year!, exceeding this value by 200
mm. 2017 was a wet year with precipitation 140 mm above the long-term average. 2018 and
2020 were dry, while 2019 was very dry, recording only 458.8 mm of annual precipitation
(Tab. 8.9).

Table 8.9. Classification of precipitation conditions in 2016-2020 based on a comparison with the long-term average
for the period 1951-2020 in Bialowieza Forest according to the method of Kaczorowska (1962)

Class | Standard Temperature Description Mean annual
deviation range (°C) temperature
O
1 >mean + 2.5 SD >95 extremely warm
2 mean + 2.5 SD 8.9-94 anomalously warm 2019: 9.0°C
2020: 9.0°C

Class | Range (%) Range (mm) Description Total precipitation
(mm)

1 <50% <318 extremely dry

2 50-75% 318477.0 very dry 2019: 458.8 mm

3 75-90% 477.1-572.4 dry 2018: 556.3 mm
2020: 572.0 mm

4 90-110% 572.5-699.7 normal

5 110-125% 699.8-795.1 wet 2017:772.9 mm

6 125-150% 795.2-954.1 very wet 2016: 833.2 mm

7 > 150% >954.1 extremely wet

Status and dynamics of the Biatowieza Forest stands - analysis based on field data
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8.3.2.4. Climate Diagram 1951—

2020 | 383|334 |35.2|42.0|63.7| 76.8 | 82.7 | 68.5 | 57.4 | 47.6 | 45.7 | 44.8 | 636.1

The average annual temperature in the period 1951-2020 in Biatowieza Forest was ( )
mean

6.7°C. In relation to this, the years 2016—2020 exceeded this value. The warmest months were
July and August. In 2016-2020, June was among the warmest months, in addition to July and
August. In both 2019 and 2020, June was the warmest month of the year. During 1951-2020,
the coldest months were January and February. In 20162020, these months were also the
coldest. The year 2020 was exceptional in this respect, as there was no month in which the
mean daily air temperature fell below 0°C (Tab. 8.10, Fig. 8.18). The variation coefficient of
monthly mean temperature was highest in the winter months, especially in March. Moreover,
the variation coefficient was very high in February (91%), November (77%), and January
(67%), while the lowest variation coefficient occurred in the summer months (< 10%).

2016 | 47.8159.5 /653|482 |61.5| 675 |167.7|61.6 | 157 | 124 | 63.2 | 51.2 | 833.2

2017 256 59 419|724 |33.6| 819 87 | 52.9 | 115.6 | 109.6 | 40.5 | 52.9 | 772.9

2018 | 385|174 269|272 |31.2| 37.6 | 787 | 82.1 | 49.1 | 489 | 26.1 | 89.9 | 553.6

2019 | 63.8| 93 1439 |13.6|503| 293 | 51.6 | 423 | 54.6 | 185 | 42.3 | 39.3 | 458.8

The highest average monthly precipitation during 1951-2020 occurred in July. High
average precipitation totals also occurred in June, August, and May. The lowest average
monthly totals occurred in the first quarter of the year, i.e., January, February, and March.
During 2016-2020, the distribution of precipitation varied. In 2016 and 2017, high precip-
itation levels of more than 100 mm were recorded. These values were recorded in October 8.3.2.5. Hydrothermal Conditions
and July in 2016 and in September and October in 2017 (Tab. 8.10, Fig. 8.18). In the period
2016-2020, the distribution of precipitation appeared to vary more than the distribution of
temperature. The mean variation coefficient of precipitation for the year was 25%, while the
mean variation coefficient of temperature was 9%. The largest variation in precipitation oc-
curred in October (variation coefficient = 94%) and in February, April, July, and September
(variation coefficient > 60%).

2020 | 36.4 | 41 302|144 |689 | 1157 | 35 |803 | 39.2 | 499 | 28.9 | 32.1 | 572.0

Monthly total precipitation

The long-term average of the Selianinov coefficient (k) during 1951-2020 was 1.6,
within the optimum of 1.5-2.2 for lowland forests (Malzahn et al. 2009). The years 2016—
2017 were also within the optimum with k values of 1.8 and 2.0. In contrast, years 2018-2020
had a coefficient k that was well below the long-term average and below the optimal value.
The lowest result was recorded in 2019 and 2018 (Tab. 8.11).

Table 8.10. Mean air temperatures and precipitation totals, monthly and annual, in Biatowieza Forest
during 2016-2020, compared with long-term averages for the period 1951-2020

Year\ Annual : 5

1 11 1 v \% VI VI VIII X X XI XII g =

Month mean ) 3

1951 e -}

2020 | 43 |-3.6 | 0.2 | 6.8 |12.6 | 16.1 17.7 | 16.6 | 11.7 6.7 2.1 | -19 6.7 = o —
(mean) 3 o

2016 | -53 | 2 25|82 |141 )| 178 | 184 | 171 | 126 | 55 12 |-04 ) 78

2017 | -55 |27 |45 |61 | 13 | 165 | 175 | 17.7 | 127 | 7.8 33 | 13 7.7

ithly precipitation total 2016

1517070 Ms: .
)5 1-2020 m Mean me

2018 | -1.6 | -5.1 | -1.7 | 11.5| 159 | 181 | 194 | 189 | 13.8 | 7.7 | 2.4 | -05| 82 -.\Iu:wnl:u-\n:.

Mean mont

Mean monthly precipitation total 2018

Mean montl

i M feam mont uperature 1951-2020 i W[ ean montl

2019 |43 | 15 | 3.7 | 83 |13.1| 21 176 | 179 | 125 | 93 52 2 9.0

== Mlean mont nperature 2017 Mean monthly yperature 2018

= Mecan monthly temperature 2019 Mean monthly temperature 2020

2020 1.3 2 28 | 6.8 [109| 19 18.1 | 187 | 13.7 | 93 | 46 | 04 9.0

Mean monthly temperature

Figure 8.18. Climate diagram for the meteorological station IMGW Bialowieza in the period 2016-2020
in comparison with the long-term average values for the period 1951-2020
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Table 8.11. Values of the Selianinov coefficient in Bialowieza Forest in 20162020 compared
to the long-term average for the period 1951-2020

Year Selianinov coefficient
2016 1.8

2017 2.0

2018 1.0

2019 0.94

2020 1.4

Long-term average for the period 1951-2020 1.6

8.3.2.6. Winter Conditions

Since 1951, when the calculation of the long-term average was started, cyclic changes in
the value of the winter severity index and a downward trend in its value have been observed
(Fig. 8.19). The long-term average winter severity index for the period 1951-2020 was 4.1. In
2016-2020, the winter severity index had values between 1.1 and 3.7 (Tab. 8.12), indicating
that winters in this period were milder than the long-term average. The winter of 2019/2020
was strikingly mild. The mean winter temperature at that time was 2°C and the winter severity
index was 1.1. The winters of 2016/2017 and 2017/2018 were more severe than the winters of
2015/2016 and 2018/2019, and the winter of 2017/2018 was close to the long-term average.
Winter precipitation totals showed fluctuations. The long-term average was 150 mm. The win-
ters of 2017/18 and 2019/20 were close to the long-term average in terms of precipitation to-
tals, while the winters of 2015/2016 and 2018/2019 had higher precipitation totals (Tab. 8.12).

y=-00252% + 4.9683
R*=0,1052

Winter severity index

Winter season

m Winter severity index Moving average (3 seasons) woneenens Limear trend

Figure 8.19. Changes in the winter severity index in Bialowieza Forest in the period 1951-2020. No data available for 1956
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Table 8.12. Indices describing winters in Bialowieza Forest. in 2016-2020 compared
to the long-term average for the period 1951-2020
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2015/2016 | 2.3 42 22 13 05 123 2312
2016/2017 | 3.4 63 40 19 -1 -13.8 177.7
20172018 | 3.7 69 41 21 1.8 -15.4 135.7
2018/2019 | 2.5 50 32 8 0.1 114 206.9
2019/2020 | 1.1 29 2 0 2 6.7 146.9
Long-term
average for |, | 71 44 24 24 -16.9 149.6
the period
1951-2020

8.3.2.7. Synthetic Meteorological Characteristics of the Individual Years
in the Period 20162020

Meteorological conditions during 2016-2020 appeared to follow several climate trends
observed during the 1951-2020 multi-year period. There was a significant increase in an-
nual mean temperature and consequently a lengthening of the meteorological and the forest
growing season. The amount of precipitation varied. The first two years in 20162020 were
wet and very wet, with annual precipitation above the long-term average for 1951-2020,
and the following three years were dry and very dry, with annual precipitation below the
long-term average for 1951-2020. High variability was observed in the analysis of monthly
precipitation, especially in the winter months. The Selianinov hydrothermal coefficient was
at the optimum in 2016-2017, while it was below the optimum for lowland forests (Malzahn
et al. 2009) in 2018-2020. Winter conditions during the studied period were also variable.
The winter of 2017/2018 was the most severe. The mildest winter conditions were observed
during the winters of 2015/2016, 2018/2019, and 2019/2020, when average temperatures
were above zero. In summary, the individual years and winter seasons during the 20162020
study period can be characterised as follows: (1) in terms of precipitation — wet (2016 and
2017), dry (2018 and 2020), and very dry (2019); (2) in terms of thermal conditions — warm
(2016, 2017 and 2018), and anomalously warm (2019 and 2020); (3) in terms of winter sever-
ity — normal (winter 2017/2018), mild (winters 2015/2016, 2016/2017, and 2018/2019), and
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extremely mild (winter 2019/2020); (4) in terms of winter precipitation — normal (winters
2017/2018 and 2019/2020), wet (winter 02016/2017), and very wet (winters 2015/2016 and
2018/2019) (Tab. 8.13).

Table 8.13. Synthetic characteristics of meteorological conditions in Bialowieza Forest in 2016-2020. MGS
— meteorological growing season

MGS/Winter Precipitation Temperature
winter 2015/2016 very wet mild

MGS 2016 very wet warm

winter 2016/2017 wet mild

MGS 2017 wet slightly warm
winter 2017/2018 normal normal

MGS 2018 dry warm

winter 2018/2019 very wet mild

MGS 2019 very dry anomalously warm
winter 2019/2020 normal extremely mild
MGS 2020 dry anomalously warm

8.4. Discussion

Selected tree species in the main habitat types of Biatowieza Forest responded to the
variable meteorological conditions in 20162020 with different changes in stem circumfer-
ence (Fig. 8.14-8.15, Tab. 8.5-8.6). It should be added that both significant anomalies of
meteorological conditions (2018-2020) and rather average conditions (2016-2017) were ob-
served during this period (Tab. 8.13).

The highest stem circumference growth during 2016-2020 was recorded for elm in
oak-lime-hornbeam forests. Most taxa had the highest stem circumference growth during
the 2017 meteorological growing season (a wet and slightly warm year), which subsequently
declined to varying degrees and reached a minimum in 2019, while in 2020 it reached values
approaching those of 2018. Only spruce and birch in oak-lime-hornbeam forests and ash in
alder bog forests and riparian forests continued their downward trend in stem circumference
growth in 2020. Interestingly, alder in alder bog forests and riparian forests reached its max-
imum stem circumference growth in 2018, a year characterised by a negative water balance
during the summer months in Europe (Buras et al. 2020). A study of 21 species showed that
the record heatwave of 2018 in Europe did not reduce radial growth of trees, but only in-
creased temporary stem shrinkage due to water deficit (Salomoén et al. 2022). In 2016-2020,
hornbeam in oak-lime-hornbeam forests proved to be exceptional compared to other tree
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species in Biatowieza Forest, showing the maximum stem circumference growth in 2020
(Tab. 8.4). This complex tree growth response may reflect a wide variation in thermal and
hydrological conditions during the meteorological growing seasons and winter months in the
period studied, with each season having its own characteristics (Tab. 8.13). Winter conditions
preceding the growing season also have a significant influence on the dynamics of tree radial
growth in Bialowieza Forest (Yermokhin and Savel’ev 2011; Yermokhin et al. 2017), so the
observed variability of winter conditions was certainly not negligible for the recorded stem
circumference changes during cambium activity. This also highlights the importance of mul-
ti-year data series in dendrometer studies (van der Maaten et al. 2013), especially when there
are years with particular meteorological conditions in a given period compared to average
years.

The recorded changes in stem circumference (Fig. 8.3—8.13) show a marked difference
between the winter and growing seasons. This observation is closely related to the differ-
ent processes that determine stem volume dynamics during the period of radial growth and
during the cambial dormancy (Herzog et al. 1995; Downes et al. 1999; Zweifel and Hésler
2000; Deslauriers et al. 2003; Turcotte et al. 2009; van der Maaten et. 2013; Nalevankova
et al. 2018). The observed increase in stem circumference after rainfall during the growing
season (Fig. 8.4-8.13) is consistent with the results of other studies (Downes et al. 1999; van
der Maaten et al. 2013). However, it should be noted that the increase in stem circumference
associated with rainfall may indicate both the importance of water for radial growth (De-
slauriers et al. 2003) and reversible stem swelling when transpiration is impeded due to high
relative humidity (Herzog et al. 1995). The changes in stem circumference recorded during
the winter season in the studied period 20162020 (Fig. 8.3—8.13) confirm the phenomenon
that tree stems shrink during frost and return to their original size at higher temperatures. This
process is related to water transport from the living cells to the xylem and vice versa, which
protects the living cells from freezing (Zweifel and Hasler 2000). The tree species studied
responded differently to winter conditions in Bialowieza Forest (Fig. 8.3). Similar to other
studies (Zweifel and Hésler 2000), the changes in stem circumference observed during the
winter season were very significant. It is worth noting that these changes were more intense
compared to those observed during the growing season (Fig. 8.3-8.13).

When analysing dendrometer data, one should be aware that they record not only actu-
al, permanent radial growth, but also reversible stem circumference changes unrelated to xy-
logenesis (Herzog et al. 1995; Zweifel and Hasler 2000; Deslauriers et 2003, 2007a; Korpela
et al. 2008; Mékinen et al. 2008; Turcotte et al. 2009; van der Maaten et. al. 2013; Nalevank-
ova et al. 2018; Klisz et. 2020; see ,,Introduction”). Temporal changes in stem circumference
may not only be influenced by processes directly related to changes in the amount of water
in the phloem and cambium (e.g., Herzog et al. 1995; Zweifel and Hasler 2000; Deslauriers
et al. 2003; Makinen et. 2008). Stem circumference may also increase due to unseen damage
to the trunk that allows water to enter and split the trunk from the inside when it freezes in
winter. Despite these problems, dendrometers are widely used tools to study the relation-
ship between stem size variation and various environmental factors, although these devices
provide data that are complex to interpret (e.g., van der Maaten et al. 2013; Herrmann et al.
2016; Nalevankova et al. 2018; Klisz et al. 2020; Salomoén et al. 2022; see ,,Introduction”).
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8.5. Conclusion

The dendrometer data collected as part of the ForBioSensing project undoubtedly have
great potential to increase knowledge about the current growth of the main tree species of
Biatowieza Forest under different habitat conditions. However, it should be noted that the
studies should be much longer, because long-term observations increase the chance of detect-
ing regularities in tree growth response to environmental conditions, such as meteorological
factors (van der Maaten et al. 2013), which often show enormous fluctuations from year to
year (see Tab. 8.13). The results presented in this chapter may indicate some trends, but these
can only be confirmed after many years of meteorological and dendrometric observations.
The radial growth of trees is influenced by many factors (Fritts 1976). Therefore, to confirm
the actual influence of each meteorological factor considered, tree growth response would
have to be recorded several times under similar meteorological conditions. The longer the pe-
riod of empirical data collection, the clearer the trend in response of individual tree species to
specific conditions (van der Maaten et al. 2013). It should also be noted that it is quite difficult
to integrate the response of ten tree species into a single trend. Therefore, it is fair to say that
the more species a forest stand contains, the more complex its response to specific meteoro-
logical conditions is likely to be. In the context of ongoing, complex, and multi-directional
climate change (Giorgi et al. 2004; IPCC 2007; Zajaczkowski et al. 2013), this may be a key
issue for the conservation and management of forest resources not only of Biatlowieza Forest,
but also of Europe, which requires further comprehensive research.
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Abstract

This chapter is, in a sense, a synthesis and summary of the remote sensing analyses
carried out during the project. The remote sensing data obtained in the following years of the
project made it possible to determine the direction of changes in the stands of the Biatlowieza
Forest.

Based on the remote sensing data obtained, a number of stand characteristics were
determined, which were then followed by an in-depth analysis of changes in species com-
position and stand structure. The natural processes observed include: changes in the spruce
stands (including the decline of spruce caused by the bark beetle outbreak), the appearance of
natural regeneration, the formation of gaps, the enlargement or overgrowth of existing gaps,
as well as changes in the proportion of individual species and structural changes in the stands.
By using several time series of different remote sensing data, a comprehensive picture of the
changes in forest stands and their dynamics in the Bialowieza Forest (BF) was obtained.

This chapter presents the main results of the analyses carried out using a combination
of remote sensing data from different sources (LIDAR, satellite images, aerial photographs)
and ground-based measurements. The obtained results are not only of scientific value, but
can also be a valuable source of information for the administrative institutions managing the
Biatowieza Forest area.

Keywords: taxonomic characteristics, stand dynamics, remote sensing
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9.1. Introduction

Effective management and conservation of forest areas requires timely and reliable
information (Wulder et al. 2008; Heinzel and Koch 2012). Usually, such information is ob-
tained through field assessments and ground-based inventories using different types of sam-
ple plots (Cohran 1977). Ground-based forest inventory methods are very labour-intensive,
expensive and impossible to implement in some situations (wetlands, strict protected areas,
etc.) (Dalponte et al. 2008). For this reason, any new tools, data and methods that are possible
for this work are always met with great interest and attempts to apply them in practise. This
also applies to photogrammetry/remote sensing tools and data, which of course attract inter-
est not only from scientists but also from institutions that manage forests and protect nature
in forest areas (Potapov et al. 2008).

The application of remote sensing and photogrammetric techniques in forestry has
a very long and rich history (Bedkowski 2015). Foresters quickly realised that remote sens-
ing techniques have a very great potential for obtaining forest information and started sci-
entific research in this field. One of the first documented attempts to use aerial photographs
for forestry purposes dates back to 1887 (Anonymous 1887), when German scientists used
balloons to take pictures of a particular forest complex. With the advent of the first aircraft
and the development of aviation (first half of the 20th century), more and more works
appeared describing the use of aerial photography in forestry. Among other things, the
estimation of height and tree volume was the subject of research (Seely 1929, 1935; Spurr
1948). After World War I, advances in cameras and aviation made photogrammetry more
widespread, and foresters increasingly appreciated the possibility of using aerial photo-
graphs for forest inventories or forest condition assessment. The 1980s and 1990s already
saw the development of computer technology and the appearance of the first digital pho-
togrammetric stations (Balenovic et al. 2011), as well as the first attempts to use Airborne
Laser Scanning (ALS) for forestry purposes (Sotoduchin 1977, 1979a, 1979b; Nelson et al.
1988). At the beginning of the 21st century, the focus is not only on technological devel-
opment, significantly improving data availability or reducing data collection costs, but also
on working on the automation and optimisation of computational processes (Bedkowski
2015).

Remote sensing provides objective, reliable, consistent and up-to-date information on
many tree and stand parameters, enabling more effective spatial characterisation of the forest
areas under study. Remote sensing can be divided into active and passive techniques. Active
remote sensing methods are based on the signal sent by a survey instrument, which, after be-
ing reflected by an object, is recorded and converted into a form used for analysis. Examples
of active technologies are radar and laser scanners. Widely used in forestry is LIDAR (Light
Detection and Ranging), where a laser beam of a certain wavelength sent by the scanner in
a certain direction is reflected by an obstacle after hitting it and the information about this
reflection is recorded by the scanner. LIDAR data acquired in different ways: terrestrially
(TLS - Terrestrial Laser Scanning, MLS - Mobile Laser Scanning, HLS - Handheld Laser
Scanning, BLS - Backpack Laser Scanning, etc.) and from the air (UAV - Unmanned Aerial
Vehicle scanning; ALS - Airborne Laser Scanning, SLS - Satellite Laser Scanning) are used
for biometric measurements of trees and stands. Examples of passive remote sensing are
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digital images obtained from different sources, similar to LIDAR data. Passive methods are
based on the registration of electromagnetic radiation reflected from objects (optical remote
sensing) or emitted from observed objects (thermal remote sensing). Hyperspectral data have
the greatest potential in the context of the natural environment. They are characterised by
a much higher spectral resolution compared to multispectral data, allowing the detection of
more subtle differences between objects (Fassnacht et al. 2016).

Both passive and active remote sensing techniques are widely used in forestry. Active
satellite and aerial systems are less sensitive to weather and can also collect data at night
because they use the electromagnetic radiation they emit. They also have the advantage of
directly providing information on the vertical and horizontal structure of the forest. The va-
riety of systems on the market, the cost and the availability of data mean that the user has a
huge range of choice and analysis options. Often, different techniques are combined so that
the information derived from remote sensing data is more complete and offers greater meas-
urement, analysis and interpretation possibilities (Packalen and Maltamo 2007; Fassnacht et
al. 2016; Kaminska et al. 2018).

Remote sensing systems are characterised by varying spatial, temporal, radiometric
and spectral resolution (Lechner et al. 2020). Spatial resolution, defined as Ground Sam-
pling Distance (GSD), is defined as the distance between the centres of two adjacent pixels
measured on the ground. Depending on the purpose of the analyses, high-resolution aerial
imagery data with 10 cm resolution or low-resolution satellite data with 30 m resolution can
be used. Temporal resolution characterises satellite systems and defines the minimum time
a satellite system needs to acquire another image of the same area on Earth. Currently, there
are constellations of satellites orbiting the Earth that provide images of the entire surface
of the Earth every day. Radiometric resolution defines the number of levels into which the
range of the signal received by the sensor is divided. Radiometric resolution is expressed in
the number of bits (e.g. an 8-bit or 10-bit resolution means that the sensor can shop 256 or
1,024 different signal levels respectively). Spectral resolution defines the number of spectral
channels that a particular system records. The width of the recorded channel, i.e. the range
from the smallest to the largest wavelength of the recorded electromagnetic radiation, is also
important. Standard systems record electromagnetic radiation in a few channels (so-called
multispectral systems), but there are also systems on the market that record even more than
400 narrow channels (with a wavelength range of about 5 nm) in the range 400-2500 nm.
Different systems for collecting forest data have different performance characteristics. Sat-
ellite data usually have lower spatial and spectral resolution compared to aerial systems. In
addition, in the case of passive data, coverage may be limited due to cloud cover. UAV data
has the highest spatial resolution, but a major limitation in its use is the relatively small area
for which data is collected during a single flight.

With the right processing of remote sensing data, a lot of information can be gained
about forest areas. Airborne laser scanning data have been successfully used to obtain quan-
titative forest data such as stand volume, tree density, canopy closure, basal area or tree
height (Wulder et al. 2008; Sterenczak 2010; White et al. 2013). In general, two approa-
ches are used to determine forest characteristics from airborne laser scanning data. In the
first approach, the determination of tree and stand characteristics is based on Individual
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Tree Detection (ITD; Hyyppé and Inkinen 1999). The result is a vector layer containing the
parameters of the tree crowns with their additional features. On this basis, the characteris-
tics of entire stands are determined (Sterenczak and Zasada 2011). In the second approach,
ALS data or their derivatives relating to a specific area (often an area for which field meas-
urements have also been made; ABA - Area Based Approach) are analysed and empirical
relationships between these data and selected stand characteristics are developed. Many
different methods using ABA have been described in the literature. The so-called ABA-PC
uses synthetic point clouds (PC) metrics (statistical measures, descriptors) derived from
the distribution of height and intensity values of individual points as predictors (Nelson et
al. 1988; Naesset 2002). In contrast, the ABA-CHM approach uses metrics derived from the
grid level as predictors, which is the Canopy Height Model (CHM; Corona and Fattorini
2008; Lindberg and Hollaus 2012). A third approach, ABA-ITD, uses summary charac-
teristics of individual trees in an area as predictors (Holmgren et al. 2012; Sterenczak and
Miscicki 2012). A number of approaches for determining stand separation characteristics
have been presented in the literature. The authors of each approach used different methods
for processing laser scanning data and different strategies for estimating forest condition
characteristics, often obtaining similar results, e.g. for the forest stands volume (Parkitna
etal. 2021).

Spectral data from remote sensing allow mostly the analysis of the upper forest layer,
i.e. those elements of the forest ecosystem that are visible from a bird’s eye view. Remote
sensing data are primarily used to identify different land cover classes and, in the case of for-
ests, mainly to identify tree species (Fassnacht et al. 2016; Hycza et al. 2018; Modzelewska
et al. 2020, 2021) or tree health (Wulder et al. 2006; Sterenczak et al. 2017, 2019, 2020a;
Kaminska et al. 2020, 2021; Nowakowska et al. 2020). Spectral data are often integrated
with point data, e.g. with ALS data, whereby structural features are used in addition to re-
flectance features when analysing specific areas. Consequently, it is possible to obtain higher
accuracy of analyses and a wider range of predictions for selected tree and stand parameters
(Fassnacht et al. 2016; Kaminska et al. 2018; Laurin et al. 2020). Image data - through
appropriate processing into a 2.5 D point cloud (2.5-dimensional space) - also enable the
determination of characteristics of individual trees and stands (Bohlin et al. 2012; Mielcarek
et al. 2020).

In the ForBioSensing project, several different multitemporal remote sensing datasets
were used to inventory and monitor changes in selected elements of the forest environment,
in particular: 1) species structure, ii) gap dynamics, iii) selected forest stand characteristics,
iv) the number of standing dead trees, and v) the vertical structure of the forest stand. The
results presented in this chapter result from the use of many methodological solutions, most
of which have already been published. Therefore, the description of the methods is brief and
includes references to original papers.
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9.2. Remote sensing data and their quality control

9.2.1. Remote sensing data

The project acquired a number of different aerial and satellite data sets at different time

points (Tab. 9.1).

Table 9.1. Acquisition terms of multispectral imagery, hyperspectral imagery and airborne laser scanning

data in the ForBioSensing project

Year Date of acquisition Type of remote sensing data
2015 27 June and 24 July multispectral satellite data
2-4 July airborne hyperspectral data
2-5 July airborne laser scanning
5 August multispectral satellite data
24-27 August airborne hyperspectral data
1-2 October airborne hyperspectral data
25, 27 November and 6-7 December | airborne laser scanning
2016 8-9 August multispectral satellite data
6, 9 and 13 September multispectral satellite data
2017 27 July, 1, 30-31 August airborne hyperspectral data
9, 27, 28 September and 2 October | multispectral airborne data
2018 25 March multispectral airborne data
1 June multispectral airborne data
22 and 30 August multispectral airborne data
11 October multispectral airborne data
2019 24 June multispectral airborne data
3-6, 23 August airborne laser scanning
24 August multispectral airborne data
25,28, 31 August, 1, 6 September | airborne hyperspectral data
27 October multispectral airborne data
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9.2.2. Airborne laser scanning

Airborne laser scanning data were collected three times during the project: twice in
2015 (during the leaf-on and leaf-off season) and once during the 2019 in leaf-on season
(Tab. 9.1). During the acqusitions in leaf-on season, multispectral aerial images were ac-
quired in parallel, which allowed us to assign values from three spectral channels to each
point recorded by laser scanning: near infrared (NIR), red (R) and green (G).

The ALS data from 2015 were acquired using the Riegl LMS-6800i system, which
continuously records the laser pulse signal (full waveform). The ALS flights were conducted
at an average altitude of 500 m, with an overlap of 40% between strips. The recorded point
cloud from the leaf-on season had an average density of 11 pts m?, while that from the leaf-
off season was 15 pts m™. The accuracy error of the point cloud position in the vertical plane
was <0.15 m, while the error in the horizontal plane was <0.20 m. The point clouds were
acquired with a maximum scan angle of £30°. To cover the entire study area, 135 individual
strips were acquired.

Data from 2019 ALS were acquired using a Riegl VQ-780i system, which can also
continuously record the laser pulse signal. The flights were conducted at an average height of
650 m, with 20% overlap in the ALS strips. The acquired point cloud had an average density
of 19 pts m™?. The accuracy error of the point cloud position in the vertical plane was <0.15 m,
while the error in the horizontal plane was <0.20 m. The point cloud was acquired with a max-
imum scan angle of +30°. To cover the entire study area, 88 individual strips were recorded.

9.2.3. Hyperspectral imaging

Aerial hyperspectral imagery was acquired five times during the project: three col-
lections in 2015 and one collection in each of 2017 and 2019 (Tab. 9.1). In 2015 and 2017,
the data were acquired with HySpex VNIR-1800 and SWIR-384 cameras, which provided
images with a spatial resolution of 5 m in the spectral range 400-2500 nm. In 2019, data was
collected using a HySpex VS -725 system consisting of a series of scanners - two SWIR-384
and one VNIR-1800 - which provided images with a spatial resolution of 2 m in the spectral
range of 400-2500 nm. Each time, the data set was subjected to parametric geometric correc-
tion and atmospheric correction.

9.2.4. Multispectral imaging

Multispectral images were the most common data acquired during the project. In 2015
and 2016, these data were acquired from satellite sensors. In 2017-2019, due to too frequent
cloud cover over the Bialowieza Forest area, data acquired from the air were used for the in-
ventory analyses. The satellite data was from the Pléiades satellite system of Airbus Defence
& Space. These satellites are equipped with two sensors - multispectral (MS) and panchro-
matic (PAN). The multispectral imaging includes four spectral channels in the blue (430-550
nm), green (490-610 nm), red (600-720 nm) and near-infrared (750-950 nm) ranges. The
field pixel size of these data is 2 m. The panchromatic channel has a field pixel size of 0.5 m
and covers the spectral range from 480 to 830 nm.
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Aerial multispectral data were acquired using the DMC II camera (2017 data) and the
DMC III camera (2018 and 2019 data). Images were acquired in four spectral channels - blue,
green, red and near infrared. The data were acquired with a longitudinal coverage of 80%
and a transverse coverage of 70% and a field pixel size of 0.25 m. Based on the images and
the Digital Terrain Model with a field pixel size of 1 m, orthophoto was created for the entire
area of the Bialowieza Forest.

9.2.5. Quality control of remote sensing data

Quality control is one of the most important steps in the process of remote sensing data
acquisition and collection. It provides the opportunity to verify the correctness of the data
and avoid repeating tedious analysis steps of erroneous remote sensing material. Before any
further analysis or production work is carried out, the entered data should first be checked.
During quality control, it is advisable to define critical values against which the quality of the
data can be checked. Each phase of the control should end with a report showing any defi-
ciencies that need to be improved/corrected. At the same time, the report resulting from the
control allows users to quickly familiarise themselves with the basic properties of the data.

As part of the ForBioSensing project, the data provided by the remote sensing flight
companies were subject to quality control. In addition, each product developed within the
project was subjected to internal quality control at key stages of its development. We aimed
to automate most of the quality control steps using our own scripts or dedicated software.

9.2.6. Quality control of airborne laser scanning data

As part of the project, a dedicated tool for automatic quality control of aerial laser
scanning data was developed called LasControl (Kraszewski et al. 2020). The tool enable:

e verification of the data stored in the files with regard to their format, range of valu-
es, etc.,

verification of the percentage overlap between adjacent flight strips,
verification of the point cloud density and its coverage of the flight area,
verification of the completeness of the data,

verification of the data accuracy based on the information collected in the field,

verification of the correctness of the vegetation classification and identification of
sites with misclassification of buildings and vegetation.
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The LasControl programme made it possible to automatically, quickly and repeatedly
check the data supplied by the contractor. At the same time, it was possible to efficiently iden-
tify significant gaps or errors in the data. Once the data had been corrected, the automated
systems enabled a quick check of the entire data for consistency and accuracy again.

However, not all parameters of airborne laser scanning data quality control could make
use of this automated tool. Some elements had to be checked manually. This check consisted
of visual verification of the data. The raster products generated from the vector data, i.e. the
intensity image, the airborne laser scanning point reflection image and the RGB value image,
proved to be helpful. These products made it possible to quickly check the correctness of the
individual attributes assigned to the points.

9.2.7. Quality control of airborne hyperspectral data

Five hyperspectral data sets were acquired in the project: three in 2015 and one each
in 2017 and 2019. Each dataset underwent several stages of quality control, the successful
completion of which determined the acceptability of the data. Subsequent checks ensured
that the products provided met the requirements of the ToR (Terms of Reference) and that
corrections were made properly.

First, it was checked whether the data provided covered the entire area of interest. The
spatial, spectral and radiometric resolution of the images supplied were checked to ensure
that they met the required values. The geometric validity of the data was assessed using photo
points measured in the field with a Global Navigation Satellite Systems (GNSS) geodetic
receiver. The reference values were compared with the coordinates from the image and the
RMSE (Root Mean Square Error) was calculated. The images were also compared visually
with higher resolution aerial photographs to detect any anomalies.

The accuracy of the atmospheric correction was assessed by comparing values at se-
lected locations on the image with values from spectrometric measurements in the field.
Reference field measurements were made using a Spectral Evolution PSR+ 3600 spectro-
radiometer. The spectral resolution of the measurements was standardised for comparison.
The RMSE was calculated for each point and it was verified whether the value obtained was
within the specified error limit. The process of extracting values from the image, resampling
and comparison with reference values was automated using the R language.
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9.2.8. Quality control of multispectral data

During the project, 14 multispectral datasets were collected. The original plan was to
acquire multispectral images from the satellite system. However, due to problems in obtain-
ing data for the study area within the adopted timeframe, related to unfavourable weather
conditions, it was decided to replace the satellite data with aerial data from 2017 onwards.

The multispectral satellite images for one acquisition consisted of at least two images.
The first stage of quality control was to check whether the images were taken at intervals of
no more than two weeks and that they were taken with the correct angle of sensor deviation
from the nadir. The next step was to check the cloud cover on the images, which was not
allowed to cover more than 5% of the total study area.

The acquired images were subjected to three basic processes: radiometric, atmospheric
and geometric correction with orthorectification.

The radiometric correction was carried out by the company responsible for the image
processing, Airbus DS. The first on-board correction was performed to correct sensitivity
differences between the detectors (internal detector alignment) and to correct for abnormal
detectors. Subsequently, the panchromatic band was improved and noise was removed. The
final correction step was to resample the pixels (Shannon sampling, see Tan Jiang 2019) to
obtain the appropriate pixel resolution (2 m for multispectral and 0.5 m for panchromatic
images). At this stage of the processing, the spatial resolution of the provided images was
checked.

The atmospheric correction was performed with the code LOWTRAN (Kneizys et al.
1988), which uses modelling of radiative transfer through the atmosphere. This takes into
account the physical properties of the atmosphere and the conditions under which the images
were taken. Spectral reflectance curves for thirteen different radiometrically fixed objects
taken with a Spectral Evolution PSR+ spectrometer during field measurements were used to
check the accuracy of the atmospheric correction and spectral resolution.

A geometric correction was performed using Rational Polynomial Coefficient (RPC)
points and points measured with a GNSS receiver in the field. The next step was orthorectifi-
cation, which was performed using a Digital Terrain Model (DTM) with a field pixel size of
2 m, created from airborne laser scanning data acquired in 2015. The accuracy of the geomet-
ric correction was verified using measurement points taken in the field. The measurement was
performed with a geodetic GNSS RTK (Real Time Kinematic) receiver. In the case of the
atmospheric and geometric correction with orthorectification, the mean standard error (MSE)
and root mean square error (RMSE) were calculated using the points measured in the field. It
was assumed that the RMSE error for the atmospheric correction should be less than 0.5 nm.
For geometric correction and orthorectification, the error had to be less than 0.7 pixel.

The first step of quality control of airborne multispectral imaging was to verify that all
images taken on a single day were taken at a maximum interval of 7 days and in windless
and cloudless weather with a minimum sun elevation above the horizon of 20°. In addition,
the lateral and frontal overlap of the images were checked with a minimum of 70 and 80%,
respectively, as well as the spatial (0.25 m) and radiometric resolution (at least 12 bits). The
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acquired images were subjected to geometric correction based on photo points measured
in the field, followed by a bilinear orthorectification process performed with a 1 m resolu-
tion Digital Terrain Model derived from airborne laser scanning data acquired in 2015. As
with the multispectral satellite imagery, geometric correction and orthorectification were per-
formed based on 34 points measured in the field with a GNSS geodetic receiver, calculating
the MSE and RMSE. Correctly processed data had an RMSE value of fewer than 2 pixels
(less than 0.5 m).

9.3. Methodology

9.3.1. Dynamics of changes of selected forest stand inventory characteristics
on the basis of multi-temporal airborne laser scanning data

Forest stand growing stock

In the applied method for calculating the stand volume for 2015 and 2019, a uniform
methodological approach was adopted for both dates. First, based on the ALS data, models
for volume (V) were created using the ABA PC method. This method uses statistics calculat-
ed for a point cloud from a given sample area. The reference for the point cloud analysis was
measurements of stand characteristics using the traditional method. The models developed
were based on the following statistics:

e fe cbcMe — third power mean of the Z coordinates of the first reflections (return
number = 1),

e le p50_var_h — variance of the height of the last returns (return number = number
of returns) located above the half-height determined by the maximum and mini-

mum height of ALS points within the analysed sample plot.

After parameterisation of the models for individual years, the models took the follow-
ing form:

for 2015:
V =2.839413 * exp(0.09323122 * fe_.1m_cbcMe + 0.01059306 * le_p50_var_h)
for 2019:
V= 2.778733 * exp( 0.09000275* fe_.1m_cbcMe + 0.01575373 * le_p50_var_h)

The evaluation of goodness-of-fit indices of the V. model on the 2019 data were re-

spectively: R?=0.62, RMSE=7.83, RMSE%=33.45, BIAS=1.62.

The models were implemented over the entire study area in a 22.36 m X 22.36 m
(5 ar) grid for both dates of remote sensing data collection. In this way, the total volume (live
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and dead trees) of each 5 ha fragment of the area of the Polish part of the Biatowieza Forest
was determined using the ABA method. Significant stand dieback occurred in 2015-2019. In
order to determine the volume of living trees, the volume of standing dead trees was calcu-
lated and subtracted from the total volume of the stand previously determined using the ABA
method. For this purpose, the results of the segmentation - detection of individual trees were
used. First, the trees measured in the field and visible in the segmentation results were iden-
tified. The field measurements provided information on tree species and tree volume. The
segments were used to derive tree characteristics based on the CHM: height variables, crown
projection areas and crown volume. These variables were used to build models to determine
the volume of individual trees by deciduous trees, pines and spruces. The models developed
took the form of:

Vl = 0.000041 IHmax2.292069 . areaﬂ.534132

Vo = 0.246032 + 0.000176 - (Hypqy - Crown)

3

V — ( H‘H’lﬂx )
™ \(30.14176 — 0.21965 - Hypgy)

where:

H — maximum height of individual tree;

max

area — tree crown surface area;

Crown — tree crown volume.

The volume model for spruce was developed on a set of 686 trees (Sterenczak et al.
2019), model for pine was developed on a reference set consisting of 156 trees. Volume mod-
el for deciduous trees was based on a set of 296 observations (alder - 83, birch - 52, oak - 47,
hornbeam - 39, linden - 29, aspen - 20, maple - 14, ash - 12).

Table 9.2. Evaluation indices for the goodness-of-fit of 7, 17, I, models on reference data

Index V., vV, v,

R? 0.68 0.86 0.78
RMSE 2.0 0.41 0.82
RMSE% 40.00 20.89 49.18
MAE 0.69 0.30 0.53
MAE% 27.6 15.33 32.18
BIAS 0.040 0.027 0.012
BIAS% 1.5 1.37 0.75
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The calculated stand volume for the 5 ar grid and the data on the volume of individual dead
trees made it possible to determine the volume of living trees and to assign it to individual
stands (forest sub-compartments) of the Bialowieza Forest. First, the volume sum from the
grids intersecting their area was assigned to the forest sub-compartment. For grids whose area
did not cover 100% of the area of the forest stand, the percentage of the volume assigned to
the grid was taken into account as the percentage share of the grid in the respective sub-com-
partment. In this way, the volume calculated from the statistics of ALS for the years 2015
and 2019 was assigned to each sub-compartment. This value characterises the total volume
in a given grid, i.e. the standing dead and living trees. To remove the volume of dead trees
from the total volume of the stand, the dead trees were selected from the layer of individual
trees and their volume was subtracted from the sub-compartments where their centroids were
located. In this way, the volume of living trees in the sub-compartments was determined.

Forest stand height

Information on individual trees was used to determine the height of the stands. Based
on the 2019 segmentation results and the maximum height of a single segment (i.e. tree) ob-
tained from the Canopy Height Model for the 22.36 m x 22.36 m grid, the mean tree height
was calculated. These values were averaged over the entire area of the forest sub-compart-
ments. The height determined in this way is actually the height of the upper tree layer and was
calculated on the basis of a complete measurement of this feature in the sub-compartment.

9.3.2. Dynamics of changes in the species composition of forest stands based
on multitemporal airborne laser scanning data.

Airborne laser scanning datasets were collected three times during the project. Two
datasets were collected in 2015 (leaf-on and leaf-off season) and one dataset in 2019 (leaf-on
season). For the leaf-on season datasets, the aerial images were acquired in parallel so that
spectral reflectance values in the NIR, R and G channels could be assigned to each point in
the 3D ALS point cloud. Individual trees were extracted based on the method described by
Sterenczak et al. (2020a). Based on data from 2015 and 2019, individual trees were classified
into the following species: spruce, pine, deciduous, and divided into ,live’ and ,dead’ classes,
using the methodology developed by Kaminska et al. (2018). This made it possible to esti-
mate the number of individual tree species in the upper layers of the stands and to determine
their health status, as well as to analyse changes in species structure over the duration of the
project.

9.3.3. Dynamics of changes in vertical structure and canopy closurew
Vertical structure analysis

Modelling of the vertical structure of forest stands was based on data from 482 (5
ar) sample plots located in the Polish part of Bialowieza Forest, where inventory surveys
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were made in 2015. Statistics were calculated for these plots from ALS data from the
same year.

To build the model, logistic regression was used in the form:

1= T a2y

P(Y =1lx)=<—2— i= 1.k

3.+ T

where:

Y — a dichotomous variable with values: 1- multilayer structure, 0- single-layer structure;
a,— regression coefficient;

x,— height percentiles from ALS data for the sample plots;

k — number of plots analyzed.

The maximum likelihood method was used to estimate the parameters of the model.
The model was built using a hierarchical method. 70% of the study plots (337 sample plots)
were used to build the model, while the remaining 30% (145 plots) were used to validate
it. The search for the best subset of explanatory variables resulted in an optimal model of
the form:

3 HATH02 S0P 150076 P A0 0P 0k

.l” {1- = ll'\'-l} = J*_-Jt_,.‘-‘n|'-|-'..x:,r‘.< DOTEIF 55=0.09197 05 .

where:
P, —15th percentile for height;
P, — 55th percentile for height;

P, — 95 percentile for height.

The optimal model accurately identified 72.6% of cases where a single-layer structure
was present, and 66.86% of cases where a multi-layer structure was present. The overall clas-
sification accuracy on the training set was OA=70% and on the validation set OA=63.95%.

Canopy closure analysis

The analysis of the horizontal structure should be understood in this case as the analysis
of the canopy closure of the first floor of the stands of the Bialowieza Forest in 2015. The can-
opy closure of the forest in the sub-compartments was calculated using a layer of individual
trees determined by the segmentation method (Sterenczak et al. 2020a) and a layer of gaps,

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

the detection and definition of which is described below. Gaps larger than 2 ares were used
for crown closure analysis in accordance with the 2012 Forest Management Plan (FMP). The
canopy closure analysis was carried out for each of the forest sub-compartments and consist-
ed of the following steps:

selection of individual trees (segments) whose centroid is located inside the
sub-compartments and whose height is greater than 7 m;

e sclection of the part of the gap layer that overlaps with the sub-compartment;

e counting of the areas of the crown projections of trees within the bounds of the
sub-compartments and the areas of gaps within the sub-compartment;

e calculation of the canopy closure coefficient from the formula:

crown projection area

canopy closure ratio =
sub-compartment area — gap area

The steps described are repeated for each of the sub-compartment.

The stand canopy closure was determined for all trees in the sub-compartments, with
the exception of dead trees. The calculated values of the canopy closure ratio, taking val-
ues from 0 to 100%, were divided into five categories, resulting from the level of canopy
cover:

® <30% — none closure,

e 30-45% — open canopy closure,

® 46-65% — broken canopy closure,

® 66-85% — moderate canopy closure,

e > 85% — full canopy closure.

After applying above mentioned methodology for both analysis periods, the canopy clo-
sure in the forest sub-compartments for 2015 and 2019 were obtained. Canopy cover was an-
alysed for 16,057 sub-compartments representing only areas with stands in Biatowieza Forest.

9.3.4. Gap dynamic

ALS data from 2015 and 2019 were used to analyse gap dynamics. These data were used
to create gap maps for both time periods and compare the changes in both areas and within
gaps that occurred over the 4 years. For the purposes of the analyses, the following definition
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of a gap was adopted: an open area in a stand with a vegetation of height lower than 2 m and an
area of more than 20 m?. Gaps occurring in the Bialowieza Forest were divided according to
their area into small (< 5 ar), medium (5-30 ar), large (30-50 ar) and very large (> 50 ar) gaps.

Gap detection was carried out for the entire Polish part of the Bialowieza Forest. The
processing was done in the same way for the 2015 and 2019 airborne laser scanning data using
the Canopy Height Model, which is the difference between the Digital Surface Model (DSM)
and the Digital Terrain Model (DTM). Based on the identified heights of potential gap areas, it
was possible to develop a raster mask for gaps in which pixels with a value of 1 represented lo-
cations where the vegetation relative height was less than 2 m. Regions above this height were
given a value of 0 in the mask. Since it was not possible to process the entire model CHM at the
same time, a special algorithm had to be developed to generate a gap mask from such a large
data set. The generation of the gap mask was carried out in regions defined by an experienced
operator who identified dense forest complexes separated by roads or major watercourses.
A mask of gap areas was generated for each region. Gaps, which were represented as individual
pixels and represent potential errors in processing airborne laser scanning data into an elevation
grid, were removed from the masks. Each region was then polygonised, i.e. the raster was con-
verted to vector polygons. The polygons from each region were merged into a single layer. The
resulting layer was then filtered by removing single objects of less than 1 m?. In the final stage
of processing, the polygons were intersected with the layer of forest sub-compartments in the
Biatowieza Forest. Gaps touching the boundary of the aggregate area were removed from the
trimmed layer, as they were potentially part of a larger gapless open space. After the automat-
ic selection process, an additional visual inspection of all polygons obtained was carried out
based on high-resolution aerial photographs to exclude processing errors.

To analyse changes in the number and size of gaps, vector layers with gaps from two
points in time, 2015 and 2019, were required. The layers are stored as tables in a PostGIS
database, so all calculations regarding the number of gaps in the database were based on SQL
queries. Since layers with annotated attributes for the gap area were available, the total gap
area and its change in 2019 were calculated in the same way.

9.4. Results

9.4.1. Dynamics of changes of selected forest stand inventory characteristics
on the basis of multi-temporal airborne laser scanning data

Forest growing stock and volume

The results of determining the growing stock of forest stands in the Biatowieza National
Park (BNP) for dead and live trees in 2015 and 2019 show minor differences in the volume
dynamics of standing live and dead trees (Fig. 9.1, 9.2 and 9.3). In contrast, in the areas outside
the Biatowieza National Park, the volume of living trees decreased on average by 35 m® ha’!,
and dead trees increased by 29 m* ha! (Fig. 9.1 and 9.2). The greatest change in the growing
stock of living trees was recorded for the areas located in Bialowieza Forest District - a decline
0f 38.2 m? ha'!. The largest change in the standing volume of standing dead trees was recorded in
the stands in the Hajnowka Forest District - it was an increase of 31.9 m* ha! (Tab. 9.3 and 9.4).
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Table 9.3. The average growing stock of forest stands in 2015 and 2019 in individual administrative districts of the
Polish part of Bialowieza Forest

Administrative 2015 2019

District Growing stock | Growing stock Growing stock | Growing stock
of living trees | of dead trees of living trees | of dead trees
[m3 ha] [m3 ha”] [m? ha'] [m? ha']

Bialowieza Natio- | 41, ¢ 18.7 4143 18.9

nal Park

Browsk Forest | 5 7 12.5 368.9 435

District

Hajnowka

Forest District 406.1 11.9 370.0 438

Bialowieza

Forest District 405.3 25.2 367.1 50.1

During the study period, i.e. between 2015 and 2019 in the entire Polish part of the
Biatowieza Forest, the total volume of living trees calculated on the basis of remote sensing
data decreased by 8.5% (2.09 million m?®), while the volume of standing dead trees increased
by 147.7%. The decrease in the volume of living trees was the same in all forest districts and
amounted to about 10%, while in the Bialowieza National Park it occurred only to a small
extent and amounted to almost 3 thousand m®. In terms of the number of dead trees, the in-
crease was highest in the Browsk and Hajnowka forest districts, while this value decreased
by 2% in the Biatowieza National Park.

Table 9.4. The growing stock of forest stands in 2015 and 2019 in individual organisational districts of the Polish
part of Bialowieza Forest

Administrative 2015 2019

District Growing Stock of dead Growing Stock of dead
stock [m®] | standing trees [m®] | stock [m®] | standing trees [m?]

Bialowieza

National Park 4,228,138 198,352 4,225,313 194,820

Browsk Forest 7,279,477 | 246,727 6,528,579 | 887,947

District

Hajnowka 7,809,234 | 251,295 7,014,110 | 898,789

Forest District

Bialowieza 5,108,576 | 383,521 4,571,349 | 682,983

Forest District

TOTAL 24,452,426 | 1,079,895 22,339,351 | 2,664,539
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Figure 9.1. The difference in the volume of living trees in sub-compartments of BF between 2015 and 2019 Figure 9.2. The difference in the volume of standing dead trees in the sub-compartments of BF between 2015

and 2019
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Figure 9.3. The growing stock of living trees in the forest sub-compartments of the Polish part of Bialowieza Forest
in 2015 and 2019
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Forest stand height

By compiling the area of BF, where the median stand height changed, the following
values were determined:

e 3,544 ha with a difference of less than -4 m (6.2% of the area),
e 2490 ha with a difference of -4 m to -2 m (4.4% of the area),
e 9,520 ha with a difference of -2 m to 0 m (16.8% of the area),
e 34,130 ha with a difference of 0 m to 2 m (60.1% of the area),
® 5,979 ha with a difference of 2 m to 4 m (10.5% of the area),

e 1,093 ha with a difference of more than 4 m (1.9% of the area).

When analysing the change in the median, it can be seen that the value increased on
average in all forest districts except for the Bialowieza Forest District, which is probably
mainly related to the intensive bark beetle outbreak and harvesting in this forest district.

9.4.2. Dynamics of changes in species composition based on multitemporal
airborne laser scanning data

In 2015, in the Polish part of the Biatowieza Forest, deciduous trees accounted for the
largest proportion of living trees (59.6%), followed by spruce (21.0%) and pine (15.8%).
Among the dead trees, the largest proportion was deciduous trees (1.9%), spruces (1.3%)
and pines (0.4%) (Fig. 9.6). The highest proportion of deciduous trees, both living and dead,
was found in Bialowieza National Park, where it amounted to 68.2% and 2.6% of all trees,
respectively. The highest proportion of live spruces was in the Hajnowka Forest District
(23.3%) and of pines in the Browsk Forest District (18.5%). Among the dead conifers, the
highest proportion of dead spruce was recorded in the Biatowieza Forest District (2.5%) and
of dead pine in the Biatlowieza National Park (0.5%).

m deciduous

= dead deciduous

GO

50 1 pine

40

30 dead pine
20

I l I I | spruce
10
a m dead spruce

Biatowieza Browsk Hajndwka Biatowieza Forest

Figure 9.6. The percentage share of the individual tree species in the Polish part of the Bialowieza Forest
was determined on the basis of the area of crown projections on a horizontal plane in 2015
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The changes in the structure of the stands of the Biatlowieza Forest, mainly related to
the spread of the bark beetle outbreak as well as with commercial and protection activities,
are directly reflected in the proportion of individual tree species. In the Biatowieza Forest in
2019, data determined on the basis of the crown area showed that 61.7% of the total number
of all standing live and dead trees was occupied by deciduous trees, 16% by pines and 13.7%
by spruces. Among the dead trees, spruce had the highest proportion (6.2%), followed by de-
ciduous trees (1.9%) and pines (0.5%) (Fig. 9.7). The highest proportion of living deciduous
trees was in the Bialowieza National Park with a share of 67.4%. The highest proportion of
live pines was found in the Browsk Forest District (19.1%) while live spruces were found in
the Biatowieza National Park (16%). As for dead trees, the highest proportion of dead spruce
was recorded in the Browsk Forest District (7.3%), while dead deciduous trees and dead
pines were found in the Biatowieza Forest District (2.5% and 0.6%, respectively).
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Figure 9.7. Percentage share of individual tree species in the Polish part of the Bialowieza Forest determined
from the area of crown projections on a horizontal plane in 2019

The results for the 2015 and 2019 classifications clearly show a continuing trend towards
the death of spruce stands in the Bialowieza Forest during this period, which also has a direct
impact on changes in the stand structure of other forest-forming species in the area. In all for-
est districts, a trend towards a significant decrease in the proportion of spruce was observed,
with a simultaneous increase in the proportion of dead spruce. In the forest districts, this also
led to an increase in the share of deciduous tree species, which previously mostly occupied
the 2nd floor of the stand. Interestingly, in the Bialowieza National Park, changes of no more
than 1% were observed in the individual tree species, both living and dead (Fig. 9.8 and 9.9).
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Figure 9.8. Percentage difference in the proportion of individual tree species in the Polish part of Biatowieza Forest
determined on the basis of the area of crown projections on a horizontal plane between 2015 and 2019
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Figure 9.9. Species classification based on ALS data in 2015 (a) and 2019 (b)

9.4.3. Dynamics of changes in the vertical structure and canopy closure
in forest stands

Vertical forest stand structure analysis

Over the course of four years, the vertical structure of the stands of the Polish part
of the Biatowieza Forest has been simplified. Between 2015 and 2019, the proportion of
stands with a single-layer structure increased compared to multi-layer stands (Tab. 9.5). This
was often associated with the death of spruce in the upper layer of the stand, which led to
a simplification of the stand structure and the replacement of the multi- or two-layer structure
with a single-layer structure. The largest changes in terms of the area were observed in the
Biatowieza Forest District (906 ha), where the intensity of bark beetle infestation was the
highest in the studied period. The lowest changes in terms of the area were recorded in the
Biatowieza National Park (440 ha), where the mentioned bark beetle outbreak had the lowest
dynamics. The vertical structure of tree stands changed on 5% of the area of the Polish part
of the Biatowieza Forest (Tab. 9.5 and Fig. 9.10 and 9.11).

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

Table 9.5. Area of stand fragments with single- and multi-layer structure in the Polish part
of the Biatowieza Forest in 2015 and 2019

Administrative Area occupied by a particular stand structure [ha]
District Single-layer Multi-layer

2015 2019 2015 2019
Bialowieza 6,173 7,079 5,978 5,072
Forest District
Browsk 10,061 10,818 6,800 6,042
Forest District
Hajnéwka 10,465 11,351 7,867 6,981
Forest District
Bialowieza 5,256 5,696 4,678 4,237
National Park
TOTAL 31,955 34,944 25,323 22,332

Stand structure
0 single-layer
B multi-layer

Figure 9.10. Spatial distribution of stand fragments with different vertical structure in the Polish part
of the Biatowieza Forest in 2015 and 2019
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Figure 9.11. Spatial distribution of changes in the vertical structure of forest stand fragments
in the Polish part of the Bialowieza Forest in the period 2015-2019
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Stand canopy closure analysis

Canopy closure was analysed for 16,057 sub-compartments containing only stands of
the Bialowieza Forest (excluding open areas). The changes in canopy closure in the period
2015-2019 are mainly due to the bark beetle outbreak (Tab. 9.6 and Fig. 9.12). This caused
the death of a large part of the spruce population which dominated the stand structure due to
its age and usually formed the first layer of the stand.

Table 9.6. The number of sub-compartments with a given canopy closure ratio in the Polish part of the Bialowieza
Forest excluding areas with dead trees in 2015 and 2019

Administrative full canopy | moderate ca- | broken ca- open cano-

. none
District closure nopy closure | nopy closure | py closure

2015 | 2019 | 2015 | 2019 | 2015 | 2019 | 2015 | 2019 | 2015 | 2019

Bialowieza

Forest District 1,287 | 956 | 1,798 | 1,472 | 232 | 586 42 274 24 95

Browsk Forest

. 1,999 | 1,579 | 2,172 | 1,788 130 676 20 207 16 87
District

Hajnéwka

Forest District 2,574 | 1,985 | 2,748 | 2,200 | 184 883 26 298 10 176

Bialowieza
National Park 692 771 1,843 | 1,556 | 311 401 5 55 4 72
TOTAL 6,552 | 5291 | 8,561 | 7,016 | 857 | 2,546 | 93 834 54 430

B none
open
broken
moderate

. full

Figure 9.12. Spatial distribution of the canopy closure ratio of stands of the Polish part of Bialowieza Forest
excluding dead trees in individual segments in 2015 and 2019
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When analysing the change in the ratio of crown closure during the period 2015-2019
(Tab. 9.7), it can be seen that the largest number of sub-compartments (1,737) changed from
moderate to broken canopy closure. There were similarly numerous changes in the case of full
canopy closure: in 1,613 sub-compartments it changed to moderate canopy closure, which
was undoubtedly an effect of the dynamically developing bark beetle outbreak at that time.

Table 9.7. Summary of the change in the degree of canopy closure in sub-compartments in the Polish part of the
Bialowieza Forest excluding the areas covered with dead trees between 2015 and 2019

In the area of the Polish part of Bialowieza Forest, 254,016 gaps with a total area of
2189.4 ha were detected in 2015, while in 2019 - 252,006 gaps with a total area of 2601.7

ha (Tab. 9.8).

Table 9.8. Total area and a number of gaps generated in a given year and their dynamics in the period 2015-2019

in the Polish part of Bialowieza Forest (PB)

The level of canopy cover in 2019
None | Open | Broken Moderate Full
Thelevel | None 21 14 6 12 1
of canopy
closurein | Open 33 30 18 11 1
2015.
Broken 92 164 454 144 4
Moderate 250 | 552 1,737 5,237 785
Full 39 74 332 1,613 4,500

9.4.4. Gap dynamics

Gaps in forest stands can appear, overgrow or expand, individual adjacent gaps can also
merge into one, and a large gap can divide into two or more. To analyse the changes between
and within individual gaps, it is necessary to recognise these relationships (Fig. 9.13).

Figure 9.13. Gap dynamics - examples of gaps overgrowing (1) and expanding (2). Red colour - 2015,
green colour - 2019, base layer - DTM 2019
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Num- A 9
um Total area verage Min. Area of | Max. Area 7 coverage
Date ber of of gaps [ha area of gaps aps [ha of gaps [ha] of BF
gaps sap [ha] sap sap by gaps
2015 254016 | 2189.4 0.0086 0.0020 4.6045 3.87
2019 252006 | 2601.7 0.0103 0.0020 9.3946 4.60
change | -2010 +412.3 +0.0017 - +4.7901 +0.73

During 2015-2019, the total number of gaps decreased by 2,010, while the total area
of gaps increased by 412.3 ha. The area of individual gaps increased by a maximum of
4.7901 ha, while the average area of individual gaps increased by 0.0017 ha. The percentage
share of gaps in the area of the Polish part of the Biatowieza Forest also increased - by 0.73
percentage points. In 2019, the area of gaps in spruce stands increased by more than 12 per-
centage points compared to 2015 (Tab. 9.9).

Table 9.9. Proportion of species in gaps and their dynamics in 2015-2019
in the Polish part of the Bialowieza Forest

Species Percentage in the total gaps area Difference
2015 2019

other 591 6.37 0.46

birch 31 3.33 0.22

oak 5.74 53 -0.44
hornbeam 6.73 4.81 -1.92

lime 8.81 5.86 -2.95
alder 18.55 11.8 -6.74

pine 22.92 21.96 -0.96
spruce 28.24 40.58 12.34
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Total area of gaps for size groups in BF and BNP forest districts
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Figure 9.14. Changes in the total area of gaps for size groups in the forest districts of the Polish part
of the Bialowicza Forest (BF) and the Bialowieza National Park (BNP) in the period 2015-2019
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Figure 9.15. Dynamics of selected gaps in the Polish part of Bialowieza Forest in 2015-2019
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In three forest divisions of the Polish part of the Bialowieza Forest, an increase in the
total area of gaps was observed: in the Biatowieza Forest District - by 136.3 ha, in the Browsk
Forest District - by 141.1 ha, in the Hajnoéwka Forest District - by 188.4 ha. In the Biatlowieza
National Park, a decrease in the total area of gaps by 53.5 ha was recorded. Changes in the
area of gaps can also be seen in the different size groups (Fig. 9.14 and 9.15).

9.5. Discussion

The results presented in this chapter are only a part of the remote sensing analyses con-
ducted within the project and published in previous papers (e.g. Erfaniferad et al, 2018, 2019;
Kaminska et al, 2018, 2020, 2021; Kraszewski et al, 2020; Laurin et al. 2020; Miclcarek et
al. 2018, 2020; Modzelewska et al. 2020, 2021; Olpenda et al. 2019; Sterenczak et al. 2017,
2019, 2020a, 2020b). In many cases, the data processing and analysis methodologies pre-
sented in this chapter have been described in detail in scientific papers, hence the frequent
references to specific publications.

In the LIFE+ ForBioSensing project, different remote sensing data sets were used. Air-
borne laser scanning data were used - thanks to their attributes - to reconstruct the ground
surface by converting a point cloud into a Digital Terrain Model and the surface reflecting the
objects on the ground surface by converting a point cloud into a Digital Surface Model. By
subtracting the values of the corresponding pixels in the DSM and DTM, a model represent-
ing all objects on the surface with their relative height was obtained- a normalized DSM; and
for forest areas - the Canopy Height Model. The CHM was used in many analyses carried out
for the purpose of monitoring the Polish part of the Biatlowieza Forest. In particular, it was
used in the process of detecting individual trees. Individual tree crowns identified in 2015, the
first year in which remote sensing data were collected, formed the basis for most of the work
related to the analysis of changes in the stands of the Biatowieza Forest. In particular, the
results of the segmentation of CHM together with the results of classification of digital aerial
or satellite images supported the temporal and spatial analysis of the spread of bark beetle
outbreak in the Biatowieza Forest, reflected in the number of standing trees inventoried. In
addition, remote sensing data were used to determine the volume of standing dead trees, the
dynamics of changes in growing stock, and to identify trees in the Bialowieza Forest that are
dangerous from a tourism perspective (Sterenczak et al. 2017), as well as to analyse the ver-
tical and horizontal structure of the forest stands. These analyses, carried out for such a large
forest area in terms of individual trees and multitemporal data, are unique. The developed
methods of using remote sensing data are of great importance from the cognitive point of
view and allow implementation of the obtained results in practice.

An essential element of remote sensing analysis is the proper collection and quality
control of the data provided. Data quality control should be an integral part of all analyses.
Special attention must be paid not only to the correctness of the input data but also to the qual-
ity and correctness of the products generated throughout the process. Each stage of quality
control should prevent the operator from receiving undesirable results due to incorrect data.
The probability of errors occurring increases with the complexity of the analytical process,
which may consist of many steps and integrate information from many different data sets.
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Quality control should focus first on the input data and then on the individual sub-products
of the production process. The final confirmation of the correctness of the entire data analysis
process is the evaluation of the final product, which verifies its compliance with expectations
and determines its quality. Automating the process of quality control (Kraszewski et al. 2020)
and subsequent elements of the analyses saves time and at the same time enables the review
of entire data sets submitted after any corrections.

The data used in this chapter was a large set of digital information, which is a specific
example of the collection of so-called Big Data. It was a large volume of data of several ter-
abytes that required an innovative approach to its processing and included data of different
types: 2D and 3D remote sensing and numerical data. The integration of these data and their
mutual analysis has led to new information that cannot be achieved by analysing individual
data sets. For example, the airborne laser scanning data collected in 2015 and 2019 alone
took up 403 GB, to which must be added the spectral data and as-built survey data collected
in 2015, 2017 and 2019 (over 150,000 records). At the beginning of the project - in 2014 -
there were not many cloud-based tools and solutions currently available, so getting a handle
on proper data storage and processing was a challenge.

Modelling of the volume of the Bialowieza Forest stands was carried out using the
well-known and proven method ABA PC (Neasset 2002; Parkitna et al. 2021). The values
obtained are in agreement with the results of the ground-based analyses (Chapter 4). The
prediction accuracy determined in the sample plots took good values, mainly due to the edge
effect, which has also been confirmed in other studies in the region (Laurin et al. 2020). The
edge effect occurs when the crowns of trees that were not measured in the field (because their
trunks were not within the monitoring plot) penetrate the surface and therefore leave a trace
in the data from ALS. As a result, the variables used in the modelling of the volume in the
sample plot are distorted because ALS points that were just reflected from the crowns of the
trees not measured in the sample plot are included in their calculation. This effect is exacer-
bated when test plots with a relatively small area in relation to tree size are used, especially
in stands with diverse structure. In the stands of the Bialowieza Forest, we are dealing with
both situations. Nevertheless, the obtained results agree very well with the results of the
field-based measurements, so we can conclude that the applied method provides accurate and
reliable information about the volume and growing stock of the Biatowieza Forest. It should
be noted that the information on the volume of dead trees was included in the analysis on the
basis of the ITD (Individual Tree Detection) method. This approach is not often found in the
literature and allowed us to provide comprehensive and locally precise information on the
dynamics of Biatowieza Forest stands.

The height of the stands was determined in the most accurate way, as the measure-
ment of the height of all trees was used, which was determined with a single tree detection
algorithm (Sterenczak at al. 2020a, 2020b). This type of measurement is accurate and is
often used with ALS data to determine the characteristics of individual trees (Mielcarek et al.
2018). The presented method for determining stand heights differs from the standard invento-
ry method as it uses information from all trees and not only sampled ones. On the one hand,
this has advantages as the height is determined more accurately, but the disadvantage of this
method is that it is difficult to compare it with the height determined for the sub-compartment
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by means of a methodology adopted in forest management practices. Thanks to the unified
methodology, it was possible to carry out an accurate analysis of changes in the height of
forest stands in the entire Polish part of the Bialowieza Forest. The changes recorded were
related to the height growth of trees, but also to changes in the structure of forest stands in the
area, mainly due to bark beetle outbreak, which reached unprecedented levels in the period
studied (Grodzki 2016).

The analysis of the species structure, or more precisely the proportion of pine, spruce
and broadleaf tree species together, primarily served to illustrate and quantify the far-reach-
ing changes caused by the bark beetle infestation. The proportion of spruce in the upper
layer of the stand decreased by about 40% between 2015 and 2019. Such a dynamic change
indicates intensive thinning as a result of the bark beetle infestation. Thanks to the possibil-
ity of monitoring the condition of individual trees (Kaminska et al. 2018), it was possible
to determine the dynamics and spatial extent of the bark beetle outbreak spread in 2015
(Sterenczak et al. 2019) and in 2015-2019 (Kaminska et al. 2021), as well as to identify the
factors determining the progress of the bark beetle outbreak (Kaminska et al. 2020, 2021;
Sterenczak et al. 2020b).

The analysis of the dynamics of the forest stand structure confirmed the previous re-
sults, i.e. it revealed the fragments of the Polish part of the Bialowieza Forest where the great-
est changes occurred as a result of bark beetle infestation, economic activities and protec-
tion measures, as well as other processes and phenomena (e.g. strong winds). The proposed
methodological solutions made it possible to analyse the changes in the period 2015-2019 in
a consistent and objective way, which was previously not possible for the entire study area
using ground-based data. An important observation was the fact of a strong separation of the
first layer of the forest, but also an indication that in many stands of the Biatlowieza Forest
there was a second layer exposed by the outbreak. This was particularly visible in the vertical
structure, which was simplified in many places (about 3,000 ha), i.e. two-layered stands were
replaced by single-layered ones. The increasing outbreak also caused the dieback of entire
stands, which was reflected, among other things, in an increase in the total area of gaps in the
stands of the Bialowieza Forest by 412 ha. The area of gaps increased in managed forests (in
the Biatowieza Forest District - by 136 ha, in the Browsk Forest District - by 141 ha, in the
Hajnéwka Forest District - by 188 ha), while it decreased in the Biatowieza National Park,
where the total area of gaps decreased by over 53 ha.

The analyses presented in this chapter indicate dynamic changes in forest stands in the
Polish part of the Bialowieza Forest during the study period. Such dynamic changes in stand
structure have certainly created new conditions for tree growth in the area (see Spies et al.
1990; Bertemucci et al. 2002; Dobrowolska and Veblen 2008). It can be expected that in the
coming years the cleared areas, if not occupied by e.g. reed grass Calamagrostis spp., will be
colonised by new trees, which may lead to stands with a different species composition than
the current stands.
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9.6. Conclusion

The use of remote sensing data to monitor stand dynamics - even of such complex
structure and species diversity - is justified and provides a complete and consistent record of
change. An important element in the use of remote sensing data is access to qualified special-
ists and data analysis tools. The standard GIS (Geographic Information System) and remote
sensing software used for spatial analysis does not include some of the tools that were used
in the ForBioSensing project. Therefore, the project created numerous applications, mostly
in R, which methodically supported the analytical activities and automated many work steps.

Airborne laser scanning data was used to determine the dynamics of the growing stock
of living and dead trees in the Polish part of the Bialowieza Forest between 2015 and 2019.
During this period, the total volume of living trees in the entire area analysed, calculated on
the basis of remote sensing data, decreased by 8.5% (2.09 million m?), while the volume of
dead trees increased by 147.7%. The decrease in the volume of live trees was the same in all
forest districts and amounted to about 10%, while in the Bialowieza National Park it occurred
only to a small extent, almost 3,000 m>.

The usefulness of airborne laser scanning data for species composition analysis was
confirmed, based on three species groups: deciduous trees, pines and spruces. The project
attempted to classify selected tree species using ALS point data for the first time in an area
where dense stands clearly predominate, with very optimistic results.

Airborne laser scanning data were also used to analyse changes in the size and location
of gaps in the stands of the Biatowieza Forest. The total number of gaps in 2015-2019 de-
creased from 254,016 to 252,006, while the total area of gaps increased by more than 412 ha
and amounted to 2602 ha in 2019, which is about 4.2% of the area of the Polish part of the
Biatowieza Forest. From this we could conclude that in most cases the gaps are expanding
and merging together, which is mainly due to the dieback of spruce stands as a result of pro-
gressive bark beetle outbreak.

Based on the analysis of airborne laser scanning data, a change in stand structure from
a multi-layered structure to a single-layered structure was also observed between 2015-2019.
This was often associated with the death of spruce in the upper layer of the stand and the
emergence of a second storey, resulting in a simplification of the stand structure. Most such
changes occurred in the Biatowieza Forest District (906 ha), the fewest in the Bialowieza
National Park (440 ha). The structure changed on an area of 3,000 ha in the Polish part of the
Bialowieza Forest.

The use of remote sensing data requires quality control. Data providers make mistakes when
processing the data. The result is data of poorer quality, which in extreme cases is unusable.
The process of quality control itself prolongs tasks, so it must be included in the process of
purchasing and receiving remote sensing data.

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data
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Abstract

Knowledge of the characteristics of individual trees in sample plots is important infor-
mation that provides a reference base for large-scale analyses of forest environments. Meas-
urement with the inventory methods used so far, based on the use of measuring devices such
as compasses, forest calipers, altimeters and range finders, is time-consuming and generates
high acquisition costs. With the advent of terrestrial laser scanning technology, it has become
possible to use sets of 3D points to extract these features faster using computer algorithms.
The main objective of the analysis presented in this chapter was to establish the possibility of
detecting a single tree and determining its basic biometric characteristics: diameter at breast
height, height and volume. The tests were carried out on 99 sample plots in the Polish part of
Bialowieza Forest, where inventory measurements were carried out during the fully-leafed
period in 2015, 2017 and 2019. Tree detection was performed with a proprietary algorithm
and its accuracy was verified using reference measurement data collected using traditional
techniques. In addition, having a collection of almost 4597 trees, the influence of the distance
of the tree from the scanner and the size of its diameter at breast height on the accuracy of the
determination of the features of this specimen was analysed. The study concluded that a ran-
dom single tree can be detected with an average accuracy of 61.5% on the basis of a terres-
trial laser scanner measurement. The error in diameter at breast height measurement was on
average 10% of the measured value, while the volume was 39%. The tree height determined
from the TLS data was on average about 40% lower than the reference height, whereas from
the ALS data it was 12% lower. The errors in diameter and volume measurements were not
dependent on the distance between the tree and the scanner. In conclusion, the single station
measurement is sufficient to determine the diameter and location of a tree with satisfactory
accuracy. However, for more detailed analyses it is necessary to obtain data from more sites
or during the leafless period.

10.1. Introduction

Field measurement of trees on sample plots plays a significant role in the study of forest
ecosystems as well as in forest condition monitoring and management of forest areas. The
data collected during this measurement provide knowledge on the structure, distribution and
dynamics of forest stands. Tree surveying is usually carried out using traditional methods
based on ,,direct contact” with each object and using altimeters, range finders, compasses and
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forest calipers. These methods are expensive and require a lot of time and resources, and the
traditional measurement mode significantly limits the number of sites inventoried in one day.
With the development of terrestrial laser scanning technology, there has also been a process
of implementing it in forest stand inventories to speed up and objectify the data collection
process.

The first commercial terrestrial laser scanner was introduced to the market in 1998.
This system allowed the measurement of millions of 3D points surrounding the scanner. In
recent years there have been significant developments in this technology, involving a reduc-
tion in scanning units as well as an increase in spatial resolution and scanning speed, thereby
increasing the mobility of scanning stations and broadening the possibilities for their use in
various aspects of forestry research.

The biggest advantage of terrestrial laser scanning is the ability to inventory all the trees
in a given inventory area quickly, with a high level of accuracy down to a few millimetres.
From the acquired data, tree attributes such as diameter at breast height, tree height, stem
curve, etc. can be automatically obtained (Liang et al. 2013).

To date, there have been many scientific papers devoted to the automatic analysis of
terrestrial laser scanning data in forest environments. Most of these publications deal with the
process of obtaining attributes to describe a stand or individual trees from which productivity
and changes in forest structure can be determined. The first publications focused specifically
on Terrestrial Laser Scanning (TLS) data mining to extract simple attributes such as diam-
eter at breast height and height (Erikson and Karin, 2003; Lovell et al, 2003; Simonse et al,
2003; Aschoff and Spiecker, 2004; Hopkinson et al. 2004; Pfeifer et al. 2004; Parker et al.
2004; Schiitt et al. 2004; Thies et al. 2004; Watt and Donoghue 2005). Later, authors began
to extract more detailed attributes from these data, such as stem curve based on cross-sec-
tions (Liang et al. 2013). Subsequently, it has been demonstrated that TLS data can be a good
source of information for determining volume and biomass at the sample plot and individual
tree level (Yu et al. 2013; Kankare et al. 2013; Astrup et al. 2014; Liang et al. 2014b).

In 2018, a publication (Liang et al. 2108) comprehensively analysed multiple methods
for single tree attribute detection from TLS data. The analysis was carried out for different
stand types and for different data types (single and multi-scanning). Detection accuracy was
evaluated using two parameters: completeness (determines which part of the trees recognised
using the algorithm is referenced in the reference) and correctness (determines how many
trees out of all detected trees is correct). Based on the results obtained, it was found that
single scans can detect trees with 75% completeness and 90% correctness for easy stands
(600 trees/ha, 20 cm mean diameter at breast height), with 60% completeness and 90% cor-
rectness for medium stands (1000 trees/ha, 15 cm mean diameter at breast height) and with
30% completeness and 90% correctness for difficult stands (2000 trees/ha, 10 cm mean di-
ameter at breast height). When data from multiple sites are acquired, completeness increases
to 90% for medium stands and 70% for difficult stands with 100% correctness, and existing
algorithms were able to determine the diameter at breast height and the stem curve to within
1-2 cm.
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The work carried out within the project focused on the possibility of determining ba-
sic tree attributes on 99 sample plots of varying structure. Attributes such as tree location,
diameter at breast height and volume were determined (based on the formula determined in
the RemBioFor project on model trees). The data were analysed in terms of the dependence
of diameter at breast height and volume values on distance from the scanner, as well as on
diameter size.

10.2. Materials and Methods

10.2.1. TLS data

Terrestrial laser scanning (TLS) data were acquired between 2015 and 2019 in three
survey campaigns (2015, 2017, 2019). These data were obtained for 99 circular inventory
plots distributed in the Polish part of Biatlowieza Forest (Fig. 10.1).

[

Figure 10.1. Distribution of sample plots where TLS measurements were carried out
in the Polish part of Bialowieza Forest
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The scans were performed with a Trimble TXS5 phase scanner (Fig. 10.2). The scan-
ner scanned the area over its entire range, i.e. for the horizontal angle (from 0 to 360
degrees) and for the vertical angle (from -60 to 90 degrees). The scanning resolution was
6.1mm/10m, giving 28.4 points/degree. The total scan size was 10314 x 4298 points (ap-
proximately 44 million points). A single scan was taken for each sample plot, for which
additional images were acquired. The scanning time per site was approximately 8 minutes
(Fig. 10.2).

Figure 10.2. Trimble TX5 phase scanner in the process of performing a scan on a sample plot (photo Kamil Pilch)

Point sets acquired in the field were processed using dedicated software FARO
Scene 6.0. Processing consisted of pre-filtering the outlier points using a Grid filter, col-
ouring the point cloud using the images acquired by the scanner, and exporting the data to
a text file containing the XYZ coordinates, intensity value and RGB from the images. The
exported text files were then saved in LAZ format. In order to standardise the resolution
of the point cloud, while reducing its size for processing, it was generalised using a lcm
voxel grid.
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10.2.2. Detection of trees and their parameters

Single tree detection on the 2015 TLS data was carried out using a proprietary algo-
rithm developed as part of the project. The algorithm first generated a Digital Terrain Model
(DTM) for each circular sample plot and then normalised the obtained point clouds using it.
The normalised dataset was filtered using normal and statistical vector information and the
geometric distribution of points. In the final stage, the filtered set of points was divided into
smaller subsets into which cylinders were fitted by the RANSAC method. For the matched
cylinders, the intersections of the main axis of the solid with the plane z = 1.3 m (centre of
the tree) were determined.

For each of the detected trees, the volume was then calculated using a different devel-
oped algorithm, which first cut out a point cloud with a radius of 0.5 m from a tree centre.
RANSAC (Fisher and Bolles, 1981) was then used to fit circles into the point cloud sections
cut off every 10 cm, counting from 0 to the maximum height of the cut-out. For each fitted
circle, its position and radius were recorded. This information was then used to filter outliers.
To do this, a linear model was fitted to the groups of values (z, radius), (z, x), (z, y) with
RANSAC (range = 1 cm, n =5, iterations = 100). Sections deviating by 1cm from the radius
model and by 2 cm from the models for coordinates were discarded. As a result of filtering,
trees containing less than five sections were considered a detection error and removed from
further analysis. For the remaining trees, volume was calculated as the sum of the volumes
of truncated cones, whose bases were the circles fitted into individual sections based on the
following formula:

2 2
V==-h-(R+R-7+1)
where: :
h - height of the truncated cone,
R - base radius,

r - top surface radius.

The volume was calculated for two ranges of sections:

e v — from the ground level (0 m) to the section designated for the highest points,
and if there was no value of radius for section 0, a radius from the lowest section of
a tree,

e from the ground level (0 m) to the section at the height of 5m, and if there was no
value of radius for the 5Sm section, the radius was determined from a linear model
fitted with RANSAC at the value (z, radius).

From v5m, the volume of the whole tree was calculated with use of the formula deter-
mined within the RemBioFor project:
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V=-0,08977 +3,01185 x v5m

For each tree, the DBH (diameter at breast height) was also determined by fitting
a circle to the points at 1.3m height, or if there were no points, by determining the radius from
a linear model.

The determined position of the trees was used to integrate the results of the terrestri-
al laser scanning measurements with the terrestrial forest inventory measurements (on the
same sample plots) in 2015. For this, an algorithm developed within the project was used,
which was based on the iterative finding of groups of four points in two sets (from TLS and
field measurements), whose distances, DBH values and azimuths are mutually corresponding
within assumed limits. For these assumptions, there were many such corresponding groups
in the sets, so the algorithm iteratively matched whole sets with specific trees on the basis of
corresponding groups of points and checked the fitting of the remaining trees. The solution
with the best fit was selected for the transformation of TLS data to the layout from field meas-
urements. The parameters for the transformation were the XY translation of the scan centre
and the rotation angle.

The fitted TLS data from 2015 served as a reference for the transformation of data from
subsequent measurement campaigns - in 2017 and 2019. Mutual orientation of sets of points
was performed using the Iterative Closest Point (ICP) method (Besl et al. 1992). However,
before fitting, the transformed point clouds underwent a normalisation process based on the
generated Digital Terrain Model (DTM) from the 2015 data. The reference and processed
sets were then generalised to 1 cm resolution. Based on the height values from the DTM, the
shift value between the sets along the Z axis was calculated. In the final stage, the sets were
filtered using the Statistical Outlier Removal (SOR) filter (Rusu 2013), and points whose
neighbourhood did not meet the planarity condition were removed. The filtered sets were
integrated using the ICP method.

The mutually integrated TLS data for the period 2015-2019 were then used to calculate
the volume of individual trees for each year using the same method as for the 2015 data.
A layer containing the location of tree positions and diameter at breast height generated from
the 2015 TLS data was used as a starting layer for this process.

The set of individual trees detected on the TLS data in 2015-2019 contained 4597 ob-
jects. Such a large set made it possible to analyse the influence of distance from the scanner
and diameter at breast height on the accuracy of determining basic tree attributes.

In order to better analyse the accuracy of the diameter at breast height and volume
determination from the TLS data, the trees were further divided into four thickness groups:

e group 0 - diameter at breast height 70-150 mm - 1475 trees;
e group | - diameter at breast height 150-300 mm - 2018 trees;
e group 2 - diameter at breast height 300-450 mm - 757 trees;

e group 3 - diameter at breast height over 450 mm - 347 trees.
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The final processing step was to determine tree heights from the TLS data. TLS cloud
points located 0.5 m from the tree location were used for this. The maximum value of the
Z coordinate of these points was taken to be the height of the tree.

The integration of TLS data with reference measurements also allows the height of the
trees in the highest storey of the stand to be determined from airborne laser scanning data,
or more precisely from the segmentation product derived from this data. For this purpose,
a segment containing this tree trunk is defined for each tree location with TLS. The tree is
then assigned the height determined from the Crown Height Model (CHM) for the segment.
However, some trees are below the highest storey of the stand and the height determined for
them is incorrect. In order to eliminate such cases, a formula determining the height of the
tree on the basis of the known diameter at breast height, determined on the basis of the in-
ventory measurements on all plots, was used (the accuracy of the model fit was R? =0.7972):

h=11,496 % In(dbh_, .) - 40,998

TLS

When the difference in height from the segments and from the formula was not within
the range (-2.5 m; 2.5 m), height was not assigned.

10.2.3. Method of validating results

Tree detection accuracy was evaluated using three measures proposed by Liang et al.
(2018): completeness, correctness and average accuracy. Completeness determines what
proportion of trees detected using the algorithm have a reference in the reference data. Cor-
rectness, on the other hand, determines how many trees out of all those detected are correct.
Completeness and correctness are defined by the formula:

ncor
Completeness =

Ryer

ncor
Correctness =

det

where:

n, —number of trees correctly detected from the TLS data;

c

= number of reference trees measured in the field;

n, —number of all trees detected from the TLS data.

The average detection accuracy determines the correctness of the detection of a ran-
domly selected reference tree. It is defined as:
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2 ncor
Average accuracy =

nref T ndet

The accuracy of tree position, diameter at breast height, tree height and volume was
assessed according to the methodology proposed by Liang et al. (2018) using RMSE (root
mean square error) and bias. Accuracy scores were calculated by comparing the detected val-
ue ¥, with the field measured y, (i is the tree index). RMSE was determined from the formula:

e 2
= 1 A
=25 (5 )

Bias was determined by the formula:

Bias =

ny, 2
1 AN
n Z (y iy i)
det =1

In addition, the relative value of RMSE and Bias in percentage was calculated, which
is a comparison of them to the average reference value ¥, defined as:

- ‘
y B nder E] yl
RMSE% was calculated from the formula:
RMSE
RMSE% =———. 100%
Bias% was calculated from the formula
Bias

Bias% = 5 100%

Due to the stand structure on the validation sample plots they were divided into three
groups:
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e casy structure - sample plots with clear visibility of tree trunks and low stem density
(20 plots),

e medium structure - sample plots with moderate stem density and moderate under-
growth density (50 plots),

e difficult structure - plots with high stem density and dense undergrowth vegetation
(29 plots) (Fig. 10.3).

EASY MEDIUM DIFFICULT

Figure 10.3. Profiles through point clouds for three different types of sample plots, defined by the structure of the
stands growing on them

An assessment of the accuracy of the detection of individual trees and their attributes
in the sample plots from the TLS data was carried out only for the 2015 survey campaign,
which was the benchmark survey.

10.3. Results

10.3.1. Tree detection accuracy

The correctness of tree detection on all types of sample plots was performed to a very
high level - more than 80%. For the easy and medium structure plots, the correctness was
the same at 90%. Regarding the other two parameters - completeness and average accuracy
- a decrease was evident as the density of vegetation in the plot increased. For completeness,
values ranged from 60% for easy plots to 37% for difficult plots. The average accuracy of the
easy plots was 71% and decreased by 6% for the medium plots and by as much as 22% for
the difficult plots (Fig. 10.4).
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Figure 10.4. Summary of mean values of parameters determining the accuracy of tree detection using TLS
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With regard to diameter at breast height, the RMSE increased as the difficulty of the area
increased. However, looking at the RMSE percentage, the accuracy was the same for each
group. The systematic error also increased with increasing vegetation density (Tab. 10.2).

Table 10.2. Accuracy of determining the diameter at breast height of trees using TLS data for particular types of
sample plots in the Polish part of Bialowieza Forest (compare Fig. 10.1 and Fig. 10.3)

Type of plot RMSE__ [mm] | RMSE__ % | Bias_, [mm] | Bias . %
Easy 21.6 10.6 -0.64 -0.31
Medium 25.6 10.5 -1.87 -0.77
Difficult 29.1 10.9 -3.04 -1.14

The volume was also determined less accurately as the difficulty of the plot increased.
The RMSE percentage was at a high level - over 50% of the calculated value. The diffi-
culty of the plot on which the measurement was made also influenced the systematic error
(Tab. 10.3).

Table 10.3. Accuracy of determining the volume trees using TLS data for particular types of sample plots in the

data for particular types of sample plots in the Polish part of Bialowieza Forest
(cf. Fig. 10.1 and Fig, 10.3)

10.3.2. Accuracy of tree location, diameter at breast height and volume

In the analysis of the results, a decrease in localization accuracy expressed by RMSE
was evident as vegetation density increased for medium plots by 1 cm and difficult plots by
3 cm compared to easy plots. At the same time, the accuracy of determining the position of
the tree was performed on average with an RMSE, | of 18 cm. In all cases the measurement
had a systematic error of 1 cm (Tab. 10.1).

Table 10.1. Accuracy of determining the location of trees using TLS data for particular types of sample plots in the
Polish part of Bialowieza Forest (compare Fig. 10.1 and Fig. 10.3).

Polish part of Bialowieza Forest (compare Fig. 10.1 and Fig. 10.3)

Type of plot RMSE,, [m’] RMSE, % Bias, [m’] Bias,, %
Easy 0.32 59.4 -0.052 -9.41
Medium 0.40 50.8 -0.072 -9.07
Difficult 0.56 56.2 -0.127 -12.7

10.3.3. Accuracy of tree height determination

Type of plot RMSE, RMSE,, RMSE,, | Bias, Bias,,
[cm] [cm] [em] [cm] [cm]
Easy 12.0 12.1 17.1 -1.26 1.13
Medium 12.8 13.1 18.3 -0.36 0.10
Difficult 15.1 13.3 20.1 -1.91 0.66

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

The influence of vegetation density in the sample plot was evident in the accuracy of
tree height determination from the TLS data. The denser the vegetation, the higher the RMSE
value. At the same time, in relation to the reference values, the RMSE% increased from
33.7% (easy plots) to 45.1% (difficult plots). A significant increase in the systematic error
was also evident, increasing 3-fold for medium plots and 4-fold for difficult plots in relation
to easy plots (Tab. 10.4).
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Table 10.4. Accuracy of determining tree height using TLS data for particular types of sample plots in the Polish part
of Bialowieza Forest (compare Fig, 10.1 and Fig. 10.3)
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With regard to the accuracy of tree height determination from ALS on individual types
of sample plots, the RMSE value for all types of plots was at the same level - on average 2.6
m, which was two to three times higher than the height determined from TLS. The errors
obtained represented on average 12.6% of the value of the determined height. For the most
difficult plots, the error accounted for the smallest proportion of the determined height, only ; ’ el BN (mm]
10.4%. For all plots, the systematic error was similar - not exceeding 1 m (Tab. 10.5).
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Figure 10.5. Distribution of tree diameter at breast height differences (determined using TLS data and measured
in the field in the sample plot) as a function of the distance between the tree and the scanner

Table 10.5. Accuracy of determining tree height using ALS data for particular types of sample plots in the Polish part
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10.3.4. Dependence of the accuracy of the diameter at breast height
and volume of trees on their distance from the scanner 23m | I
In the analysis of the dependence of the difference between the tree diameter at breast W ED
height value determined from the TLS data and that measured in the field on the distance of 50 25 0 2 50
. . Difference in DBH/Reference DBH [%]
the tree from the scanner, no apparent deviation was found to depend on this factor. Both the
values of the differences and their percentage reference for most trees were distributed close Figure 10.6. Percentage distribution of tree diameter at breast height differences (determined using TLS data
to 0 (Figs. 10.5-10.6). and measured in the field in the sample plot) as a function of the distance between the tree and the scanner
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With regard to tree volume, there was also no apparent dependence on the distance be-
tween the tree and the scanner for the difference in values determined from the TLS data and
those calculated on the basis of the field measurements. However, it can be seen that there
were many more trees throughout the distance range for which the volume from the TLS data

was overestimated (Figs. 10.7-10.8).

T}
[ e

Distance from scanner [m]

010 0.05 0.00 0.05 010
Difference in volume [ m® ]

Distance from scanner [m]

20 -10 0 10 20
Difference in volume/Reference volume [%]
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Figure 10.7. Distribution
of volume differences (de-
termined using TLS data
and calculated on the basis
of field measurements

on the sample plot) as a
function of tree distance
from the scanner

Figure 10.8. Distribution
of volume/reference
volume differences (de-
termined using TLS data
and measured in the field
on the sample plot) as a
function of tree distance
from the scanner

10.3.5. Dependence of the accuracy of the diameter at breast height
and volume of trees on diameter at breast height

An analysis of the distribution of differences in tree diameter at breast height values
determined from the TLS data and measured in the field revealed a shift in the median value
with increasing tree diameter at 1.3 m height (i.e. breast height), as well as a widening of the
range of differences with increasing diameter at breast height values. In the case of the ratio
of the difference of the value determined from the TLS data to the breast height from the field
data, a similar range of values was apparent in each group of tree diameter at breast height
with a slight shift in the mean values (Figs. 10.9-10.10).

DEH group

* == sm— - - .

Difference in DEH [mm]

Figure 10.9. Distribution of differences between the TLS-determined diameter at breast height and the reference
diameter at breast height by group (group 0 - 70-150 mm, group 1 - 150-300 mm, group 2 - 300-450 mm,
group 3 - more than 450 mm)

DEH group

Difference in DBH/Referance DEH [%]

Figure 10.10. Graph of the ratio of the difference to the reference diameter at breast height by DBH group
(group 0 - 70-150 mm, group 1 - 150-300 mm, group 2 - 300-450 mm, group 3 - more than 450 mm)
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In the case of tree volume, significant differences were apparent between the actual
values and those determined from TLS for the two groups of trees with diameter at breast
height above 300 mm. For trees with a diameter at breast height greater than 450 mm, an
overestimation of volume was also apparent in the TLS data relative to the field data. When
comparing the ratio of the difference of the volume values determined from the TLS data to
the actual volume, overestimation was evident in all diameters at breast height groups. In
addition, group 0 was found to have a larger range of variation in values than the other groups
(Figs. 10.11-10.12).

_m__....-......

Figure 10.11. Distribution of differences between the volume determined from TLS and the reference volume
by DBH group (group 0 - 70-150 mm, group 1 - 150-300 mm, group 2 - 300-450 mm, group 3 - more than 450 mm)
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Figure 10.12. Graph of ratio of difference to reference volume by DBH group (group 0 - 70-150 mm,
group 1 - 150-300 mm, group 2 - 300-450 mm, group 3 - more than 450 mm)
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10.3.6. Change dynamics for the period 2015-2019

Measurements over several years make it possible to analyse changes in diameter at
breast height and tree volume over time. The median value for differences with the same sign
(cf. Fig. 10.13) was 142.12%, with a range of 75% tree values from 75.0% to 291.4%, indi-
cating that differences from the TLS data were overestimated. Changes in diameter at breast
height averaged -2 mm. Most trees were in the 0-200% range (Fig. 10.13).
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Figure 10.13. Ratio of the difference in single tree diameter at breast height values over the petiod 2015-2019 from
TLS data and reference data (from sample plots) according to diameter at breast height size. Positive percentages
refer to the ratio with the same sign. The values below represent differences of opposite signs

For volume, the median value was 107%, with a ratio of between 54% and 244.9% for
75% of the trees. The average volume difference between 2015 and 2019 was -0.03 m>. Most
trees were between 0 and 100% (Fig. 10.14).
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Figure 10.14. Ratio of the difference in volume values of individual trees in the period 2015-2019 from TLS
data and from reference data (from sample plots) according to diameter at breast height size. Positive percentages

refer to the ratio with the same sign. The values below zero represent differences of opposite signs

10.4. Summary and discussion

Summarising the results of the analysis of the detection of individual trees and their
attributes obtained from terrestrial laser scanning data from single scanning sites located in
the centre of the sample plots, it should be stated that:

based on the algorithm developed, an average of 49.5% (completeness) of the trees
in each plot can be detected in relation to the reference data. Such a low score in
relation to the values presented by Liang et al. (2018) may be due to the specificity
of the analysed site, which is not a typical commercial forest with little complex
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stand structure. In addition, the result was also influenced by the fact that the data
were collected entirely during the growing season. Many plants on the sample plots
with the developed assimilative apparatus making it difficult to measure correctly
with the terrestrial laser scanner,

the correctness of tree detection was on average 88% which was equivalent to the
correctness obtained by Liang et al. (2018),

the average accuracy of tree detection was 61.5%, which means that we are able to
detect a random reference tree with this probability,

the accuracy of tree detection decreases as the density of vegetation in the under-
growth increases,

we are able to determine the diameter at breast height from the TLS data with an
RMSE of +26 mm, which is consistent with previous publications (Liang et al.
2018), and the measurement error was on average 10% of the measured value,

the diameter at breast height measurement from the TLS data had a small systematic
error Bias of -3.4 mm, representing about 1% of the measured value,

the height of individual trees from the TLS data can be determined with an accuracy
of RMSE 48.7 m, which is on average about 40% of the tree height. By integrating
TLS and ALS data, it is possible to improve the accuracy of height determination to
RMSE =+2.5 m (12% of tree height),

the systematic error in Bias height measurement with TLS had an average value of
-4.2 m, and -0.7 m when measured with ALS segments. These errors represented
-18% and -3.2% of the measured tree heights, respectively,

the volume measurement had a RMSE error of +£0.37 m3, which was on average
39% of the measured value,

based on automatic tree detection, we are able to map the location of a tree with an
accuracy of £19cm,

the error values for diameter at breast height and volume are not dependent on the
distance between the tree and the scanner,

the size of the difference between the breast height values determined from the TLS
data and the field data increases with increasing tree diameter at breast height, altho-
ugh in percentage terms it is not significant. This means that the algorithm is always
wrong by the same percentage of the measured diameter at breast height,

the size of the difference between the volume values determined from the TLS data
and the field data increases with increasing tree diameter at breast height, but in
percentage terms it behaves the same,

it is not possible to determine the dynamics of diameter at breast height and volume
changes over such a short period as 5 years on the basis of TLS data, because there
are significant differences in the results for all groups of trees.
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A TLS measurement from a single site is a sufficient data set to determine the diameter
at breast height, location and volume of individual trees. For more detailed analyses and to
improve the accuracy of the determination it is necessary to acquire data from a larger num-
ber of sites, albeit with an increase in the time taken to acquire the data. Improved detection
accuracy can also be achieved by acquiring data during the leafless period when other plants
and tree foliage will not interfere with the ground scanner measurement.
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Abstract

The use of terrestrial laser scanning (TLS) data in this project aimed to test whether
a point cloud acquired at a single position can be used to analyse spatial changes in temper-
ate forest stands. Terrestrial laser scanning data collected from the same monitoring plots
in 2015, 2017 and 2019 were used for the study.

The terrestrial laser scanning data were processed to extract various spatial statistics
from them. The spatial statistics were in turn used to build predictive models for the basal
area (BA), a number of trees (V) and volume (V). The models were then applied to the three
datasets, allowing an analysis of the magnitude and direction of change on the analysed plots.

Thanks to the method used of analysing TLS data obtained from a single laser scan of
the entire sample plot (without recording individual trees), qualitatively acceptable models
were created for the basic stand characteristics: B4, N and V. This first attempt to apply such
models for predicting changes in stand characteristics in two- and four-year periods con-
firmed the possibility of predicting the trend of changes in stand characteristics, especially in
the long term and based on the compensation principle (the error of predicting changes did
not exceed the actual magnitude of changes). The presented use of terrestrial laser scanning
data requires further research and development of analytical methods for TLS point cloud
analysis.

Keywords: multi-temporal analysis, basal area, number of trees, volume

11.1. Introduction

Current methods for using terrestrial laser scanning (TLS) to determine the structural
attributes of a forest at the scale of a sample plot are limited to two major groups of methods.
Attributes of the first type (a), based on statistical analysis of the distribution of TLS cloud
points, include statistics on height distribution and TLS point density (Gobakken & Naesset
2008; Nasset 2004; Nilsson 1996), and variables related to the so-called ,gap probability’
(vertical gap probability) (Lovell et al. 2011), through which a vertical vegetation profile can
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be obtained that describes the vegetation area per unit volume (Plant Area Volume Density,
PAVD) as a function of elevation (Calders et al. 2014). The second group of methods (b)
is primarily concerned with geometric modelling. Variables describing forest structure are
obtained more indirectly than in the case of (a), namely not from the TLS cloud points them-
selves, but from the geometric model created using the TLS point cloud. Although there are
numerous studies on geometric modelling from TLS data (Calders et al. 2020; Newnham et
al. 2015), only a small proportion of them explicitly address modelling at the sample plot
level ( Annighdfer et al. 2019; Ehbrecht et al. 2017; Willim et al. 2019).

Under the ForBioSensing project (Kedra et al. 2020a—c), researchers implemented
a method for geometric modelling from TLS data at the scale of a sample plot (here, 500 m?
=5 ares = 0.05 hectares); previously used to identify the irregularity of vegetation distribu-
tion in the lower storeys of a stand (indicate complexity) (Willim et al. 2019); and to identify
the intensity of neighbour competition in relation to the young trees analysed (Annighofer et
al. 2019). In general, the method consists of circumscribing a polygon on a “flattened” TLS
point cloud layer (a cut-out point cloud layer containing the breast height (1.3 m), with the
Z-values of the point heights zeroed out). Then, the basic measures of the polygon thus ob-
tained were calculated: area and perimeter, which were then used to determine the polygon’s
complexity index (McGarigal & Marks 1995). This method is based on a number of previous
papers, in particular, the method proposed by Ehbrecht et al. (2017), where the complexity
index was calculated from vertical profiles of the TLS point cloud. It is worth noting that
this method does not require the location or size of individual trees to be determined; unlike
geometric methods based on the scale of a single tree (Calders et al. 2020; Newnham et al.
2015), where (indirect) assessment at the scale of a sample plot involves summing the values
obtained for individual trees.

The modifications of the approximation method aimed at adapting it to the description
of the main stand structure in terms of three characteristics: basal area (area at breast height,
BA, m?),, “numerical” (number of trunks, N, pcs) and volume (¥, m®). It has been shown
(Kedra et al. 2020a-c) that after filtering the vertices of the basal polygon (in relation to breast
height) according to the variation of the location of the analogous polygon corner points in
the vertical gradient and expanding the number of variables describing the shape and size of
the polygons, it is possible to obtain polygon characteristics that correlate significantly with
the above-mentioned main stand traits, at the level of » > 0.6 (Kedra et al. 2020a-b).

This chapter reports the results of developing and applying selected empirical models
for prediction of B4, N and V with the variables of TLS (Kedra et al. 2020a-b) to determine
structural changes on sample plots established in the stands of the Polish part of the Biatlow-
ieza Forest.
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11.2. Materials and Methods

11.2.1. Study area and the stand characteristics analysed

The measurements were carried out on 94 fixed circular samle plots with a radius of
12.62 m (area 5 a = 500 m?). The sample plots were distributed in the area of the Polish part
of the Biatlowieza Forest, except for the area of the Biatlowieza National Park (BNP). The
sample plots varied in terms of tree species composition: from plots with a clear dominance
of a single species to mixed plots with variable proportions of individual species. In terms of
tree number, sample plots with pine, spruce or oak as the dominant species in the stand were
dominated; the age of the dominant stand ranged from 30 years to 250 years (median=100
years) (Fig.11.1; according to the expert assessment carried out as part of the ForBioSensing
project). Measurements on permanent sample plots were carried out in 2015,2017 and 2019;
a detailed description of the measurements can be found in the report of the ForBioSensing
project (Paluch & Kuberski 2020). For this study, measurements on living or dead trees with
diameter at breast height diameter of 7 cm or more were used, including stems broken above
a height of 2.5 m above the ground. Measurements of individual trees were used to calculate
three stand characteristics: basal area (BA, m? 0,05 ha!), number of trees (N, N 0,05 ha"!
and volume (V, m* 0,057 ha'). Table 11.1 provides a summary of these characteristics, for
the three measurement periods.

Dominant species in the stand Age of dominant stand
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Number of sample plots
5

Number of sample plots
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Figure 11.1. Number of sample plots by dominant species and histogram of the dominant stand age; according to
expert assessment carried out for the ForBioSensing project

Table 11.1. Summary values of stand characteristics: basal area (BA, m?), volume (V, m’) and number of trees
(N, pcs), for 94 sample plots (total area equal to 4.7 ha), in three measurement periods (2015, 2017 and 2019)

2015 2017 2019
EBA (m?) 170.9 169.8 164.9
2V (m?) 22335 2229.7 2167.2
2N (n) 3087 3010 2929
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11.2.2. TLS measurements

The first measurements were made between 26 July and 6 August 2015, with a Trim-
ble TX5 phase scanner (resolution about 6 mm at 10 m). Further TLS measurements were
made in 2017 and 2019, also during the growing season. A single TLS scan was taken from
the centre of each of the 94 sample plots. The TLS data have been lightly processed: they
were pre-filtered using the software FARO Scene and generalised with a 1 cm voxel grid to
standardise the resolution of the point clouds over the entire sample plot area. The resulting
TLS point clouds formed the basis for determining the TLS variables. For the 2015 and 2017
measurement periods, the entire set of 94 TLS scans was used; however, for the 2019 period,
one sample plot was excluded from the analysis (due to lush vegetation).

11.2.3. Parameters adopted for the calculation of the shape indices
and description of the variables

To obtain TLS data that could potentially explain the variations in included stand char-
acteristics, a number of modifications were made to the previously used geometric TLS point
cloud modelling methods at the sample plot level (Tab.11.2). Polygons were described on
selected points from laser scanning that were furthest from the centre of the sample plot,
within specific slices (Fig. 11.2). Four variants for the angular resolution of the polygons
(centre angle of a single slice) were considered. The size of the angle and at the same time
the number of slices affect the number of missed cloud points, the complexity of the resulting
polygon and the computational requirements. A basic resolution (1°), two finer subdivisions
(0.2° and 0.5°) and a variant with lower angular resolution (2°) were tested. Sets of several

10

=5

=10

Figure 11.2. Two ways to describe the polygon on the (same) point cloud layer; left: vertices of the polygon
are selected points from the laser scan, within 1-degree slices closest to the centre of the centre of the sample plot
(similar to Willim et al. 2019); right: vertices of the polygon are selected points from the laser scan, within 1-degree
slices furthest from the centre of the sample plot (similar to Annighéfer et al. 2019)
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horizontal point cloud layers (Kedra et al. 2020a-c) were used to determine the shape indices,
allowing for the vertical height gradient (up to 5.85 m above the ground). Finally, the best
results were obtained for a set of three point cloud layers that ranged up to a height of 2.35 m
(L1: points with heights between 1.25 m and 1.35 m; L2: points with heights between 1.75 m
and 1.85 m; L3: points with heights between 2.25 m and 2.35 m). A new method was used to
filter points belonging to the polygon described on the points of the base layer (with a height
equal to the diameter at breast height), based on the coefficient of variation of the position of
the points in the vertical gradient belonging to different layers but to the same section of the
sample area. The coordinates of the vertices of the base polygon located within the slices for
which the coefficient of variation of the distance between the vertices of the three polygons
considered exceeded an empirically determined threshold (CV' = 0.035) were set to zero (Fig.
11.3); in this way, ,,stable” points were distinguished that presumably describe tree trunks..

There are three types of surfaces that make up the total size of the sample area (Fig.
11.3): (a) the ,effective” scanning area - the area penetrated by the laser beam before it en-
countered the scanned object; (b) the ,,free” area - the area where the scanning beam did not
encounter any object (or where the points of the base polygon were erased in the filtering
phase of CV); (¢) the ,,occluded” area, which is equal to the size of the sample area (500 m?)
minus the combined size of areas (a) and (b). The range of variation measures for the size and
shape of the resulting polygons was greatly expanded. The set of variables analysed ranged
from the simplest measures such as area size and polygon perimeter (obtained using the
»pracma” package in R (Borchers, 2019)) to more complex shape indices such as the ,,perim-
eter area index” (PAR) (Lovejoy 1982; Mandelbrot 1977) and the shape index (SHPI) (Pat-
ton, 1975) to as yet unpublished indices derived from the combination of two or more simpler
measures (Kedra et al. 2020a-b). A total of 92 TLS variables were tested (23 shape indices
x 4 angular resolutions). Finally, the best models for the three selected stand characteristics
were formed by 11 TLS variables representing all four angular resolutions (Tab. 11.3). These
variables can be divided into three groups: (A) variables for whole polygons; (B) variables
for second-order polygons (parts of whole polygons); (C) variables using information on the
variation of the location of polygon vertices.

Table 11.2 Comparison of the three methods resulting in TLS shape indices

Annighofer et al. Kedra et al.

source: Willim et al. (2019) (2019) (2020a-¢)

determination of the
degree of irregulari-
aim of geometric mo- | ty of the vegetation
delling distribution in the

determination of the
degree of intensity of
neighbourhood com-
petition in relation to

description of the
main stand structure
in terms of BA, V

lower stand level the saplines analvsed and N
(complexity index) pung Y
radius of circular plot 15 m 5m 12.62 m
voxelisation yes, 1 cm no yes, 1 cm
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point cloud base layer 1.3m=+ 50 cm 1.3m=70 cm, I,3m=+5cm
parameters (100 cm) -100 cm (10 cm)
(170 cm) 1.3m=5cm (10 cm) 1°(?7) 0.2°,0.5°, 1°,2°
angular resolution 1° 1°(?7) 0.2°,0.5°,1°,2°

criterion for the selec-
tion of points as verti-
ces of a polygon

minimum distance maximum distance | maximum distance
from the scanner from the scanner from the scanner

number of layers 1 1 3
filtration of the

vertices of the base no no yes
polygon

L1-L2-L3

Figure 11.3. Example of three TLS point cloud layers considered (L1: points with height from 1.25 m to 1.35 m;
L2: points with height from 1.75 m to 1.85 m; L3: points with height from 2.25 m to 2.35 m); L1-L.2-L3: resulting
polygon, after applying filiation of vertices of the base polygon (L1) - white colour (bold outline): ,,effective” scan-
ning area - the area penetrated by the laser beams before they hit the scanned object; dark grey colour: ,,free” area
- the area where the scanner beam did not hit any object (or where the points of the base polygon were filtered out in
the filtering phase of CV ); light grey: ,;,occluded” area, equal to the size of the sample area (500 m?) minus the com-
bined size of areas (a) and (b)
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Table 11.3. List of 12 variables (polygon size and shape indices) derived from the horizontal layers of the TLS point
cloud; Type: A: whole-polygon variables, B: second-order polygon variables (parts of whole-polygons), C: variables
using information about the variation in the location of the vertices of the polygons; angular resolution of the un-

derlying polygon
Type | TLS variable |description resolution (°)
AREA polygon area (,pracma’ package in R) 1.0
A SHPI1 0.2
SHPI2 polygon shape indicator (Patton, D. R. 1975) 1.0
SHPI3 2.0
Npoly number of second-order polygons 0.5
meanNpoints average number of points of second-order 20
polygons
B number of areas where no objects were detec-
Nclear 0.2
ted by the laser beam
Crnax the area of the largest (distinct) area in which 10
the laser beams did not detect any objects )
coefficient of variation of the distances of
CV_RLEI the individual points of the polygon from the 2.0
centre pp, assuming 1-m distance intervals
coefficient of variation of the number of re-
CV RLE2 turns of the unique distances of the p.01nts of 10
- a polygon from the centre pp, assuming 1-m
C distance intervals
polygon area (AREA), weighted by the coef-
AREA RLE2 ficient of variation (CV_RLE2) of the loca- 1.0
tions of the individual points of the polygon
AREA PER polygon area per unique locatlop of the po-
RLE2 ints composing the polygon, weighted by the 1.0
coefficient of variation (CV_RLG2)
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11.2.4. Analysis of the suitability of TLS indices for predicting changes in BA (m?),
N (pces) and V (m®) , at the sample plot scale

The best models for stand properties (for 2015 measurements), obtained using a semi-au-
tomated linear modelling and selection procedure taking into account interactions between the
TLS explanatory variables (Kedra et al. 2020a-b), were used to predict structural changes in
the stands of the Biatowieza Forest (2015-2017-2019) within the studied sample plots. For
both basal area (BA15) and volume (V15), the included interactions between TLS variables
significantly improved the model [1, 2], while for tree number (N15) a simple linear model
without interactions remained the best model [3]. In the leave-one-out cross-validation, the
model determination coefficients were close to or above the R*=0.5. R, | .=0.49; R*  =0.51;

R?,;=0.78). In terms of prediction percentage error (%o RMSE), values ranged from 22.1% for
N15, through 23.4% for BA15, to 31.5% for V15 (Kedra et al. 2020a-b). In terms of prediction
percentage error (%RMSE), values ranged from 22.1% for N15, through 23.4% for BA15, to

31.5% for V15 (Kedra et al. 2020a-b).

[1] BAI15~AREA RLE2 x SHPIIl + Cmax x SHPI4

[2] V15~AREA PER_RLE2 x AREA +AREA_PER RLE2 x Nclear + meanNpoints

[3] NI15~Npoly + CV_RLEI + SHPI3

The relationships between stand characteristics and individual TLS shape indices (2015
measurement) were analysed using Pearson’s correlation coefficient, which determines the
intensity and direction of the linear relationship between two variables. The variability of in-
dividual TLS shape indices, over the years (2015-2017-2019), was analysed using statistics:
mean value (¥) and coefficient of variation (cv); the range of changes in TLS indices, between
the outlying measurement periods (2015 and 2019), was also determined. The evaluation
of the prediction of the values of stand characteristics in the 2017 and 2019 periods, using
models parameterised from the 2015 measurement data, was carried out in two stages: (1)
analysis of prediction quality using standard evaluation measures: root mean square error
(RMSE), percentage of this error, relative to the mean value of the measurement (%6RMSE),
percentage bias (%6BIAS) and coefficient of determination (R-sq.); (2) prediction analysis of
the balance of stand characteristics (summary value), using the percentage error, with respect
to the value obtained from field measurements, at the beginning of the balance period in
question (2015-2017, 2017-2019 and 2015-2019).

11.3. Results and Discussion

All TLS shape indices analysed showed a significant correlation with at least one stand
characteristic (Tab. 11.4). Six of the twelve TLS variables analysed showed significant cor-
relations with all three stand characteristics. TLS variables referring to whole polygons de-
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scribed in a point cloud (type A) and/or to the distribution of individual polygon vertices
(type C) were more likely to have significant correlations with basal area (B4) and volume
(¥), while type B indicators (referring to parts of polygons or second-order polygons) had
the highest correlation coefficients with number of trees (V). This group also had the highest
correlation value (r=0.88) between N and the number of second-order polygons (Npoly).
This result confirms that filtering the vertices of the base polygon (with respect to a height of
1.3 m) led to the expected results, leaving mainly points belonging to individual tree trunks.
Similarly, a high correlation value (»=0.60) was obtained for the relationship between N
and the area of the whole polygon (AREA), which is the summed value of the area of the
second-order polygons in the number Npoly. The variable AREA was the only TLS variable
in group A that showed positive correlations with B4 and V (=0.48 and »=0.35, respective-
ly). The other variables in this group, i.e. the shape indices describing the complexity (or
irregularity) of the resulting polygon (in terms of three different angular resolutions: SHPI!,
SHPI3, SHPI4), showed negative correlation coefficients with B4 and V (from 7=-0.17 to r=-
0.46, respectively). At the same time, a significant increase in correlation was observed with
increasing angular resolution of the polygon (increasing number of vertices in the polygon),
which could be related to a further increase in its complexity. It follows that sample plots
with higher values of B4 and V' showed less irregularity in relation to SHPII and SHPI3.
However, the TLS variables that showed the strongest relationship with B4 and ¥ belonged
to group C of the TLS indices, namely: AREA RLE2 and AREA PER RLE?2. The variable
ARFEA RLE? is derived from the total size of the area of the polygon (AREA), while the
variable AREA _PER RLE? is derived from the averaged size of the area of the polygon, in
terms of the number of classified groups of polygon vertices with similar distance from the
centre of the sample plot area (probably describing the same tree trunk or tree trunks closer
together). In addition, both variables contain a coefficient of variation related to the location
of the individual polygon vertices (CV_RLE?), as a weight (multiplier) of the mentioned plot
sizes. The additional component of the variable AREA _PER RLE?2 allowed a slightly higher
correlation with V (r=0.61) than in the case of the variable AREA RLE?2 (r=0.59); however,
it also caused a significant decrease in the correlation with B4 and even a change in the direc-
tion of the relationship with the feature N.

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

Table 11.4. A list of 12 variables (indices of size and shape of polygons) obtained from horizontal layers of the TLS
point cloud; Type: A: variables for whole polygons, B: variables for second order polygons (parts of whole polygons),
C: variables using information on variation in the location of polygon vertices; angular resolution of the underlying
polygon; BA15corr, V15cort, N15corr: Pearson correlations of TLS variables with breast height area, volume and
number of stems (tespectively; 2015 survey data); bold: correlations significant at . 0.05; bold and underlined: correla-
tions significant at the .001 level; light grey: non-significant correlations

Type TLS variable BA1Scorr V1Scorr N15corr

AREA 0.48 0.35 0.60
SHPI1 -0.45 -0.46

A SHPI3 -0.35 -0.43 0.30
SHPI4 -0.21
Npoly 0.23 0.88

B meanNpoints 0.46 0.44 0.23
Nclear 0.77
Cmax -0.45
CV_RLEI 0.34 0.24 0.33
CV_RLE2 0.34 0.42

¢ AREA RLE2 0.65 0.59 0.38
AREA PER RLE2 0.53 0.61 -0.18

Analysis of the variability of the TLS indices, over the period 2015-2017-2019 showed
relatively stable patterns of coefficients of variation, within each measurement period (Tab.
11.5). With that said, the most recent period (2019) was characterised by slightly higher
variability in most TLS indicators. Overall, the CV (2015 and 2017 measurements) attained
values ranging from 8.09% (meanNpoints variable in 2017) to 44.90% (Cmax variable in
2015); while, for the 2019 measurements, the CV attained a maximum value of 53.79%
(AREA_RLE?2 variable). Since, as already noted, this TLS variable is positively correlated
with B4 and V; it is reasonable to assume that the variability of these stand characteristics
may also have been highest in the last measurement period. High CV values tended to be as-
sociated with a wide range of percentage changes in TLS indices between the 2015 and 2019
measurements. The widest ranges of variation (more than £100%) concerned two indices: the
already mentioned AREA RLE2? and Cmax (area of greatest ,,clearance” between the sides
of the TLS polygon). In the case of the latter indicator, the range of variation even exceeded
+200%; which may suggest that this is a variable that is extremely ,,sensitive” to structural
changes in the stand. A certain exception is the variable Npoly, which, despite a significant
CV (up to 45.33%), was not characterised by an exceptionally wide range of changes 2015-
2019 (between -67.0% and 87.9%).
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Predictions of BA (m?), ¥ (m®) and N (pcs), in 2017 and 2019, using models parameter-
ised from measurements in 2015, revealed relative stability in the values of the coefficient of
determination R-sq. (Fig. 11.4). However, there was a decreasing trend of R-sq. values for BA
and N, in the order: base model (2015 fit), 2017 predictions, 2019 predictions. This may mean
that changes over time in the stands of Biatowieza Forest have caused the baseline models
to become progressively outdated; and the quality of any predictions remains uncertain over
time; however, further gradual deterioration in prediction quality is to be expected. During
the analysed period, the R-sq. values, for these two characteristics were always higher than
0.5. Whereby, for 2019, N predictions (R-sq.=0.74) were significantly more accurate than
BA predictions (R-sq.=0.51). The situation was different for model V; in this case, there was
a clear reduction in R-sq. values, as early as the first prediction period (2017), followed by
some increase in R-sq. values for the next prediction (2019). Nevertheless, the R-sq. values
were both lower than 0.5 (0.35 for 2017 and 0.42 for 2019). For this reason, the suitability of
model V, for the prediction of this characteristic in later years, based on TLS data, should be
considered the lowest among the models analysed. In addition, the unclear trend of the R-sq.
values for the 2017 and 2019 predictions, makes the quality of possible predictions of V' in
the later period, remain unknown.
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Figure 11.4. Scatter plots of points: fitted values or predictions (hotizontal axis) against values obtained by field me-
asurements (Measurement; vertical axis); for three stand characteristics: B4, I/, N and for three periods: 2015, 2017
and 2019; the graph headings give the values of the coefficients of determination of the fit or prediction (R-sg.)
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Tabela 11.6. Percentage balance results of three stand traits: BA, V and N, based on measurement (site-to-site)
and prediction (model-to-site); percentage prediction etror is given for the summed size of the characteristic
at the beginning of the balancing petiod (2017-2015; 2019-2017; and 2019-2015)

percantage changes: BA [%] V [%] N [%]
size of change 2017-2015 (field-field) -0.61 -0.17 -2.49
size of change 2017-2015 (model-field) 1.21 2.77 -2.66
balance prediction error 2017-2015 1.82 2.94 0.16

size of change 2019-2017 (field-field) -2.87 -2.76 -2.69
size of change 2019-2017 (model-field) -3.69 -1.63 -6.69
balance prediction error 2019-2017 0.82 1.13 3.99

size of change 2019-2015 (field-field) -3.35 -2.8 -5.09
size of change 2019-2015 (model-field) -4.16 -1.67 -8.99
balance prediction error 2019-2015 0.81 1.13 3.89

The changes in the analysed stand characteristics reached up to about 5% during the pe-
riod 2015-2019, and for each characteristic these changes were negative (Tab. 11.6): within
the included sample plots, basal area decreased by 3.35%, volume decreased by 2.80%, and
5.09% of tree stems (alive or dead) were lost. Considering this relatively short period (four
years), such changes should be considered noticeable; and, especially in the case of the num-
ber of trees, significant. Certainly, the negative trend of changes in all analysed characteris-
tics is related to previous droughts, tree deaths and bark beetle outbreaks in the Biatowieza
Forest (Grodzki 2016; Nowakowska et al., 2020; Sterenczak et al. 2020). In the first (partial)
accounting period (2015-2017), only for the number of trees was the trend of change cor-
rectly determined using the model, but with surprisingly high accuracy (site-to-site: -2.49%;
model-to-site: -2.66%). The predicted inverse trend in the changes of BA and V (relative
to actual) is probably related to the relatively low actual change in the summed values of
these characteristics during this period (BA: -0.61%; V: -0.17%). In contrast, for both the
second sub-period (2017-2019) and the four-year period (2015-2019), the change trends of
all three characteristics were correctly predicted. Over the full measurement period, changes
in terms of BA and N were overestimated (BA g 1, =-3.35% vs. BA |, o =-4.16%; N
fetgy—2-09% V8. N e ="8-99%). In contrast, the predicted changes in V were underesti-
mated (Vg 110="2-80% V8. V 1 cae=-1.67%). The total prediction errors of the balance of
the studied characteristics using linear regression models from TLS variables did not exceed
4% of the total value of the characteristic at the beginning of the accounting period (2015)
and did not exceed the magnitude of the actual change in any of the periods considered.
These good results are certainly associated with the low bias of the models.

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

11.4. Conclusion

With the TLS data analysis method (Tab. 11.7) it is possible to obtain qualitatively ac-
ceptable models of the basic stand characteristics at the sample plot level from a single laser
scan (without recording individual trees): BA, V and N (Kedra et al. 2020a-b). The TLS data
used for the analysis refer to stands with different species and age structure (Fig. 11.1), which
are in leaf-on condition. The quality of the prediction of stand characteristics in possible
further time periods remains uncertain due to the observed deterioration or instability of the
prediction quality in time periods that are further and further away from the baseline meas-
urement (model parameterisation). To minimise this limitation, recalibration of the model or
further work aimed at obtaining more stable models of stand characteristics from TLS data
(size and shape indices of polygons based on horizontal TLS cloud layers, from a single laser
scan).

Table 11.7. Summary of advantages and disadvantages of the TLS data analysis method used

Advantages Disadvantages

- no need for multiple scans or for merging scans; | - no resulting information on the lo-
cation and distribution of the trees;
- full automation (in R);
- it is not possible to accurately de-
- no need to segment (classify) TLS cloud points as | termine the individual trees growth
different forest components; (measurement of the diameter at the
breast height);

- simple and transparent method for obtaining TLS
variables (small number of analysis steps); - uncertainty about the quality of
the prediction of stand characteri-
stics in subsequent periods: need
for recalibration of the model or

- medium to high correlations of the obtained TLS | further work aimed at obtaining
variables with stand characteristics (here: BA, V more stable models of stand charac-
and N); teristics.

- low computational requirements;

- the possibility of predicting trends in changes in
stand characteristics, especially over the long term
and on a balancing basis;

- the verification of the method in mixed stands
with different structures in the leafed condition.
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Abstract

Tree species composition is one of the key variables necessary for effective forest
management and planning of conservation activities. In recent years, an increasing number
of studies have addressed the use of remote sensing data to determine species composition.
The implementation of remote sensing allows the objectivisation of results and at the same
time allows information to be obtained for a large arca. Some of the more useful types
of data are hyperspectral images. Their high informativeness combined with the use of ma-
chine learning algorithms enables the classification of individual tree species. The present
study undertook to determine the species composition of Bialowieza Forest using airborne
hyperspectral imagery acquired three times in 2015 and 2017 and 2019 to assess the dy-
namics of change. The locations of the trees on ground plots were used as reference data.
The classification included the following tree species: spruce (Picea abies (L.) H.Karst),
pine (Pinus sylvestris L.), birch (Betula pendula Roth), oak (Quercus robur L.), hornbeam
(Carpinus betulus L.), linden (Tilia cordata Mill.), alder (4/nus glutinosa Gaertn.) and other
deciduous species. The Support Vector Machine algorithm (Vapnik 1999) was used. Clas-
sification accuracy varied depending on the management strategy of the area, ranging from
77% overall accuracy for managed forests to 64% for strictly protected areas. Changes
in species composition between 2015 and 2019 were analysed. The biggest change occurred
in spruce, which saw its share fall by 10%.

Keywords: Species composition, tree species classification, hyperspectral data

12.1. Introduction

Managing an extensive forest area is challenging and requires precise knowledge of
numerous stand characteristics. Key features include information on species composition,
which is essential for effective forest management (Heinzel and Koch 2012; Jones et al.
2010), modelling of other stand characteristics (Orka et al. 2013; Vauhkonen et al. 2014)
as well as planning conservation activities, including biodiversity conservation (Nagendra
2001). The traditional method of obtaining information on species composition is through
field work, but this is costly, lengthy and labour intensive (Ghosh et al. 2014). Moreover,
information obtained in the field for selected sample plots lacks the comprehensive and spa-
tially continuous information that can be obtained with remote sensing data. Particularly in
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diverse or protected areas and those with areas inaccessible to fieldwork, the use of remote
sensing data can be a solution.

The occurrence of particular tree species is closely related to habitat conditions. Vast
areas of the forest lie in the temperate climate zone with continental and maritime climate
influences (Jedrzejewska and Jedrzejewski 1998). The structure of the subsoil consists of
a mosaic of boulder clays, glacial sands and gravels, sandstone sands and gravels and river
muds, peats and silts (Kmieciak and Kwiatkowski 2009), on which mainly fertile soils have
developed, such as brown earths, black earths, bog, post-bog and gley-podzolic soils. The
fertile habitats have favourable conditions for the development of forest communities with
a predominance of deciduous trees. Almost half of Biatowieza Forest is deciduous: oak-horn-
beam, alder and riparian forests, as well as early successional complexes with birch (Betula
spp.) and aspen (Populus tremula L.). Coniferous and mixed forests constitute 52% of BF
stands (Jedrzejewska and Jedrzejewski 1998). Falinski (1986) listed as dominant species of
oak (Quercus robur L. and Quercus petraea (Matt.) Liebl.), hornbeam (Carpinus betulus L.),
spruce (Picea abies (L.) H.Karst) and pine (Pinus sylvestris L. ), followed by alder (4lnus
glutinosa (L.) Gaertn.), linden (Tilia cordata Mill.), maple (Acer platanoides L.), birches
(Betula pendula Roth and B. pubescens Ehrh.) and ash (Fraxinus excelsior L.). Most of the
species listed still dominate the area today, but as a result of various processes, the contribu-
tion of some (elm and ash) has significantly decreased or disappeared from the area.

Various processes, such as the emergence of pathogens or insect infestations, can
cause changes in species composition. The result can be the mass dieback of trees of one or
more species. This happened in Biatowieza Forest with Scots elm disease and the decline
of ash as a result of colonisation by Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz
& Hosoya and spruce dieback caused by bark beetle Ips typographus (L.) gradation. Die-
back of ash and elm took place in the years preceding the ForBioSensing project, as a result
of which currently these species occur sporadically in Bialowieza Forest as single trees
in a small number of segments and were not taken into account in remote sensing analyses
due to their presence being too rare. However, trees of these species have died in recent
decades and many have not yet fallen over, as a result, dead deciduous trees are relatively
abundant in the study area (Kaminska et al. 2018). The species composition has been par-
ticularly affected in recent years by the bark beetle, causing mass dieback of spruce trees, the
creation of new gaps (on which succession occurs in the later stages), and the overturning
of trees of other species, which previously surrounded the spruce stand and did not adapt to
the new conditions.

The species composition of a forest stand is a product of natural factors occurring
in a given area and subsequent anthropogenic transformations resulting, for example, from
forest management. The Polish part of the Bialowieza Forest is unique in this respect, as
part of the area is excluded from management activities, being a national park with a strict
protection area and numerous reserves in the managed part. Particular stand variables, eg.
forest structure or tree species mixture patterns can differ significantly in forests subjected
to different management regimes. Although tree species composition of the research area is
complex, all the analysed species occur all over the area. Seven most common species were
classified in this study.
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Remote sensing allows for the mapping of species composition in the layer visible from
the airborne level. Application of the method is particularly important in large areas where
field studies would be drawn out, or that are under protection or inaccessible due to natural
barriers. There are examples in the literature of studies successfully applying remote sensing
data in tree species classification (e.g. Dalponte et al. 2012; Ghosh et al. 2014). The use of
hyperspectral data allows more species to be classified and higher accuracies to be achieved
than with multispectral data (Fassnacht et al. 2016). However, the numerous papers touching
on this topic mostly propose solutions for small areas, focused on development of the method
or technical aspects, while papers describing species classification for extensive and complex
areas are rare (Fassnacht et al. 2016; Modzelewska et al. 2020). Such research was undertak-
en in this project, classifying approximately 62,000 hectares of dense forest area.

When surveying areas in temperate climates, where lighting conditions change through-
out the year and there are numerous phenological changes in trees during the growing season,
the timing of image acquisition is also an important consideration. The literature does not
provide a clear solution, and some studies have attempted to compare different time periods
or assess the applicability of multi-temporal data. Such comparisons have occurred more fre-
quently for multispectral data (e.g. Mickelson et al. 1998; Key et al. 2001; Hill et al. 2010).
According to Mickelson et al. (1998), data acquired in spring and autumn were found to be
more useful than summer data. Conversely, in Wolter (1995), only the multi-temporal picture
could be applied to species classification. In both cases the images used were from different
years and the authors recognised the need to compare one-year data. Such a comparison has
been made in several studies using airborne data (Key et al. 2001; Hill et al. 2010, Taglia-
bue et al. 2016). In two cases the October data gave the best results (Key et al. 2001; Hill
et al. 2010). Combining data from several seasons improved results in one case (Hill et al.
2010) and not in another (Key et al. 2001). In the only available study comparing several
hyperspectral datasets, the merging of these datasets significantly improved the classification
result (Tagliabue et al. 2016). This project compares results from 3 datasets acquired in one
year (July, August and October 2015) and the following years 2017 and 2019. Maps of the
dominant species in BF were produced, and the proportion of each species and the changes
that occurred were analysed.

12.2. Materials and Methods

12.2.1. Data

The project used HySpex airborne hyperspectral images (VNIR-1800 and SWIR-384).
Images with 5 m spatial resolution (and 2 m in 2019) in the 400-2500 nm spectral range were
acquired in 2015 (three times, in July, August and October), in August 2017 and in August/
September 2019. The images were radiometrically calibrated, and geometrically and atmos-
pherically corrected by the data provider.

The reference material was data from field measurement campaigns conducted during
the growing season, 2015, 2017 and 2019. The locations of selected trees were compared
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with high-resolution multispectral images and a crown height model. For each of the clas-
sified mosaic images covering a fragment of Bialowieza Forest, a set of reference pixels
representing selected tree species was selected: spruce, pine, birch, oak, hornbeam, linden,
alder and other deciduous species.

12.2.2. Image classification

Tree species detection was performed based on image classification. Images were pre-
processed beforehand, which consisted of masking pixels not covered by vegetation, com-
bining individual stripes into mosaics (the entire study area was covered by 8 mosaics) and
transforming images using the Minimum Noise Fraction (MNF) method, which aims to re-
duce the dimensions of the spectral space and condense relevant information in the initial
bands of the newly created image (Green et al. 1998). The Support Vector Machine (SVM)
method (Vapnik 1999) was used to classify tree species. SVM is a supervised, non-paramet-
ric classification based on machine learning principles. The algorithm has been used in com-
parative work and has repeatedly performed better than matched algorithms (Melgani and
Bruzzone 2004; Dalponte et al. 2008; Heinzel and Koch 2012; Mountrakis et al. 2011). The
RBF kernel is often used in species classification, which was also used in this study (used in
Ghosh et al. 2014; Fassnacht et al. 2014). The classification process was implemented using
the R language. Classification was performed iteratively 100 times for each classified image.
The reference pixels were split each time in a 70/30 ratio (70% training pixels, 30% verifi-
cation pixels). The final maps for the fragments of the area were combined into one covering
the whole BF area (Fig. 12.2).

12.2.3. Use of multi-temporal data

The classification procedure described above was repeated for images acquired in July,
August and October 2015 and for data acquired in 2017 and 2019. Based on data from several
seasons of 2015, a final map was also produced as a result of voting with the following con-
ditions. A pixel was assigned class x if class x occurred in 2 or 3 seasons in that pixel. When
a pixel had different classes in each season - the August class was assigned (this was the
date when the highest accuracies were recorded). At the same time, the introduction of mul-
ti-temporal data has made it possible to eliminate several types of errors resulting from the
masking process (when too many pixels are masked out). As a result, if a pixel had a value of
NA (no data) in October, and was previously classified as a deciduous tree, it may have been
mistakenly classified as a dead tree - it was assigned a value from August. Similarly, when
a pixel with an NA value in July, later classified as pine, was most likely mistakenly masked
as a dead tree (pine stands can be spectrally similar to dead spruce) - the August value.

205



12.2.4. Classification results versus field data

The classification results of the remote sensing materials were compared with field
measurement results. The obtained classification maps were compared with the coverage of
the monitoring plots by the crowns of the analysed trees. A methodology for approximate
crown determination was implemented (Wietecha et al. 2019). For each monitoring plot,
the proportion of area covered by tree crowns was calculated by drawing a circle around the
trunk location. The radius of the circle was calculated from the relationship between height
and crown area, according to species-specific formulas (Wietecha et al. 2019; Modzelewska
et al. 2020).

12.3. Results

12.3.1. Classification accuracy

In 2015, the overall classification accuracy of individual images varied locally and
between seasons. Locally, classification accuracies ranging from 60% to 80% were achieved,
with one exception - image 7 in early summer was classified with approximately 50% accu-
racy. The median classification accuracy fluctuated around 70% (Fig. 12.1). For most images,
the highest score was obtained for late or early summer (differences within 10-15%). Only
in image 7 is there a greater difference between early and late summer (> 20%) observed.
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Figure 12.2. Map of dominant tree species in 2015 (Modzelewska et al. 2020, modified)
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Classification accuracy varied for differently managed areas. While an accuracy of 77%
was achieved for managed forests, it was only 66% for reserves and 64% for strict reserves.

The final result of the work performed in 2015 was a map (Fig. 12.2) based on three
classification results from different seasons, using the voting method described in the subsec-
tion Application of multi-temporal data.

12.3.2. Species composition in differently managed areas (2015)

The analyses show the most common tree species in overstorey of the Polish part of
Biatowieza Forest are spruce, pine and alder. The proportion of each of the other deciduous
species does not exceed 10% of the total study area. In commercial forests, pine and spruce
have a significantly higher proportion than in protected areas. In the Strict Protected Area the
reverse is true, here the proportion of coniferous species does not exceed 20% and decidu-
ous species such as hornbeam and linden are gaining in prominence. In reserves outside the
national park, we observe a high proportion of pine and the proportion of other broadleaved
species is slightly higher than in managed forests (Fig. 12.3).

ENP STRICT RESERVE RESERVES MANAGED FORESTS ALL FORESTS

B Other OBirch WOak @EHornbeam MLinden MAlder B Pine W Spruce

Figure 12.3. Proportion of individual dominant species (overstorey) in differently managed parts of BF

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

12.3.3. Changes in species composition between 2015 and 2019

The classification results of hyperspectral images acquired in 2015, 2017 and 2019
show some trends in changes in the species composition of Biatlowieza Forest. We observe
a clear decrease in the proportion of spruce in 2019 compared to previous years and a slight
decrease in the proportion of birch (Fig. 12.5).
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Figure 12.4. Changes in the proportion of each dominant species between 2015 and 2019

In the case of spruce, this decrease is not so significant in the results of ground meas-
urements in the monitoring plots (Fig. 12.5). Among the other classified species, there is an
increase in their proportion in the total area of the stands (Fig. 12.4). However, in the field
plots, an increase in the proportion occurs only among oak and hornbeam, the other species
are at the same level (linden) or show a slight decrease (pine, alder, others), as do the previ-
ously mentioned spruce and birch. We can assume that some discrepancies for some of the
species are related to their overestimation and the corresponding underestimation of spruce in
the 2019 species classification. There is no doubt that the proportion of spruce in Biatowieza
Forest has decreased as a result of gradation (Sterenczak et al. 2019). Most likely as a result
of this process, we also observe an underestimation of the "spruce" class in the 2019 classifi-
cation. As a result, there is also an overestimation of other species.
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Figure 12.5. Changes in the proportion of individual dominant species on monitoring plots
(field measurements)

12.3.4. Species structure - field data versus results of remote sensing analyses

The correctness of the identification of individual species within the monitoring plots
varies depending on the management strategy of the forest area, as well as on the tree spe-
cies themselves. For some species, e.g. pine, satisfactory results were obtained regardless of
whether the plot was located in a managed forest or in a protected area. Spruce was better
identified on plots in managed forest than in protected areas, while deciduous species were
better identified on plots located within the boundaries of the Strict Protection Area. It can
be caused by the size and shape of tree crowns - the crown of the spruce occupies less part
of a pixel than the ones of the deciduous trees. Both for the study area as a whole and for the
fragments with different management, congruence was high. The results of the research are
described in detail in the article by Modzelewska et al. (2020).

12.3.5. Species structure based on hyperspectral data
- changes between 2015 and 2019

In the results of remote sensing analyses, between 2015-2019, we observe a clear de-
crease in the proportion of spruce and a slight decrease in the proportion of birch in the Polish
part of Biatowieza Forest (in case of birch it can be partially the result of underestimation of
the species). At the same time, there is an increase in the proportion of other species in the
total area of stands (Fig. 12.4). The increase is particularly marked in pine, oak and horn-
beam. It is also important to bear in mind the limitations associated with the classification of
remotely sensed material - the accuracy of the overall classification ranged from 64% in the
Strict Protection Area to 77% for managed forests. Metric characteristics of trees, such as
height or crown area, also affect the likelihood of them being correctly classified. Especially

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

trees that are shorter and have a smaller crown area tend to be misclassified, but this tendency
varies between tree species.

A clear decline in the proportion of spruce in Bialowieza Forest as a consequence of
the bark beetle gradation was evident as early as 2015. This process has continued in the
following years of the project and, as a result, we can observe a decrease of several percent in
2017 compared to 2015 (Fig. 12.4). In the period 2017-2019, the decline was higher than in
2015-2017, and finally in 2019 a spruce proportion of about 12% was recorded. The value of
the spruce share calculated from the hyperspectral images coincides with the result obtained
from the classification of the independent dataset, i.e. airborne laser scanning.

12.3.6. Dynamics of selected tree species in the Bialowieza Forest

Scots pine (Pinus sylvestris L.) appeared in the area of today’s Bialowieza Forest more
than 10 thousand years ago, being one of the first species to enter this area after the Preboreal
age. It belongs to the most numerous dominant species in Bialowieza Forest. It occurs on the
tops of moraine hills in the central part of the complex and in the south-western part of the
Starzyna district, as well as near the watershed of the Hwozna and Ortéwka rivers in the area
of Biatowieza National Park. Pine forests also cover the area between the Hwozna River and
the village of Masiewo, between the villages of Masiewo and Gruszki, and the area of the
Ladzka Forest in the north of BF. Pine is one of the primary species that forms part of the
forest complexes growing in Bialowieza Forest. Pine trees, especially in fertile habitats, can
reach heights of over 40 m and a diameter at breast height of about 160 cm. They can live to
the age of 350 years in the conditions of BF. More often than spruces, they are likely to reach
their maximum age here (Falinski 1986).

In Biatowieza Forest the phenomenon of pine dieback, common in other parts of the
country, is not observed. From field observations, it appears that locally single individuals
that have been weakened by the sudden change in light conditions are dying. This is the case
with pines surrounded by spruces. When spruce trees die as a result of bark beetle grada-
tion, conditions change for the pines growing among them. Also, trees attacked by the jewel
beetle (Phaenops cyanea) are only locally present, no mass dieback is observed. This can
be described as a marginal phenomenon, the death of individuals, but not of entire stands.
An increase in the proportion of pine among the dominant species in the BF was observed
between 2015 and 2019 (Fig. 12.6). Spatially - the proportion of pine trees in particular areas
has practically not changed in recent years (Fig. 12.7).
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Figure 12.6. Changes in the proportion of pine trees in BF between 2015 and 2019

European hornbeam (Carpinus betulus L.) together with small-leaved linden (7ilia cor-
data Mill.), common oak (Quercus robur L.) and Norway maple (Acer platanoides L.) create
one of the most common types of mixed forest in Biatowieza Forest —oak-linden-hornbeam
forest (Tilio-carpinetum). Individual hornbeams occur throughout the study area, but are
most abundant in the fertile habitats of oak-linden-hornbeam forests. Trees of this species do
not grow to such a size as maples or lindens. Individual specimens reach a height of up to 30
m and a diameter at breast height of up to 1 m (Falinski 1986).

Hornbeam is one of the species which regenerate and proliferate in Bialowieza Forest
in large numbers. No loss in its proportion was observed during the project, and it is present
in large numbers in the youngest generation of regeneration. In 20152019 we observed
an increase in the proportion of hornbeam among the dominant species in Bialowieza For-
est (Fig. 12.8). Spatially, we can observe a higher proportion of hornbeam in the districts,
especially in the central part of the Biatlowieza Forest, in 2019 compared to 2015 and 2017
(Fig. 12.9).
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Figure 12.8. Change in the proportion of hornbeam in BF between 2015 and 2019

Norway spruce (Picea abies Karst.) was for years the most abundant species in Biatow-
ieza Forest, next to pine, and is the dominant species in a considerable part of forest segments
in the study area. It has also been identified as the dominant species in numerous ForBio-
Sensing monitoring plots. It is present across the whole of BF, less frequently in the Polish
part of BNP and the part of BF administered by the Browsk Forest District than in other
stands. According to Falinski (1968), spruce in BF was such a common species that there was
practically no 1 sq. km of forest where spruce was not present. Currently, due to bark beetle
gradation, which results in the mass dieback of trees of this species, the situation is changing.
However, we can still find monumental trees of this species in BF. Some specimens reach
impressive sizes - up to 40 m high (ForBioSensing field measurements).

Spruce is also subject to dynamic processes, above all, progressive bark beetle grada-
tion since 2012, and the consequent dieback of trees. Standing dead trees fall over, which
is observed even on a four-year cycle (the time between the first and last hyperspectral data
acquisition in the ForBioSensing project), resulting in the creation of new gaps and the wid-
ening of existing ones. At the same time, in many places where spruce trees have died, spruce
regeneration is appearing. However, the overall trend is a significant decline in the proportion
of this species in BF stands. The share of spruce decreased significantly between 2015 and
2019 (Fig. 12.10). A similar trend can be observed in the maps showing the proportion of
spruce in the segments — it decreased significantly, especially in the central part of the study
area (Fig. 12.11).
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Figure 12.10. Changes in the proportion of spruce in BF between 2015 and 2019

European ash (Fraxinus excelsior L.) and Scots elm (Ulmus glabra Huds.) are species
which were historically common in Biatowieza Forest (Falinski 1986), but which are subject
to mass dieback all over Europe as a result of colonisation by fungal pathogens. These are
Ophiostoma ulmi (Buisman) Nannf., Ophiostoma himal-ulmi Brasier & Mehrotra and Ophi-
ostoma novo-ulmi Brasier in the case of elm, the fungi causing grapiosis (Dutch elm disease)
in elm and Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya which is the
cause of European ash dieback.

European ash (Fraxinus excelsior L.) used to be one of the dominant tree species in
Biatowieza Forest (Falinski 1986), but this has changed following the mass dieback of this
species. Ash dieback was observed in north-eastern Poland in the 1990s. In the 1970s, within
a few years, it had spread to the whole of Poland and to numerous European countries (Bakys
et al. 2009; Cholewinska et al. 2018). In the reserve part of Biatowieza National Park (Strict
Protection Area), the number of ash trees present decreased by 99.5% between 1990 and
2016 (Cholewinska et al. 2018). It is estimated that there is a similar disappearance of this
species in the whole area of Bialowieza Forest. In the ForBioSensing monitoring plots (685),
of more than 8,000 trees with a visibility class of "1" (marked in the field as visible on aerial
photographs), 92 ash trees were found (~0.01).

European ash is retreating from the BF area and it is currently estimated that the num-
ber of ash trees present is less than 1% of the trees in the BF. Due to its rare occurrence, this
species is losing its prominence in BF. With such a small population, which is additionally
dispersed throughout the BF area, and which does not form dense stands or at least larger
clusters, the use of remote sensing data (with the spatial resolution of 5 m) is not possible.
In order to verify this thesis, a classification test with the distinction of the class "ash" was
carried out on the fragment of the study area characterised by the highest species diversity
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- Bialowieza National Park. This experiment concluded that it was not possible to distinguish
the class "ash". The median accuracies of the manufacturer and user for this class fluctuated
around 0 whilst the overall accuracy was relatively high (>0.7) as was the accuracy of the
other classes (>0.6). The most significant limiting factor is the small number of trees of this
species in the study area with a scattering of individual specimens in BF stands.

In the case of Scots elm, no such experiment was carried out, as this species is almost
extinct in the study area. In the ForBioSensing monitoring plots, 11 trees of this species were
identified in visibility class "1".

12.4. Discussion

In the project, we addressed the issue of analysing species composition in a vast forest
area, which is diverse in terms of use and protection, as well as in terms of structure, age, hab-
itat and also ultimately, tree species. All these factors affect not only the species composition
of the forest itself, but also the ability of studying it using remote techniques. Different forms
of management and protection are reflected in the character of the forest and the diversity of
vegetation it contains. The ForBioSensing project used aerial hyperspectral images acquired
several times during the project. Of particular importance was the acquisition of data three
times in 2015, which enabled an assessment of the impact of phenology on the ability to
distinguish tree species using remote sensing data.

The project has achieved several milestones in the advancement of remote sensing
research for forest areas. This is the first time such a vast and diverse forest area has been
analysed. This was the first time hyperspectral data was acquired three times in one year and
used to classify the dominant tree species in the forest. Tree species were classified three
times in 2015, comparing results for different seasons. A final map was produced combining
the results from different dates. The data was captured again in 2017 and 2019 and the results
were collated together to compare changes. Seasonal changes were contrasted with differenc-
es in areas with different management.

The way in which the area is managed (forest management, protection) has an impact
on the results of classification using remote sensing methods.. In this particular area, forest
stands under protection, especially strict reserve, are multi-layered stands with a considerable
share of deciduous species. Those factors could influence the classification result. Protected
areas were classified with about 10% lower accuracy than managed forest areas. The overall
accuracy in protected areas was 64-66%, while in managed areas it was almost 80%.

The diversity of species in a tree stand also affects the differentiability of individual tree
species. Trees growing in single-species forests (e.g. alder, pine) are classified with higher
accuracy than species typical for mixed forests, e.g. oak-hornbeam forests. For spruce, we
notice certain underestimation, which is more evident in protected areas due to their higher
diversity, and spruces grow there singly (Falinski 1986), among deciduous trees that, with
their extensive crowns, may dominate the pixels. Narrow crowns of spruce occupy a smaller
area inside pixels than crowns of deciduous trees (Caudullo et al. 2016). This characteristic
may explain the overestimation of deciduous trees in stands dominated by oaks, lindens or
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hornbeams. Single coniferous trees are “invisible” when an entire pixel is assigned to a class
corresponding to a deciduous tree. Both in the managed areas and in protected forests, alder
is classified most efficiently. This may be caused by the structure of alder plots, where the
portion of the dominant species (alder) is high, and that of codominant species, marginal. The
mixing of species within alder forests is lower than in other deciduous tree stands (Falinski
1986). In the opposite case of oak-hornbeam forests, where mixing is high and dominant spe-
cies, namely linden, hornbeam and oak have similar spectral characteristics. The two factors
are likely to make the classification successful.

Relatively homogeneous managed stands are classified with higher accuracy than pro-
tected areas. This difference is approx. 10% for this study. A similar difference between less
(Val di Sella, Italy) and more complex (Bosco della Fontana, Italy) research areas was ob-
served by Dalponte et al. (2009). Studies describing results with very high accuracy (80—
95%) were aimed to classify less complex managed forests (e.g. Fassnacht et al. 2014; Ghosh
et al. 2014). However, the literature does not provide studies for areas managed heterogene-
ously, because such areas of a compact block of forest are rare. In this respect, the Biatowieza
Forest is unique. For this site, the species composition was established using remote sensing
techniques for the first time in literature.

The results for different dates during the growing period show that summer is a much
better time to acquire data than autumn. This is quite surprising as literature indicates that
autumn, a season when discoloured trees differ the most, and in some comparative studies,
it was the classification of data acquired in October that produced the best results (Key et al.
2001; Hill et al. 2010). However, when classification using hyperspectral data was compared,
then data acquired in June (Tagliabue et al. 2016), July (Voss and Sugumaran 2008) or Au-
gust (Richter et al. 2016) gave better results than those of autumn. In this case, the results for
early and late summer are similar. However, we can unequivocally state that autumn is not
a good time to acquire data. In autumn, shadows are longer and the amount of sunlit pixels
is lower. This results in lower quality images taken in autumn. In addition, some trees may
have already lost their leaves - 2015 was an exceptionally dry year in the study area (Boczon
et al. 2018; Labedzki and Bak 2015), and the presence of water stress can accelerate leaf
senescence and leaf shedding by trees (Kim et al. 2016).

Work from the following years — 2017 and 2019 indicate the directions of changes
that are taking place in the Biatowieza Forest area. Above all, there is a clear decline in the
proportion of spruce, as well as a decline in the proportion of birch. Among other species, the
trend is the opposite — a slight increase in the proportion of the overall number. This trend
is not always reflected in the results of field measurements, which may be due to the over-
estimation of deciduous species in the classification. At the same time, the share of spruce
in Bialowieza Forest decreased significantly as early as 2015 (Sterenczak et al. 2019), and
gradation continued in the following years, so the share of this species gradually decreased in
2015-2019. The decline in the proportion of spruce, and the consequent significant number
of dead trees, has consequences for the forest as a whole. Changing light conditions contrib-
ute to the deterioration of trees of other species growing in the vicinity, such as pines. An-
other consequence is the emergence and widening of gaps. Biatowieza Forest is a forest with
dynamic phenomena that cause its character and species composition to change.
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12.5. Conclusion

The species composition of the Polish part of Biatlowieza Forest and its changes be-
tween 2015 and 2019 were analysed. A set of hyperspectral images and reference field data
were successfully used. It was the first study of its kind for such an extensive area (over
60,000 hectares). The summer months of July and August were chosen as the optimal time
for classification. In 2015, the highest accuracy of the study was obtained for data acquired
in August (late summer). Dynamic processes occurring in the stands of the Bialowieza Forest
are reflected in its species composition and its changes. The most marked change is the de-
cline in the proportion of spruce among the dominant species.

In summary, the following conclusions can be drawn:

1. Bark beetle gradation was the most important factor in shaping the composition of
the species. As a result, the proportion of spruce has decreased from 22% in 2015
to 12% in 2019.

2. Pine increased its share slightly and its dieback has a classic uniform character and
is not related to gradation effects.

3. Ash and elm, due to their mainly uniform mixing and low abundance, could not be
included in the monitoring of dynamics using the available remote sensing data.
Other high-resolution data could perhaps contribute to better detection of these spe-
cies.

4. The area occupied by the following species: hornbeam, pine, oak, alder and linden
increased, while for the other species it decreased.
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Abstract

In recent years, temperate forests in Europe have been particularly vulnerable to the
effects of extreme events such as prolonged droughts or strong winds, which have a direct
impact on the weakening and consequent dieback of forest stands. In addition, hot summers
with little rain and warm winters with little snow, contribute significantly to the development
of insects and pathogens that affect tree health. As part of the project LIFE + ForBioSensing,
multidirectional and comprehensive analyses of spruce dieback were carried out using var-
ious remote sensing techniques supported by reference field data. They confirmed that the
existing outbreak, which started in 2012 and is still ongoing, seems to be the largest in the
history of the Biatowieza Forest. In the period from 2015 to 2019, this phenomenon devel-
oped intensively and reached its peak in 2016-2017. During the entire 4-year study period
(2015-2019), 39% of all living spruce in the Bialowieza Forest died in the upper layer of the
stands (7% - 2015, 43% — 2019). The highest spruce mortality was recorded in the Biatlow-
ieza Forest District, the lowest in the Bialowieza National Park. The analyses carried out
showed that the more open, older (over approx. 90 years old) spruce stands were the most
susceptible to dieback in the initial phase of the outbreak. As a result of the thermal condi-
tions in 2015, which were extremely favourable for the spread of the European spruce bark
beetle, more spruce stands died in the forest in subsequent years. Areas with young trees less
than 90 years old proved to be the most resistant to the pest. Topographical factors had only
a minor influence on the spread of the Bialowieza Forest outbreak.

Keywords: Biatowieza Forest, outbreak dynamics, airborne laser scanning, spatial statistics

13.1. Introduction

In recent years, European temperate forests have been particularly vulnerable to the
effects of extreme events such as prolonged droughts or strong winds, which have a direct
impact on the weakening and subsequent dieback of forest stands (Senf et al. 2020, 2021).
In addition, hot summers with little rain and warm winters with little snow contribute signif-
icantly to the development of insects and pathogens, which have a negative impact on tree
health (Seidl et al. 2017). In commercial forests, foresters are partly able to intervene in the
processes and limit the spread of a particular problem. The situation is different in forests
with strict protection regulations, such as nature reserves or national parks. It is crucial to
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understand the processes and factors affecting the dieback of individual tree species in order
to limit this phenomenon in the context of forest conservation and management. Given the
biodiversity and uniqueness of the Bialowieza Forest (BF), it is extremely important to un-
derstand its current state and the dynamic processes taking place within it in order to better
manage and protect forest stands.

The European spruce bark beetle (Ips typographus (L.)) is a permanent, integral com-
ponent of spruce forest ecosystems. Under conditions of ecological equilibrium, this species
acts as a driver of natural selection by eliminating individual weakened spruce from stands.
For many years, mass occurrences of the bark beetle of enormous size and dynamics, which
have the character of outbreaks, have been observed from time to time in some countries
of Central and Northern Europe, including Poland. They cause enormous damage to eco-
systems and also considerable economic losses. Therefore, comprehensive monitoring of
forest health and identification of areas of widespread damage are essential (Dash et al. 2017;
Sproull et al. 2017). For that reason, monitoring can be carried out using remote sensing
techniques, which can support time-consuming field surveys (Latifi et al. 2014; Chakraborty
et al. 2017; Meng et al. 2020). Knowledge of the spatial distribution of spruce stands affected
by bark beetle infestations and tree mortality is essential for effective prevention or slowing
down of these phenomena.

In the history of the Biatowieza Forest, mass dieback of spruce stands due to bark beetle
outbreak has occurred many times (Mokrzecki 1923; Grodzki 2016). There were several of
them in the post-war period alone, and the dynamics of subsequent infestations has increased
(Gutowski et al. 2003; Michalski et al. 2004; Sterenczak et al. 2020). Most of them were re-
lated to drought or wind damage, and the most recent outbreak, which started in 2012, seems
to be the largest in the history of the Biatowieza Forest (Grodzki 2016).

Within the Lifet+ ForBioSensing project, multidirectional studies were conducted on
tree mortality in the Bialowieza Forest, especially on the dieback of spruce stands due to bark
beetle invasions. Among other things, the extent of the outbreak throughout the project, its
temporal and spatial dynamics and the search for factors determining its development were
studied. The analyses were carried out using a variety of remote sensing techniques support-
ed by reference field data. Descriptions of some of the many methods and analyses used and
the results have been published (Sterenczak et al. 2017; 2019; 2020; Kaminska et al. 2020,
2021). This chapter summarises the work done so far and presents the final picture of the
impact of the bark beetle outbreak in BF stands in 2019.
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13.2. Material and methods

13.2.1. Data characteristics

During the project, an extensive remote sensing dataset was acquired, which allowed
for a comprehensive spatial characterisation of the study area. During the course of the pro-
ject from 2015 to 2019, multispectral (satellite until 2016 and aerial from 2017), hyperspec-
tral imaging data and airborne laser scanning data were acquired (Fig. 13.1). All data were
used for the analysis of spruce dieback in the different years of the project. The description of
the data, their quality control and the main processing steps can be found in earlier chapters
(see Chapter 9).

i ] [

H H
ALS i IALS

1 1
HYPERSPECTRAL {HYPERSPECTRAL 1HYPERSPECTRAL
DATA {DATA iDATA

i i
MULTISPEC TRAL !MULTISPEC TRAL {MULTISPEC TRAL IMULTISPEC TRAL IMULTISPECTRAL
DATA DATA {DATA DATA IDATA
- SATELLITE - SATELLITE i- AERIAL - AERIAL I- AERIAL
IMAGES IMAGES 1IMAGES IMAGES IIMAGES

i i

1 1

Figure 13.1. Remote sensing data used to analyse spruce dieback dynamics

13.2.2. Spatial autocorrelation

Spatial autocorrelation measures the degree to which the value of a variable for one
spatial unit is related to the value of the same variable in another unit (location). Spatial
autocorrelation was assessed using the global and local Moran’s [ statistics (Anselin 1995).

The global Moran’s I coefficient is defined as follows:
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where:
n - number of observations,
z,- value of variable for i-th location,

z,- value of variable for j-th location,
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- average value of the variable,

w, = weight between locations i and j based on contiguity, where the definition of neigh-
bour was based on sharing of a common boundary (queen contiguity).

The global Moran’s I coefficient indicates the existence of spatial autocorrelation - pos-
itive or negative. The value of the Moran’s statistic ranges from about -1 to about 1. A value
of 0 means no autocorrelation, negative values - negative autocorrelation, i.e. the presence
of different values around each other. Positive values indicate positive autocorrelation, i.e.
the presence of similar values next to each other. This means that we are dealing with spatial
clusters.

The Local Indicators of Spatial Association (LISA) calculated for each location allows
us to determine the similarity of the location to its neighbours and the statistical significance
of this relationship. The values are calculated according to the following formula:

{zl E}i wy(z, —2)
j=

>z, —2)/n

By applying LISA, each spatial unit can be assigned to one of five classes (Zhang et
al. 2008):

e (Class 0 - unit with no significant local autocorrelation;
e C(lass 1 - unit with high value that has neighbours with a similar value (,,high-high™);

e (lass 2 - unit with low value that has neighbours with a similar value (,,low-low”);

Class 3 - unit with low value, which has neighbours with a high value (,,Jow-high”);

Class 4 - unit with a high value that has neighbours with a low value (,,high-low”).

Using LISA, a typology of areas can be created according to spatial dependency. The
global and local Moran’s I significance level was tested based on a method called ,,condition-
al permutation” (Anselin 1995). A detailed description of the methodology used can be found
in Sterenczak et al. (2020). Spatial analyses were performed using GeoDa software (version
1.12; Anselin et al. 2006). All maps were produced using ArcGIS software (ArcMap 10.5;
ESRI, 2017).
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13.3. Results and Discussion

13.3.1. Outbreak characteristics between 2015 and 2019

The results of the analysis of the remote sensing data for 2015-2019 showed that in the
Bialowieza Forest area in 2015 there were 283 166 dead spruce trees in the upper layer of
the stand (i.e. an average of 4 dead trees per ha), which represented 7% of the total number
of spruce trees (Tab. 13.1). Four years later, the total number of dead spruce trees was 1 854
195 (i.e. an average of 30 dead trees per ha), which represented 43% of the total number of
spruce trees. During the analysed 4-year period of the outbreak (2015-2019), 39% of all
living spruce in the upper layer of the stands in the Bialowieza Forest died (on average 25
trees per ha) (Tab. 13.1).

The bark beetle infestation proceeded with different dynamics in the individual frag-
ments of the BF (Fig. 13.2-13.3). The highest proportion of dead spruce was recorded in
2015 and 2019 in the Biatowieza F.D., with 11% and 51%, respectively. In contrast, the
lowest proportion was recorded in the Hajnéwka F.D. in 2015 (4%) and in the Biatowieza
National Park (BNP) in 2019 (27%). Although the number of dead spruce trees in 2015 was
by far the highest in the Bialowieza F.D. (111 042), in 2019 there were the most such trees
in the Browsk (587 555) and Hajnéwka (586 639) Forest Districts. However, this was not
directly reflected in the highest dynamics of spruce mortality between 2015 and 2019 in the
above forest districts, which was highest in the Biatlowieza F.D. (45%) and lowest in the
Bialowieza National Park (20%) (Tab. 13.1).

Table 13.1. Results of dead spruce detection in the top forest layer in the years 2015-2019

2015 2019 2015 - 2019
Area type
percentage percentage percentage
number 1%] number /%] number 1%]

Biatowieza F. D. | 111042 10.86 525708 51.40 414666 45.48

Browsk F.D. 67815 5.43 587555 47.05 519740 44.01

Hajnowka F. D. 54781 3.74 586639 40.01 531858 37.68

Bialowieza N.P. 49528 8.76 154293 27.29 104765 20.31

Total 283166 6.58 1854195 43.09 1571029 39.08
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Figure 13.3. Percentage of dead spruce trees per hectare in 2015(A) and 2019 (B). [source: Kamiiska A., Lisiewicz
M., Kraszewski B., Stereficzak K. 2021. Mass outbreaks and factors related to the spatial dynamics of spruce bark
beetle (Ips typographus) dieback considering diverse management regimes in the Bialowieza forest, Forest Ecology and
Management, Volume 498, 119530, https://doi.org/10.1016/j.foteco.2021.119530)]
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13.3.2. The spatial dynamics of the outbreak between 2015 and 2019

After dividing the area of the Biatlowieza Forest into 1-ha cells, we analysed the spatial
dynamics of spruce dieback during the project period (Fig. 13.4). The spatial variation of the
outbreak level in 2015 is low. In most areas, no negative effects of bark beetle activity were
observed, which was largely determined by the area share of spruce in the BF stands (about
22% in the upper and dominant tree layer in 2015 (see Chapter 12). However, the concentra-
tion of the outbreak is evident in the Bialowieza F.D., which forms the so-called ,,Biatowieza
cluster”, which can be considered the largest centre of pest invasion in the initial phase. It
should be noted that among the tree species forming the BF, the area share of spruce (as the
dominant tree species) is the highest in this forest district; the VI class and the older age
classes also have the highest share of spruce stands (Grodzki 2016).

In 2019, a significant intensification of the dieback of spruce stands can already be ob-
served throughout the study area. This is confirmed by high values of the Moran index (I=0.57
(for percentages), [=0.54 (for numbers), indicating a clear tendency towards spatial polarisa-
tion. However, the spatial dynamics of spruce mortality in the Bialowieza Forest in the Browsk,
Biatowieza and Hajnowka Forest Districts is significantly different from that in the Biatowieza
National Park (Figs. 13.2-13.5). In 2019, the ,,Biatowieza cluster” is visible because outbreaks
seem to remain concentrated in this area. However, we observe a significant expansion of the
cluster. In addition, the territorial spread of areas with bark beetle-infested spruces in other
forest areas is clearly visible - many newly emerged outbreaks of different sizes were record-
ed. Near these clusters, there are “low-high” outliers where the dynamics of tree mortality are
significantly lower than in neighbouring areas. Among them, stands were observed that were
infested by bark beetles in the initial phase of the outbreak, and in these areas the process was
saturated in the analysed period. However, some of the ,,low-high” areas were not infested in
2015, which could indicate a development of the bark beetle infestation in the future.

There are a number of areas in the Bialowieza National Park that are resistant to bark
beetle infestation. No significant outbreak centre was recorded there. However, it is inter-
esting that quite numerous ,,high-low” outliers were observed, indicating the dieback of in-
dividual spruces. The Bialowieza National Park is characterised by high species variability
and a ,,mosaic” of habitats. There are only a few areas covered by spruce monocultures.
Mostly, spruce trees are part of multi-generation and multi-species stands. In 1994-1996 and
20002004 (Michalski et al. 2004), there were also beetle-induced outbreaks in the BNP that
decimated the spruce population in this area (Miscicki 2012). As a result, the lower spruce
mortality in the BNP compared to other forest areas is most likely due to the lower availabil-
ity of trees and the pressure of parasitoids and predators on the bark beetle population.

Annual monitoring of tree mortality in the Biatlowieza Forest conducted as part of the
project showed that this phenomenon peaked in 2016-2017, first in the area of the Biatow-
ieza F.D., and somewhat later in the other forest districts. In the area of the National Park,
where the lowest dynamics of spruce mortality was observed, it was relatively uniform. This
is largely due to the hot and dry growing season and the long and warm autumn of 2015,
when thermal conditions were exceptionally favourable for bark beetle reproduction, leading
to an acceleration of the development of the preimaginal stages and an increase in the number
of new generations (Grodzki 2016).
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It should be noted that the development of bark beetle infestation was already very
dynamic during one growing season. Monitoring of this phenomenon in 2015 showed the oc-
currence of new outbreaks not only in the immediate vicinity of previously dead trees, but also
in areas more than 100 m away from previously infested specimens (Sterenczak et al. 2019).
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Figure 13.4. Area types by spatial relationship of spruce dieback dynamics between 2015 and 2019:
numerically (A), percentage (B)
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13.3.3. Outbreak Determinants

Within the project, multidirectional studies on the influence of selected habitat, stand
and topographic factors on spruce mortality were conducted (Kaminska et al. 2020; 2021;
Sterenczak et al. 2020). The analyses on the occurrence of dead spruce in 2015 made it pos-
sible to consider crown closure and stand age as the most important predictors of the initial
phase of spruce mortality in BF. More open, older spruce stands were most susceptible to
dieback during this period (Sterenczak et al. 2020).

Most of the stands attacked by the bark beetle were over 90 years old. Previous studies
suggest that trees older than 60 (Netherer and Schopf2010) or 100 years are more susceptible
to such attacks (Becker and Schréter 2000; Netherer and Nopp-Mayr 2005; Grodzki 2014).
This is related to the fact that the bark beetle prefers thicker trees in which the larvae can fully
develop their galleries (Lausch et al. 2011). In addition, stand age was an important stimu-
lator of bark beetle infestation in all its phases in the Tatra Mountains (Mezei et al. 2014).
Another factor influencing spruce mortality was crown closure. It was found that relatively
open stands (50-70% crown closure) were more prone to dieback. This could be related to
the microclimate, i.e. more light can penetrate through open stands, leading to higher temper-
atures in the stand and around the tree trunks. Higher temperatures have a positive effect on
the reproduction, oviposition and growth, which directly affects the number of generations
per year (Wermelinger 2004). It was also observed that even individual spruces in mixed for-
ests were infested with bark beetles, indicating the strong infestation pressure in these forest
stands. This is further evidence that areas with a high proportion of mixed tree species do not
form barriers to the spread of bark beetles, at least not at the outbreak stage studied.

Studies by Kaminska et al. (2020; 2021) analysed the dynamics of spruce dieback and
factors determining the dynamics of spruce bark beetle dieback in the Biatowieza Forest. In
both studies, stand height and the proportion of spruce were found to be stimulating factors
for bark beetle infestation. The proportion of the area covered by tree crowns, excluding
spruce, in turn destimulated the timing of spruce mortality. This means that the most intense
outbreak occurred in old stands dominated by spruce. At BF, no natural barriers were found
to prevent mortality from spreading in any direction. The observed significant increase in tree
mortality dynamics in BF, especially at spruce heights above about 15-20 m, is consistent
with previous studies (Eriksson et al. 2005; Akkuzu et al. 2009; Schroeder 2010; Mezei et al.
2014). Netherer and Nopp-Mayr (2005) and Overbeck and Schmidt (2012) showed a positive
correlation between the risk of tree mortality and the proportion of spruce. On the other hand,
the hypothesis that the presence of trees other than spruce in spruce stands reduces the risk of
beetle invasion was also demonstrated by Zhang et al. (1999) and Zhang and Schlyter (2004).

It is worth noting that topographic factors had a marginal effect on mortality dynamics in
the BF. None of the variables studied (aspect, slope, topographic position index (TPI), eleva-
tion, SAGA Wetness Index) showed a significant influence on the dynamics of the phenomenon
studied. This result was not surprising, as the BF does not have large differences in altitude,
so that a clear influence of the terrain on the mortality dynamics was hardly to be expected. In
practise, however, one could get the impression that the local hills determined a higher intensity
of spruce mortality than the local depressions of the area. Perhaps the nature of these processes
is very localised, so that the field observations could not be confirmed by large-scale analyses.
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13.4. Conclusion

The multidirectional and comprehensive analyses of spruce mortality conducted as part
of the LIFE+ ForBioSensing project have confirmed that the current bark beetle outbreak,
which began in 2012 and is still ongoing, appears to be the largest in the history of the
Biatlowieza Forest. In the period from 2015 to 2019, this phenomenon developed intensively
and reached its peak in 2016-2017. During the entire 4-year period of the outbreak (2015—
2019), 39% of all living spruce died in the upper layer of stands in the Biatlowieza Forest in
2015 (7% - 2015, 43% - 2019).

The highest bark beetle outbreak dynamics were recorded in the Biatowieza F.D. Dur-
ing the studied period, 45% of all living spruce trees in this forest district died. The highest
percentage of dead trees of this species was recorded in this area both at the beginning and
at the end of the studied period (11% - 2015, 51% - 2019). This was the result of the largest
spruce mortality dynamics observed in the Biatowieza Forest in 2015 (the so-called ,,Biatow-
ieza cluster”).

In the BNP, the lowest dynamics of spruce mortality were observed compared to other
forest districts. Between 2015 and 2019, 20% of the living spruce trees died in BNP, while in
other forest districts more than 35% of the trees of this species died (9% - 2015, 27% - 2019).
No significant bark beetle outbreak was recorded there.

The analyses conducted showed that the more open, older (above approximately 90
years old) spruce stands were most susceptible to dieback in the initial phase of the outbreak.
As aresult of the thermal conditions in 2015, which were extremely favourable for the spread
of the European bark beetle, more spruce stands in the forest died back in subsequent years.
Areas with young trees less than 90 years old proved to be the most resistant to the pest. Top-
ographic factors had little influence on the spatial spread of the outbreak.

The presented results indicate the possibility of further development of bark beetle-in-
duced mortality in the Polish part of the Bialowieza Forest. The proportion of spruce in BF
stands has been significantly reduced, but spruce still forms monocultures in some places.
These places should be included in the monitoring of their condition in the coming years.
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Abstract

One of the factors critical to the growth and functioning of vegetation in the forest
is access to sunlight. Determining the amount of light reaching the forest floor allows us
to understand its impact on changes in the stand, such as the formation of a new forest
generation, called regeneration. Obtaining information on the amount of solar radiation
penetrating beneath the canopy of a stand for a large forest complex is possible through
remote sensing.

The aim of this study was to use airborne laser scanning (ALS) technology and hemi-
spheric imaging to model the amount of solar radiation reaching the forest floor. The study
area covered the Polish part of Biatowieza Forest. The reference data for the construction of
solar radiation models were solar radiation values obtained from hemispheric images tak-
en for 96 field plots. The modelling process used variables (characteristics) extracted from
a point cloud (LPI, Rhmean, RH_, median, R1%). Surveys were carried out for two dates:
2015 and 2019. The construction of the models consisted of 3 stages: calculation of the val-
ues of the independent variables, construction of models of direct, diffuse and global solar
radiation, and assessment of the accuracy of the models.

For the models built for 2015 and 2019, high fitting accuracies of R? coefficient in the
range of 0.842 - 0.898 were obtained. The result of the implementation of the models were
maps of solar radiation under the tree canopy for the entire study area for two dates. The
study confirms that there is a strong relationship between the point cloud characteristics of
airborne laser scanning and the amount of sunlight reaching the forest floor.

Keywords: solar radiation, modelling, hemispheric images, remote sensing

14.1. Introduction

The availability of sunlight in the forest is particularly important for the functioning
of undergrowth species. In forests, solar radiation significantly affects biological and phys-
ical processes such as plant growth, the carbon cycle and photosynthesis (Schleppi and
Paquette 2017). The amount of solar radiation depends mainly on the stand structure. The



298

radiation beneath the canopy is mainly the photosynthetically active radiation (PAR) in
the electromagnetic wavelength range, roughly between 400 and 700 nm (Comeau 2000).
This sub-canopy radiation is defined as that which is used by plants for photosynthe-
sis. There is a distinction between direct radiation, diffuse radiation, and global radiation
which is the sum of the previous two. Direct radiation is that which is emitted directly by
the solar disk. Reaching the atmosphere, it is absorbed, reflected and diffused. Scattered
radiation consists mainly of the energy of direct radiation dispersed by the atmosphere.
The variability of energy from scattered radiation depends mainly on the cloud cover and
of the sun’s angle above the horizon. The more cloud cover, the higher the diffuse radiation
can be.

A stand’s exposure to the sun can be measured directly (e.g., actinometer, laiometr)
and indirectly (e.g., using hemispheric photos) (Schleppi and Paquette 2017). Direct meth-
ods employ sensors to quantitatively measure radiation, e.g.: total solar radiation or pho-
tosynthetically active radiation. Sensors are placed under different types of vegetation at
multiple locations to quantify spatial and temporal variability over a certain time (Bode at
al. 2014). Because of the difficulties with direct measurement of exposure to the sun in the
forest, such as time, cost, and areas being extensive or difficult to access, indirect meas-
urement methods are preferred (Jennings et al. 1999). Currently, hemispheric imaging is
one of the basic and most commonly used methods to survey the forest structure and the
amount of radiation reaching the forest floor. Imagery is taken with a camera with a “fish-
eye” lens, capturing 180° images. The result is a circular image, which is a projection of
the hemisphere onto a flat surface (Rich 1990). Hemispheric photographs were first used in
the 1920s for meteorological observations of clouds, and 35 years later they were first used
in surveys of forest environments (Evans and Coombe 1959). An upward-pointing camera
with a fish-eye lens records the geometry of tree crowns (Chianucci and Cutini 2012), which
makes it directly possible to calculate e.g. the translucence of the canopy (Welles and Cohen
1996; Frazer et al. 2001; Jonckheere at al. 2005), the amount of radiation reaching the floor
of the forest (Anderson 1964; Becker et al. 1989; Rich et al. 1993; Hardy et al. 2004), and
the leaf area index (LAI; Bonhomme et al. 1974; Soudani et al. 2002; Leblanc et al. 2005;
Macfarlane et al. 2007).

Airborne laser scanning (ALS) data are widely used in forestry (Mallet and Bretar
2009). The details of the data allow the extraction of individual tree crowns as segments
(Reitberger et al. 2011) and obtaining tree height information (Mielcarek et al. 2020). In the
general aspect, we obtain information about the structure of the entire stand. The capability of
laser pulses to penetrate particular storeys of vegetation results in obtaining full information
on the stand from the ground layer to the top of the tallest tree.

There was an increased interest in measuring sunlight in the forest using remote sensing
data around 2010, and since then Lidar data has been used more than once to model sunlight
under the canopy (Olpenda et al. 2018).

Among the concepts mentioned in the literature, two most commonly used groups of
methods can be distinguished. One of them are methods based on the reconstruction of a stand

Status and dynamics of Biatowieza Forest stands - analysis based on remote sensing data

by building a three-dimensional model using, among others, voxels (a voxel - the smallest
element in a three-dimensional space). Based on the information obtained about the stand
structure, the light penetration in the stand is simulated according to Beer’s law. However,
it has been noted that the above method is impractical in a natural environment with high
species diversity (Bode et al. 2014). Increasingly, methods using (statistical) metrics based
on reflection return from a LiDAR point cloud are being used to estimate sunlight under the
tree canopy. Metrics (features) can range from simple statistics to more complex ones that
can be tailored to specific user applications. Statistics used in forestry are calculated based
mainly on information about the height and intensity of points representing a stand. The most
commonly used ALS metric for studies related to light penetration is the Laser Penetration
Index (LPI) (Hopkinson and Chasmer, 2007).

Many papers using ALS technology stand out in the literature. The possibilities of using
ALS to estimate sunlight in a forest are detailed in the review paper by Olpenda et al. 2018.

The Life+ ForBioSensing project built solar radiation models estimating the amount
of direct, diffuse and total (global) radiation based on two sets of airborne laser scanning
data acquired in 2015 and 2019, and using previous observations from the area (Olpenda
et al. 2019), in addition to solar radiation maps of Bialowieza Forest for both dates. The
hemispheric images, which were acquired in the project mainly to analyse the magnitude
of solar radiation under the canopy of the stand and stand canopy cover, were used to
calculate solar radiation values as a reference for building models. The solar radiation
models built, initiated in a PhD thesis (Olpenda 2018), were used to estimate the amount
of solar radiation reaching beneath the canopy of forest stands. To our knowledge, this
type of research has not been conducted before in such a vast and species-diverse area as
Bialowieza Forest.

14.2. Materials and Methods

14.2.1. Data

Aerial laser scanning data collected during the 2015 and 2019 growing seasons were
used to build solar radiation models. The description of the data and the conditions for their
acquisition and processing are described above (see Chapter 9). The starting point for the
construction of solar radiation models were the results of previous analyses of the charac-
teristics of airborne laser scanning data (Olpenda 2018; Olpenda et al. 2019) Four variables
(characteristics) generated from the point cloud acting as independent variables were used
to build the models: LPI - laser penetration index (canopy openness), R1% - percentage of
first laser reflections, RHmean - average reflection height of laser pulses and RH_ median
- median reflection height of laser pulses (Olpenda 2018).

Hemispheric images for the Bialowieza Forest area were acquired in the years: 2015,
2017 and 2019, during the growing season, in July and August. Out of almost 700 circular

299



300

monitoring plots located in the area of the Forest, 100 plots located in the Browsk, Hajnowka
and Bialowieza Forest Districts were selected. More than a half of the selected plots (68)
were located in forest habitats (fresh deciduous forest - 34 plots, fresh mixed deciduous
forest - 20 plots, humid deciduous forest - 12 plots, humid mixed deciduous forest - 2 plots),
23 plots included boreal habitats (fresh mixed coniferous forest - 18 plots, fresh coniferous
forest - 5 plots) and the remaining (9) in alder habitats (ash-alder swamp forest - 5 plots, alder
bog forest - 4 plots). The distribution of the selected plots reflects the overall distribution of
all 685 monitoring plots located within the Forest boundaries, where about 60% are forest
habitats, more than 21% are boreal habitats, 15% are alder habitats and the remaining 4% are
non-forest habitats.

For each of the 100 monitoring plots, 15 photographs were scheduled to be taken.
3 images, with different exposures (EV: 0, EV: +1, EV: -1), were taken at the centre point
of the plot, then 3 images each at a distance of 5 m from the centre in the east, west, north
and south directions. However, during the course of the fieldwork, fewer photographs were
taken for some plots. The most common reason for not taking additional images was dense
undergrowth or the fact that the plot was in a gap. It was then impossible or pointless to take
images. In subsequent measurement years, hemispheric images were taken with a Canon
EOS 5D Mark III camera (EF 24-105, {/4L IS USM KIT) equipped with a Sigma 8 mm F3.5
EX DG fisheye lens. The camera was positioned so that its lens was at a height of 1.30 m
and oriented in a north-south direction so that magnetic north was at the top of the image. In
addition, a precise GPS location was taken for each measuring point.

As 4 field plots had fewer than 10 trees over 1.30 m in height, they were excluded from
the reference data set. Plot characteristics were analysed in detail in the study by Olpenda
(2018). Finally, 96 plots were selected as reference plots for solar radiation modelling.

14.2.2. Processing of hemispheric images to obtain solar radiation
reference values

14.2.2.1. Image selection

The initial and most important stage in the process of analysing hemispheric images is
their classification, i.e. assigning each pixel of the image to one of two classes - vegetation or
sky. The classification can be automatic or manual, and the result is significantly influenced
by the lighting conditions under which the images were taken. Due to the different atmos-
pheric and lighting conditions prevailing at the time of the fieldwork, the most high-contrast
images were initially selected for each plot, where the leaves and branches were the darkest
and the sky the brightest. Depending on the area, between 1 and 5 images were selected for
which analyses were performed using WinSCANOPY software version 2014a.
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14.2.2.2. Image classification

Automatic classification was initially carried out for the selected hemispheric imag-
es. Each colour image was converted to a 16 bit grayscale image (65,536 (2'°) shades of
grey), where a pixel with a value of 0 was black and 65,536 was white. A histogram of
values was then created for the image and a class membership threshold was automatically
selected. Pixels with values lower than the indicated threshold were assigned to the ,,veg-
etation” class and those with higher values to the ,,sky” class. From this, a binary image
was generated, assigning each pixel to one of the classes. The classification results were
subjected to visual interpretation. Due to the heterogeneous lighting conditions, automatic
classification did not always give satisfactory results. For images with non-uniform cloud
cover, it was necessary to select the classification threshold manually by trial and error.
In some cases, bright elements of tree bark, reflecting solar radiation, or very dark cloud
fragments, required manual correction of the results. In addition, for images where the
contrast between vegetation and sky was not great, a different classification method was
used - based on colour. This consisted of manually indicating a maximum of 12 areas
representing the class ,,vegetation” and 12 areas representing the class ,,sky”. According
to the indicated areas, based on hue, saturation and colour intensity, class signatures were
created, on the basis of which the classification of the images was made. Only when all
images had been checked and correctly classified was the subsequent stage of analysis
initiated.

14.2.2.3. Calculation of the radiation reaching the forest floor

The assumption underlying analyses of the amount of radiation reaching the forest
floor from hemispheric images is that it penetrates openings in the stand (Rich 1989). The
openings allow the free flow of total radiation, which consists of diffuse and direct radia-
tion. Direct radiation is referred to when the sun is in line with a given opening in the stand,
while diffuse radiation is indirect radiation, scattered by the atmosphere. For the analysis of
hemispheric images, radiation transmitted through or scattered by the leaves is omitted. The
analysis of solar radiation therefore implies the summation of the direct and diffuse radiation
that can be expected at a given measurement location.

The direct radiation for a particular location depends primarily on the relative position
of the sun, which changes throughout the day and year (Rich 1989). To be able to determine
these for each hemispheric image, the date and time the image was taken, the geographical
coordinates and altitude of where the image was taken, and the orientation of the image
must be provided. This information is automatically extracted from the metadata of the
images taken in the field. In addition, it is necessary to specify the time zone in which the
images were taken, the magnetic declination which varies for a given measurement year
and the length of the growing season. Based on the data entered, the apparent movement of
the sun during the indicated time interval is plotted on the image. Then, for pixels classified
as sky and coinciding directly with lines of apparent solar movement, the radiation to the
forest floor is assumed to arrive unchanged and equal to the radiation reaching the upper
boundary of the forest stand. Meanwhile, for pixels classified as vegetation, the radiation is
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completely blocked and does not reach the forest floor. On this basis, the daily amount of
direct radiation reaching the forest floor is calculated.

Diffuse radiation is initially measured for the upper stand boundary using atmospheric
radiation scattering models for clear skies (Rich et al. 1999). A grid of 18 concentric rings
divided into 8 equal sections is then superimposed on the image. For each grid fragment, the
diffuse radiation reaching the upper stand boundary is superimposed, and then the diffuse
radiation reaching the forest floor is calculated using variables such as the ratio of pixels
classified as sky for a given ring fragment, the area of the analysed ring fragment relative to
the total field of view of the lens, and the elevation angle and zenith angle for the centre of
the concentric rings (WinSCANOPY 2014).

14.2.3. Construction of solar radiation models

The project built 3 insolation models: a total radiation model and direct and diffuse
radiation models. Solar radiation prediction models were built, based on 4 independent vari-
ables, using the multiple regression method which is proposed by Olpenda (2018). The direct
and total radiation models were built based on 3 independent variables: LPI, RHmean and
RH_,, ,median, while the variable R1 was added to the diffuse radiation model.

The construction of the models consisted of 3 main stages. The first was to calculate the
values of the independent variables, based on the Lidar data, for 96 circular reference plots
within a 9 m radius (254 m?). The radius of the circles, 9 m, was determined to be the most
optimal for acquiring Lidar statistics (Olpenda 2018). With the solar radiation values from
the reference plots and the values of the independent variables, the 3 solar radiation models
mentioned above were built. The final stage was to assess the accuracy of the models. For this
purpose, the coefficient of determination R? was calculated, as well as the root mean square
error (RMSE) and the mean absolute error (MAE). The above steps were carried out for the
2015 and 2019 reference and ALS data.

14.2.4. Implementation of the solar radiation models

The implementation of the solar radiation models was carried out in several steps. First,
a 16 m x 16 m vector grid (256 m? - which corresponds to the radius of ALS characteris-
tics acquisition - 9 m) was generated within the boundaries of the Biatlowieza Forest area
- a total of 2,414,460 objects. The values of the independent variables were then calculated
for each grid object. The next step was to calculate the solar radiation values within each
object. The final step involved converting the vector grid to a 16 m resolution raster and
masking out (removing pixels) gaps and non-forest areas as the solar radiation models only
apply to forest stands. Due to the large amount of data to be processed, the processes were
automated using the R language. The implementation of the models was carried out in the
same way for both the 2015 and 2019 data.
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14.3. Results

14.3.1. Reference solar radiation values

The total radiation reaching the forest floor is calculated from the sum of direct and
diffuse radiation. For the surveyed plots, in both 2015 and 2019, the average amount of total
radiation reaching the forest floor was about 4 moles. The maximum values for each solar
radiation component are higher in 2019 (Tab. 14.1). The greatest difference in radiation be-
tween the years specified (about 20 and 12 moles), was recorded for the two plots where bark
beetle nests were already present in 2015. In contrast, the average difference in total radiation
reaching the forest floor between 2015 and 2019 was about 1.9 mol.

Table 14.1. Statistics relating to solar radiation reference values in 2015 and 2019

Direct radiation Diffuse radiation Global radiation
Statistics [mol m? day™] [mol m? day™] [mol m? day™]

2015 2019 2015 2019 2015 2019
Average 3.43 3.31 0.52 0.51 3.95 3.82
Stan. dev. 2.90 3.52 0.36 0.54 3.23 4.03
Spread 16.99 19.60 2.01 2.60 18.97 22.05
Min 0.51 0.37 0.09 0.14 0.63 0.66
Max 17.50 19.97 2.10 2.74 19.60 22.70

14.3.2. Solar radiation models

According to the methodology described in the subsection Constructing solar radiation
models, 3 solar radiation models were constructed: direct, diffuse and total. The completed
models take the following form:
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Direct radiation

2015 -1,8571 +(0.2044*LPI) + (0.1287*RHmean) + (7.5213*RH, ;median)

2019 | -1.2489 + (0.2185*LPIT) + (0.1019*RHmean) + (-2.2297*RH___ median)

Diffuse radiation

0.1507 + (0.0277*LPI) + (0.0151*RHmean) + (0.8429*RH__ median) +
(-0.0068*R1%)

-0.1054 + (0.0296*LPT) + (0.0041*RHmean) + (-0.0935*RH__ median) +
(0.0024*R1%)

2015

2019

Global radiation

2015 -1.9440 + (0.2306*LPI) + (0.1416*RHmean) + (8.2668*RH , median)

2019 -1.2555 + (0.2493*LPI) + (0.1061*RHmean) + (-2.3561*RH__ median)

For the 2015 models, R? accuracy values range from 0.842 for the direct model to
0.877 for the diffuse model. The closer the value is to 1, the more accurate the model. This is
checked by comparing the percentage error values, RMSE and MAE. For the direct model,
RMSE and MAE are 33.32% and 23.29%, respectively, while for the diffuse model they are
24.28% and 18.38%. For the 2019 models, the R? values are slightly higher, albeit higher
MAE and RMSE error values are also observed (Tab. 14.2).

Table 14.2. Accuracy values of solar radiation models

Direct radiation Diffuse radiation Global radiation
Accuracy metrics [mol m? day™] [mol m? day™] [mol m? day™!]

2015 2019 2015 2019 2015 2019

R? 0.842 0.848 0.877 0.898 0.860 0.864
Fitted R? 0.837 0.843 0.871 0.894 0.856 0.860
RMSE 1.144 1.366 0.126 0.170 1.201 1.475
RMSE [%] 33.32 41.29 24.28 33.52 30.38 38.65
MAE 0.799 0.931 0.096 0.112 0.859 1.005
MAE [%] 23.29 28.13 18.38 22.04 21.73 26.35
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14.3.3. Deployment of solar radiation models

The final product of the deployment of solar radiation models in the Biatowieza Forest
area are solar radiation maps created as described in the subsection Implementation of so-
lar radiation models. The global solar radiation maps for 2015 and 2019 are shown below

(Fig. 14.1).
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Figure 14.1. Global solar radiation maps for 2015 and 2019

In 2015, the average global solar radiation was 3.13 mol m™ day!, while in 2019 it was
higher at 3.26 mol m? day'. Average values indicate that more sunlight penetrated the stand

canopy in 2019.

The 2015 maximum solar radiation value of 29.27 mol m? day™' is higher than the 2019
value 0f 23.49 mol m? day', but such high values occur in areas of loose canopy cover where
solar radiation values may be overestimated. The models were built based on reference plots
where stand canopy cover was at least moderate.
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14.4. Discussion

The project has repeatedly used airborne laser scanning data for topographic and forest
stand analyses. One such analysis was a point cloud study to estimate the amount of solar
radiation reaching the forest floor. Studies on the assessment of Lidar variables (characteris-
tics) relevant to solar radiation modelling were carried out as part of a PhD thesis using data
from the project (Olpenda 2018). In conducting the tests, out of 18 variables, 4 were selected
that significantly influenced the accuracy of the regression model built. The selected statistics
were used in the project as independent variables to build multivariate regression models.
3 models each were built as solar radiation components: direct, diffuse and global radiation
models, for two data acquisition dates: 2015 and 2019. In doing so, high values of the fit
coefficient R? in the range 0.842 - 0.898 were achieved. The result of the implementation of
the models were maps of the values of solar radiation reaching the forest floor in Bialowieza
Forest.

There is a strong relationship between sunlight penetrating under the stand canopy and
Lidar characteristics (Olpenda 2018). The Laser Penetration Index (LPI), as an indicator of
the penetration of laser pulses, has been successfully used in solar radiation research. In the
work of Nyman et al. (2017), the R? accuracy for a model built on LPI was 0.61. The author
points out that this accuracy could be higher with increased accuracy of Lidar data. In con-
trast, the results of another paper (Bode et al. 2014) present much higher accuracies, with
R? = 0.90 for the direct model and R? = 0.92 for the global model. In contrast, a relatively
low value was obtained for the diffuse model, only R? = 0.31. Elevation indices (RHmean,
RH__ median) are among the simplest metrics for describing vegetation structure, so they
also work well for solar radiation modelling (Olpenda 2018). The R1 index has so far not
been used in solar radiation modelling. It was not until Olpenda’s (2018) paper that the pos-
itive effect of this indicator on increasing the accuracy of the diffuse model was presented.
The author also showed that the greater the number of Lidar variables, the more accurate the
model. The linear model built on LPI alone achieved satisfactory accuracy (R* = 0.78 for the
diffuse model), but the use of multiple regression with 4 indicators significantly improved
its accuracy (R? = 0.83). The other variables were indices based on laser reflection heights:
RHmean and RH_, median, as well as the quotient index R1 describing the percentage of
first reflections.

Over the past few years, many significant changes have taken place in Bialowieza For-
est. Among these were the dynamics of gaps: appearance, expansion, overgrowth, or stand
dynamics, which could be seen in the regeneration and falling of trees. All these factors affect
the amount of solar radiation on the forest floor. Therefore, this characteristic should not be
interpreted alone. The resulting solar radiation maps should be considered locally, e.g. in
the specific stands being analysed. The known characteristics of the analysed area, such as
e.g. altitude, dominant species, surroundings, presence or absence of a gap or habitat type,
provide some context for the solar radiation values read from the maps. This is particularly
important when comparing solar radiation values over certain time intervals. With additional
information, it becomes clear why the solar radiation value has increased in one place and
decreased significantly in another.
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14.5. Conclusion

Aerial laser scanning is a tool that can be used to model values of solar radiation be-
neath the tree canopy of a large forest complex. In the literature it is identified as a data source
that provides information on stand structure, which is essential in the process of estimating
light conditions under the canopy. By using this technology, we obtain information on light
conditions for a large area in a short period of time as well as information in places that are
difficult to access and in areas with different stand conditions. The results are obtained as
average daily solar radiation values in mol m= day'.

In this project, 3 solar radiation models were built for 2015 and 2019 data. In the end,
solar radiation beneath the forest canopy maps were obtained for both dates. Information
regarding the amount of sunlight available can be used, among other things, to characterise
the microclimate in a given forest area, to observe forest dynamics in terms of regeneration
and to observe changes in the amount of solar energy under the forest canopy between the
analysed periods.

The results presented in this paper confirm that airborne laser scanning data can be used
in forestry for studies of varying nature and level of detail. Predicting solar radiation in the
forest is a task that would be time-consuming and expensive to carry out with only field work.
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Abstract

This publication is the first attempt to delineate the forest communities of the Biatow-
ieza Forest and map them on the basis of the latest remote and ground data. The classification
of forest communities according to J.M. Matuszkiewicz (2001) was applied, according to
which the phytosociological relevés derived from the materials of the natural and cultural
inventory of the Bialowieza Forest (Gawry$ 2016; Czerepko et al. 2021) were identified in
terms of actual and potential vegetation. In the process, 12 forest communities with a very
diverse representation were recognised, with the lime-oak-hornbeam forest predominating.
Available remote sensing data were used for the analysis, including airborne laser scanning,
hyperspectral data, and GIS data in the form of a vector habitat map. The accuracy of the
map was verified in the field and estimated to be about 70%. Remote sensing methods had
the highest accuracy for alder forests, riparian forests and fresh lime-oak-hornbeam forests
(more than 85%) and the lowest accuracy for pine forests and mixed pine-oak forests. Low
accuracy was found in the case of replacement forest communities on mixed pine-oak forest
habitats and the collective heterogeneous group of forest replacement communities LZZ-oth-
ers. The importance of the input predictors for forest community classification was assessed
based on the measurements obtained by the Random Forest algorithm. The 30 most im-
portant variables were selected. The most important variables concern the percentage share
of pine and alder in the species composition. The remaining variables are characterised by
slightly less significance, but the omission of any of them, resulted in a decrease in classifi-
cation accuracy. The high potential of remote sensing data, i.e. airborne laser scanning and
airborne hyperspectral data in the field of phytosociological mapping was confirmed and its
limitations were demonstrated. Remote measurement techniques provide good information
on the composition and structure of stands. The most important advantages of using remote
sensing data are: non-invasiveness, repeatability, efficiency of data acquisition, continuity
and coherence of the obtained information and objectivity, while their limitations result from
the lack of possibility of sufficient precise recognition of undergrowth species sets in forest
communities.
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15.1. Introduction

The Bialowieza Forest is a unique and very valuable natural object, where long- and
short-term ecological research important for understanding natural processes in temperate
forest ecosystems has been carried out for a very long time (Paczoski 1930; Matuszkiewicz
1952; Falinski 1986; Sokotowski 2004; Miscicki 2012; Paluch 2015; Jaroszewicz B. et al.
2019; Brzeziecki et al. 2020; Czerepko et al. 2021; Matuszkiewicz et al. 2021). Vegetation
surveys, carried out systematically for over 100 years, make an important contribution here.
Prof. J. Paczoski was an invaluable and highly respected figure, the ,,father” of Polish phy-
tosociology, who prepared one of the best known works on Biatowieza Forest entitled ,,Lasy
Biatowiezy” (,,Biatowieza Forests™) (Paczoski 1930). This is a very extensive monograph,
presenting not only the concept of ,,plant sociology” (now phytosociology) and the principles
underlying the research and scientific concepts, but also a very detailed description and clas-
sification of the phytosociological units of the entire Biatowieza Forest during the analysed
period (now the Polish and Belarusian parts). Their names changed as the science evolved,
and many updates were made, but at the time they laid important foundations for a new sci-
ence called phytosociology. ,,Lasy Bialowiezy” (,,Bialowieza Forests”) is an important and
unique work, presenting a picture of the Forest in the 1920s, together with a description of the
comprehensive and painstaking research carried out on the research plots. Unfortunately, it is
virtually impossible to reconstruct these surveys due to the lack of sufficient locational data.

The next very important stage in phytosociological research carried out in Biatowieza
Forest was the outstanding monographic study by Prof. W. Matuszkiewicz entitled ,,Zespotly
lesne Biatowieskiego Parku Narodowego” (,,Forest associations of Bialowieza National
Park™) (Matuszkiewicz 1952). The work describes in great detail the characteristics and de-
velopment trends of the syntaxonomic units distinguished under natural conditions, while
also influencing the development of forestry science. Two years after publishing the char-
acteristics of the BNP complexes, Wiadystaw Matuszkiewicz and his wife Aniela also pub-
lished the first distribution map of these units in the Park (Matuszkiewicz and Matuszkiewicz
1954). The next group of outstanding researchers of the vegetation of Bialowieza Forest
evolved from the disciples of Prof. W. Matuszkiewicz, that is, primarily Prof. J. Falinski and
Prof. A. Sokotowski, who continued the concepts of their teacher and master. Sokotowski
(1993), on the basis of very rich phytosociological material (several thousand phytosoci-
ological relevés) and soil and habitat data, made a map of forest associations in the Strict
Reserve of Biatowieza National Park. However, so far no phytosociological map of forest
communities has been drawn up for the entire area of the Polish part of Bialowieza Forest.
This map is therefore very much needed. As a part of the Life + ForBioSensing project, the
development of such a map was planned together with the identification of trees by remote
sensing methods, making it one of the most important products of the project. The assumed
accuracy of tree identification was above 80%, however, relying only on remote sensing data
it is not possible to make a complete identification of the forest communities of the Biatow-
ieza Forest, which is characterised by high complexity of stand structure, multi-layering and
dynamic changes in species composition. Ground-based phytosociological work was there-
fore carried out and up-to-date phytosociological material was obtained from other sources
to supplement the data. The implementation of the project, the main idea of which concerned
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combining remote sensing and ground data and selecting the most optimal remote sensing
methods, provides an opportunity to develop a map of the forest communities of Biatowieza
Forest for the first time. This tool may be used, after repeated surveys, to analyse changes in
vegetation. It will also be possible to improve it. This map is part of a monitoring study of
the forest stands that complements and backgrounds the intensive changes caused mainly by
the spruce bark beetle outbreak. This is because the tree layer is the most important compo-
nent of a forest community particularly under natural conditions. In order to identify forest
communities, it was necessary to recognise the species composition of the lower layers of
the stand, the shrubs and above all the undergrowth, which cannot be identified using remote
sensing methods.

The main aim of the study was to develop, for the first time, a map of forest communi-
ties in the Polish part of Biatowieza Forest using available remote sensing data and to specify
the methodology for creating the map from these data.

15.2. Materials and Methods

15.2.1. Phytosociological materials for the identification of vegetation units

The basic material for ground-based vegetation characterisation was a set of phytoso-
ciological relevés taken as part of the natural and cultural inventory of the Biatlowieza Forest
(Czerepko et al. 2021) conducted by the General Directorate of State Forests successively in
2016-2018 on 1391 permanent plots distributed in a regular network with point distances of
650 m. This project uses a set of relevés from 2018. The circular area of the phytosociological
relevés was 4 ares (400 m?). The Braun-Blanquet scale was used to quantify the individual
species that make up the community. The geobotanical characteristics of the patch in the
form of a phytosociological relevés were created by synthesising phytosociological relevés
from spring and summer; it also included phytosociological identification of the current plant
community and identification of potential natural vegetation, whereby the phytosociological
classification adopted for the inventory was applied (Gawry$ 2016), mainly based on the
regional view of communities according to A. Sokotowski (1980, 1993, 2004). According
to this classification, among the 1391 phytosociological relevés, 26 communities were rec-
ognised, some of which were difficult to distinguish, both in the field and in the phytoso-
ciological materials, in addition to various forest replacement communities and non-forest
communities. For these reasons, the above set of relevés was, within the framework of the
present study, subjected to syntaxonomic verification (transition to a simpler syntaxonomic
system according to Matuszkiewicz) and selection due to the needs of the applied methods
and reduced to the number of 682, constituting the basis for ground-based information on
plant communities.
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15.2.2. Geospatial and remote sensing data

Three types of spatial data were used in this study: i) airborne laser scanning data; ii)
hyperspectral imagery and iii) GIS data in the form of a vector habitat map. The characteris-
tics of the spatial data used are given below:

1) The ALS point cloud was acquired two times: November and December 2015
(scanner: Riegl LMS-680i) and August 2019 (Riegl VQ-780i scanner). A digital terra-
in model (DTM) was generated from the point cloud acquired in 2015 - a raster with
a resolution of 0.50 m was produced using LiDAR points classified as ground (Miel-
carek et al., 2020). Based on the generated DTM, the topography of the Biatowieza
Forest was characterised. ALS data acquired in 2019 were used to estimate selected
biometric parameters of the stands (Tab. 15.1).

2) Hyperspectral imagery was acquired in August and September 2019 using a HySpex
VS-725 scanner (composed of a set of scanners - two SWIR-384 and one VNIR-1800).
Based on the acquired hyperspectral imaging, a species composition map was gene-
rated - a raster with a resolution of 2.00 m showing the forest cover by individual tree
species, i.e.: birch, oak, hornbeam, linden, alder, pine, spruce and others (Modzelew-
ska et al. 2021).

3) A digital habitat map in vector form was also used in the study. A map depicting
the distribution of forest habitat types was developed as part of the work related to the
preparation of a forest management plan for the forest districts of Bialowieza Forest
in 2012. An analogous map of Bialowieza NP was not available.

Next, a polygon vector layer was created in the form of a grid of squares with a side
length of 50 m, which covered the entire area of Bialowieza Forest. In the next step, using
spatial relationship, information on habitat, stand and topographic parameters (Tab. 15.1)
derived from remote sensing data was assigned to each mesh.

15.2.3. Classification variables

Although some of the machine learning methods are able to handle multivariate data
that have a large number of predictors of different data types, the classification accuracy
remains relatively unchanged when only the most important predictor variables are used
(Millard and Richardson 2013). In this study, the importance of each variable was calculated
using the Gini’s importance index. Among the variables calculated, some were highly corre-
lated with each other. Pearson’s correlation coefficient was used to determine the correlation
between pairs of variables. Starting with the most important variable, the highly correlated
variables (r > 0.8) were gradually removed, leaving a group of the most important and un-
correlated predictors. Table 15.1 shows the variables that were finally selected for the forest
community classification.
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Table 15.1. Topographic and stand variables used to classify forest communities

ble

Type of varia-

Variable

Description

Topographical

Average terrain
altitude [m a.s.1.].

Average height of the terrain in the polygon (50 x
50 m) calculated from a digital terrain model (5.0 m)
interpolated from ALS data.

Tree stand

Proportion of fo-
rest habitat types
[%]

Percentage of the training area covered by a given
forest habitat type (BCF, FMCF, WMCF, FCF, WCEF,
FMDF, WMDF, FDF, WDF, AF, AAF).

Proportion of spe-
cies [%]

Percentage of the polygon area covered by a given tree
species (birch, oak, hornbeam, lime, alder, pine, spru-

Average height
from CHM [m]

Average height of trees/objects in the polygon
calculated from the Crown Height Model.

Slope [degrees]

Average slope of the polygon calculated from the
digital terrain model (5.0 m).

Aspect
(Skidmore 1989)

Cardinal direction (calculations were made for direct
and indirect directions: N, N-E, E, S-E, S, S-W, W,
N-W) calculated from the digital terrain model (5.0 m).
The most frequent value was assigned to the polygon.

SWI
(Boehner
and Selige 2006)

Terrain wetness index representing the potential influ-
ence of the terrain topography on hydrologic processes
occurring in a given area. Calculated using a digital
terrain model (5.0 m).

Wind exposition
index (Boehner
and Antonic
2009)

An index showing how much a particular location is
exposed to wind. It is a dimensionless index: values
below 1 indicate areas sheltered from wind, and valu-
es above 1 indicate areas exposed to wind. Calculated
from digital terrain model (5.0 m).

Topographic
position index
(Jennes 2006)

Relative topographic position of individual polygons
(mesh) calculated as the difference between the height
of a given mesh and the average height of the terrain
within a specified neighbourhood. The index was cal-
culated for radius = 200 m based on the digital terrain
model (5.0 m). 3 classes were distinguished:

1 — locations higher than average altitude in the given
area (TPI > avg+std.dev)

2 — flat areas with a gradient close to 0
(avg.-std.dev. < TPI < avg.+std.dev.)

3 —locations lower than the average height in the given
area (TPI < avg-std.dev).

The polygon is assigned the value that occurs most
frequently in the polygon.
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ce, other deciduous).

Proportion of tre-|Percentage of polygon area covered by trees.
es [%]
Average tree he-|The average height of trees in a polygon determined
ight [m] by averaging the height of trees (segments) located in
a given polygon.

Number of trees |Number of trees in the polygon calculated based on
segmentation (Sterenczak et al., 2020) performed with
ALS data.

Information on vertical structure of stands obtained
from ALS data. Two classes of stands were distin-
guished: single-storey and multi-storey. The class
which had larger area share in a given polygon was
assigned to the polygon.

Forest structure

15.2.4. Classification and verification method

In order to perform classification for forest community identification, the Random For-
est (RF) algorithm was chosen, which belongs to the ensemble methods (Breiman 2001) and
is a set of classification trees with binary splits. The basic classification tree algorithm auto-
matically creates a classification tree from training data. In the RF method, a large number
of classification trees are created and each tree provides a decision of classification proba-
bilities. The decisions of the test trees are treated as votes and finally the decision with the
most votes is determined. Each classification tree is created based on a random sample of
n observations taken with return from the training set. At each node of the tree, m variables
are randomly selected from M (the total number of variables) and used to find the best distri-
bution. To avoid overfitting the classification model, a 5-fold cross-validation was performed
and repeated 20 times. As a result, average classification accuracy rates were obtained. The
classification process was performed using the caret package in the R language (R Core Team
2020). Classification accuracy was assessed using the following indices: overall accuracy
(OA), Kappa coefficient (k), producer accuracy (PA) and user accuracy (UA) (Cohen 1960;
Story and Congalton 1986). In addition, for data with terrestrial phytosociological diagnosis
resulting from field verification of the sampled sites, the F1 index was calculated for each
class using the following formula:

2 = PA « UA
PA + UA
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Figure 15.1. The team of experts during field verification of forest communities (from the left: Rafal Paluch, PhD,
Prof. of the Forest Research Institute, Jan Marek Matuszkiewicz, Prof. Adam Szulc, MA) (photo L.ukasz Kuberski)

To analyse the accuracy of the automatic classification of forest communities, field ver-
ification was carried out on a random sample of 50 m squares. The BF area was divided into
20 equal sub-areas. For the field study, 20 transects of 1300 m length each (covering a se-
quence of squares) located between adjacent phytosociological relevés were drawn. In total,
more than 509 squares were checked for correct remote detection (Fig. 15.1).

In the final stage of the forest community mapping process, the spatial extent of the
map was reduced to forest areas. Information from the Forest Digital Map was used for this
purpose. The final product of the processing was a map of forest communities in the form of
a 50 m resolution raster.

15.3. Results

15.3.1. Identification of forest communities as cartographic units of the map

For this study, a nationwide classification of forest associations much simpler than the
original material was adopted, in line with Matuszkiewicz (2001), according to which phy-
tosociological relevés were identified in the field in terms of actual and potential vegetation.
In the process, 12 forest associations with very different representations were identified in
which the lime-oak-hornbeam forest (7ilio-Carpinetum) predominates, which was therefore
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divided into two habitat variants: fresh and wet. At the same time, in some cases the identifi-
cation of the association concerned both the actual vegetation and potential vegetation, and in
some cases only potential vegetation (habitat characteristics), because the actual vegetation
presented either forest replacement communities (LZZ) or non-forest vegetation. For the
further stages of the study, a minimum number of relevés was determined for the categories
of the communities to be included in the map, which made it possible to adopt 12 basic
categories, i.e. 8 forest associations, including one divided into two variants (as below), and
three categories of forest replacement communities, two clearly defined in terms of potential
natural vegetation and one collective. These vegetation categories were adopted as the car-
tographic units of the map produced.

As a result of the analysis of a set of phytosociological relevés, the following natural
forest communities (according to Matuszkiewicz 2001) were identified.

1. Fresh pine forests — Peucedano-Pinetum (W.Mat. 1962) W.Mat. & J.Mat. 1973
2. Moist pine forests — Molinio-Pinetum W.Mat. & J.Mat. 1973

W

Swamp pine forests — Vaccinio uliginosi-Pinetum Kleist 1929

Mixed oak-pine forests — Querco roboris-Pinetum (W.Mat. 1981) J.Mat. 1988
5. Boreal moist oak-spruce forests — Querco-Piceetum W.Mat. & Pol. 1955
Fresh lime-oak-hornbeam forests — Tilio-Carpinetumfresh Tracz. 1962

Moist lime-oak-hornbeam forests — Tilio-Carpinetum moist Tracz. 1962

o =2

Ash-alder riparian forests — Fraxino-Alnetum W.Mat. 1952

9. Alder fen forest — Ribeso nigri-Alnetum Sol.-Gorn.(1975) 1987

Seven of the above units correspond strictly to association - a hierarchical classifica-
tion unit of vegetation. For the lime-oak-hornbeam forests, however, the association was
internally divided into two ecological forms, grouping the subunits distinguished within 7i/-
io-Carpinetum as follows. The subassociations 7-C typicum and T-C calamagrostietosum
(for the most part) were classified as fresh lime-oak-hornbeam forests, and 7-C stachye-
tosum, T-C circaetosum, T-C caricetosum remotae and T-C allietosum as moist lime-oak-
hornbeam forest. The above list includes only those phytosociological units, whose number
of relevés was greater than 20. Relevés from communities with a lower number of images
were omitted from further analysis. This category included such rare association as: Sphagno
girgensohnii-Piceetum and Potentillo albae-Quercetum and the communities Quercus robur
— Carex elongata and Betula pubescens — Thelypteris palustris, equivalent to associations.

The forest replacement communities (LZZ) with varying degrees of distortion in stand
structure, species composition, and quantitative relationships in the ground layers was also
considered in the relevés collection. These communities may have been shaped by forest
management (especially felling and planting) or by natural processes such as windthrows or
phytophagous outbreaks. When considering this group of communities, their habitat-specific
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and dynamic relationships with corresponding natural communities were taken into account
by identifying potential natural vegetation. In this respect, two entities were distinguished:
LZZ on the habitats of oak-pine forest — Querco roboris-Pinetum and LZZ on the habitats of
fresh lime-oak-hornbeam forest — fresh Tilio-Carpinetum. Forest replacement communities
on various habitats other than the two mentioned above were placed in the category “LZZ
others”. Thus, a total of 12 cartographic units were distinguished and included in the resulting
map of forest communities of the Biatowieza Forest included in Appendix 7.

Next, a set of relevés was reviewed and a representation of the identified categories was
selected. Of the 1391 images analysed, 682 were assigned to one of the 12 forest community
categories (Tab. 15.2). This set of relevés represented the phytosociological material from the
ground-based survey in the calibration procedures of the real vegetation diagnosis.

Table 15.2. Forest communities in the process of classifying phytosociological relevés

Cartographic unit (forest community) Number of relevés
Fraxino-Alnetum 79
Molinio-Pinetum 28
Peucedano-Pinetum 36
Querco roboris-Pinetum (Qr-P) 81
Querco-Piceetum 25
Ribeso nigri-Alnetum 47
Tilio-Carpinetum fresh (T-C) 86
Tilio-Carpinetum wet 88
Vaccinio uliginosi-Pinetum 36
LZZ on the habitats of Or-P 49
LZZ on the habitats of 7-C 105
LZZ on the other habitats 22

15.3.2. Classification results - training data

In classification of the forest communities of the Bialowieza Forest, 682 plots were
used, which were divided into 12 specific classes (corresponding to the different types of for-
est communities - see Table 15.2). Table 15.3 shows the overall accuracy of the classification
and the accuracy for specific association. The overall accuracy and the kappa coefficient are
characterised by a relatively high accuracy of 60.0% and 0.554 respectively, taking into ac-
count the intra-class variation and its frequency. It is noteworthy that the classification results
are characterised by low variability. The standard deviation of the overall and kappa accura-
cies were 0.6% and 0.007, respectively. Classification accuracy varied considerably between
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classes. The highest producer and user accuracies were found for the Vaccinio uliginosi-Pin-
etum association (81.7% and 71.7%, respectively). On the other hand, the lowest accuracies
were found for the LZZ inne class (7.8% and 33.3%). Forest communities characterised by
low abundance were often characterised by low classification accuracy, i.e. Molinio-Pinetum,
Querco-Piceetum or LZZ inne.

Table 15.3. Classification accuracies for training data based on a RF classifier. The table includes mean, minimum
and maximum measures of accuracy (OA, Kappa, PA, UA) from 20 repetitions. Values in brackets are means with
standard deviation

Avg. (st. dev.)  |Min. Max.
Overall accuracy (OA) 60.0 (0.6) 58.8 61.1
Kappa coefficient 0.554 (0.007) 0.500 0.600
PA_Fraxino-Alnetum 79.1 (1.7) 75.9 82.3
UA_Fraxino-Alnetum 63.9 (1.6) 61.4 66.7
PA Molinio-Pinetum 40.9 (2.2) 35.7 42.9
UA_Molinio-Pinetum 449 (3.6) 38.7 50.0
PA_Peucedano-Pinetum 60.1 (3.2) 55.6 66.7
UA_Peucedano-Pinetum 53.0 (3.0) 47.6 63.2
PA_Querco-Piceetum 42.4 (3.3) 36.0 48.0
UA_Querco-Piceetum 58.6 (5.0) 52.6 68.8
PA_Querco roboris-Pinetum 66.0 (2.3) 61.7 70.4
UA_Querco roboris-Pinetum 52.8 (1.7) 48.6 55.7
PA_Ribeso nigri-Alnetum 62.9 (2.9) 57.4 68.1
UA_Ribeso nigri-Alnetum 66.7 (2.1) 63.6 70.5
PA_Tilio—Carpinetum fresh 752 (3.2) 67.4 79.1
UA_Tilio—Carpinetum fresh 67.0 (1.5) 64.4 69.8
PA_Tilio—Carpinetum moist 71.6 (1.2) 69.3 75.0
UA_Tilio—Carpinetum moist 68.0 (1.3) 66.3 71.1
PA_Vaccinio uliginosi-Pinetum 81.7 (2.1) 77.8 86.1
UA_Vaccinio uliginosi-Pinetum 71.7 (1.4) 68.3 73.2
PA LZZ Querco roboris-Pinetum 22.4 (4.0) 14.3 28.6
UA_LZZ Querco roboris-Pinetum 39.3 (4.9) 31.8 48.1
PA LZZ Tilio—Carpinetum fresh 55.1(2.4) 50.6 60.7
UA LZZ Tilio-Carpinetum fresh 56.7 (2.6) 52.2 61.5
PA LZZ others 7.8 (1.8) 53 10.5
UA LZZ others 33.3(8.8) 18.2 50.0
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The importance of input predictors for forest community classification was investi-
gated. The 30 most important variables were selected (Fig. 15.2). Of all the variables, the
percentage of pines and alders in the species composition of a given grid were the most im-
portant variables. Although the remaining variables are of lesser importance, omission of any
of them resulted in a lower classification accuracy.
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Figure 15.2. The most important variables ranked by Gini importance from the RF algorithm

15.3.3. Classification results - verification data

The average accuracy of forest community determination by remote sensing methods
was 0.69 (Tab. 15.4). This value was expressed by the weighted average of the user and pro-
ducer accuracy parameters (weight - number of objects in the analysed forest community).
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Table 15.4. The accuracy of forest community determination based on remote data compared to ground phytosocio-
logical diagnosis resulting from field verification of drawn sites (50 m squares)

Number
Forest community UA PA F1

of objects
Peucedano-Pinetum 0.33 0.75 0.46 9
Molinio-Pinetum 0.5 1 0.67 6
Querco roboris-Pinetum 0.82 0.43 0.57 34
Tilio-Carpinetum fresh 0.68 0.89 0.77 159
Tilio-Carpinetum moist 0.79 0.57 0.66 71
Ribeso nigri-Alnetum 0.94 0.85 0.89 31
Fraxino-Alnetum 0.84 0.74 0.79 58
LZZ Querco roboris-Pinetum  0.03 0.17 0.04 40
LZZ Tilio-Carpinetum fresh 0.82 0.61 0.7 78
LZZ others 0.07 1 0.13 15
Arithmetic mean 0.53 0.64 0.57 502
Weighted average 0.68 0.69

The highest user and producer accuracy, i.e. the agreement between the remote and
the ground-based diagnosis, was characteristic for the alder bog forest (Ribeso nigri-Alne-
tum). This is also confirmed by the high value of the F1 index, which is close to 0.9 (Tab.
15.4). Slightly lower accuracy was found for riparian forests (Fraxino-Alnetum) and fresh
lime-oak-hornbeam forests (Zilio-Carpinetum fresh). The F1 values for these classes were
0.79 and 0.77, respectively. The moist lime-oak-hornbeam forest, replacement communities
of fresh lime-oak-hornbeam forest and moist pine forest (Molinio-Pinetum) were less well
distinguished. The other communities analysed (Peucedano-Pinetum - fresh pine forests,
Querco roboris-Pinetum — oak-pine forests) were characterised by below-average accuracy
(0.46 and 0.56 respectively). The analysed user’s accuracy reached a very low value for
the replacement communities of oak-pine forests (0.03) and in the collective category of
LZZ inne (0.07), which collected biassed communities of different character. The producer’s
accuracy was clearly higher here. The summary value of the F1 index, which characterises
the accuracy of the communities listed above, also had very small values (0.04 and 0.13).
Some relatively rare forest communities, e.g. Querco-Piceetum and Vaccinio uliginosi-Pine-
tum, did not occur in the study sample, so they could not be subjected to the above analyses.

15.4 Discussion

Forests of Bialowieza Forest are characterised by a high degree of naturalness, in many
areas they are natural or close to natural at the terminal or optimal developmental stage
(Sokotowski 2004; Brzeziecki et al. 2020; Jaroszewicz et al. 2020). A relatively small pro-
portion (about 30%) shows features of deformation or undergoes gradual unnaturalisation.
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Many forest communities already at the age of about 60-70 years have the "natural”" forest
features, with the species composition of vegetation of all layers of phytocenosis containing
almost all components of old forests (Sokotowski and Paluch 2006; Czerepko et al. 2021).
This demonstrates the rapid regeneration of the forest ecosystems of BF arising from both
natural and anthropogenic causes. The high naturalness of Bialowieza Forest, i.e. the com-
patibility of species composition and stand structure with the other elements of phytocenosis
(as well as, to a large extent, the soil conditions) allowed for an increase in the possibility
of using remote sensing data (in particular, remote identification of tree species, their height
and other parameters) to map the forest communities of the Bialowieza Forest. Nevertheless,
the task was demanding, as these forests are characterised by a high complexity of structure,
mosaic habitats and dynamic changes caused by the bark beetle. Remote sensing data was
used for vegetation analysis from a short time horizon. A typical example of such an activity
was the use of data collected in the Life+ ForBioSensing project to create a map of non-forest
communities of one of the Bialowieza National Park’s wild areas (Borkowska 2016). In par-
ticular, the high degree of usefulness of orthophotos and digital terrain models was demon-
strated here. Remote sensing methods contributed to a significant improvement of the work,
as it was possible to reach every place of the analysed area with an accuracy of 0.5 m without
the necessity to mark the research area in the field (Borkowska 2016). A much greater chal-
lenge is the mapping of forest communities. Studies conducted so far, concerning the use of
remote sensing data in mapping forest types and forest communities, point to the high poten-
tial of remote data, i.e.: airborne laser scanning and airborne hyperspectral data in the field
of vegetation science. Remote measurement techniques are distinguished from ground-based
methods by their non-invasiveness, repeatability, efficiency of data acquisition, and continui-
ty and consistency of the acquired information. Moreover, as noted by Pesaresi et al. (2020a)
the use of remote sensing makes it possible to separate and distinguish plant communities in
an objective manner, thus eliminating one of the biggest drawbacks of the phytosociological
method - subjectivity. It is worth noting that methods of plant community classification based
on remote sensing data are characterised by relatively high accuracy. Agrillo et al. (2021)
developed a methodology in which he obtained the following forest habitat classification
accuracies through the integration of different types of data (e.g.: Sentinel-2 images, climatic,
topographic data): 91% for evergreen deciduous forests; 76% for coniferous forests; and 68%
for deciduous forests. Pesaresi et al. (2020b), on the other hand, reports an accuracy of 87.5%
in identifying plant communities (4 community classes are listed) using remote sensing data.
The results, obtained in the present work, with a much more in-depth differentiation of forest
vegetation into cartographic units, do not differ significantly from those presented by Pesare-
si et al. (2020) and Agrillo et al. (2021), which somehow confirms the considerable potential
of remote sensing data in mapping forest plant communities.

This publication is the first attempt to map the forest communities of Biatowieza Forest
on the basis of available remote and ground data. The accuracy of the study was verified in
the field and estimated to be around 70%. The designation of some communities e.g. ash-al-
der, alder and lime-oak-hornbeam forest exceeded 85%. This is satisfactory accuracy. Errors
were concentrated in a group of similar communities of pine and oak-pine mixed forests, and
especially in the forest replacement communities associated with them, which in the region
of north-eastern Poland differ slightly in both ground and remote sensing materials.
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15.5. Conclusion

e The application of remote methods made it possible to develop the first map of the
forest communities of Biatowieza Forest. The accuracy of the study was verified in
the field and estimated to be about 70%.

e Remote sensing methods were most accurate for alder, ash-alder and fresh lime-
-oak-hornbeam forests, and the lowest accuracy for pine and oak-pine mixed fore-
sts. Low accuracy was found for the replacement communities of oak-pine mixed
forest and the collective heterogeneous group of forest replacement communities
LZZ-others.

e The importance of the input predictors for forest community classification was asses-
sed based on the measurements obtained by the RF algorithm. The 30 most important
variables were selected. The most important variables concern the percentage share of
pine and alder in the species composition. The remaining variables are characterised
by slightly less significance, but the omission of any of them, resulted in a decrease
in classification accuracy.

e The high potential of remote sensing data, i.e. airborne laser scanning and airborne
hyperspectral data in the field of phytosociological mapping was confirmed. The
most important advantages of using remote sensing data are: non-invasiveness, re-
peatability, efficiency of data acquisition, continuity and consistency of the acquired
information, as well as objectivity.
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16. Monitoring stand dynamics in the Bialowieza
Forest - possibilities of using remote sensing,
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project
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Abstract

Challenges posed by climate change require up-to-date and accurate information on
forests. This information can be provided by field measurements or by remote sensing. Hav-
ing positive and negative aspects, both approaches are mutually complementary. The optimal
solution chosen will depend on the objective of the inventory and the scale of the inventoried
site.

Firstly, this chapter is an analysis of field and remote sensing data used in the Life+
ForBioSensing project. Secondly, it briefly describes the objective of use of the data and the
results obtained. Thirdly, the paper indicates the advantages and drawbacks of field meas-
urements and the application of remote-sensing data for monitoring tree stands’ dynamics.

The analyses conducted were a basis to infer conclusions on a potential system for
monitoring of the stands’ dynamics in the Polish part of Biatowieza Forest with the use of
remote-sensing data. It was proposed that the data collection and field measurements be
performed in a five-year cycle and the results of the Life+ ForBioSensing project be used in
these tasks and data processing. Thus, it will be possible to use a large amount of information
obtained during the project and treat it as a reference for future analyses of the Bialowieza
Forest area..

Keywords: monitoring system, remote sensing, forest management, forest conservation

Summary and suggestions for further actions

16.1. Introduction

Forest resource inventories using remote sensing data have been conducted for decades
(Cochran 1977; Franklin 2001; Kangas and Maltamo 2006). Over the years, the nature of
the data and advances in inventory methods have evolved significantly, allowing for very
sphisticated analyses and the acquisition of entirely new information. Depending on the data
to be used, forest inventory is possible at different scales, from individual trees to entire con-
tinents. Monitoring of stand dynamics involves an inventory that is conducted several times
for a given area and allows analysis of the directions of changes occurring in a given forest.
Forest health has been monitored for several decades using remote sensing data (Wulder et al.
2006). Numerous examples of forest monitoring at different temporal and spatial scales can
be found in the literature (White et al. 2005; Senf et al. 2017; Sterenczak et al. 2017, 2019;
Grabska et al. 2019).

Each level of remote sensing data collection has its strengths and weaknesses. Analyses
conducted primarily with low-resolution satellite data can cover the entire globe. They are
essential for analysing global processes, such as changes in the Earth’s forested areas or the
global carbon cycle in ecosystems (Tang et al. 2019; Zhao et al. 2021). The specificity and
nature of global analyses make it impossible to expect high precision on the ground. This is
because global analyses are often conducted on a grid of one degree or one square kilometre
in size (Santoro et al. 2015). Monitoring at local scales - for example, at the stand, national
park, or forest districts - with high-resolution remote sensing data allows for analysis of
information about individual trees (Kandare et al. 2017; Sterenczak et al. 2017). This type
of analysis is often referred to in the literature as ,,precision forestry” (Moskal et al. 2009).
Such analyses provide information that can be used to manage even the smallest parts of the
forest because they are far more detailed than those using low-resolution satellite data. The
fundamental disadvantage of analyses that use high-resolution remote sensing data is their
cost, which includes acquiring and processing the data. The frequency of repetition of remote
sensing data acquisition is often limited primarily by cost.

To properly and best monitor stock dynamics, different types of remote sensing data
are often integrated (Fig. 16.1). The most common variant is the merging of structural infor-
mation and spectral information, i.e., combining the analysis of laser scanning data with the
analysis of digital aerial or satellite imagery (Fassnacht et al. 2016; Kaminska et al. 2016).
Such integration allows us to maximise the capabilities of remote sensing technologies cur-
rently available on the market. A large number of different types of remote sensing data have
been described in earlier chapters of this monograph (see Chapters 9—15). Each type of data
has its advantages and disadvantages, different acquisition costs, and requirements for the
necessary expertise to process the data.
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Figure 16.1. Visualisation of an example of Airborne Laser Scanning (ALS) data integrated with colour images in
the infrared (CIR, Colour Infrared). The yellow lines mark the area of individual tree canopies identified during the
segmentation of the ALS data. Based on the analysis of the CIR images (red and green), only the crowns of dead
trees (yellow lines) were classified and their range shown (Source: ForBioSensing)

However, the nature of the data is not the end of the process. Another important issue
is the availability of data that can be collected at a later date. A one-time data collection and
determination of tree and stand parameters are collectively referred to as an inventory. To
say more about what is changing in a stand, information from at least a second inventory is
needed, and this - depending on the data - is determined by many aspects. Data can be ob-
tained regularly from satellite platforms, but the fundamental constraint on availability is the
frequency of a platform’s flights over a given location and the presence of clouds. For flights
by aircraft, only budget and weather conditions are constraints on the frequency of data ac-
quisition. For the airborne laser scanning data mentioned above, weather conditions and the
presence of clouds are less limiting. However, given the goal of describing forest dynamics,
such an analysis should consider what data need to be collected and how often to answer
specific questions within the planned budget.

The use of the various technologies is also closely related to their ease of use. Airborne
laser scanning data can be acquired virtually around the clock. The only limitation is the
occurrence of strong winds and precipitation, as well as the high humidity of the objects to
be scanned. All multi- and hyperspectral data can only be acquired during daylight, sunny
weather, an appropriate angle of incidence of sunlight, and almost no wind. Thus, the acqui-
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sition of these data is subject to significant limitations because the time period over which
these data can be acquired is limited, whether it is over a day or over a year. It should also be
emphasised that clouds exclude part of the acquisition area from analysis and in extreme cas-
es, when they cover the entire area, prevent any data acquisition. Satellite data are acquired
from existing satellites. Actual image acquisition depends primarily on how frequently
a satellite passes over a given area of the Earth and whether it is cloud-free. Since satellites
also perform military tasks, it sometimes happens that, despite optimal conditions, a satellite
performs other, non-civilian tasks while flying over the specyfied area.

In addition to factors related to technology alone, vertical and horizontal structure,
species diversity, and size of a studied forest area are also important components of remote
sensing-based forest monitoring (Modzelewska et al. 2017; Grabska and Socha 2021; Ilar-
ionova et al. 2021). Monitoring conventional, species-pure, single-storey plantations with
fast-growing trees is obviously an easier task than monitoring forests with a diversified spe-
cies composition and a multi-storey structure. While in the first case it can be assumed that
all trees can be monitored (Leite et al. 2020), in the second case we know that a tree cannot
be described in detail under the canopy of the dominant storey. This leads to limitations
in the usability of remote sensing in different types of forest ecosystems around the world
(Modzelewska et al. 2020, 2021).

Another challenge in monitoring forested areas using remote sensing data is compar-
ing its effects to monitoring conducted using ground-based methods, i.e. using field meas-
urements. Ground-based methods are characterized by greater detail - they describe many
characteristics of trees and stands that remote sensing data cannot capture at their current
stage of development (Ganivet and Bloomberg, 2019). In contrast, traditional field measure-
ments are typically limited to capturing information in small sample plots that represent only
a fraction of the area of the monitoring site (Fig. 16.2). Therefore, statistical methods are used
to describe the entire site (see Chapter 4). Thus, sample selection, sample size, and spatial
distribution are important for a proper characterization of the entire area under study. In the
case of using remote sensing data, we have complete and continuous information about the
entire forest area under study.

Using remote sensing data, we can directly determine specific tree or stand characteris-
tics - for example, using ALS (Airborne Laser Scanning) data to measure the height of terrain
or trees (Mielcarek 2020) - or create models (relationships) between remote sensing-based
auxialiry data and the specyfied futures meassured on the ground (Parkitna et al. 2021). In
this approach, data obtained from measurements on firld-based sample plots are treated as
reference data. Using the remote sensing data and the model, the value of a given forest
feature can be estimated for the area covered by the data collected in a given acquisition.
However, it is not always possible to cover all the characteristics of an individual tree or the
characteristics of the lower forest layers with remote sensing data. Comparing the results
of an inventory conducted with remote sensing data with the results of a ground inventory
is difficult and can only be done on a very limited scale, usually in the area of sample plots
established in the field. Several problems are associated with this, such as the fact that trees
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belonging to a given sample plot are qualified by the position of the trunk in ground-based
measurements, while either the crown or the center of gravity of the tree crown is often used
in the analysis of remote sensing data (Miscicki and Sterenczak 2013). Another problem is
the different definitions, e.g., for mean height or top height - measured in the field or deter-
mined by remote sensing data. It is not always possible to define stand characteristics in the
same way for both types of measurements.

® Sample plots (500m?)
‘ Forest site area

Figure 16.2. Graphical presentation of how multiple characteristics of trees and stands in a forest area
are determined in a conventional way (regular grid of sample plots)

Remote sensing data collection platforms have different operability, which affects
what area can be photographed/imaged in a certain time in data of a certain type (Fig. 16.3).
The least operational are terrestrial remote sensing technologies such as digital images of
various types or laser scanners (Terrestrial Laser Scanning [TLS], Mobile Laser Scanning
[MLS], Handheld Laser Scanning [HLS], Backpack Laser Scanning [BLS]). In the ForBi-
oSensing project, terrestrial laser scanning was tested. The performance of TLS technology
depends largely on the terrain and structure of the forest being inventoried. Among aerial
systems, unmanned aerial systems are the least operational. Depending on the type of plat-
form (rotary or fixed-wing), it is possible to collect data for an area of several dozen to sev-
eral hundred hectares during a single flight lasting up to several dozen minutes. However,
conducting flights with unmanned platforms comes with a variety of formal restrictions, so
collecting this type of data is not always possible. These platforms are also very sensitive to
weather conditions. Systems mounted on aircraft are more operational, as they can collect
data over tens or hundreds of square kilometers. The major limitation to the use of aircraft

Summary and suggestions for further actions

is weather conditions, which can prevent the execution of a flight that would ensure the
collection of data of the specified quality. The most operational satellite systems are those
that image thousands of square kilometers of the Earth each day. The higher the level from
which the remote sensing data are acquired, the less detailed they are, because if the pixel
size of the terrain is too large, it is impossible to determine certain characteristics of the
forest stands.

Figure 16.3 The relationship between the level/technology of the remote sensing dataset (blue row) and the area for
which the remote sensing data was acquired (top green row) and the challenges faced in processing these data (bot-
tom green row)

The use of remote sensing data in monitoring stand dynamics generally involves the
cost of obtaining these data. A special case is monitoring using free satellite data (Shafeian
et al. 2021), for example, the Copernicus system. Unfortunately, the number of analyses that
can be performed with these data is limited due to their low resolution. When we consider
the cost of image data, it depends mainly on its spatial and spectral resolution. In general, the
smaller the pixels and the more spectral channels the acquired images have, the higher their
cost. In extreme cases, the cost of satellite data can be higher than the cost of conducting
a photogrammetric flight over a site.

The Lifet+ ForBioSensing project collected a set of remote sensing data at different
scales and times between 2015 and 2019. The purpose of collecting such a complex set of
remote sensing data was to try to answer the question of which of them are best suited, in
terms of accuracy and cost, to solve specific analytical and research problems. In the course
of the analyses conducted, an answer was sought to the question of which forest monitoring
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system should be implemented in the Bialowieza Forest in order to optimally manage this
valuable natural area.

16.2. The different perspectives on Bialowieza Forest

In order to formulate conclusions about how to analyze data on stands in the Bialow-
ieza Forest area and what specific processes occur in them, the effects of monitoring using
field-based measurements and remote sensing methods were first summarized. Important
differences and similarities of the applied methods were pointed out.

16.2.1 The abundance of Bialowieza Forest's tree stands

The project determined the volume of living trees in the Polish part of the Biatlowieza
Forest (see Chapters 4 and 9). In 2015, the average volume of forest stands determined based
on data from traditionally inventoried monitoring plots was close to 400 m* ha!. Remote
sensing analyses yielded very similar results, especially in 2015 when the average volume
was determined from them to be 405.5m? ha'. In 2019, the average volume of stands in the
Polish part of Bialowieza Forest was estimated at around 377 m® ha'! from remote sensing
data and 360 m* ha'! based on the field data. The year 2019 saw a difference of less than 5%
between the mean volume determined by the two methods. The differences in 2019 may be
because not all losses, i.e. dead trees or trees harvested as part of management activities, were
correctly recorded with remote sensing data. This is especially true for the lower stand layers,
whose changes were not fully mapped with the remote sensing data.

16.2.2 The amount of dead trees and woody debris

The mean amount of dead wood in the Polish Biatowieza Forest in 2019, based on
ground-based data (see Chapter 6), was 113.2 m® ha'! (dead standing trees and down woody
debris in total). Between 2015 and 2019, the volume of snag trees determined from field data
was 4.173 million m?, of which 2.750 million m* (66%) was spruce. Similar results were ob-
tained from remote-sensing data, i.e. 4.023 million m* was the volume of snag trees between
2015 and 2019, of which 2.499 million m* (62%) was spruce. Approximately 6.7% of the
number of trees determined from remote sensing should be added to the values determined
from remote sensing data, as this is the amount of bias in determining the number of dead
spruce trees (Sterenczak et al. 2020b).

Terrestrial methods make it possible not only to inventory the number of dead stand-
ing trees or down woody debris but also to determine the degree of their decay (see Chap-
ters 4 and 6). Unfortunately, the possibilities of inventorying down woody debris using re-
mote sensing data are limited and rarely feasible in a tree stand. It is currently impossible
to determine the extent of tree decay using airborne remote sensing technologies employed
in the project. Remote sensing data allow the inventory of dead standing trees, as long as their

Summary and suggestions for further actions

crowns are large enough to be mapped with data of a specific spatial resolution. The presented
results of different measurement methods are very consistent, although they were obtained in
a completely different way. The value of dead wood occurrence was estimated for the ground
measurements based on a statistical analysis of data from ground monitoring plots. With the
help of remote sensing data, the location of individual dead trees was indicated so that, in ad-
dition to their total number and volume, their spatial distribution was also presented.

16.2.3 Species composition

To determine the species composition of a given forest site is a challenge both for re-
mote sensing data and terrestrial methods. Remote sensing allows the classification of trees
visible from above that are not located in the first storey of a stand. Moreover, without ad-
ditional height information, it is not possible to assign the found tree species to a given
stratum of a tree stand. The remote sensing data also offer limited capabilities of being used
in the classification of trees under a stand’s canopy. Remote sensing image data generally do
provide information on the surface. Ground-based methods using sample plots allow precise
identification of species and their volume share. However, these are data that characterise
certain limited parts of the area covered (i.e. sample plots), which, in particular for the forest
areas with complex structures, may incompletely represent the species composition of a for-
est community. Based on various data, the shares of the different species in the Polish part of
Biatowieza Forest in 2015 and 2019 were determined (Tab. 16.1).

Table 16.1. The tabulation of estimated shares of the vatious dominant tree species in the Polish part of Bialowieza
Forest determined by terrestrial methods (monitoring plots) and remote sensing methods (hyperspectral data)
(see Chapters 4 and 12)

Species 2015 2019
Monitoring plots, Hyperspectral Monitoring plots, Hyperspectral
volume share [%] data, area share volume share [%] data, area share
[7o] []
Spruce 32 22 20 12
Pine 19 18 23 20
Birch 7 7 7 7
Oak 11 11 14 13
Hornbe- 9 10 11 13
am
Lime 3 7 3 8
Alder 14 19 17 21
Other 5 6 5 6
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The species composition of the Polish Biatlowieza Forest in 2015 and 2019, determined
using terrestrial measurements and remote sensing data, showed slightly different shares of
species. On a general level, these data can only be compared to a very limited extent. How-
ever, a detailed plot-based comparison carried out as part of the development of a method
for using hyperspectral data in species classification showed high agreement between remote
sensing classification results and field-based measurements on monitoring plots (Modzelews-
ka et al. 2018).

16.2.4 The comparison of the two perspectives on the analyses
of tree stand dynamics in Bialowieza Forest

Comparing the possibilities of using data collected traditionally with the use of sample
plots and remote sensing data, it should be emphasised that the former provide very accu-
rate and local information on the stand. This is particularly important for the analysis of the
young generation, i.e. information on the number of seedlings, the area they occupy, their
species composition, their quality and their possible level of damage. None of these data are
available for airborne or satellite-based remote sensing platforms. In this respect, airborne
laser scanning data can at best allow the detection of lower stand layers (Leiterer et al. 2015),
but not the quantification and accurate description of individual young trees. Therefore, it is
difficult to draw accurate conclusions about what stands will look like in a few decades based
on remote sensing data alone.

A technology that can compensate, to some extent, for the shortcomings of aerial or sat-
ellite remote sensing data is terrestrial laser scanning (Krok et al. 2020). In the project, an anal-
ysis of single point clouds, acquired from one position located in the center of the sample plots
(see Chapters 9 and 10) were performed. The analyses carried out showed the great potential of
these data, but at the same time confirmed that in order to be able to speak of an evident added
value from the use of these data, scanning should be carried out from several positions on the
sample plot area, and the analysis should be carried out after prior detection of individual trees
( see Chapters 10 and 11). However, the potential for detecting individual trees is limited and
depends on the scan density. Therefore, with the current state of the art and data processing
capabilities, it is unlikely that it will be possible to describe the youngest generation of trees
with terrestrial laser scanning. Nevertheless, the detection of trees with a breast height > 7 cm
is already possible and allows an accurate determination of their biometric characteristics and
analyses of interactions between neighbouring trees (Krok et al. 2020).

Remote sensing data allows one to acquire new, previously unavailable information.
Among other things, the project team analysed the size and spatial distribution of gaps, the
vertical structure of forest stands and determined the amount of solar radiation reaching the
forest floor (see Chapters 9 and 14). The information obtained in this way is important for
the analysis of stand dynamics, as it provides information on the factors that determine the
microclimate in the forest and create favourable conditions for the development of selected
tree species (Sapkota et al. 2009; Brzeziecki et al. 2020), thereby indicating the potential for
changes in the species composition of the Bialowieza Forest stands.

Summary and suggestions for further actions

First of all, it should be emphasised that most of the studies presented in this monograph
complement other studies. Bringing together different types of field and remote sensing data
therefore makes it possible to draw conclusions about the current state of the Bialowieza
Forest, taking many factors into account. It also allows to indicate possible future changes
in the species composition and structure of the forests in this area. By bringing together the
above-mentioned data types - in addition to many other studies - it was possible for the first
time in history to identify and map the forest communities of the Biatlowieza Forest using
remote sensing data (see Chapter 15).

An important conclusion from the work in this project is that the two perspectives of
looking at the forest require a strict definition of the features to be identified and a clear meth-
odology for determining them. If the technology and the approach to describing the forest
are changed, a direct comparison of certain results may be prevented (Tab. 16.1, see Chapter
16.2.3). Therefore, it is important to always indicate the source of the forest feature definition
and the data used to determine it.

16.3. Monitoring forest dynamics using remote sensing data

As a result of the analyses carried out in the project and based on existing knowledge,
individual remote sensing datasets were assessed for their usefulness in identifying selected
characteristics of the forest (Tab. 16.2). Taking into account the vastness of the Biatowieza
Forest, the temporary unavailability of its parts due to the presence of wet habitats and the
limited access to some conservation areas, it can be concluded that each remote sensing data
resource adds value to conventional monitoring carried out with use of the ground sample
plots.

Airborne laser scanning data (ALS) proved to be the most valuable data. They were
widely used for estimating stand volume and other stand characteristics, describing verti-
cal structure, gap analysis and also - after segmentation - for monitoring tree mortality, es-
pecially of spruce, throughout the Bialowieza Forest (Kaminska et al. 2018, 2020, 2021;
Sterenczak et al. 2017, 2019, 2020a and 2020b). Importantly, remote sensing data were also
used in the classification of species groups (Modzelewska et al. 2020, 2021). In addition, the
usefulness of remote sensing data acquired during the leaf-on and leaf-off season were ana-
lysed (Kaminska et al. 2018, 2021). The methods developed for processing remote sensing
data and the analyses carried out were the project’s contribution to the further development
of methods for analysing the forest environment.

A point cloud derived from multispectral aerial images was used as a test tool for gap
detection and to determine the height of individual trees (Mielcarek et al. 2020). Taking
these experiences into account, it can be concluded that the photogrammetric point cloud
generalises the shape of tree crowns, does not fully represent the crown area in shaded areas
and underestimates the height of individual trees. Therefore, it can replace data obtained
from airborne laser scanning to a limited extent. In the case of point clouds derived from
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multispectral images (image matching), their utility is increased by the available spectral
information that can be used in analyses.

Multispectral airborne data were mainly used to detect dead trees, mainly spruce, in the
Bialowieza Forest (Sterenczak et al. 2017; Kaminska et al. 2018). An advantage of these data
was their high spatial resolution, which allowed easy fusion of these data with tree segments
obtained from airborne laser scanning data. As the multispectral data were collected relative-
ly frequently (on average three times per season), monitoring the dynamics of spruce bark
beetle outbreaks was possible. The analysis of these data provided important information
on the spatial distribution and intensity of the outbreak in the Polish part of the Biatowieza
Forest.

The multispectral satellite data were initially used in the project to monitor the dynam-
ics of bark beetle outbreak. Unfortunately, during the project it turned out to be impossible to
collect three sets of satellite data for the Polish part of the Bialowieza Forest in one growing
season. Therefore, the project abandoned the use of satellite data in favour of multispectral
airborne data. The aspect of satellite data availability is unfortunately often neglected, but it
is of great practical importance. Poland is located in an area where about 60% of the days in
the year are cloudless. In practise, this means - if we exclude late autumn, winter and early
spring - that there are only limited number of days left when it is possible to acquire optical
satellite data. Consequently, it can be difficult to acquire data at all, especially for systems
with low temporal resolution. In purely theoretical terms, commercially available data from
commercial high-resolution satellite systems can provide images of the Earth almost daily
like Planet’s satellites.

In summary, there are many satellite systems on the market with different capabilities,
i.e. with different temporal, spatial, radiometric and spectral resolution. As a rule, the systems
that provide data free of charge have low temporal, spatial and spectral resolution. Commer-
cial satellites can take an image of the Earth virtually every day, weather permitting. They
can have very high resolution and a large number of spectral channels, but acquisition often
involves very high costs.

The hyperspectral data were primarily used in the project primarily for species classi-
fication and dead tree detection. The data obtained had a spatial resolution of 2.5 and 5 m,
which was a compromise between the data parameters and their cost. It should be objectively
stated that hyperspectral imaging was one of the relatively expensive data used in the analysis
of the Bialowieza Forest within the ForBioSensing project. The application of this type of
data on such a large area was the first on the scale of at least Europe. The analyses performed
allowed answering some fundamental questions regarding the possibility of using these data
in monitoring the species composition in diverse forests of the temperate zone (Modzelewska
et al. 2020, 2021) and for monitoring bark beetle outbreak dynamics (Stereniczak et al. 2019).
The classification accuracy achieved confirms the usefulness of these data for practical man-
agement and protection of forest areas. However, the application of this type of data requires
a lot of knowledge and, as for now, a large budget.

Summary and suggestions for further actions

Terrestrial laser scanning data was only collected to a limited extent in the project and
its analysis was therefore limited to selected aspects (see chapters 10 and 11). Due to the
nature of the data collected, it was not possible to use it in its entirety for the analysis of in-
dividual trees. It was therefore decided to process the entire point cloud and analyse selected
stand characteristics (tree density, volume, basal area). The results obtained showed that even
a point cloud acquired from only one position (a single scan) can provide information nec-
essary for the correct quantification of the above-mentioned characteristics and also capture
their changes over time. Unfortunately, a major shortcoming of terrestrial laser scanning is
that it captures information for a fairly limited area, which makes it very difficult to use on
a larger spatial scale. Another difficulty is the limited number of tools suitable for analysing
terrestrial laser scanning data.

Table 16.2. Evaluation of the remote sensing material used in the Life+ ForBioSensing project in terms
of its usefulness for describing selected forest characteristics (the value 5 means the highest usefulness,
0 means no usefulness)

Airborne Point clo- | Aerial Satellite mul- | Aerial Terre-
laser scan- | ud from multispec- tispectral data | hyper- strial
ning (ALS) | aerial tral data (RGBIR) spectral laser
images (RGBIR) data scanning
(TLS)
Stand vo- 5 4 2 2 3 2
lume
Other stand | 5 4 3 2 3 2
characteri-
stics
Species 4 2 2 2 5 2
composition
Vertical 5 2 0 0 2 4
stand struc-
ture
Horizontal 5 4 3 2 3 4
stand struc-
ture
Tree health 4 2 5 4 5 2
condition
Gap detec- 5 4 3 3 3 2
tion and
analysis of
their size
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With respect to determine selected tree and stand characteristics, the best data set is the
point cloud obtained by using airborne laser scanning (ALS) (Tab. 16.3). Due to current data
prices and the density of point clouds, it seems difficult to replace this data in the near future.
Our project also confirmed that despite the complexity of the structure of the Biatowieza
Forest stands, the use of airborne laser scanning data allowed for a variety of analyses and the
integration of these data with other data did not produce such a significant improvement in
results that it would be worth ordering such data. It would be optimal - in addition to the data
from ALS - to acquire aerial photo data from CIR at the same time. The use of these two data
sets seems to be the optimal solution for forest stand inventory and monitoring.

An alternative to the ALS cloud in determining stand characteristics can be either
a point cloud derived from aerial imagery or hyperspectral data. Point clouds derived from
multispectral aerial images can be used in certain areas to describe the structure of the forest
and to record selected characteristics of trees and stands (height, density, etc.). Unfortunately,
this point cloud does not characterise the stand structure, but only describes the upper layer of
the stand, which limits its applications in describing the vertical structure of stands. However,
the advantage of the point cloud, is that in addition to geometric information, radiometric in-
formation can also be included in the analyses, especially when determining the health status
of trees (Kaminska et al. 2018).

Hyperspectral data can be successfully used for species identification and for determin-
ing the condition of trees and stands thanks to meny spectral channels. The cost of these data
determines their practical usefulness, among other things, because they affect their spatial
resolution, limiting the accuracy of the analyses carried out.

Terrestrial laser scanning (TLS) data currently have rather limited practical application
range, whereas it provides a great potential of scientific research into the aspects of tree
architecture, growth and interactions between neighbouring trees. These data will certainly
be used on a larger scale when special tools are available that automate their processing and
offer the possibility of determining the characteristics of individual trees.

Summary and suggestions for further actions

Table 16.3. Indication of the optimal, in terms of accuracy and cost, remote sensing materials used

in the Life+ ForBioSensing project in the determination of selected forest characteristics

(Airborne Laser Scanning - ALS, images in composition with infrared channel - CIR)

The optimal and alternative data
set for the most accurate inventory

An economically optimal data set
that provides reliable information

Stand volume

ALS, ALS+ aerial hyperspectral
data

Point cloud from airborne
photographs

Other stand
characteristics

ALS, ALS + aerial hyperspectral
data

Point cloud from airborne
photographs

Species composition

aerial hyperspectral data,
aerial hyperspectral data + ALS

Multispectral satellite data

Vertical stand structure

ALS

ALS

Horizontal stand
structure

ALS

Point cloud from airborne
photographs

Tree health condition

ALSHCIR, CIR (from any altitude)

CIR (from any altitude)

Gap detection and

analysis of their size

ALS

Point cloud from aerial
photographs

There are costs associated with obtaining, veryfeing and processing remote sensing
data. In general, data with higher resolution/density and with greater lateral and forvard im-
age overlap are more expensive. In the ForBioSensing project, the average cost of Pléiades
satellite data and airborne multispectral data was about PLN 0.9/ha, airborne laser scanning
data about PLN 3/ha, and hyperspectral data about PLN 4/ha. When designing a system for
monitoring the stands of the Bialowieza Forest with the use of remote sensing data, apart
from the costs, one should also take into account:

e  Who will be the users of the system?

e  What know-how characterises the human resources of the institution responsible for
carrying out monitoring?

e  What are the planned tasks of the system?
e  What elements of the forest ecosystem are to be monitored?

e  What should be the minimum unit of area, for which the analysis results will be
produced (e.g. pixel with a side of 20 m or the stand level)?

e How frequently should the information be provided?
e  What is the budget for the project?
e  Who will process the data and create maps with the required information?

e How much time will be needed from data collection to delivery of analysis results?

339



340

The answers to the above and many other questions will make it possible to plan and
carry out forest monitoring properly. In this matter, all the bodies responsible for the man-
agement of the Bialowieza Forest area should agree and work out an optimal solution that
meets their common needs.

16.4. Optimal way of monitoring Polish part
of Bialowieza Forest

Optimal way of monitoring of Bialowieza Forest (Fig. 16.4) could be as follows:

e The inventory would use the regular network of sample plots of the Life+ For-
BioSensing project, densified by the State Forests in the natural inventories made
in 2016-2018;

e Sample plots should have a minimum area of five ares, although given the size of
old trees in Bialowieza Forest, plot area should be increased to measure trees with a
minimum diameter at breast height of 15 cm on the expanded plots;

e Airborne laser scanning data and aerial CIR data should be collected every 5 years;

e Sentinel satellite data or other free satelite data with a pixel size not larger than that
of Sentinel should be continuously analysed;

e If there occurs an outbreak or other disastrous event, high-resolution aerial data or
data collected by unmanned aerial vehicle (UAV) could be ordered locally;

e All ground-based data could be collected using the application developed in the
Life+ ForBioSensnig project (see Chapter 4) and stored in a database;

e Data control and estimation of stand characteristics can be performed with the use
of ALSGator program, developed within the REMBIOFOR project and implemen-
ted in the State Forests National Forest Holding.

Summary and suggestions for further actions

Sentinel satellite Airborne Field-based data and ,
data “.._\ Data TX other necessary data

Preparation and pre- Proper analysis and
processing the Data integration of
el monitoring data

Information, maps and
knowlage E!]

Web-based GIS
service

Figure 16.4. Graphical scheme of a possible system for monitoring forest stand dynamics using remote sensing data
in the Polish part of the Bialowieza Forest

A monitoring system planned in such a way would ensure up-to-date and accurate
information on forest stands in the Polish part of the Biatlowieza Forest, as well as on the
direction and dynamics of the changes taking place there. At the same time, such a planned
system would make it possible to monitor the process of forest stand regeneration after the
largest bark beetle outbreak in the history of the area (Sterenczak et al. 2020b). In addition,
the remote sensing monitoring system would fully exploit the impact of the Life+ For-
BioSensing project, which initiated the monitoring of the Bialowieza Forest stands with the
precision of each individual tree visible from above. Given the uniqueness of this area and
the data already collected, an important element of monitoring would be the extension of the
already existing geoportal created within the Life+ ForBioSensing project. Such a geoportal
would, on the one hand, collect all spatial data about the Biatowieza Forest in one place
and, on the other hand, enable the analysis of changes occurring in this area at the single
tree levels.
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16.5. Conclusion

The Biatowieza Forest is a forest community, which, regardless of its legal status,
should be taken care of in a special way since there are few such diversified forest areas in
our climatic zone, where natural processes can still be observed. The system for monitoring
stands of the Polish part of Bialowieza Forest established within the Life+ ForBioSensing
project, as well as the developed methods and tools make it possible to continue monitoring
this forest at a cost much lower than if it were to be started from scratch. Besides, the project
describes in great detail the structure of forest stands since 2015, with particular regard to the
effects of the spruce bark beetle outbreaks, so the subsequent inventories would provide data
on the dynamics of stands and the directions of changes occurring in them.

The data acquired within the project and the results of data processing were very val-
uable and provided vast new knowledge. This is evidenced by the fact that data was used in
practice almost 80 times, which is confirmed by the licences signed. They also provided new
knowledge and contributed to the development of remote senisng based methods of forest
analysis. This is reflected in 27 scientific papers with a total impact factor of IF=153 (as of
December 2021).

Current climate change, various biotic and abiotic factors that can cause massive trees
dieback, and the growing public interest in the condition of forests in Poland require obtain-
ing up-to-date and accurate data. Well-planned monitoring may help face current challenges,
as well as prepare the Bialowieza Forest management units for future ones.
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Abstract

This chapter describes the activities that have been planned and carried out within the
project in order to disseminate the results of the project. All the communication channels
used, both direct and indirect, have been characterised. The dissemination of the project
was carried out using tools such as the project website, social media, TV programmes, radio
programmes, dissemination films, face-to-face meetings, leaflets, book publications, pro-
ject gadgets, calendars, T-shirts, scientific publications. During the 6 years of the project,
dissemination activities using indirect communication tools have reached at least 5 million
documented recipients. Using direct communication tools, information about the project was
presented to nearly 15,000 recipients at 134 different meetings. The insights described in this
chapter may be useful for other Beneficiaries embarking on projects co-financed by the LIFE
Programme.

Keywords: project promotion, project communication, social media

Introduction

In the ForBioSensing project and in accordance with the policies of the European Un-
ion and the objectives of the LIFE+ project, extensive promotion of the activities and results
of the project were planned to be conducted. European Union citizens have the right to know
how the EU’s financial resources are being used and the results obtained as a result. The EU
therefore requires that the public (and all recipients of project results), as well as individuals
and entities participating in it, be informed of any progress in the project. The ForBioSensing
project has carried out a number of promotional activities that were planned as part of the
application submitted for the project. These have been defined and parameterised in a ded-
icated section of the proposal, where appropriate indicators for specific tasks are identified.
The aim of the chapter is to present the methods and techniques used for dissemination of
the ForBioSensing project within the framework of its promotional activities and to present
the measurable effects of these activities which were achieved (according to the Beneficiary
- very high). The ForBioSensing team would like to share their experiences of the activities
carried out to promote the project. The methods presented for dissemination may provide
inspiration to Beneficiaries who take up the challenge of running a project co-financed by the
LIFE Programme.

Summary and suggestions for further actions

While performing promotional activities for ForBioSensing, a number of dissemination
activities were undertaken, ranging from obligatory activities, such as: the project website,
use of promotional logos on project documents and setting up information boards, to non-ob-
ligatory activities, such as: displaying information boards in the headquarters of supporting
organisations, roll-ups - visible at stands during events in which project staff participated,
or promotional films, available on the Internet and screened at conferences and lectures.
ForBioSensing also appears in many other audio and visual forms of promotion. Project pro-
motion consists of three components: the knowledge to be promoted, the media to be used
for promotion, and face-to-face meetings with different stakeholders that were interactive in
nature (Fig. 17.1).

publications,
gatgets)

Meatings -
faceZface

PROMOTION

Figure 17.1. Components of the promotion of the ForBioSensing project

All project-related communication (work, plans, results) conveyed through mass media
and other information vehicles is called indirect communication. With this form of commu-
nication in the project, the following promotional indicators were achieved:

1. Creation of information boards (Fig. 17.2), which were placed in the headquarters
of the FRI (S¢kocin Stary and Bialowieza), the headquarters of the Stakeholders:
Bialowieza National Park and Forest Districts, and in the area near the project site.
Installation of information boards about the project in Bialowieza Forest, apart from
the obligatory placement of boards in the Beneficiary's headquarters, were installed
in popular places, both among tourists visiting the forest and people living in the
surrounding areas. A total of 10 boards were installed in the following locations:
Bialowieza Forest District (Stara Bialowieza wilderness, Jagiellonian Forest Edu-
cation Centre, Bison Show Reserve), Hajnowka Forest District (the starting station
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of the narrow-gauge forest railway, the area of the Forest District's headquarters),
Browsk Forest District (Swinoroje wilderness), Bialowieza Municipality (car park
on ul. Kolejowa), ZLN in Bialowieza (in front of the ZLN building in Biatowieza,
a plaque hanging inside the building), FRI in S¢kocin Stary (a plaque on the grounds
of the FRI in Sekocin Stary, a plaque hanging inside the FRI main building).

Figure 17.2. Information board for the ForBioSensing project Source. FBS

Production of films disseminating the activities of the project. The purpose of the
films was to show the growth of the forest, specifically the growth and development
of the forest's trees. Techniques for collecting images over long periods of time were
used to create dynamic images from single frames documenting the processes of tree
growth in the forest. The films were used to promote the project and made available
online, where they gained a wide range of fans and viewers. Productions (films, spo-
ts, reports from meetings), were made at multiple stages of the ForBioSensing team.
Thus, the audience can learn about the stands of the Bialowieza Forest as seen from
the perspective of a scientist, a naturalist and also a field worker. The richness of the
forest landscape and the surrounding biodiversity step by step, helps to answer one of
the most important questions formulated in the project: "How does the forest chan-
ge?". The films were broadcast on regional television. In addition to their obvious
promotional role, they have become a good way of informing the local community

Summary and suggestions for further actions

about the LIFE+ programme and the results of the project. Since the launch of the
ForBioSensing project, the following film productions have been made:

e "Zycie drzewa" ("The Life of a Tree”, prod. Parkos Media) - shows in an accessible
way how many functions a tree has. It protects biodiversity, provides oxygen, and
provides people with wood.

e Aseries of films entitled. "Pozna¢ Puszczg¢ Bialowieska" ("Getting to Know Biato-
wieza Forest", prod. Parkos Media). Thanks to these films the audience can learn
about the idea and goal of the project, find out more about the methods used during
its implementation to remotely observe the forest, as well as get a glimpse into the
daily work of the field team.

e '"Las si¢ zmienia!” ("The forest is changing!”, prod. Parkos Media), where a sum-
mary of the work carried out over 6 years of the project was presented. The specifics
of the use of remote sensing in forestry are outlined, and the results of the work are
presented - along with the purposes for which ForBioSensing data can be used and
is already being used.

All productions can be viewed via the YouTube platform: https://www.youtube.com/
channel/UC9aRcGf wZs8GpnPg0Cikmg/videos

A particularly impressive production, showing the forest ecosystem in a non-stand-
ard way, in the absence of any human presence, is the film “Zycie drzewa” (,,The Life of
a Tree”). This form of depicting nature was appreciated by professional artists. We are proud
to present the award received by the creators of the production created for the ForBioSensing
project. The award was given in the ,educational film’ category. During the online edition of
the XVIII W. Puchalski International Nature Film Festival in £.6dZ, which took place from
22-25 September 2020, 29 excellent productions from different parts of the world, including:
Serbia, Iran, Germany, the Netherlands and Belgium, competed against each other.

Figure 17.3. Parkos representatives, prize winners of the 18th INFF Award for the film ,,Zycie drzewa” (,,The Life
of a Tree”) Source. I. Prokopiuk
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Excerpts from the film were broadcast on 5 November 2020 on Teleexpress (Fig. 17.4). P R N R R
The programme highlights that trees are home to many species of animals and their wildlife
value increases with age.

05.11.2020, 17:00

publikacja: 05.11.2020, 17:00
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Figure 17.5. The cover of the 2020 project calendar. Source. FBS

5. Preparation, translation and printing of project information material in two languages
i (PL, EN). These multipage leaflets about the project (different versions were prepa-
teleaxpress - A= _, X ,: e B Tl % red - 22,500 pieces produced), provided information about the aims and objectives
. eufe” of the project and its results (Fig. 17.6). A high level of graphic design, paper quali-
ty and attractive photographs were used. Information materials were distributed in
all available places for the potential promotion of the project - tourist information
points, state and local administration offices, schools, etc. The second series of pro-
motional material has been updated with the results obtained.

Figure 17.4. Excerpt from a film broadcast on Teleexpres. Source. TVP

3. Publication of this, bilingual publication on the forest stands of Bialowieza Forest.
Visually and substantively appealing, the publication aims to describe the changes
taking place in the forest over a broad period of time. This summarised the results.
The project has accumulated unique material and a wealth of new knowledge. The
book will be distributed free of charge, part of the print run will be donated to the
FRE library, the BNP collection as well as local libraries.

'_..,._-,..u,: ; " LAS S‘IE THMIEMIA ot § Liiwela Ivhedetubizime

4. Preparation and printing of 12-page A2 calendars (Fig. 17.5). One of the annual et i
activities of the ForBioSensing project was the publication of the project calendar. o o o e CAg = Lababcs | ity shdbing lasiivnry S
Preparing and printing calendars is a very practical method of promotion. On every R : —r s 4 e
subsequent page you can see not only beautiful pictures of the forest, but also the
effects of the work resulting in subsequent years of the project. With the introduc-
tion of digital imaging maps and visualisations, the calendars in subsequent years
became dominated with presentations of the results. The ForBioSensing calendars
reached over 600 people each year.docieraty corocznie do ponad 600 0so6b.

Figure 17.6. Extract from an FBS leaflet. Source. FBS
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T-shirts with the project logo and the logo of the LIFE+ financial instrument were
distributed at meetings, mainly in schools and during conferences. 1700 pieces were
produced. (2 edition - 850 each). The graphics that appeared on them were designed
by a 14-year-old volunteer, Dominika (Fig. 17.7). Her work depicts the fieldwork
carried out as part of our project.

Figure 17.7. Project T-shirts. Source. FBS

Production and broadcast of a series of five radio programmes on regional radio
stations. The aim of the broadcasts was to present the aims and effects of the project
and to enable radio listeners to take an active part in discussing the issue. The broad-
casts were hosted by Polskie Radio Biatystok, and the final results can be heard on
the website, under the broadcasts (“audycje") tab: https://www.radio.bialystok.pl/
ekosfera/index/id/150434.

Scientific publications. The expertise and commitment to the research work of the
ForBioSensing team as well as the scientific teams collaborating with them, has re-
sulted in publications, presentations and conference reports over a number of years.
We provide access to the scientific publications produced so far in the project. There
are also publications on the use of geoinformatics in forestry, such as stand health
assessment, species identification and the determination of individual tree characte-
ristics. In the link below there is a list of publications. We sincerely encourage you
to read them.: http://www.forbiosensing.pl/publikacje-naukowe. In summary, at the
end of 2021, the project has produced 27 scientific papers with a total IF of 153 and
a total number of ministerial points of 3109. Papers were published, among others,
in the following scientific journals: Nature, Nature Communication, The Proceedin-

Summary and suggestions for further actions

10.

gs of the National Academy of Sciences, Remote Sensing of Environment, Forest
Ecology and Management, International Journal of Applied Earth Observations and
Geoinformation, Nature Scientific Data, Remote Sensing, International Journal of
Remote Sensing, Forestry: An International Journal of Forest Research and Forests.
In addition, more than a dozen popular scientific studies and monograph chapters
have been written.

Layman's report. This publication provides information about the project for a non-
-naturalist audience. This report describes the main tasks of the project - objectives,
activities and results. It was compiled at the end of the project, in Polish and English.

Visual identity of the project (Fig. 17.8). All forms of promotion: the planned acti-
vities and results obtained in the project, within the LIFE+ ForBioSensing project,
bear the project's visual identity. This means that the promotional products created,
among others: exhibition of information boards, rollups, promotional films, leaflets,
etc., contain the following logos: LIFE+, NFOSiGW, FRI (IBL) and the logo of the
ForBioSensing project, as well as: the name of the project, the contract number,
information about the sources of financing for the project. All these help to clearly
identify the ForBioSensing project.

NFOSiGW

m_m e A ol
LIFE+ _&ForBioSensing
Kompleksowy monitoring dynamiki

drzewostanéw Puszczy Biatowieskiej
z wykorzystaniem danych teledetekcyjnych

Figure 17. 8. Cover of a ForBioSensing project leaflet. Source. FBS
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11. Up-to-date information about project activities on the website and social media ac-
counts. Another promotional activity was to maintain and update information on the
project on an ongoing basis and publish it on the project website and social media Eaczng Beeharosbh RbMECh ibrers
accounts. These activities include accounts and tools such as:

Calkowita liczba polubien strony (stan na dzis): 727

e  Keeping the project website up to date: www.forbiosensing.pl

e  Keeping project profiles updated on social media: Facebook, Twitter, Insta-
gram, YouTube channel.

e  Maintaining a web service (Meteoportal) presenting the current status of seve-
ral meteorological parameters registered on an ongoing basis in three locations
of Biatowieza Forest. The page can be accessed at: http://www.forbiosensing.
pl/meteoportal.

Website. A constantly updated project website, containing information on the project’s
assumptions and objectives, source of financing, progress in the implementation of the pro-
ject’s objectives and activities - is the best way to promote the project due to its widespread
availability. The website repeatedly updates the public on key project developments, planned
activities, meetings and data transfer. Since the start of the project, the content on the website
has received 164,482 page views.

Painit ponee e

Figure 17.10. Growth in fan page likes since 2018. Source. FBS

A particularly good period of increased popularity of posts on the ForBioSensing fan
page was the turn of 2018 and 2019. Posts achieved a reach of 31,337 in February 2019.

35000
31337
30000
25000
20000
15813 15572
15000
Figure 17.9. ForBioSensing project website. Source. FBS 10000
Facebook. This is one of the media outlets with the largest audience reach. It has its
regular readers (so-called fans) who periodically like and share published content. Over the 5000
past few years, the project’s fan page www.facebook.com/forbiosensing has created a regular
;erlesl of posts' ablol(lit th}f dall?/ \fvork of the project team and depicting the forest’s wildlife. P N .
egular posts include the series: & R RO P I R SN
Na & \E>° o),\,?* & O & Na RS
e  Our activities in the forest (day-to-day work of the team, field activities); & N W
¥ &
e  From the ForBioSensing video library (the latest film productions, events and K@&”
viral videos produced by the project); @3‘;\\

e  Appreciating biodiversity (forest wildlife, colourful descriptions of plants and
animals, corresponding to the season). Figure 17.11. Post reach in 2018/2019. Source. FBS
These series caused the fan page to start growing in popularity at a rapid pace.

354 | Summary and suggestions for further actions
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are+ o LIFE+ ForBioSensing @ForBioSensing - 23 |ut 2021

20551 10 the multitude of everyday matters, it is worth stopping sometimes and
seeging the #beauty of the #night #sky above the #treetops. What if we live
in a place that is not suitable for #observation? Nothing is lost. You can see
#photos made by our #field #worker.

Fl ke e
Hbialowieza #art

Figure 17.13. Update from Instagram account. Source. FBS

Twitter and Instagram. Substantive texts and extensive photo reports of the work of
the project also won audiences on the platforms: Twitter and Instagram. Posts (Fig.17.12,
Fig.17.13) on both platforms reached nearly 450,000 people.

Summary and suggestions for further actions
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Figure 17.14. ForBioSensing productions on the YouTube platform. Source. FBS

YouTube: The productions created in the project (films, spots, reports from meetings)
are widely promoted on the internet thanks to the YouTube platform. Films available on the
ForBioSensing project channel: https://www.youtube.com/channel/UC9aRcGf wZs8Gpn-
Pg0Cikmg/videos, reached more than 16,590 viewers.

Through the use of indirect communication tools in the ForBioSensing project, it was
possible to produce many tangible promotional products that were appreciated and popular
with the public. Unfortunately, the outbreak of the SARS-CoV-2 virus in 2020, prevented the
continuation of many of them, such as the distribution of leaflets and promotional gadgets
due to the cancellation of mass events.

Despite the practical difficulties that arose towards the end of the project, including the
outbreak of the Sars-Cov-2 virus and the introduction of a state of emergency in the project
area, it can be concluded that the activities using the indirect communication tools described
(in simple terms we consider them to be mass communication tools) were a measurable suc-
cess. The planned, active and continuous use of the above-described indirect communication
tools meant that over the course of 6 years, information about the project reached a docu-
mented number of almost 5 million recipients (4,763,796 recipients - as of December 2021).
The indicator of documented reach exceeded several times the already ambitious plans that
the Beneficiary had set at the beginning of the project.
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Mass Communication in the
ForBioSensing Project (summary)

Plan Execution

Figure 17.15. Mass communication in the ForBioSensing project (plan + execution). Compiled by FBS

The second group of tools whose active use was planned and realized in the dissemi-
nation of the activities of the project was Direct Communication. This is a valuable, very
labour-intensive but effective method of communication. Organisation of meetings or par-
ticipation in events organised by other institutions, conducting lectures, trainings, seminars,
direct talks with recipients, participation in exhibitions, conferences, open days, meetings
with local communities, all made it possible to promote the project more widely and proba-
bly more effectively (information was remembered better and longer) than through indirect
communication. With this form of communication in the project, the following promotional
indicators were achieved:

1. Face-to-face meetings. Readings, lectures and meetings for institutions, univer-
sities and local communities constituted an important element of promotion within
the project. The aim of this task was to organise meetings and participate in se-
minars and conferences during which the results of the work being carried out
in the project were presented and discussed. 134 meetings were attended during
the project, including specialist (74 meetings) and popular (60 meetings). Nearly
15,000 participants took part in all events. Meetings with audiences were planned
for different target groups. In practice, for each group, more meetings were held
(at the time of writing) than planned. The names of recipient groups are part of the
original division adopted in the project documentation.

Summary and suggestions for further actions

Table 17.1. Performance indicators of face-to-face meetings by audience. Compiled by FBS

Group Plan Execution
General public/Local-Regional/<25 10 19
General public/Local-Regional/25-75 10 12
General public/National/<25 3 2
General public/National/25-75 3 11
General public/National/75-100 3 5
General public/National/>100 2 16
General public/EU-International/<25 2 3
General public/EU-International/25-75 2 1
Specialised audience/Local-Regional/<25 2 11
Specialised audience/National/<25 2 13
Very specialised audience/Local-Regional/<25 2 6
Very specialised audience/Local-Regional/25-75 2 8
Very specialised audience/National/<25 3 3
Very specialised audience/National/25-75 3 2
Very specialised audience/National/75-100 1 1
Very specialised audience/National/>100 1 3
Very specialised audience/EU-International/<25 3 5
Very specialised audience/EU-International/25-75 2 5
Very specialised audience/EU-International/75-100 2 4
Very specialised audience/EU-International/>100 2 10

Information about planned meetings and seminars as well as reports of meetings and
seminars held are presented on the project website. Participation in the meetings organised
within the scope of the project was free of charge, and participants also received promotional
materials. Due to the SARS-CoV-2 virus outbreak in 2020 and the imposition of a state of
emergency in the project area, which prevented the continuation of meetings, promotional
activities were suspended in this aspect. The prolonged state of epidemic crisis did not permit
the planned activities to be completed. The meetings that were made before the epidemic
have their own added value. Collaboration with stakeholders has allowed the results obtained
in the project to be translated into teaching materials. This made it possible to provide support
for the development of young recruits and at the same time helped to promote the project.
Among the conferences and meetings in which the ForBioSensing team has participated, it
is worth mentioning: conferences under the auspices of the International Union of Forest
Research Organisations (IUFRO), the International Society for Photogrammetry and Remote
Sensing (ISPRS), conferences organised by the State Forests, the Forest Education Centre in
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Rogoéw, the Polish Society for Photogrammetry and Remote Sensing and the Remote Sensing
Club of the Polish Geographical Society and many others.

2. Two-way communication with project stakeholders. Two-way communication
in the project was carried out with a number of national bodies and institutions,
among them were:

o  National Administration Departments: Ministry of Environment (Depart-
ments: Forestry and Preservation of Nature), General Directorate of Environ-
mental Protection and its subordinate Regional Directorates of Environmental
Protection (including Regional Directorate of Environmental Protection in
Biatystok);

o Local administration departments, including Municipalities: Biatowieza,
Hajnowka, Narewka, Dubicze Cerkiewne, Czyze and municipalities located
in the vicinity of the Biatowieza Forest district, Hajnowka District Office,
Department of Infrastructure and Environmental Protection of the Marshal's
Office of Podlaskie Voivodeship;

o Companies conducting inventories of Poland's forest resources for the purpo-
ses of forest management and nature protection (including forest management
plans and protection plans), e.g.: Bureau for Forest Management and Geode-
sy (including BULiIGL Branch in Biatystok), Taxus SI Sp. z 0.0., Krameko
Sp.zo0.0,;

o NGOs, such as WWF, Pracownia na Rzecz Wszystkich Istot, SANTA- Bialo-
wieza Forest Protection Association.

Due to the importance of the site covered by the project (Bialowieza Forest) the bene-
ficiaries of the project are also the international community, in particular:

o EU institutions: directorates;

o European Forest Platform;

o Confederation of European Forest Owners (CEPF);

o  State Forest Association (EUSTAFOR);

o International Union of Forest Research Organisations (IUFRO);

o International Society for Photogrammetry and Remote Sensing (ISPRS);
o European Forest Institute (EFI);

o  European Commission and European Parliament;

o LULCaFT (Land Use/Land Cover and Forest Types) regarding issues and the de-
termination and analysis of changes in ABG (Above Ground Biomass) by aerial
and satellite remote sensing methods;

o REDD (Reducing Emissions from Deforestation and Forest Degradation),
in projects that use remote sensing methods in extensive forest areas.

Summary and suggestions for further actions

As in the case of indirect communication, the use of direct communication tools,
in particular the active search for events where the ForBioSensing project could be presented,
led to the planned indicators for the realisation of the activities being exceeded. The tremen-
dous work of the entire ForBioSensing Team led to face-to-face meetings with over 15,000
members of the public.

PLAN EXECUTION

Figure 17.16. Summary of the communication activities of the project. Compiled by FBS,
as of October 2021

A wide range of activities and promotional techniques (factuality of messages, appro-
priate selection of information for target groups, selection of promotional products, reports
accompanied by interesting graphic and photographic material) and, above all, the conscien-
tious work of the project team (the basis of the promotional material), made it possible to
achieve much higher values for the promotional indicators than originally planned. The mul-
tiplex nature of the message ensured that they complemented each other, thus reinforcing
the message. The substantive, well-planned and creative work resulted in an effective and
memorable promotional campaign for the project. We are pleased and satisfied that this has
been achieved.

Thank you for your support!
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Abstract

This publication summarizes the management actions carried out during the major pro-
ject co-financed by the LIFE programme. This summary focuses in particular on actions for
making it possible to re-use the project products, share experiences and knowledge acquired
during the implementation of the project and promote the Life programme as part of its dis-
semination. The history of the LIFE programme and the project’s controlled communication
activities were also characterised. This chapter describes how the project’s data has been
shared in a way that ensured the practical implementation of the project’s results in almost
80 applications worldwide.

Keywords: re-use, networking, data sharing, open access, replication of project products

The ForBioSensing project, the subject of this publication, is one of the many under-
takings being conducted in European Union, co-financed from the LIFE programme. This
chapter presents the experiences of the project team in terms of the functioning of the project
within the LIFE programme, in the transfer of effects outside the project, the cooperation with
other beneficiaries (so-called networking), and the dissemination of the LIFE programme as
part of promotion activities. The article also briefly characterizes the history of the LIFE
programme and the requirements of the 2013 call for proposals, under which the proposal for
the ForBioSensing project was submitted.

The LIFE programme has funded nature projects in the European Union area for over
35 years. The basis for the establishment of the LIFE instrument was the adoption of the Sin-
gle European Act in 1986. This act, together with the Fifth Environmental Action Programme
(1993), contributed to the reform of the European nature conservation system, and the LIFE
programme became the only European Union’s financial mechanism dedicated exclusively to

IV. Summary and suggestions for further actions

environmental protection. Over successive editions, the structure of the programme has been
modified to best meet the objectives set for the states of the European Union in environmental
protection, including, since 2014, a separate sub-programme for climate change mitigation.
Every few years, the main objective and specific objectives of the LIFE programme are
updated as new challenges arise in the Community. A new budget and the rules for co-fi-
nancing projects are established. So far, six phases of the programme have been announced,
namely: “LIFE I Programme” (1992—-1995), “LIFE II Programme” (1996—-1999), LIFE III
Programme (1999-2006), LIFE+ Financial Instrument (2007-2013), “LIFE Environment
and Climate Action Programme” (2014-2020) and “LIFE” (2022—-2027) under which a call
for projects is currently open.

The LIFE programme is managed by the European Commission which issues a call for
proposals (invitation to submit applications) once a year. Any entity (public or private units
and institutions) registered in the territory of an EU Member State can be a beneficiary of the
LIFE programme. The standard co-financing of a LIFE project by the European Commission
is up to 55% of the value of eligible costs and up to 60% for nature projects (for projects
serving priority species and habitats, the co-financing can be up to 75%). Polish applicants
may also apply for co-financing of the project from the National Fund for Environmental Pro-
tection and Water Management, which supplements the financial engineering of the project
up to 95% of the eligible costs.

The LIFE programme is a European Union’s financial instrument that has co-financed
and supported thousands of EU projects in the field of environment and climate over its many
years of operation. It has backed financially many teams from around the world. The projects
co-funded under this programme have carried out a number of studies addressing the issues
of climate, threatened species of plants and animals, and natural sites management. For more
information on the LIFE programme, refer to its official website: https://ec.europa.eu/life.

The scientists from the Forest Research Institute seized the opportunity to obtain co-fi-
nancing for conservation-related activities under the LIFE Programme in 2013. At that time,
a team of employees from the then Department of Computer Science and Modelling (now
Department of Geomatics) and the Department of Natural Forests, applied for the funding
of the ForBioSensing project. The application for the funding was submitted within the
,,LIFE+” Programme’s 2007-2013 edition of the ,,Environmental Policy and Management”
component. The submitted application was given high and positive scores by the European
Commission, thanks to which it was earmarked for co-financing.

Some of the most important tasks of each project co-funded from the LIFE Programme,
in addition to the strictly substantive project objectives, are activities aimed to:

e reuse the developed project products and/or develop project results in such a way
that they can be used under similar conditions but in a different location within the
Community, a property called “transferability and replicability of project results”,

e sharing of experience and knowledge gained during project implementation with
other project beneficiaries through networking,
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e promoting the Life Programme as widely as possible through dissemination of pro-
ject information.

Each of the above-mentioned areas of project activities has been included in the ForBi-
oSensing project task plan.

As already mentioned, one of the most important tasks of any project co-financed by
the LIFE Programme is the transfer and replication of project results. One of the most im-
portant products of the ForBioSensing project is a database of source data describing nearly
one hundred characteristics of trees or stands and other elements of forest environment from
the entire area of the Polish part of the Biatowieza Forest. These continuous data, collected
during the monitoring between 2015 and 2021, on the entire area of the BF or on nearly 1000
different types of monitoring plots, come both from traditional measurements in the field,
and from the state-of-the-art remote sensing techniques. Data collected during the ForBio-
Sensing project, obtained by scientific measurement methods, constitute a unique, uniform,
mutually comparable and objective dataset (database) that can be used for management of
the invaluable natural site, the Bialowieza Forest. Already at the initial stage of works, the
Project Managers have been aware of the great value and high potential of the repeated use
of the planned source data set on the forest environment of the Bialowieza Forest in activities
other than project activities. Therefore, they decided to make the data available to all stake-
holders already during the project, with no practical restrictions and the same rules for all.
The data sharing model in the ForBioSensing project, which met most of the requirements
for data repositories created as open access resources, ensured the effective implementation
of the commitment to share and replicate the project results on a scale never seen before in
the Forestry Research Institute. As early as during the implementation of the project, project
data were transferred to other institutions or individuals almost 80 times over 6 years under
licensing agreements. The data generated by the project was not only used in the country,
but also in Europe and worldwide. The transferred data have been used in the practical man-
agement of Biatowieza Forest by the institutions qualified for this purpose (forest districts,
regional directorates of State Forests, the Ministry and Bialowieza National Park). With the
shared databases, scientific institutions conduct research and educational activities and de-
velop the scientific background of many people (numerous master’s theses, doctoral disserta-
tions and post-doctoral theses have been written based on the data). The project’s data is used
by non-governmental organizations to monitor the state of nature, underlies the publishing of
popular science journals, and is part of a global network for the exchange of data that forms
the basis for assessing the global natural environment status. Each of the licences (the legal
basis on which the data was provided to the licensees) had a clearly specified purpose of the
transferred resources. Therefore, it can be concluded that the project data ensured that the
project results were reused or replicated in nearly 80 applications even before the project
completion and official publications of results. It can be assumed that after the publication
of this monograph and the project results, the number of practical implementations will in-
crease. For a complete list of licences, and the purposes of sharing project data, the scope of
the data shared, and the licensees, see the project website at www.forbiosensing.pl

IV. Summary and suggestions for further actions

Another of the described essential tasks that apply to all the projects co-financed by the
LIFE programme, is networking. Simply put, this is a mandatory, permanent project activity
aimed at sharing project experiences and knowledge with the other beneficiaries of the LIFE
programme. This activity ensures not only a systematic exchange of knowledge but also
mutual assistance and support between the ongoing projects. It is an opportunity to acquire
additional skills, develop project competencies, carry out tasks with a scope broader than one
project and provide synergism and interoperability in the performance of various projects
tasks. Networking activities were actively conducted as part of the ForBioSensing project,
primarily using the following tools:

e meetings with other projects during a series called “LIFE Platform Meeting”,

e participation in LIFE Information Days.

The series of meetings of Polish LIFE projects called “LIFE Platform Meeting” is
a grass-roots initiative of one of the beneficiaries of 2015. During the series, all interested
beneficiaries and representatives of the project co-funding institutions, i.e. project supervi-
sors from the European Commission and the National Fund for Environmental Protection
and Water Management, participated in an annual 2-3 day away meeting in the area of im-
plementation of a project. The meetings were held under a fixed routine. Most often, on the
first day, the platform meeting participants agreed on the issues to be discussed, and then,
the thematic sub-groups discussed key experiences, successes and problems. During discus-
sions at the so-called “thematic tables”, the groups talked about the financial settlement of
the LIFE projects, reporting to supervisory institutions, accounting issues, sustainability of
the project (After LIFE), problems with land purchase, interpretation of legal regulations,
effective communication with stakeholders, good practices in the dissemination of project
results, principles of data sharing, solving substantive problems and more. A given thematic
table was usually led by a project representative with the greatest experience in a given area.
All-day discussions usually ended with a summary of findings and even quite often with
the drawing up a group stance: a common line of interpretation for issues or regulations on
Polish LIFE projects. During the next day’s meeting, the host, a project’s Beneficiary, pre-
sented his achievements and had them assessed by other participants. Representatives of the
ForBioSensing team got fully involved in the discussion every year, between 2015 and 2019,
often leading thematic tables, sharing with the participants the experience gained during the
project and also learning from others. It was a good opportunity to meet other LIFE project
beneficiaries and address many project issues.

Unfortunately, the outbreak of the Sars-Cov-2 virus in 2020 prevented the meetings
from continuing, and the persistent epidemic did not allow them to resume until this publica-
tion was issued. According to the management of the ForBioSensing project, this grass-roots
series of meetings of all institutions that have implemented supervised the Polish LIFE pro-
jects was the most effective way of networking and should be resumed as soon as possible.

Sharing of project experiences within networking was possible on the annual ,,LIFE
Information Day” organized annually by the National Fund for Environmental Protection
and Water Management. The aim of the meeting is to open the annual call for proposals for
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Figure 18.1. The meeting at a “thematic table” in a Platform Meeting in Janéw Lubelski, 2019 (photo FBS)

the LIFE programme at the national level, and to present the funding opportunities offered
by the programme and the general rules for applying for funds under the current call. The
LIFE information day will be attended by representatives of the Executive Agency of the
European Commission (formerly Executive Agency for Small and Medium-sized Enterpris-
es, EASME), the Ministry of Climate and Environment, the NFEPWM and beneficiaries of
the LIFE programme. Apart from project booth teams and members of the National LIFE
Contact Point, representatives of information centres of other European Union and national
institutions were present. The ForBioSensing project has participated in these meetings every
year between 2015 and 2019, taking advantage of the unique opportunity to learn about the
LIFE programme, share experiences with other LIFE beneficiaries, and present the project
activities to a wide range of potential applicants. A stand of the ForBiosensing Project Office,
presenting the latest developments and equipment for observing the natural environment of
the forest, both from the ground and from aircraft or a satellite, as well as unusual promo-
tional campaigns were very popular every year. It was also important to have the unofficial
talks with other Beneficiaries and representatives of institutions supervising the project and
to make new contacts.

IV. Summary and suggestions for further actions

Unfortunately, this form of networking was effectively suspended by the Sars-Cov-2
epidemic, as were the Platform Meetings, changing the format of Life Information Days from
direct to remote and limiting them to the presentation of co-financing opportunities to new
applicants.
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Figure 18.2. The Bialowieza cinnamon rolls - a treat offered at the ForBioSensing stand at the LIFE Information
Days (photo FBS)

Since its operational beginning, the project team has had the pleasure of carrying out
many activities related to the monitoring of the condition of Biatowieza Forest stands and
promoting project activities under the LIFE+ financial instrument. The promotion of the
LIFE Programme is the responsibility of the individual Beneficiaries. The ForBioSensing
project team has fulfilled this responsibility with conviction and pleasure. On several occa-
sions, readers were able to learn about ForBioSensing’s activities related to the LIFE+ pro-
gramme on social media and the project website. The activities included: LIFE+ Anniversary
Celebrations, Information Days and many meetings held with Project stakeholders. Through
personal communication, Project representatives participated in 134 specialist and popular
meetings. This allowed the project itself and the LIFE Programme to be presented to an
audience of over 15,000 people. The logo of the LIFE Programme was constantly displayed
as ForBioSensing tasks were carried out. It was seen on measuring devices, documents, and
promotional gadgets. At each of the meetings, the ForBioSensing activities were promoted
and the importance of the LIFE+ funding instrument was highlighted.

A special opportunity to promote the LIFE Programme came in 2017, during the cele-
brations of the 25th anniversary of this form of funding of nature projects. On this occasion,
the ForBioSensing project provided information about the anniversary and presented the
programme itself, including some unusual forms of promotion. As in the popular saying ,.the
way to a man's heart is through his stomach”, the project staff provided refreshments, namely
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sweet cinnamon buns from Biatlowieza with the birthday logo of the 25th anniversary of
the LIFE Programme and served them to the guests of the LIFE Information Day 2017 and
the participants of the Earth Day at the Mokotowskie Fields in Warsaw. During the event,
a giant postcard was created on which hundreds of people had written their wishes for the
Programme organisers. This postcard was sent to the European Commission.

Since the beginning of the ForBioSensing project, the project management has consid-
ered both content-specific activities and the dissemination of the results, enabling replication
of the results and networking as very important. The dissemination was planned and well
addressed (planned, dedicated role in the project team), resulting in much higher promotional
indicators than planned. How the project dissemination was planned and carried out is de-
scribed in detail in a separate chapter of this publication. The ways in which replication of
project results, data sharing, networking and the dissemination of the LIFE Programme were
ensured are some of the elements of knowledge and experience sharing in the ForBioSensing
project and can inspire the launch of new projects. The performance indicators for the dis-
semination of project results exceed the planned values many times over, and a large number
of licenses related to the provision of data for practical use, are proof of the effectiveness of
the activities in the above mentioned areas of the project.

IV. Summary and suggestions for further actions

19. Project summary

Krzysztof Sterenczak, Damian Korzybski
Forest Research Institute, Department of Geomatics, S¢kocin Stary, 3 Braci Lesnej St., 05-090 Raszyn
{k.sterenczak, d.korzybski}@ibles.waw.pl

This publication is the result of a project that presented a great scientific and organi-
sational challenge. It is the result of the work of a large team of people. At this point we, as
the project management, would like to thank all these people for their dedication, diligence
in the work done and their mutual support. We thank Marta Piwowarska for supporting
the management in monitoring the project progress indicators. We thank Ewa Zin for her
commitment and support in dendrometric work. We thank Rafat Paluch for coordinating the
team from the Department of Natural Forests in Bialowieza. We thank Agnieszka Kaminska
for her support in various statistical analyses, which enabled many scientific works within
the project. We thank Lukasz Kuberski for coordinating the fieldwork and many addition-
al initiatives. We thank Mitosz Mielcarek, who participated in a variety of different tasks
related to spatial analyses. We thank Bartek Kraszewski and Rafat Sadkowski for automat-
ing many analytical processes that enabled comprehensive spatial data analysis. We thank
Matgorzata Bialczak for the analysis and processing of many remote sensing data. We thank
Maciej Lisiewicz for his dedication and constant willingness to take on various tasks. We
thank Zaneta Piasecka for her assistance in many complex spatial analyses, often solving
problems new to her. We thank Aneta Modzelewska for processing hyperspectral data, Ka-
mil Pilch and Agnieszka Bosak for his hard work in the field and in the dendrochronology
laboratory. We thank Adam Szulc for his positive energy and phytosociological work. Karol
Rzeczycki for his hard work in the field and conscientiousness in survey work. We thank
Dorota Rokosz, Magdalena Maciejewska and Zaneta Mtodzianko for their meticulousness
and accuracy in performing very responsible tasks related to the financial management of
the project. We thank Virginia Duranowska and Olga Jasinska for the excellent promotion
of the project and dissemination of its results. We thank Tomek Zygmont for his participa-
tion in the scripts of the films made within the ForBioSensning project. We thank Krzysztof
Szytak and Pawet Sanczyk for their assistance in meteorological analysis. We thank Re-
nata Wilkowska for her photogrammetric analyses. We thank Kamil Kedra for his insight
and meticulousness. We thank Maja Sadkowska, Dorota Raczkowska-Paluch, Ania Mark-
iewicz, Sylwia Kurpiewska, Maciej Kobielski, Monika Gutman, Anna Adamczyk, Tomasz
Strakacz, and Ewa Klopocka for their administrative, personnel, and organisational work
for the project, including execution of many procurement contracts. We also thank Radek
Batazy, Adrian Wasiluk, Agata Satachewicz, Stawomir Mioduszewski, Michal Androsiuk,
Krzysztof Gaszewski, Grzegorz Ledworuch, Bartosz Piekto, Jakub Stowik, Anna Biato-
myzy, Janusz Pawlowski, Ariel Cybula, Krzysztof Socha, Bartlomiej Kusal, Pawel Nowak,
Ewa Siedlarczyk, Benedykt Gorecki, Marek Raniszewski, Piotr Kwiatkowski, Rafat Barto-
sz, Michat Jedlinski, Sebastian Bury, Hubert Jakoniuk, Monika Dudko, Paula Catusinska,

369



Karolina Parkitna, Kazimierz Borowski, Janusz Czerepko, Dorota Dobrowolska, Wojciech
Gil, Andrzej Boczon for their contribution and involvement in the implementation of the
project tasks.

Our special thanks go to the people who supported the project with various voluntary
actions. During the seven years of the project, there were several dozens of people who de-
voted their free time to the project, from a few hours to several months. As a rule, these were
people who were at the beginning of their careers and brought a lot of positive energy and
commitment. Their commitment, creativity and dedication can be a role model to follow.

The ForBioSensing project had many goals. One of them was to widely publicise the
activities carried out under the project. A major success was that the project’s data and results
were used nearly 80 times in practise and science. Such a large number of implementations
of the project results would not have been possible without the support of the Steering Com-
mittee. The composition of the Steering Committee was broad and consisted of:

e Director of the Forest Research Institute

e Deputy Director General of the State Forest National Forests Holding

e Director of the Forestry and Hunting Department of the Ministry for Climate and Envi-
ronment

e Deputy Director of the Bureau for Forest Management and Geodesy, Branch in Bialy-
stok

e Head of the Department of Forest Silviculture, Faculty of Forestry, Warsaw University
of Life Sciences

e Head of the Department of Forest Management Planning and Forest Economics, Faculty
of Forestry, Warsaw University of Life Sciences

e Director of the Mammal Research Institute, Polish Academy of Sciences, Bialowieza
e Director of the Regional Directorate of State Forests in Bialystok

e Director of the Regional Directorate for Environmental Protection in Bialystok

e Director of the Bialowieza National Park

e Head of the Biatlowieza Forest District

e Head of the Hajnowka Forest District

e Head of the Browsk Forest District

e Governor of Hajnowka district

e Mayor of the Commune of Bialowieza

e President of the Polish Forest Association, Branch in Biatystok

e Director of the "Bialowieza Forest" National Park
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e President of the Polish Society for Bird Protection
e President of the Board of the League for Protection of Nature
e Member of the association SANTA Defence of the Biatowieza Forest

e Dean of the Faculty of Civil Engineering and Environmental Sciences, Bialystok Uni-
versity of Technology

e Program Director, Greenpeace Poland Foundation
e Director of the Coordination Centre for Environmental Projects

e Head of the LIFE Department of the National Fund for Environmental Protection and
Water Management.

At this point, we would like to thank the Steering Committee for their support in imple-
menting the project tasks and informing us of the current needs, which enabled the delivery
of products that are used by many project participants in their daily work.

In addition to project activities, there has been a flurry of publication activity aimed at
developing methods for monitoring forest complexes using remote sensing data. As a result
of the high activity of the project team, as well as the established collaboration with various
scientists, the project published dozens of scientific papers in the best journals (27 scientific
papers in journals such as: Nature, Nature Communications, Proceedings of the National
Academy of Sciences, Remote Sensing of Environment, Forest Ecology and Management,
Remote Sensing, Forestry: An International Journal of Forest Research, International Journal
of Applied Earth Observation and Geoinformation, Scientific Data, International Journal of
Remote Sensing and Forests). At this point, we would especially like to thank Stanistaw
Miscicki, Yousef Erfanifard, Marco Heurich, Fabian Fassnacht, Gaia Vaglio Laurin, Alex
Olpenda, Mats Niklasson, Hooman Latifi, Laura Duncanson, Tomasz Oszako, Justyna
Nowakowska, Niklaus E. Zimmermann, and Dmitri Schepaschenko.

Our special thanks go to the project coordinators/tutors at the co-funding institutions.
Throughout the project, there has been constant, intensive and exceptionally constructive
cooperation with the project supervisor at the European Commission, Mr. Zbigniew Ka-
raczun. Thank you for your understanding and openness to our suggestions in connection
with the ongoing response to various questions that arose during the project. Thank you for
being an ,,ambassador” of our matters during contacts with the European Commission. From
the recipient’s perspective, this has undoubtedly been exemplary cooperation. An equally
constructive and effective cooperation continued with the guardians of the project in the Na-
tional Fund for Environmental Protection and Water Management, namely: Marta Wronka,
Radostaw Domagata, Matgorzata Tomaszewska, Andrzej Muter and Leszek Joskowiak. We
would like to thank these people for their support in solving issues, trust and at the same time
joint control over the correct use of public funds and the course of the project. Thank you for
sharing your valuable experience from other projects with us. Despite the fact that the above
coordinators were mainly in charge of supervising the beneficiary to carry out the project cor-
rectly, the project management had full confidence that they could count on their help in any
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situation. Together with the Steering Committee, you were undoubtedly an important part of
the ForBiosensing project management team.

Managing the complex ForBioSensing project, including working with the above-men-
tioned large team of stakeholders, numerous institutions and interlocutors, is a challenging
and responsible, but also rewarding task. Project management roles and persons: Project
Manager - Krzysztof Sterenczak, Deputy Project Manager, Administrative Manager - Da-
mian Korzybski would like to express their sincere gratitude to each other for the long and
seemingly fruitful cooperation in managing the ForBioSensing project. Willingness to man-
age the project in the best possible way, especially respect for the people working on it,
countless joint meetings, discussions, disagreements, common solutions to difficult project
issues, striving for mutual understanding, shared responsibility, synergy of various skills and
experience and different personality traits have enabled the management to lead the ForBio-
Sensing project to its upcoming positive conclusion.

We are convinced that the experience and knowledge gained in the ForBioSensing
project will bear fruit in many ambitious undertakings in the future. Once again, the project
management would like to thank all participants for their efforts and dedication. It has been
an honour and a pleasure to work hard together.

The ForBioSensning project will end in April 2022, but the image of the Polish part of
the Bialowieza Forest will be preserved and archived in the data, information and knowledge
gained and created by the project. We hope that future users will appreciate the quality and
dedication of the entire ForBioSensing team and that the results of the project will contribute
to further understanding of the processes taking place in the Polish part of the Biatowieza
Forest now and in the future.

IV. Summary and suggestions for further actions

20. Attachments

1. Map of monitoring plots

As a part of the project, 685 monitoring plots (including 355 located in a uniform grid
of 1300 m squares), 320 gap test plots and 15 spruce plots were established in Biatowieza
Forest. They form the basis for multi-year, comprehensive monitoring of the dynamics of the
forest stands. More than a dozen different biometric characteristics of the trees were meas-
ured (including height and diameter at 1.3 m from the ground). Forest regeneration, i.e. the
emergence of the new generation of trees, was also inventoried and analysed. The established
monitoring plots represent the entire variability in the habitat and stand conditions of Biatow-
ieza Forest. Measurements were taken three times, i.e. in 2015, 2017 and 2019. The aim of
the field work was to determine the condition of the forest stands and to collect comparative
(reference) materials for data acquired using remote sensing methods.

2. Map of threat posed by dead trees standing along communication routes

The map shows the threat posed by standing dead trees located near transport routes.
The map was produced based on remote sensing data acquired in 2019 (airborne laser scan-
ning data and high-resolution aerial imagery) and GIS data in the form of a vector layer
depicting the road network in the Bialowieza Forest (with a total length of over 1000 km).
On the basis of available data, a methodology was developed for classifying the risk caused
by dead trees standing in the immediate vicinity of traffic routes. Red indicates high risk
(category 1), yellow indicates medium risk (category 2) and green indicates no risk from
standing dead trees (category 3). The developed method can provide valuable support in de-
cision-making process for administrative units of forest complexes, where mass tree dieback
occurs. Details of the methodology are described by Sterenczak et al. (2017).

3. Tree species composition map

One of the basic and crucial information about a forest stand is its species composition.
The use of airborne hyperspectral data makes it possible to obtain spatially continuous infor-
mation on tree species in the area of investigation. The high informativeness of these data and
the application of machine learning algorithms for classification made it possible to develop
a map of the dominant tree species in Bialowieza Forest. Seven classes were distinguished,
including the most common species (pine, spruce, oak, hornbeam, alder, lime and birch) and
the class ,"other". The map presented here is based on hyperspectral imaging acquired in
2019. Details of the methodology are described by Modzelewska et al. (2020).
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4. Dynamics of tree dieback

The dieback of spruce (Picea abies (L.) H. Karst), which is caused, among other things,
by bark beetle (Ips typographus) gradation, is a dynamic process and cause significant chang-
es in forest stands. The integration of multiple remote sensing data sets gives the opportunity
for non-invasive observations of this phenomenon in a broader perspective - for the entire
area of Bialowieza Forest. Maps of the occurrence of dead spruce trees in 2015-2019, were
compiled using multi-temporal remote sensing data: airborne laser scanning, airborne hyper-
spectral imaging, as well as satellite and airborne multispectral imaging. Classification was
performed on the basis of values from individual spectral channels and vegetation indices.
The classification results were integrated with segments representing the crowns of individu-
al trees, which were generated from the Crown Height Model. The changes that occurred in
each year of the project were analysed, and the map presented here illustrates the increase in
the number of dead trees in the forest subcompartments between 2015 and 2019.

5. Map of deadwood volume in Bialowieza Forest

The positive role of deadwood in nature is unquestionable. Deadwood fulfils many
important functions in forest ecosystems, including being an important part of the nutrient
cycle, providing a habitat for many species of fungi, plants and animals, and protecting the
soil. Field measurements carried out on monitoring plots also provided data on the amount
of deadwood. The conducted measurements recorded locally high volume of deadwood. In
2019, approximately 60% of the sample plots had dead wood volume values above 100 m?
ha!. This map shows the amount of dead wood in the sample plots recorded in the 2019.

6. Map of forest health status

One of the most important information about a forest stand is its health status. The use
of aerial hyperspectral data allows, the calculation of Normalised Difference Vegetation
Index (NDVI) and Normalised Difference Water Index (NDWI). The resulting map presents
the health status (NDVI index) of Biatowieza Forest stands calculated from hyperspectral
imaging acquired in 2019.

7. Map of forest communities of Bialowieza Forest

This map is the first attempt to delineate the forest communities of the Biatowieza
Forest on the basis of the latest remote sensing and ground data. The classification of for-
est communities according to J.M. Matuszkiewicz (2008) was applied, according to which
phytosociological relevés derived from the materials of the natural and cultural inventory of
Bialowieza Forest were identified in terms of actual and potential vegetation. In the process,
12 forest communities with a very diverse representation were recognised, with the lime-oak-
hornbeam forest predominating. Available remote materials were used for the analysis, in-
cluding airborne laser scanning, hyperspectral data, and GIS data in the form of a vector hab-

IV. Summary and suggestions for further actions

itat map. The accuracy of the map was verified in the field and estimated to be around 70%.
Remote sensing methods had the highest accuracy for alder, riparian and fresh oak-hornbeam
forests (more than 85%) and the lowest accuracy for deciduous and mixed deciduous forests.
Low accuracy was found in the case of replacement forest communities on mixed pine-oak
forest habitats and the collective heterogeneous group of forest replacement communities
LZZ-others.

8. Map of growing stock in Bialowieza Forest

Remote sensing data provides a wealth of information about forest areas. Airborne
laser scanning data was successfully used to obtain quantitative forest data such as number
of trees, basal area and tree height. The information obtained can be used to estimate many
important characteristics of forest stands, e.g. growing stock. The map presented here shows
the volume of living trees in Biatowieza Forest estimated on the basis of remote data acquired
in 2019.

9. Global solar radiation map

One of the factors critical to the growth and functioning of vegetation in the forest is
access to sunlight. Determining the amount of light reaching the forest floor allows us to
understand its impact on changes in the stand, such as the formation of a new forest genera-
tion, called regeneration. Obtaining information on the amount of solar radiation penetrating
beneath the canopy of a stand for a large forest complex is possible through remote sensing.
The airborne laser scanning (ALS) data and hemispheric imaging were used to model the
amount of solar radiation reaching the forest floor. The developed map is the result of imple-
menting solar radiation models for the entire study area for the year 2019.
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