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ARTICLE INFO ABSTRACT
Keywords: In the last two decades, many individual tree detection (ITD) methods have been developed based
Individual tree detection on Airborne Laser Scanner (ALS) data, but their application still has some shortcomings. In
Under-segmentation complex and dense forest stands, the number of tree segments extracted from Canopy Height
Over-segmentation Model (CHM) are frequently over- and under-estimated, reducing the ability to predict stand

Airborne laser scanning

h structure. This study presents the possibility of distinguishing correct from erroneous segments
Random forest

resulting from the ITD methods based on CHM. For this purpoese, three machine learning methods
were tested: Random Forest (RF), Support Vector Machine and k-Nearest Neighbor among which
the RF algorithm gave the best results. Groups of predictors based on segment geometry as well as
structural and intensity metrics from the ALS point cloud were used. From the whole set of
predictors, the ratio of segment perimeter to its area proved to be the most important. Using RF
classifier, it was possible to identify under-segmentation and over-segmentation errors, as well as
correct segments, with high accuracies for training (OA = 87.0% and k = 0.794) and test data
(OA = 85.3 and k = 0.641). Recognition of specific segmentation errors is important in that it can
be used to determine which conditions favour the occurrence of errors and which tree species are
more likely to be incorrectly segmented. Therefore, the study verified the error susceptibility of
individual tree species. This can help improve calibration and development of segmentation al-
gorithms according to the tree species analysed.

1. Introduction

Remote sensing opens new possibilities for operational forest inventories, in particular Airborne Laser Scanning (ALS), which has
been widely used in the last two decades and has contributed to increasing the productivity of local inventories (Neasset, 2007;
Camarretta et al., 2019). With these data, it is possible to obtain information about an individual tree (Hyyppa and Inkinen, 1999).

Individual tree detection (ITD) methods, using ALS data, can be mainly divided into point cloud-based, raster-based in the form of a
Canopy Height Model (CHM) and methods that combine both datasets. There are also studies using hybrid techniques that combine
different types of geospatial data with a variety of a priori, e.g. tree shape parameters (Lihivaara et al., 2014), or allometric information
(Swetnam and Falk, 2014). By 2015, practically two third of all ITD methods using ALS data were based on a raster (Zhen et al., 2016).
However, in recent years, research has focused more and more on using the distribution of the whole point cloud in segmentation
process (Vega et al., 2014; Ayrey et al., 2017). Methods combining both raster and ALS point cloud spatial distribution are also being
developed (Yang et al., 2020). There are also studies that have investigated full-waveform ALS systems for individual tree detection
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The 2018 European heatwave led to stem
dehydration but not to consistent growth
reductions in forests

Heatwaves exert disproportionately strong and sometimes irreversible impacts on forest
ecosystems. These impacts remain poorly understood at the tree and species level and
across large spatial scales. Here, we investigate the effects of the record-breaking 2018
European heatwave on tree growth and tree water status using a collection of high-temporal
resolution dendrometer data from 21 species across 53 sites. Relative to the two preceding
years, annual sterm growth was not consistently reduced by the 2018 heatwave but sterms
experienced twice the temporary shrinkage due to depletion of water reserves. Conifer
species were less capable of rehydrating overnight than broadleaves across gradients of saoil
and atmospheric drought, suggesting less resilience toward transient stress. In particular,
Morway spruce and Scots pine experienced extensive stem dehydration. Qur high-resolution
dendrometer network was suitable to disentangle the effects of a severe heatwave on tree
growth and desiccation at large-spatial scales in situ, and provided insights on which species
may be more vulnerable to climate extremes.

A full list of authors and their affiliations appears at the end of the paper
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One of the most fundamental guestions in ecology is how many
species inhabit the Earth. However, due to massive logistical and
finandal challenges and tExonomic difficulties connected to the
species concept definition, the global numbers of species, indud-
ing those of important and well-studied life forms such as trees,
still remain largely unknown. Here, based on global ground-
soumed data, we estimate the total tree species richness at global
continental and biome levels. Our results indicate that there are
~73,000 tree species globally, among which ~9,000 tree species
are yet to be discovered. Roughly 40% of undiscovered tree spe-
ces are in South America. Moreover, almost one-third of all tree
species to be discovered may be rare, with very low populations
and limited spatial distibution (likely in remote tropical lowlands
and mountzins). These findings highlight the wulnermbility of
global forest biodiwersity o anthropogenic changes in land use
and dimate, which disproportionately threaten rare species and
thus, global tree nchness.

bicdiversity | forets | hyperdominance | rarity | richnes

In 1994, Robert May (1) provided the optimistic observation
that, by 2044, we would roughly know the current number of
species on Earth. Half of that time period has already lapsed,
and we are still far from that goal. Even for trees, which are
among the largest and most widespread organisms on the
planet (2-6), provide a wealth of ecosystem services for humans
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(7-9), and support much of terrestrial biodiversity (10), we still
lack a fundamental understanding of how many species exist on
our planet (3, 4, 11-13).

A growing body of evidence highlights detaik and mecha-
nisms regarding the biogeographic patterns in tree spedes
diversity, such as the number of species increasing consistently
toward equatorial regions (14-16). With a manageable number
of tuxa, tree species in the higher latitudes are relatively well
characterized. However, if hyperdominance of a small fraction
of speaes in the tropics (17) 15 a general phenomenon, it would
mean that these regions generally harbor a very large number
of rare species, many of which are endemic. The contribution
of rare species to ecosystem services may be relevant and is a
topic of active research (18, 19), but it is challenging as most
remain poorly documented (20-26). Therefore, estimating the
number of tree species is essenbial o inform, optimize, and pri-
oritize forest conservation efforts across the globe, Knowing
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Abstract Airbome Laser Scanning (ALS) technology can be used to identify features of terrain rebief in
Forested areas, posaibly leading to the discovery of previously wiknow n ancheeslogical fofuments.
Spatial interpretation of numerous objects with various shapes and sizes s a difficult challenge
for archaeslogists. Mapping structumes with nmltiple elements whose area can exceed dozens of
hectams, swch as ancient agricultural field systems, is very time-consuming. These archaeological
sites are composed of a large mumnber of embanked fields, which together form a recognizable spatial
pattern. Image dassification and sepmentation, as well as object recognition, ame the most important
tasks for deep learming newral networks (DLNN]} and therefore they can be used for automatic
recognition of archaeological monumenta. In this study, a U-Net newral network was implemensed
to perforn semantic segmentation of the ALS-derived data mcluding (1) anchaeological, (2) natural
and {3) modern features in the Polish part of the Biakowieza Forest. The performance of the U-Net
segmentation model was evaluated by measuring the pixel-wise similarity bebwesn ground trouth
and peedicted segmentation masks. After 83 epochs, The Dice-Sorensen coefficient (F1 score) and
the [ntersect Over Unicn (lol) metrics were (.58 and 0.5, mepectively. The loU metric mached a
valuwe of (.41, 062 and 0.62 for the ancient feld sy stem banks, ancient field system plots and burial
enouinds, mepectvely The mesults of the U-Net deoe p kamming sodel proved very usehul in se tantc
segmentation of images derived from ALS data.

Keywords: deep neural networks; convolutional newral network; U-Net; ancient field systems; Celtic
fields; Polish part of the Biabowieza Forest; UNESCO World Heritage Site; LIDAR; ALS; DTM

1. Introduction

The archaeological heritage of forested areas representing traces of past human activi-
ties remains poorly researched and inventoried. Conducting an archaeological imventory
is limited by available esearch methods. In recent years, Airbone Laser Scanming (ALS)
technology has greatly increased the chance for discovering archaeclogical objects in these
areas. In Poland, forests cover over 30% of the country’s territory and the ALS data of the
[50K system (Informatyceny Systemn Ostony Kraju) cover the entire national erritory:

The most common method of detecting archaeological objects in forested areas is
their visual recognition and identification based on ALS data processing.  Techniques
based on manual labelling and geomefeencdng of objects require a lot of desk work and are
very time-consuming, Thenefore, the process of ALS data analysis has been supported by
human-supervised procedures for semi-automatic or automatic recognition of potential
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Abstract Individual tree detection algorithms (ITD) ae used to obtain accurate information about
trees Following the process of individual tree detection, it is possible touse additional processing
tools to determine tree paraneters such as tree height, crown base height, crown volume, or stem
volume. However, many of the methods developed so far have forused on parameterising the
algorithms bagsed on the study area, height structure or tree species analysed. Applying the parameters
of the method can be challenging in arzas with dense and heterogenecus forests with a diverse stand
structure. Thepefons, this work aimed to develop a method to cormect the resulls of ITD algorithms o
identify individual trees mone reliably, taking inbo sccount different [TD methods based on the Canopy
Height Model In the present shady, we proposed a three-ssep approach to cormect segmentabion emors.
In the: firat sbep, ervoneons (uider- and over-segienttion erron) and comect segients wens classified.
After classification, the second stepwas to refine the under-segmentation errors. The final step was
b meerge segments from the over-segmentation class with cormect segments based on the specified
conditions. The stady was conducted in one of the most complex and diverse fomst conmusiities in
Europe, making tree identification a major challenge. The accuracy of the segmentation improvements
varied depending on the method applied and tree species group examined. Thus, based on the results,
the paper advocates for the cormection method due to its efficency in mixed forest stands. Thenafore,
the present study offers a possible solution to eduwce segmentation @ rrors by conside ring diffe et
forest bypes and different CHM-based ITD methods for identifying individual trees

Keywords: individual tree detection (TTDY; ermor cormection; unde r-segmentation; over-segmentation;
canopy height model (CHM]; airborne laser scanming (ALS)

1. Introduction

Ower the past decade, the kerm “predision forestry” has become increasingly popular.
It emcompasses the use of information technology, analy tical tools, and a broad dataset to
support decision-making processes related to economic, ecological, and sustainable aspects
of fomrest management [1-3].

Since the beginning of serial photography use for forest imventories in the 1950s,
remote sensing has supported fomest surveying and management [4]. Techniques for
the efficient acquisition of precision remote sensing data have developed rapidly over
the last two decades. Nowadays, high-resolution geographic information and remote
sensing data are believed to be directly related to the comcept of precision forestry [5].
Currently, one technology with great potential for forest inventory is aircraft-mounted
LidAR (Light Detection and Ranging, Airbome Laser Scanner—ALS). The use of ALS
data allows the measurement or modelling of a selected tree and stand characteristics
such as tree height [67], tree density [8], crown base height [9], crown volume [10], stem
volume [11,12], or aboveground biomass [13]. Presently; it can be noted that traditional
forest irventories, although time-consuming and expensive, ame essential for planning
future forestry activities and documenting events [14].

Remote Sems. NOFF, 14, 1622 hitpe / / dolorg) 103390, re14081622
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sensing data
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ABSTRACT

The aim of this study is to estimate the arca with forest vegetation that does not yet meet the
criteria formulated in the FAOQ/UN definition {minimum height 5 m, minimum canopy cover
10%, minimum area 0.5 ha), but will potentially meet them in the future (5 years or more,
depending on the individual site conditions), which means that (according to the definition)
they also represent forest areas. The study was conducted in the Bialowicia Glade, Tree species
were classified individually and then divided into two groups: those thar will reach a height of 3 m
in the future and those that will not {grey willow, hawthorm). Hyperspectral (reduced wich MNF
transformation) and ALS-based features were used for classification with the SVM algorichm.
Classification accuracy based on ALS data was better than thar of hyperspectral data for indi-
vidual species but similar for the two species groups — 93.5% (Kappa 87.3%). Information about
species and height was used to perform the classification of a fishnet layer into ‘forests’, *potential
forests” and ‘non-forests”, with an accuracy of 96% (Kappa 87.7%). A map of forests and potential
forest vegetation was created in the form of a thematic map, taking into sccount height, canopy
cover, area of the complex and land use. This study provides new solutions in the context of cli-
mate change, deforestation and the need for reporting the forest area by individual countries

(including Poland) to the FAO/UN,

KEY WORDs
species, classification, hyperspectral data, ALS data, potential forest area, reporting, FACQYUN forest definition

Introduction

Globally, there are various forest definitions. Some of them are formulated in national laws, others
are international. The differences in forest definitions resule from the different characteristics
of forest vegetation around the world and the different forms of land use and forest management
(Put and Redford, 2009). There are also economic and political reasons why different countries
consider certain areas to be forests (Sasaki and Purz, 2009). Poland (like many other countries)
is required to its report forest area to the Food and Agriculture Organization of the United Nations
(FAQ/UN). For details, see the forest definitions of the 1991 Forest Act and the FAQ/UN
(Forest Resources Assessment 2004, 2007, 2012; Table 1). Post-agriculrural areas with forest
succession, which have not been officially reclassified from agricultural to forest lands, are not
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ABSTRACT

Information on stand characteristics is of great importance for forest inventory, management and
conservation. For more than two decades, Airborne Laser Scanning (ALS) data have enabled
remotely sensed estimation of forest stand attributes. Two main approaches are used o estimate
biometric forest attributes using Aitbome Laser Scanning (ALS): the area-based approach
(ABA) and individual tree detection (I'TD). So far, the ABA method has been much more com-
monly used in forestry, as it requires only point cloud metrics. However, with the requirement
for precise height information and the development of I'TD methods, it is increasingly used to
estimate tree biometric characteristics and stand attributes. With this in mind, this study
assessed the impact of an I'TD comrection method based on the Canopy Height Model (CHM)
on the estimation of forest characteristics such as tree densicy and average tree height. The three-
-step commection method first classifies erroneous segments from ['TD methods, which are then
refined. In this study, two ITD methods were tested and their results subsequently corrected
on a diverse forest area within Bialowicia Forest in Poland. In general, more accurate estimates
of stand attributes were obtained using the Local ITD method developed in this study area,
while correction procedure produced greater improvement using the basic I'TD method, which
is a marker-controlled watershed with a kemnel size of five pixels (MCWS 5x5). Both I'TD meth-
ods were reliable for estimating tree density for deciduous trees. The cormrection worked most
reliably for estimating tree density with both methods for the area consisted of deciduous trees,
while it was most reliable for estimating average tree height with the Local method for the
deciduous trees and with the MCWS 3x3 for the conifers. The results indicate that correction
improved 1'TD estimates of stand characteristics, but this varied with species groups, tree heighe
and amount of height varation. Therefore, further development of I'TD methods is advisable,
as estimating stand attributes using ALS at the individual tree level offers possibilities for improved
forest management.

KEY WORDs

Airbome Laser Scanning, average tree height, Individual Tree Detection, parameter estimation, wee density
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Analysis of the level of knowledge of the local community about Bialowieza
Forest
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SGGW, Warsaw, Poland
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* Forest Research Institute, Diepartment of Geomatics, Sekocin Stary, 3 Braci Lednej St., 05-090 Raszyn, Poland:

Abstract: The research focused on ecological awareness and knowledze regardmg the Bialowieza Forest,
conducting two swvey studies m 2015 and 2022, The analysis covered ecological awareness, knowledge of forest
stands, project awareness, and opinlons on government decisions. The local commumity exhubited an average
knowledze level, accompanied by a notzble decline in ecological awarensss. A swprising discovery was the
increased knowledse among tounists, contrasting with ecologists who emerged as the most well-mformed group.
The study also assessed the mmpact of government decisions, drawing conclusions from data gathered across
vanous respondent groups. The findings underscored the nuanced dynamues of ecological awareness withn the
community, ughlishting the need for targeted educational mtiatives and fostering environmental consciousness
among the local populaton. Furthermore, the fluctuating awareness levels among different groups emphasized the
importance of tailored strategies for effective commmunication and outreach. The research contributes valable
msights info the evolving landscape of ecological awareness and kpowledze, shedding Light on areas for
improvement in environmental education and conservation efforts in the context of the Bialowiesa Forest.

Egy words: ecological awareness, Bialowieda Forest, swrvey studies, envirommental education

INTRODUCTION

The Bialowieza Forest is a compact forest area located in two countries - Poland and
Belarus. In total, it covers an area of 141,885 hectares. The Bialowieza Forest, which has existed
for at least 12,000 vears, has been protected since at least the 14th century. Various forms of
protection of the Bialowieza Forest, applied for centuries, have made it possible to preserve the
continmity of natural processes with little human influence on the forest. The area of the
Bialowieza Forest, included in the World Hentage List UNESCO, 13 considered the last forest
with natural featores in the lowland areas of Europe. (Niklasson et al 2010; Samojlik 20035).
The possibility to study the natural environment of the Biatowieza Forest, which is considered
a reference point for other forest areas in Europe, is of great importance for science. The high
importance of this area is evidenced by the very large mumber of scientific articles on the forests
of the Bialowieza Forest (Jaroszewicz et al 2019). The Bialowieza Forest 1s a unique area for
long-term biodiversity research. Many years of aviofavna observations have been conducted
(Tomiatoje and Wesolowsk 2004; Wesclowsks 2007). research on the ecolegy of mammals,
including bisons and wolves (Samejlik at al 2017; Smith et al 2022; Bramorska et al 2023), and
sites of rare species have been discovered (Gawrys. Szule, 2017; Gunszt et el 2022). Most
importantly, the forests of the Bialowieza Forest are of fundamental importance for the study
of the natwral envirenment of the forest (Jaroszewicz at al.2019). For almost 200 years.
numerous scientific papers have been published on various aspects of forest management, in
which scientists observe and describe the natural processes occurring in the the Bialowieza
Forest, enabling their introduction in the context of forest management in the rest of the country
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An assessment of the habitat
preferences of European bison

with airborne laser scanning data

in forest ecosystem

Daniel Klich™, Krzysztof Sterenczak?, Maciej Lisiewicz?, Maria Sobczuk?®,
Angelika Mieszata® & Wanda Olech®

Research on habitat preferences is an important part of contemporary ecology. For the European
bison, the classic approach to distinguishing habitat features is still being followed, but the limitations
of this appreach cannot provide the standard features of optimal habitats for this species. The study
consisted in comparing analyses of the habitat preferences of European bison that were based on
either classic forest typolegy (habitat types) or airborne laser scanning data. The data for these
analyses were cellected from telemetry collars on Evropean bison in Biatowieza Forest. The model
based on airborne laser scanning features presented better parameters (percent of correctly classified
cases and ROC) than the model based on habitat types. The results show that it is possible to find
vniversal indicaters of European bison's preferences that are independent of local forest classification
methodelegy. The indicators used suggest that Evropean bison have a preference for forest habitats
with low canopy cover and a small share of woody plants in the lower parts of the forest. Low canopy
cover itself is not necessarily beneficial for Evropean bison. Our study also indicates that airborne laser
scanning is also useful in the assessment of habitat svitability for European bison in forest ecosystems.

Research on habitat preferences is an important part of contemporary ecology that arises from the need to under-
stand the life demands of animals in a spatial context'. This is of particular importance for species management
and conservation (e.g.,”) because proper recognition of optimal habitats helps in the effective conservation
and reintroduction of a given species (e.g. ). In the case of protected species, habitat quality assessment is of
particular importance when launching reintroduction programs, which incur significant costs and effort. One
such species is the European bison (Bisen benasus L.), for which conservation activities have been carried out
since the restoration of the wild population®.

Classic methods (similar to those wsed for other large mammals) of assessing the presence of animals {direct
observations, tracks, feces) were the basis of the first assessments of European bison’s habitat preferences. The
habitat features that were chosen for analysis were mainly taken from forest maps, i.e., forest nomenclature was
used. Borowski and Kossak” found that about 75% of ohservations of European hison scourred in deciduous and
mixed forests, but the study was performed without reference to available habitats. Howewver, Krasinski® indicated
that European bison primarily preferred mixed forests, followed by deciduous forests, and then alder and conif-
erous forests. In subsequent studies, Krasiriski et al? found that European bison visited deciduwous forests (55%)
more ofien than coniferous forests (42%) in the Polish part of Bialowieia Forest; however, in the Belarusian part,
75% of observations occurred in coniferous forests. Daleszceyk et al.', observed a change of habitat utilization
by Furopean bison over time: the use of coniferous forests decreased, while the use of deciduous forests and
alderwoods increased. In mountains (Bieszczady), Furopean bison preferred various habitat types, depending
on the season. Wotoszyn-Galeza et al."! found that, in winter periods, European bison preferred deciduous and
mixed forest areas located at lower altitudes above sea level; however, in the growing season these animals were
much more likely to stay in coniferous forest areas with a low canopy cover. Other studies have indicated that
European hison have a preference for coniferous stands'>", Kuemmerle et al." showed that each European
bison population’s preferences for particular types of habitats differed significantly. These results suggest that
the standard features of optimal habitats for the European bison are still unknown. Kerley et al."® indicates open

Department of Animal Genetics and Conservation, Warsaw University of Life Sciences, Ciszewskiego 8,
02-786 Warsaw, Poland. ‘Department of Geomatics, Forest Research Institute, Sekocin Stary, 3 Braci Lesnej 5t.,
05-0%0 Raszyn, Poland. ““email: daniel_klichiZsggw.edu_pl
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Understanding what controls global leaf type variation intreesis crucial for
comprehending their rolein terrestrial ecosystems, including carbon, water
and nutrient dynamics. Yet our understanding of the factors influencing
forest leaf types remains incomplete, leaving us uncertain about the global
proportions of needle-leaved, broadleaved, evergreen and deciduous
trees. To address these gaps, we conducted a global, ground-sourced
assessment of forest leaf-type variation by integrating forest inventory
datawith comprehensive leaf form {broadleaf vs needle-leaf) and habit
{evergreen vs deciduous) records. We found that global variation in leaf
habit is primarily driven by isothermality and soil characteristics, while leaf
form is predominantly driven by temperature. Given these relationships,
we estimate that 38% of global tree individuals are needle-leaved evergreen,
29% are broadleaved evergreen, 27% are broadleaved deciduous and

5% are needle-leaved deciduous. The aboveground biomass distribution
among these tree types is approximately 21% (126.4 Gi), 54%(335.7 Gt), 22%
(136.2 Gr) and 3% (18.7 Grt), respectively. We further projectthat, depending
on future emizsions pathways, 17-34% of forested areas will experience
climate conditions by the end of the century that currently supporta
different forest type, highlighting the intensification of climatic stress on
existing forests. By quantifyving the distribution of tree leaf types and their
corresponding biomass, and identifying regions where climate change will
exert greatest pressure on current leaf types, our results can help improve
predictions of future terrestrial ecosystem functioning and carbon cycling.

Forest ecosystems, which contain 80-90% of global terrestrial plant
biomass™ and alarge proportion of terrestrial biediversity”, regulate
global biogeochemical cycles, and provide critical ecosystem ser-
vices*, Leaves mediate forest energy and carbon inputs via photosyn-
thesis, respiration, transpiration™*and litterfall™, thereby regulating
ecosystem structure and function, and water, nutrient and carbon
cycles™ . Leaves of trees are highly diverse but can be broadly clas-
sified into four major types on the basis of leafhabit (evergreen vs
deciduous) and form (broadleaved vs needle-leaved). These char-
acteristics are linked to a vast array of functional traits associated
with resource-use strategies and strongly depend on local growing
conditions™ *. Therefore, understanding variation in leaftypes along

environmental gradientsis critical to predicting global bicgeochemi-
cal cycles and ecosystem functioning in a changing world. Yet, we
still lack a global, quantitative understanding of forest leafhabitand
form, informed by field-based observations.

Deciduous tree species evolved to tolerate seasonal climates and
maximize the use of a short growing season'”. They usually have higher
photosynthetic rates™ thanevergreenspecies and reduce transpiratory
waterloss due to respiration by shedding theirleaves during unfavour-
able seasons”. Evergreen trees with longer leaf lifespans, by contrast,
tend to have greaterleaf construction costs™ and lower nutrient cycling
rates™. Growing season water-use strategy commonly differs between
broadleaved and needle-leaved species™, with needle-leaved species

e-mall: haozhl ma@usys.ethz.ch
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Forests are a substantial terrestrial carbon sink, but anthropogenic changesinland
use and climate have considerably reduced the scale of this system', Remote-sensing
estimates to quantify carbon losses from global forests® * are characterized by
considerable uncertalnty and we lack a comprehensive ground-sourced evaluation to
benchmark these estimates. Here we combine several ground-sourced® and satellite-
derived approaches™* to evaluate thescale of the global forest carbon potential
outside agricultural and urban lands. Desplte reglonal variation, the predictions

demonstrated remarkable consistency at a global scale, with only a 12% difference
between the ground-sourced and satellite-derived estimates. At present, global forest
carbon storage Is markedly under the natural potential, with a total deficit of 226 Gt
(model range = 151-363 Gt} Im areas with low human footprint. Most (61%, 139 Gt C)
ofthis potential is Im areas with existing forests, iIn which ecosystem protectioncan
allow forests to recover to maturity. The remaining 39% (87 Gt C) of potential lies in
reglons inwhich forests have been removed or fragmented. Although forests cannot
e a substitute for emissions reductions, our results support the idea® that the
conservation, restoration and sustainable management of diverse forests offer
valuable contributions to meeting global climate and blediversity targets.

Thecontinuing climate and biodiversity crises threaten ecosystems and
human society™". Representing 80-90% of the global plant biomass'
and much of Earth’s terrestrial biodiversity™, forests playa key role in
both climate-change mitigation and adaptation. So far, humans have
removed almost half of Earth's natural forests"*, and we continue to
losea further 0.9-2.3 Gt C eachyear (about 15% of annual human carbon
emissions)through deforestation®. In response to these pressing chal-
lenges, international environmentalinitiatives such as the UN Decade
on Ecosystem Restoration™, the Kunming-Montreal Global Biodiversity
Framework”™ and the Glasgow Leaders” Declaration on Forests and Land
Use™ have been established to reduce deforestation and revitalize eco-
systemns. A key step in guiding such environmental targets is gaining
acomprehensive understanding of the global distribution of existing
forest carbon stocks, as well as the potential for carbon recapture if
healthy ecosystems are allowed to recover™®.

Remaote-sensing observations have been central to the development
of spatially continuous moedels of global forest biomass™™. Building
on these satellite-derived observations, a growing body of research
has begun to use statistical extrapolations to estimate the potential
extent of forest carbon stocks under natural conditions™ . In recent
years, refs. 3,4 combined remote-sensing forest-area estimates with
coarse (ecoregion-level or country-level) carbon-storage estimates to
approximate the global carbon potential. More recently, Walker etal.*
used satellite-derived biomass estimates from natural forested regions
to statistically extrapolate potential forest biomass in the absence of
human disturbance. Despite yielding carbon potential estimates rang-
ing from 200 to 200 Gt C, inherent strengths and weaknesses of each
approach have given rise to uncertainty across studies, with sugges-
tions that these estimates may be up to 4-5 times too high*****, Asa
result, confidence inthe carbon potential of forest ecosystems remains
low. Without anindependent, bottom -up assessment of global forest

carbon potential built directly from ground-sourced data, evaluating
and benchmarking these satellite-derived trends remains challeng-
ing. Owercoming this controversy requires consideration of various
independent approaches to identify the extent of confidence and
unicertainty across different land uses around the world.

Another key challenge inthe development of potential biomass esti-
mates is how to approximate the ‘natural’ state of vegetation stocks.
To do this, recent extrapolations of forest potential have been built
from data collected in protected land” or areas with minimal human
disturbance®. However, a limitation of such approaches is that the
focus on undisturbed areas restricts data toa few regions, which can
bias results towards environments systematically avoided by humans.
Protected areas may, for examiple, often exist in regions of marginal
agricultural value or that possess unique ecological features™. An alter-
native approach toavoid such biasesis to use observations across the
full gradient of human disturbance and then use statistical techniques
to remove the human footprint™. This method has proved successful
in assessing the impact of historical human land use on soil carbon
storage™. By allowing the inclusion of larger datasets across a broader
range of environmental conditions, this approach has the potential
to improve the statistical strength of biomass potential estimates.
Consideration of the results from these different modelling datasets
and approaches will be necessaryto develop a comprehensive under-
standing of the global forest carbon potential.

Hereweused acombination ofindependent modellingapproaches
to generate spatially explicit estimates of potential forest biomass
worldwide. The first set of analyses was based on ‘bottom-up” models
built directly from ground-sourced (denoted GS) aboveground live
biomass estimates from forest inventory data of the Global Forest
Biodiversity initiative (GFBI)®. This was contrasted with three
‘top-downmodels built from the latest satellite-derived (denoted SD),

Abst of authors and thair affisations appears at tha end of tha paper.
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ARTICLE INFO ABSTRACT

FReywordi:
Do camapy cowes [TOCD)
GEDH product validation

Reliable tree canopy cover {TCC) products are vital for national forest inventory, land process modeling and
forest dynamic monitoring. The new generation of space-based lassr altimeter, GEI, offers a three-dimens onal
{30 irsight on the forest structure, shaping the paradigm of strischural variable sstimation. However, the gen

H:Eum exality of newly releassd GEDI level-2 TCC product version 2 was less imvestigated across various forest types.
;:i—'““']’f Additionally, satellite-derived product validation usaally saffers from the geclocation mismatch between satellite

and reference data. In this study, we comprebensively validated the GEDI TOC product across seven forest types
using the reference TOD derived from several public and private aeral LDAR datasets after geographical
registration, and cosly compared with a commonlyased passive satellite product (Le., GFCC TOC)L As the
reference aerial TOC maps were derived nsing various aerial LDAR instruments, we investigatsd the consistency
af TOC estimation amang them using simulation datasets and found that the digribations of TOC relative bias
{hiasR, %) were almost identical and the differences of relative RMSE (fRMSE, %) was less than 0.2%. Through
the registration process, we found that the geclocation offests of GEIH footprints tended to be independent of
aimneth directions and their average was about 10'm, verifying the necessity of registration during the validation
process. Importantly, the postregistration validation of GEDI TOC showed an average BMSE of 0.10 and an
average R of 0LE5 for all forest types, rendting in a decrease of BMSE of up to (115 and an increase of B* af up to
0.33 compared to the pre-registration validation. The inter-comparison alse exhibited improved i 4
between GED] and GPCC TCC products after registration. Further, we found a non-negligible dependence of GETH
TCC on the dope factor but almost independence on forest type, encouraging the spread of GEDI TOC product.

1. Introduction effective we (Moriestie et al | 2006; Pang et al, 2012 Cuillevic et al.,

2014). The advent of 2 new generation satellite lager altimeter, i= |

Satellite-derived products of tree canopy cover (TCC, alzo known 2z
effective canopy cover) offered a wide and spatially-continuous inzight
into land surface dynamics, facilitating the agriculmure, forest, and
ecology applications at regional and global ocales (Darrigues =t al |
2003; Tang et al., 2019 Croft et al., 20200 Unﬂmtanding the ICCUTACY
of TCC products in different forest types iz particularly important for

Global Ecomymtern Dynamicz Investigation (GEDI), providing a 3D
inzight into forect structure at a 25-m footprint level, facilitates explic-
idy tracing the spatiotemporal dynamics of global forect ecogyatema
{Dubayah et al | 2020). Az a foll-waveform light detection and manging
(LiDAR), GED] has great potential for accurately retrieving forest canopy
atructural variables The newly-released OEDI L2B product vemion 2
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A case study of dominant tree species in an old-growth forest
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ARTICLE INFO ABSTRACT

Keywords: Biodiversity assessment and monitoring in old-growth forests (OGFs) is crucial for their effective management
ALS and conservation amongst various natural and human-induced challenges. In the present study, the spatial and
o diversity L temporal species diversity were assessed in the mixed stands of Bialowieza Forest (BF), a renowned UNESCO
-Cr;Rmip:;Teﬁ diversity world heritage site recognized as an OGF. The BF has encountered challenges due to pest outbreaks peaking in
Y diversi;y 2016-2017 with adverse impacts on species composition. Utilizing airborne laser scanning (ALS) and color

Scale-dependent density infrared (CIR) datasets from 2015 and 2019 (prior and following the peak, respectively), 30 variables were
extracted and employed as input for the Random Forest algorithm to identify 14 species of broadleaved and
coniferous individuals at plot levels (458 plots) within the BF. We calculated biodiversity indices (including «, B,
and y diversity), Importance Value Index (IVI), bivariate scale-dependent density of species, and temporal p
diversity indices independently for data acquired from both field observation (FO) and species maps obtained
through remote sensing analysis (RSA). The study found no significant differences in « diversity indices between
the FO and RSA across the BF, however, notable discrepancies existed in species richness. Limited species
detection was attributed to low species frequency and therefore, insufficient reference individuals. Average p and
y diversities from both datasets showed no significant differences. The RSA accurately identified top species and
their changes in terms of IVI. Additionally, the RSA explored scale-dependent density changes of broadleaved
individuals around conifers. Consistency was observed between FO and RSA in identifying dominance shifts from
losses to gains within the BF communities. The comparison of diversity indices obtained from FO and RSA
suggests that the RSA provided comparable results to FO in capturing the diversity of dominant tree species
within the BF, providing a promising approach for advancing our understanding of forest biodiversity in OGFs.

1. Introduction ecological balance, supporting the interconnected web of life. The

complex web of life within these forests creates a rich diversity of spe-

Old-growth forests (OGFs), characterized by their structurally
diverse vegetation and acknowledged as a vital developmental phase
within forest ecosystems, play a crucial role in maintaining not only
regional but also global biodiversity and ecological balance (Linden-
mayer and Bowd, 2022; Martin and Valeria, 2022; Borghi et al., 2024).
They provide a diverse range of habitats, including decaying wood, tree
canopies, and understory vegetation cover that support a wide variety of
plant and animal species. The structural diversity within these ecosys-
tems offers unique environments for numerous species, contributing to
higher overall biodiversity levels. Additionally, they act as reservoirs of
genetic diversity, and their almost intact nature helps maintain

cies, encompassing species that may be rare or even unique to these
habitats (Mosseler et al., 2003; Spies, 2004; Vaglio Laurin et al., 2020;
Gilhen-Baker et al., 2022). Conservation and restoring OGFs is therefore
essential for safeguarding biodiversity and ensuring the long-term
health of forest ecosystems. Furthermore, monitoring biodiversity in
OGFs and understanding the dynamics of their ecosystems is funda-
mental for their effective conservation (Borghi et al., 2024; Watson
et al., 2018), Biodiversity assessment and monitoring in these ecosys-
tems goes beyond the mere enumeration of species; it sheds light on the
role of each species in maintaining ecological balance, explores the
interconnected relationships between organisms, and identifies
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ARTICLE INFO ABSTRACT

Kigpwords: Space-based lacer altimety has revolutionized our capacisy to characterics tarrestrial scosyatems through the
MEE-2 direct obesration of wegetation structure and the terrain beneath it. Diata from MASA™s ICESat-2 mision provide
EBlomass density the firat comprehengive look at canopy structure for boreal forests from space-baced lidar. The objectve of this
E‘rm research was to create [CESat-2 aboveground biomass density (AGED) models for the global entirery of boreal

forests at a 30 m spatial resolution and apply those models to ICESat-2 data from the 30192021 period

Alshough limited in dence canopy, ICESat-2 i the only space-baced laser altimetar capable of mapping vegetation
m.u:rl]iu:nlantujm. Along each [CESar-2 acbit rack, ground and vegemtion height iz captored with additional

[RH)memmonannaSOmahng-m:kupmﬂ:mn]uumwmmmui with and without ground photons.
ACBD model were developed specifically for [CESat-2 segment hovving land cover ao sither Buvergresn Nee
dleleaf or Deciduows Broadleaf Trees, whereas a generalizad boseal-wide A0BD model wag developed for ICES s
2 zegments whooe land cover waz neither. Applying our AGED models to 2 set of over 19 million ICESas-2 ob-
sarvation: yieldsd a 30 m along-track AGED product for the pan-boreal The ability demongtrated herein o
calculate CESat-2 biomass estimates at 2 30 m spatial resolution provides the scientific underpinning for a full
cpatially axplict, global accounting of aboveground biomass.
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The density of wood is a key indicator of the carbon investment strategies of
trees, impacting productivity and carbon storage. Despite its importance,
the global variation in wood density and its environmental controls remain

poorly understood, preventingaccurate predictions of global forest carbon
stocks. Here we analyse information from 1.1 million forest inventory plots
alongside wood density data from 10,703 tree species to create aspatially
explicitunderstanding of the global wood density distribution and its
drivers. Our findings reveal a pronounced latitudinal gradient, with wood in
tropical forests being up to 30% denser than that in boreal forests. In both
angiosperms and gymnosperms, hydrothermal conditions represented by
annual mean temperature and soil moisture emerged as the primary factors
influencing the variation in wood density globally. This indicates similar
environmental filters and evolutionary adaptations among distinct plant
groups, underscoring the essential role of abiotic factors in determining
wood density in forest ecosystems. Additionally, our study highlights the
prominent role of disturbance, such as human modification and fire risk,
ininfluencing wood density at more local scales. Factoring inthe spatial
variation of wood density notably changes the estimares of forest carbon
stocks, leading to differences of up to 21% within biomes. Therefore, our
research contributes to a deeper understanding of terrestrial hiomass
distribution and how environmental changes and disturbancesimpact

forest ecosystems.

Wood density, defined as the dry mass per fresh volume of wood, isa
fundamental functicnal trait which reflects the carbon investment of
trees. Itis closely linked to the life history and functional attributes
of trees, including mechanical and physiological properties'. Wood
density playsa crucial role in determining the competitive ability of tree
species and shapes the compasition, structure and function of forest
ecosystems™ . These dynamics affect the rate of tree mortality® and
wood decomposition’, which are central to how ecosystems respond
toenvironmental changes. Furthermore, the strong link between wood
density and biomass production*” makes it a vital factor in quantifying

terrestrial carbon uptake and storage™ . Over one-third of the total
variationin aboveground biomass intropical forests canbeexplained
by spatial differences inwood density™". Yet, until now, we lack a spa-
tially continuous understanding of the variation in wood density in
angiosperms and gymnosperms that would be necessary for repre-
senting this information in global forest carbon storage estimates.
Inrecent decades, empirical and theoretical studies have identi-
fied a wide range of factors that shape global variation in tree wood
densities, including abiotic variation, biotic conditions, successional
stagesand humandisturbances™™** *, The evolution of wood density

e-mall: idong.mogusys.ethz.ch
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Determination of forest canopy cover of different sized stands with diverse
structure using ALS data: case study of the Bialowieza Forest (Poland)
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ABSTRACT

The need for objective methods to determine tree canopy cover (CC) across large numbers of stands
has led to the development of techniques that utilise airborne laser scanning (ALS) data, which
provides a reproducible and detailed representation of canopy geometry. We developed a method
for determining CC area and evaluated the estimation accuracy for stands of different sizes,
structure and composition. This method is based on tree crown geometries obtained from ALS
data, and verified with field measurements using data for 3245 stands of the Biatlowieza Forest
District in Poland. In relatively large stands (3-5 ha), the theoretical error of prediction decreased
from 0.13 to 0.10 with increasing stand area. In stands larger than 10 ha, however, the error in
estimating CC was less than +0.10. Although every estimation method comes with its own
assumptions and errors, the presented method eliminates the subjectivity in observer bias
prevalent in traditional field-based ocular assessments and provides a more transparent and
methodologically uniform approach for estimating CC in forests.
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Introduction

The efforts to lower operational costs and improve measure-
ment accuracy in forest inventories often drive the search for
new methods to observe tree metrics used in forest stand
descriptions. Information on these metrics is used in the plan-
ning of silvicultural treatments, the inventory of growing
stock volume or, more generally, in the study and modelling
of forest growth and yield. The spatial distribution of trees
and the geometry of their crowns influence the amount, as
well as the spatial and temporal patterns, of light reaching
various layers of the forest stand (Cannell and Grace 1993;
Angelini et al. 2015). This variation in light availability, in
turn, affects key environmental factors such as humidity,
temperature, and soil moisture - effectively creating microcli-
matic differences within the stand (Mitscherlich 1981; Geiger
etal. 2009; von Arx et al. 2012). Furthermore, these changes in
light and microclimate not only shape the internal forest
environment; they also affect the distribution and behaviour
of wildlife communities in and around forests (Hunter 1990).

One of the most important characteristics for describing
forest stands is the degree of coverage by tree crowns —
the canopy cover (or crown cover). Canopy cover (CC) refers
to the proportion of the forest covered by the vertical projec-
tion of the tree crowns (Jennings et al. 1999). Nowadays in
Poland, canopy cover is used as an auxiliary feature in deter-
mining harvesting intensity prior to felling, in conjunction
with the “Tables of intermediate felling efficiency” (IBL
1974). It is also used to formulate economic guidelines for

specific stands, e.g. to determine the urgency of clearing or
thinning, to assess the possibility of initiating regeneration,
to assess the growing conditions of younger tree regener-
ation layers, and to assess the need to increase the growing
stack volume. Forest science professionals use CC to visually
estimate stocking (the ratio between the actual stand and the
optimal stand) and tree density, which supports model pre-
dictions of stand and forest growth (Bruchwald et al. 1996).
Additionally, CC, described numerically, is utilised in remote
sensing methods to determine growing stock volume
(Loetsch and Haller 1964).

Forest canopy cover can be determined in two ways. First,
the degree of cover is given based on the form of horizontal
contact of tree crowns and the estimate of how many new
crowns would fit into the open spaces. CC determined in
this way is qualitative in nature. Such a method is used in
forest management in Poland, but it has also been used to
describe sample plots in large-scale inventory scenarios, e.g.
in Switzerland (Zingg 1988). The second is to determine the
part of the forest stand area covered by the vertical projec-
tions of the tree crowns (Avery and Burkart 1994).

Among the most popular field-based methods for obtain-
ing information on crown geometry include visual assess-
ments using a canopy scope (Brown et al. 2000; Chmura
etal. 2016) and using hemispherical images (Valverde and Sil-
vertown 1997; Strzelinski 2006). In forest inventories, a sur-
veyor most often determines CC in the field by ocular
estimation of the portion of the sky hemisphere that is occu-
pied by tree crowns (Pawtowski 1977). The surveyor generally

CONTACT Wiktor Tracz @ wiktor_tracz@sggw.edu.pl @ Institute of Forest Sciences, Warsaw University of Life Sciences, Nowoursynowska 159, 02-776 Warsaw,

Poland
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The emergence of alernative smble states in forest systems has significant
implications for the functioning and structure of the temestrial biosphere, yet
empirical evidence remains scarce, Here, we combine global forest biodi-
versity observations and simulatons to test For alternative stable states in the
presence of evergreen and deciduous forest types. We reveal a bimodal dis-
tribution of forest leaf types across iemperate regions of the Northern
Hemisphere that cannot be expliined by the environment alone, suggesting
signatures of alternative forest states. Moreover, we empirically demonstrate
the existence of positive feedbacks in tree growth, recruitment and mortality,
with trees having 4-43% higher growth rates, 14-17% higher survival rates and
4-7 times higher recruitment rateswhen they are surround ed by trees of their
own leaf type. Simulations show that the observed positve feedbacks are
necessary and sufficient to generate alternative forest states, which ako lead tw
dependency on history (hysteresis) during ecosystem transidon from ever-
green o deciduous forests and vice versa, 'We identify hospots of bistable
forest types in evergree mdeciduous ecotones, which are likely driven by soil-
related positve feedbacks. These Andings are integral to predicting the dis-
tribution of forest biomes, and aid o our understanding of biodiversity, car-
bon wrnover, and terrestrial climate feedbacks.

Altemnative stable states exist in ecolsgical, climatic, and social
systens . Insuch systems, feedbacks maintain the state of the system
unbess gradusl forcing or peror bations become oo lange and cause
abrupt, critical transitions between Rable states®. An important
excample of altemative biome sttes is the forest versus savanna dis-
tinction, whereby fire feedbacks play a key rde in maintaining one of
the aodher sme'”. Yet, it remains unclear wivether different tree fume-
tiical growps form a loernati ve stable seate s within forest sytems, and

what feedbacks might drive them, limiting our capacity to predictstate
chamges that affect verrestrial carbon nrmover, water dynamics and
mutrient cycling®.

Fosrests are either deciduous of ever green of a mix of the two’, and
the distribution of these forest leal types underlies dynamic ghobal
vege tation models™ T, Deciduous trees that shed all leaves during
unfavorable periods differ from evergreen trees in a variety of ecolo-
gically- and climaterelevant leal traits, such a5 lile span, nutrient

A full st of afflistons appears ot the and of the paper. *A st of suthors and their sffilisSons appaars at the end of the jpeper.
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Abstrack The ash divback epidemic, caused by the fungus Hymenoscyphus fraxineus, has
been a significant 1ssue in Europe for over 20 vears, severely affecting ash tree populations
(Fraxinus excelsior L.). In the Bialowieia Forest, ash trees now represent bess than 1% of the
spocies composition, with a sharp decline observed over the past several decades. This
study aims to map the dynamics of ash mortality in the Bialowieza Forest and assess the
influence of habitat and stand factors on the severity of mortality. We utilized bi-temporal
high-mesolution remote sensing data from 2015 to 2019 o track the decline of ash tees and
to identify factors affecting mortality. The analysis employed a combination of Boosted
Regression Trees (BRTe) and hotspot analyses. Our results show that between 2015 and
2019, 29% of the living ash trees in the canopy layer of the forest died. The findings indicate
that ash mortality was most pronounced in stands with a high proportion of ash trees,
particularly where dead deciduous trees wene already present. Intensive dweback of other
deaduous trees was also noted in these stands. This study provides valuable insights into
the factors influencing ash mortality dynamics and demonstrates the potential of remote
sensing for large-scale monitoring of tree health. The results have important implications
for forest management and conservation, offering baseline data that can inform strategies

to manage ash dieback and guide targeted interventions in affected forest aneas.

Keywords: ash; Boosted Regression Trees; tree mortality; disturbance; spatial autocorrelation;

Bratowieza Forest; mortality determinants

1. Introduction

Tree dieback has become a critical environmental challenge, poentially kading to the
mortality of individual trees or entine forest ecosvstems [1]. Several factors contribute to
tree dieback, including pests, diseases, climate change, pollution, and deforestation [2].
These factors can weaken tnees, making them mone susceptible to further damage and
ultimately causing their demise. Tree dieback has sevem ecological consequences, as it
affects biodversity, disrupts ecosystems, and reduces the availability of essential resouraes
such as oxygen and habitats for wildlife [3].

The emergenae of ash deback is seen as a global challenge since many countries and

regions an facing diseases affecting their native tree species due to changing climate. The

Forests 2025, 1§, 506
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Abstract: Femote sensing technologies like airborne laser scanming (ALS) and digital aeral
photogrammetry (DAFP) have emenged as efficent tools for detecting and analysing canopy
gaps (CGs). Comparing these technologies is essential to determine their funchonality and
applicability in various environments. Thus, this study aimed to assess CG dynamics in
the temperate European Bialoweiza Forest between 2005 and 2022 by comparing ALS data
and image-derived point clouds (IPC) from DAF, to evaluate their mspective capabilibes in
describing and analysing forest CG dynamice. Our nesults demonstrated that ALS-based
point clouds provided mone detaiked and prease spatial information about both the vertical
and horizontal structune of forest CGs companed to [PC. ALS detected 27,754 (54%) new
CGs between 2015 and 2022, while IPC identified 23,502 (75%) new CGs. Both the average
gap area and the total gap area significantly increased over ime in both methods. ALS
data not only identified a greater number of CGs, particularly smaller ones (below 500 m?),
but also produced a more precse iepresentation of CG shape and structure, In conclusion,
precise, multi-temporal emote sensing data on the distribution and size of canopy gaps
enable effective monitoring of structural changes and disturbances in forest stands, which
in turn supports more efficent forest management, e.g., planning of fomst regeneration.

Keywords: canopy gaps; forest dynamics; ALS; DAF; IPC

1. Introduction

Openings in the forest canopy, called canopy gaps (CGs), have a major impact on
ecosystem processes and vegetation changes [1-5). Generally, a canopy gap is an opening in
a forest stand with vegetation height up to two metnes above the ground level [6]. OGs exert
a pivotal influence on ecological processes within fonest ecosystems, significantly shaping
forest structure, particularly in mature and old-growth foreste [7,8]. CGs can emerge
through different mechanisms, either naturally {e.g., windfalls, fines, insect outbreaks)
or due to human activities (e.g, timber harvesting, silvicultural treatmants) [9,10]. The
formation of a CG significantly alters local habitat conditions, affecting factors such as
light and nutrient availability, humidity, temperature, wind strength, duration of snow

Remote Sens. 2025, 17,1149
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Species’ traits and environmental conditions determine the abundance of tree
species across the globe, The extent to which traits of dominant and rare tree
species differ remains untested across a broad environmental range, limiting
our understanding of how species traits and the environment shape forest
functional composition. We use a global dataset of tree composition of
=22,000 forest plots and 11 traits of 1663 tree species to ask how locally
dominant and rare species differ in their trait values, and how these differences
are driven by climatic gradients in temperature and water availability in forest
hiomes across the globe, We find three consistent trait differences between
locally dominant and rare species across all biomes; dominant species are
taller, have softer wood and higher loading on the multivariate stem strategy
axis (related to narrow tracheids and thick bark). The difference between traits
of dominant and rare species is more strongly driven by temperature come
pared to water availability, as temperature might affect a larger number of
traits. Therefore, climate change driven global temperature rise may have a
strong effect on trait differences between dominant and rare tree species and
may lead to changes in species abundances and therefore strong community

reassembly.

Plant communities typically consist of a relatively few dominant and
many mrespecies (MacArthur, 1957; Preston, 1948). Dominant and rare
spedes both contribute to ecosystem function: dominamt species
provide the majority of ecosystemn services, and rare spedes can
increase ecosystern multifunctionality by ecpanding trait diversity™*.
Spedes traits in combination with abiotic and biotic environmental
conditions therefore drive the relative abundance of species in local
communities’. Macrodimate is an important abiotic trait filker that
determines the global distribution of forest biomes™ and tree
spedes™. Climate change will therefore have a strong effect on the
ocourrence and distribution of forest biomes, trits, and consequently,
forest ecosystemn functioning'“ ™. However, the extent to which indi
vidual traits of locally dominant and rare tree species differ, and how
these differences are affected by climate, remains largely unecplored
at a global scale. This lack of knowledge limits our understanding on
the processes determining spedes abundances, functional significance
of dominant and rare tree spedes across the globe and how this is
affected by climate™,

Community assembly is the process by which species are fltered
out from the regional species pool into the local community based on
their functional traits, ecological nichesor stochastic processes. In this
process, dimatic factorssuch as temperatureand precipitation, aswell
as biotic factors such as facilitation, competition, herbivory and
pathogens act as filters on species membership in  particular
assemblages'", It is suggested that the strength of different flters
depend on the envimonment, with stronger abiotic filering at higher
latitudes because of harsh environmental conditions and stronger
biotic filtering at lower latides, because of intense competition
under productive conditions'.

After a species’ establishment, its abundance is defined besides
habitat suitability by competitive ability related to spedes’ trits'™. A
trait is defined as any morphological, physiological or phenological
feature measumble at the individual plant level that affects plant
performance®. Inforests across the globe, highwood density and low
spedfic leaf area (SLA) are assodated with a stronger competitive
ability™. Higher wood density genemlly increases tissue longevity and

email: inshordijk@hotmaileom
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Unraveling the mechanisms underlying the maintenance of specdies diversity is a central pursuit in ecology. It has
been hypothesized that ectomycorrhizal (EcM) in contrast to arbuscular mycorrhizal fungi can reduce tree species
diversity in local communities, which remains to be tested at the global scale. To address this gap, we analyzed
glebal forest inventory data and revealed that the relationship between tree species richness and EcM tree pro-
portion varied along environmental gradients. Specifically, the relationship is more negative at low latitudes and
in moist conditions but is unimodal at high latitudes and in arid conditions. The negative association of EcM tree
proportion on species diversity at low latitudes and in humid conditions is likely due to more negative plant-soil
microbial interactions in thesa regions. These findings extend our knowledge on the mechanisms shaping global
patterns in plant species diversity from a belowground view.
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Comprehensive mapping of individual living and dead
tree species using leaf-on and leaf-off ALS and CIR data
in a complex temperate forest
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Abstract

Tree species information is crucial both for understanding forest composition and supporting sustainable forest management, but also
for monitoring biodiversity and assessing ecosystem services. Remote sensing data has been widely used to map the spatial distribution
of tree species across large areas. However, there is currently a lack of studies demonstrating the potential of airborne laser scanning data
collected during different seasons to identify multiple individual tree species/genera, including dead individuals. The main objective of
this study was to map the ecologically valuable forest area constituting the Polish part of the Bialowieza Forest using leaf-on and leaf-off
airborne laser scanning (ALS) data and color-infrared imagery. Eleven living species/genera (alder, ash, aspen, birch, hornbeam, lime,
maple, oak, pine, spruce and other deciduous) and four dead classes (dead deciduous, dead pine, dead spruce and snag) were classified
at the individual tree level. Applying the Random Forests algorithm and a set of 30 predictor variables, 15 classes were classified with an
overall accuracy of 82 per cent. The mapping of nearly 20 million individual trees revealed that in 2015, the most common tree species
in the upper part of the Bialowieza Forest stands was spruce (20.1 per cent), followed by alder (19.0 per cent) and pine (18.1 per cent).
Among dead trees, dead deciduous trees (2.2 per cent) and dead spruce (1.7 per cent) were the most common. Our results can serve as
a first cornerstone for carrying out further in-depth analyses of forest biodiversity using remote sensing data in this exceptional forest
area.

Keywords: tree species; mapping; airborne laser scanning (ALS); leaf-on and leaf-off data; Bialowieza Forest; dead tree detection; Random

Forests

Introduction

Knowledge of tree species is an essential component of forest
inventories (Gillis et al., 2005), offering valuable insights into the
structure, composition, and dynamics of forests. For effective
natural resource management and conservation, accurate infor-
mation about tree species’ location and distribution are needed
to monitor biodiversity, assess ecosystem services and manage
forests sustainably (Chiarucci and Piovesan, 2020). Furthermore,
information on tree species distribution proves invaluable for
assessing forests’ vulnerability to insect infestations (Karvemo
et al., 2014), evaluating wildfire risks (Bernier et al.,, 2016) and
carbon modeling (Goetz et al., 2009; Chen et al., 2018). Forest
inventories, which rely on the analysis of aerial imagery alongside
field measurements, are recognized as a reliable data source in
many countries and regions (Shifley et al., 2017). However, obtain-
ing tree species information via traditional image interpretation
approaches is often prohibitively costly and time-consuming. As
a result, there is a growing demand for automated remote sensing
approaches to enhance the efficiency of species inventories.
Over the past two decades, the use of optical remote sensing,
encompassing both airborme and spaceborne multispectral and

hyperspectral imagery, has significantly advanced in the classifi-
cation and mapping of tree species (Leckie et al., 2003; Boschettl
et al., 2007; Grabska-Szwagrzyk et al., 2019, 2024; Axelsson et al,,
2021; Jia and Pang, 2023). This technology facilitates large-scale,
efficient, and accurate mapping of tree species distribution, which
is critical for effective forest management and conservation.
Despite advancements in optical remote sensing solutions, it has
become evident that using this data for species classification
purposes has some limitations. One of the limitations is that the
spectral reflectance of the same tree species can vary across dif-
ferent parts of the forest due to the position of the sun. Moreaver,
in mixed stands, where mixed pixels (containing spectral informa-
tion from different tree species or both trees and other vegetation)
are more common, the influence of adjacent trees can cause
significant spectral overlap. This is particularly problematic in
the near-infrared band, making it difficult to distinguish between
species (Korpela et al., 2011). A promising solution to address
these limitations is the integration of object-based image analysis
(OBIA) methods. OBIA segments images into objects (e.g. individ-
ual tree crowns) rather than individual pixels, thereby reducing
the effects of mixed pixels and enhancing the use of both spectral
and structural information (Blaschke, 2010; Immitzer et al., 2012).
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ARTICLEINFO ABSTRACT

Keywards: Accurate, sub-hectare resolution mapping of above-ground biomacs density (AGBD) of the global foress iz
Abave ground blomass densicy (AGHD) needed for many applications, inchuding carbon accounting, forest resource mansgement, and biodiversit:
TAPEENE research. Surveys based on airhome lidar and in sitr data fulfill the acoacy requirement bot Lack global
;“ﬁf“"”“ symthetic spestare yuclay applicability, whils the globally availsble aptical, lidar, and radar backeeatter dats suffer from poar sensitivity @
IJ:;mI elevation model (DEM) AUBD amdl‘or apatial resolution. We here agsens the global applicability of an alterative approach that exploit
DTM the publicly available, interferometric radar-based Copemnicus digital alevation model (DEM) paired with a
coarse-recolution digital terrain model (DTM). For sleven boreal temperats and opical tect zites on four

TanDVEM-X
Sealing model continent, we chow that the DEM-DTM difference represents the sverage canopy alsvation abowe ground and iz
Power law medel well-correlated with AGBD mape derived from airhorme lidar and in sine data Within each climate sone, the

estimated power Lo mode] parameters varied moderately and indicated an almoat linear relationship betvesn
ADBD and the DEM-DTM difference. Uzsing aite-cpecific power law models resulted in an ensembls root-mean-
square difference (RMSED0 2t 50 m resolution of 43.7 t'ha (15 % of the average AGED of 246 t/ha) and a co-
efficient of determinasion (R of 0090, Climate cons-specific and 2 single, global sealing mode] performed almoat
equally well with an owverall RMED of 2021 % and an B value of 0.87. The global scaling modal performed
subctantially bester than the ESA Climate Change Initiative Biomam dataset on AGBD and indicated high po-
tential for global application with the upcoming near-global DTM from BSA"z BIOMASS mimion (launched on 28
Apeil 2075)

1. Inroduction System (Bojinzki et al., 2014) and a key variable in carbon accoumting

(Warzon, 2009). AGBD is highly correlated with growing stock wolume, a

Earth's forestz play a key role in climate change mitdgation and
adapration, and are a valuable economic amd zocietal resource that
neads to be monitored and protected. Of particular interest iz the
monitoring of above-ground biomass density (AGBED), which is the total
dry mass per unit area of above-ground, live and dry organic matter
stored in vegeation Az a proxy for carbon dencity, AGBD is one of the
Essential Climate Variables defined by the Global Carbon Observing

* Corresponding authar. PLO. Box 47, Wageningen, 5700 A4, the Netherlands.

E-mml address: maciei.sojaiirenar.nl (M.J. Sojal.

2025, 100250
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guantity commonly used by national forest inventories and forestry
companies to assess forest resources (Santoro et al., 2015). Moreowver,
Imowiedge of AGBD can provide valuable information on biodiversity
(Potter and Woodall, 2014) and fuel load (Vega et al., 2022).
Mapping of AGED is challenging because a mass cannot be measured
remoitely, but rather has to be estimated from other measurements and
field data (Chave et al, 201%; Woodhouse et al, 2012). One of the
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ARTICLEINFO ABSTRACT

Keywords:

Airborne laser scanning (ALS)
Canopy and understory diversity
Color infrared (CIR) imagery
Management strategies

Species composition

XGBoost algorithm

Describing and monitoring biodiversity in complex ecosystems is crucial for conservation and sustainable forest
management. This study investigates the effectiveness of high-resolution remote sensing (RS) in assessing tree
species diversity within the Bialowieza Forest, one of the most natural lowland forests in Europe and a UNESCO
World Heritage Site. The research aimed to evaluate two hypotheses: (H1) that RS can reliably assess canopy tree
species diversity across different spatial contexts, and (H2) that there is a strong correlation between RS-derived
biodiversity estimates and field measurements, with the correlation varying based on forest management and
species composition. The study employed active (Airborne Laser Scanning - ALS) and passive (Color Infrared -
CIR) RS darta, along with XGBoost, to create species maps, which were compared with field measurements
collected across three species compositions and three management categories. Findings suggest that RS is
particularly reliable in stable environments with homogeneous species distributions, such as in mixed stands and
managed forests, where RS closely aligned with field measurements. However, challenges emerged in capturing
rare species and accurately estimating species densities in stands with complex vertical stratification, such as
broadleaved stands and strict reserves. These limitations were identified as a critical determinant of the success
of RS in biodiversity monitoring, whereas weaker correlations between canopy and understory diversity had a
comparatively lesser impact. Overall, this study underscores the potential of RS in assessing tree species di-
versity, including both canopy and understory, and emphasizes its significance in supporting biodiversity
monitoring and conservation.

1. Introduction such as climate change, pest outbreaks, and natural disturbances such as

fire or storm (Price et al., 2020; Czerepko et al., 2021). The presence of

Biodiversity, especially tree species diversity, is a basis of forest
ecosystem health, resilience, and sustainability (Brockerhoff et al.,
2017; Bai et al., 2024). In old-growth forests (OGF), which represent one
of the most complex and undisturbed ecosystems on Earth, biodiversity
plays an even more critical role. These forests are characterized by their
rich species composition, structural complexity, and long ecological
background, making them vital reservoirs of genetic, species, and
functional diversity (Mosseler et al., 2003; Spies, 2004). Tree species
diversity in OGFs contributes to the overall resilience of these ecosys-
tems, helping them withstand and recover from environmental stressors,

diverse tree species supports a range of ecological processes essential for
forest function. For example, species diversity promotes nutrient
cyeling, enhances soil fertility, and regulates water balance, all of which
are crucial for sustaining forest health. Moreover, a variety of tree spe-
cies provides habitats for other organisms, supporting a rich web of life
that includes plants, animals, fungi, and mieroorganisms (Gilhen-Baker
et al., 2022: Chen et al., 2023). In the era of global environmental
change, OGFs with high species diversity are more capable to adapt to
shifting conditions, as the presence of multiple species increases the
likelihood that some species will be well-suited to the new

* Corresponding author at: Department of Remote Sensing and GIS, Faculty of Geography, University of Tehran, Tehran 14155, Iran.
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Detekeja pojedinczych martwych swierkow w Puszczy Bialowieskiej
na podstawie integracji danych satelitarnych z danymi lomiczego skanowania laserowego

Detection of dead Norway spruce individuals in the Bialowieza Forest
based on the integration of satellite imagery with airborne laser scanning data

Matzorzata Bialczak
Zsklad Geomaryki, Instymt Badawczy Lesnictwa, Sekocin Stary, ul. Braci Lesngj 3, 05-090 Raszyn
e-mail: m bialczaki@ibles waw pl

Absiract. The Bialowieia Forest, 2 wmigue lowland forest complex in Ceniral Fuwope, bas wnderpone sigmficant ecologcal changes m
recent years, primanly due to 2 massive oufbreak of the spruce bark beetle (fb: ppographus L), This outbreak, which peaked in 20186,
caused extensive Norway spruce (Picsa abiss (L.) H. Karst) mortlity, leading to major changes m forest shuchee and fimchonms.
Ground-based forest mmentory methods emam a fimdamental and acorate sowee of scolomeal information However, they are time-
consuming and relatively expensme, particularly when apphied across lage or maccessible areas such as protected ameas or wetlands,
For this mason, aliemative approaches are mcreasingly being explored — especially those leveraging remote sensing techmaques,
which allow for faster, spahally consistent and mepeatable fooest condifion assessments. Satellie magery and ambome lzser scanming
{ALS) data have proven to be powerful tocls for monrtonmg forest condition at different spatial scales.

This sudy mmestigates the feambility of ntegating high-resclubon nmitispectral satellife muagery (Fléades, 2 m spafial reschifion)
with ALS data (1] pomis'm™) o defect and map mdiidual dead spruce frees in the Polish part of the Bialowneiz Forest
and segmentation of mdnadual tree cowns from ALS data These procedures aimed fo enhance the classificaton accuracy and spatial
alizmment of the datzsets. A supervised meonmm hkelihood classification was applied to the satellite imagery, distinguishing three
vegetabion classes: dead trees, contfiers and broadleaves. The classification resulted in a high acowracy for dead trees (producer’s acowmaey:
96.8%, war's acowacy: 94.6%; Tab. 4, Fig 3).

A rmmbbstep miegraton method was used to detect mdnaduzl dead trees by comelating spectrally classified preels with tree crowm segments
derrved from ALS data. Each crown was assessed for spatial procamuty and spectral coverage of the classified dead poeels. By applving
optimized threshelds for procdmmity and coverage, the algonthm identified ndriduzl dead spruce trees with a defection acowacy of 71.1%
— true poaittves and a false positove rate of 22.0%6 (Tab. 9, validated against manually interpreted reference data. The final detechon map
indiczted over 381 000 individual dead spruce frees in the forest area (Tab. 8, Fig. 5).

The mtegration of ALS and satellite data proved to be effective, espedally in forest compartments with kower structoal and species
complexaty. However, limitations were observed in areas such as the Bialowiesa National Park, where diverse canopy struchmes, species
sigmals, which reduces the reliability of the classification for mdmidual tree wdentification

The study emphagzes the whhty of combmmg complementary remote sensmg datasets to enable cost-effective, lrge-scale momtorng of
forest healih I also highhghis the temporal constramnts of megrating data collected m different vears, as forest condibons may change due
to loggme or vegetation regrowth. Although data masmatehes can lead to emors, thess can be nutizated by excludme knowm logged areas.
This research contnbutes to the development of practical appmaches for operstional forest monstorme and supports sustanzble forest
management mder ncreasing scological pressmes. The proposad method | when adapted to specific forest condifions, can mmprove forest
inventory systems. Fufure work should explore mprovements m tree crowmn segmentaton, the wse of oulh-tenporal satellife data
and the infegration of additonal spectral indices or Deep Leaming-based classification alzoathms.

Slowa kluczowe: deiekcja pojedynczyeh drzew, mtegracja danyeh klasyfikacja naywiekszeze prawdopodobienstwa, lotnicze
skanowame laserowe (ALS), momtonng stanu zdrowetnego lasu, Plétades, Puszeza Bralowneska, mamerame drzew
Keywords: indmidual free detection, data infegration, maximum hkehhood classification, anborne laser scanmng (ALS),
forest health monitoring, Plétades, the Bialowieza Forest, tree mortality
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ABSTRACT

Climate t5 a primary, but non-stationary, driver of tree growth. Climate change 15 altering the sensitivity of forest growth to water
avallability and temperature over time. It 15 considered that pedunculate oak (Quercus robur L.) will cope with the changing
climatic conditions in Europe In the near future. However, while species distribution models project expansion zones, they also
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ABETRACT

European forests contritvahe to cimate change: mitigation by sequestering carbon, conserving biodiversiny, and exhaneing water retention. However, climate. indweed
distorbanees such as fises, windrhrows, droaghts, and pest outheeals undescone the need for stronger forest nuonitorisg systems. National Forest Inventories (NFls)
stz a5 thie primary source of forest data and infermation in Purope. Yet, inconsistencies in timing, coverage, methodoogies, and data qualicy highlight the need for
& more harmonized and spatially detalled appeoach. Critheally, predieting forest variabdes direetly from siellive dota remsaing challengleg, malnly due to the dif-
feeulties bn aligning femobe sensing with ground datn. Meanwhile, the opeational use of asborme liser seanning (ALS) dota bs limited by high costs, infrequent
updiates, and inconsistent coverage from different sensors and fight conditions. This stody presents a nove approach relying on fully connectod nosal perworks oo
integrate Landsat satellite Cime series and forest disturbames and reeovesy metrics with ALS data to predict forest heght meteics, which can teen be meed to accarately
prodier cxirical forest vasintles, such as growing stoek volunse (G5V) and stand basal ares (BA). The method wis tested acvess five ccologically and gesgraphically
diwesse Burnpean forest regions: Tuscany (Inaly), the Metherlands, the Canton of Grisons (Switzeriand), Bismwiets Fores (Poland), and the Vindel e -Juhtidtabides
Blosphere Reserwe (Swerden), ALS forest height metrics were predicted with & values ranging from 0,47 to 0068 Then, based on feld data, fores height metrics were
used oo predict GRV (A = 0.78) and BA (R = QU631 Our method addrsses the bawe of limioed spatial and tesoporal availabdicy of ALS data by predicting ALS-
derived height metriss wing Landsar tinee sevbes. This soody i the challenges of bimdeeg satedlite amd NF] data, building on the premise that satellizse
data cun be effectively wed to prediet forest helght metries dechved froen ALS, wideh In turn cam be used to scowrately quantify several forest vastables, The methods
prosented hese suppoet scalable and cost-effective forest monitering by providing the spatially and temporally detailed ind tici needed o lpl it climane-
smast foresory.

1. Imfroduction warming (Falahi et al., 2021) and fufure scenarios forecast a serious
increase in windthrow, fires, and mssct atacks (Forzierd =t al., 20210
Forests cover more tham one-third of the European land area (FISE. Applying international polices to monitor, manage, and protect Euro-
2021) and provide a wide minge of beneficial effects to the environment pean forests against dimate change and related threats is more pivotal
and citizens (Ord et al, 2030), such as dimate change mitigation than ever,
(Petersson et al., 2022), carbon storage (Fahey ef al., 2010), biodiversity In this context, harmonized forest information & nesded for inter-
conservation {Bumascano et al., 2023), and water retention (Ellison mational cooventions iovolving forests, such as the United Mations
et al., 2017 Nevertheless, in the past decades, Enmpean forests expe- Framewnrk Convention on Climate Change and the Coovention an
rienced an increass in matural disturbances, possibly related to global Biological Diversity at the pan-Europesn level. A large part of the
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