UNIVERZITA KARLOVA V PRAZE

PRIRODOVEDECKA FAKULTA

STUDIJNi PROGRAM: KARTOGRAFIE, GEOINFORMATIKA A DALKOVY PRUZKUM ZEME

RNDr. Jan MISUREC

VYUZITi OBRAZOVE SPEKTROSKOPIE PRO MONITORING ZATEZE
VEGETACE POLUTANTY OBSAZENYMI V PUDNIM SUBSTRATU
SOKOLOVSKE HNEDOUHELNE PANVE

APPLICATION OF IMAGING SPECTROSCOPY IN MONITORING OF
VEGETATION STRESS CAUSED BY SOIL POLLUTANTS IN THE SOKOLOV
LIGNITE BASIN

DIZERTACNI PRACE
VEDOUCI PRACE: RNDr. Lucie Kupkova Ph.D.

Praha 2017



Disclaimer

I declare that this thesis has been worked up and compiled independently using the referenced
literature and other sources. Neither the thesis nor its substantial parts have been used to obtain
either the same or another academic degree.

Some parts of the thesis are based on data acquired in team cooperation of several people and
organizations. Forest needle sampling was conducted by the team of the Faculty of Sciences,
Charles University in Prague (PrF UK) led by Prof. Jana Albrechtova Ph.D. and Mgr. Zuzana
Lhotdkova Ph.D. with active participation of the author. Further processing of the collected needle
samples was performed as follows: needle foliar pigments and water content (PiF UK, Prof. Jana
Albrechtova, Dr. Z. Lhotakova), calculation of needle projection and total area (Czechglobe, Dr. P.
Lukes), measurements of the collected needle spectra (PrF UK, Prof. Jana Albrechtova, Dr. Z.
Lhotdkova), needle chemical elements analysis (laboratory of the Czech Geological Survey). Soil
sampling and further processing was performed under the leading and supervision of Mgr.
Veronika kopackova Ph.D. (Czech Geological Survey). The collected samples were analysed in the
laboratory of the Czech Geological Survey. Field reference specstrosopy data (used for calibration
of the airborne hyperspectral imagery) were collected by the Czechglobe team (2009) and DLR
team (2010) with active participation of the author. HyMap airborne hyperspectral data
pre-processing was performed by Czechglobe team (2009) and DLR team (2010). Further
cross-track illumination correction of the data was applied by Dr. Jérg Weyermann (University of
Zirich). All other parts of the thesis were worked up by the author.

The thesis is based on data acquired and analysed within the framework of the projects GA CR
205/09/1989 (HypSo) and FP7 244242 (EO-Miners).

Prohlaseni

Prohlasuji, Ze jsem tuto praci zpracoval a sestavil samostatné s vyuZzitim informacnich zdroji a
literatury, na které odkazuji. Tato prace ani jeji podstatni Cast nebyla predlozena k ziskani
stejného nebo jiného akademického titulu.

Neékteré dilci Casti této prace jsou vyledkem tymové spoluprace nékolika lidi nebo instituci. Sbér
vzorkli smrkovych jehlic byl organizovan tymem Prof. Jany Albrechtové a Dr. Zuzany Lhotakové
(PYF UK) s aktivni ucasti autora prace. Dalsi zpracovani odebranych vzorkl bylo realizovano
nasledovné: analyza obsahu listovych pigmenti a vody (PfF UK, Prof. ]J. Albrechtova, Dr. Z.
Lhotdkova), vypocet projekéni a celkové plochy jehlic (Czechglobe, Dr. P. Luke§), méfeni
spektralnich charakteristik jehlic (PfF UK, Prof. J. Albrechtova, Dr. Z. Lhotakova), analyza obsahu
vybranych chemickych prvki (laboratot Ceské geologické sluzby). Odbéry vzorki pidniho
substratu a jejich dalsi zpracovani byly relizovany pod vedenim a odbornym dohledem Dr.
Veroniky Kopackové (Ceska geologicka sluzba), vzorky byly zpracovany vlaboratoii Ceské
geologické sluzby. Méreni spektralnich charakteristik referencnich ploch (pouzitych ke kalibraci
leteckych hyperspektralnich dat) byly provedeny tymy Czechglobe (2009) a DLR (2010) za
aktivni ucasti autora. Zakladni zpracovani leteckych hyperspektralnich dat HyMap (kalibrace,
geometrickd a atmosféricka korekce) byly provedeny tymy Czechglobe (2009) a DLR (2010).
Naslednou aplikaci cross-track illumination korekce dat provedl Dr. J6rg Weyermann (University
of Ziirich). Ostatni ¢asti prace byly vypracovany autorem prace.

Prace byla zpracovana na podkladé dat potizenych v ramci projektii GA CR 205/09/1989 (HypSo)

a FP7 244242 (EO-Miners). }VM
z&m}"u{

RNDr. Jan MiSurec
Prague, 27.8. 2017



Acknowledgements

Finalization of this thesis would not be possible without support of several people who directly or
indirectly provided their assistance and guidance during the entire period from preparation to
completion of this study.

First and foremost [ would like to express my appreciation to Ing. Petr Lukes$ Ph.D. for providing
guidance in the scope of hyperspectral remote sensing of vegetation and especially for his help
with development of procedure used for parameterization of both PROSPECT-5 and FRT radiative
transfer models. My thanks goes also to the rest of the Remote sensing group of the Global Change
Research Center of the Czech Academy of Sciences (Czechglobe) for pre-processing and
atmospheric correction of the HyMap airborne hyperspectral data used within this study.

[ would like to thank Mgr. Veronika Kopackova Ph.D., leader of the research projects within
which the basics of the study described in this thesis have been established. | am very grateful not
only for providing the HyMap hyperspectral imagery and other data which were crucial for this
thesis, but also for many ideas and inspiration that have improved quality of my research.

[ am extremely thankful to the research team of the Department of Experimental Plant Biology of
the Charles University in Prague, namely Prof. Jana Albrechtova Ph.D. and Mgr. Zuzana
Lhotdkova, Ph.D., for organizing of Norway spruce needle sampling and laboratory analysis of
the collected samples as well as for help with interpretation of the observed results and many
others useful and inspiring ideas related to plant physiology.

My special thanks goes to Dr. Andres Kuusk DSc. from Department of Remote Sensing of Tartu
observatory for providing the FRT canopy level radiative transfer model and for helping with
setting this model for the further use.

[ want also appreciate Dr. Jorg Weyermann Ph.D. from Geographic Institute of University of
Zirich for BRDF correction of the HyMap hyperspectral data.

The deepest appreciation goes to the supervisor of this thesis RNDr. Lucie Kupkova, Ph.D. from
the Department of Applied Geoinformatics and Cartography of the Charles University in Prague
for creative guidance, constructive feedback and many suggestions that helped me to improve my
work.

Finally, last but not least, I want to express my heartfelt gratitude to my family, namely to my
parents Jan and Helena Mi$urcovi and to my sister Hana Sidova and brother-in-law Petr Sida,
for their support and words of encouragement during the whole period of my study.



Abstract

Forests can be considered as one of the most important Earth’s ecosystems not only
because of oxygen production and carbon sequestration via photosynthesis, but also as a source
of many natural resources (such as wood) and as a habitat of many specific plants and animals.
Monitoring of forest health status is thus crucial activity for keeping all production and ecosystem
functions of forests.

The main aim of the thesis is development of an alternative approach for forest health
status based on airborne hyperspectral data (HyMap) analysis supported by field sampling. The
proposed approach tries to use similar vegetation parameters which are used in case of the
current methods of forest health status assessment based on field inspections. It is believed that
importance of such new methods will significantly increase in the time when the planned satellite
hyperspectral missions (e.g. EnMap) will move into operational phase. The developed forest
health monitoring approach is practically demonstrated on mature Norway spruce (Picea abies L.
Karst) forests of the Sokolov lignite basin which were affected by long-term coal mining and heavy
industry and therefore high variability of forest health status was assumed in this case.

Two leaf level radiative transfer models were used for simulating spectral signatures of
Norway spruce needles: PROSPECT-5 and LIBERTY taking into account two concepts of models
parameterization considering the measured reference needle spectra as either single leaf
reflectance (R) or infinite reflectance (R«). Slightly better results were obtained in case of the
PROSPECT-5 model using the R parameterization approach. The leaf level simulations were
further up-scaled to shoot level using spectral invariants theory and then to canopy level using
the FRT radiative transfer model.

The FRT canopy level radiative transfer model was parameterized first using description
of crowns and canopy geometrical and optical characteristics from various sources such as digital
hemispherical photography, allometric relationships and in-situ expert estimations. The
simulated canopy level spectra obtained from couplings of PROSPECT-5 and LIBERTY models
with the FRT model were compared with the HyMap image-extracted spectra of the reference
stands with better results obtained in case of using the PROSPECT-5 model. This PRO-FRT model
coupling was thus used for the further analysis.

Absolute estimations of Leaf Area Index (LAI) and chlorophyll content (Ca) were
performed using the PRO-FRT simulations. Although the obtained results of LAl estimations
(based on D733/Dgos and D74g/Dsos vegetation indices) were found not as very good (RMSE 0.77 -
0.81), Cap estimation (based on N7ig index) was considered as successful (RMSE 4.83 pg/cm?
(2009) and 4.53 pg/cm? (2010)).

Functional relationships between various vegetation indices and the vegetation variables
of interest were modelled using the PRO-FRT coupling. Three indices with the tightest
relationships to the variables of interest (N71g — Cab, Rss8/Rs29 — Cx/(Cx+Cab), NMDI - Cy,) were then
used as the inputs to the statistical health classification model classifying forests into five classes
without using any fixed threshold values.

Further assessment of the obtained results showed good agreement between spatial
patterns of the forest health classification and foliar biochemistry. Influence of other factors such
as stand elevation, age or topographic orientation was also tested showing possible influence only
in case of stand age and elevation. Links between the results of the forest health classification and
soil substrate characteristics were studied as well. Observed differences in forest health status
corresponds mainly with the soil parameters related to soil acidity such as exchangeable pH or
Base Exchangeable Cations (BSE) further related to deficiency in alkaline elements (such as
Calcium) in forest foliage. On the other hand, influence of soil heavy metals content (such as
copper or zinc) remained unclear.

Due to its high temporal stability and ability to describe spatial patterns of forest
vegetation status the proposed approach can be further considered as potential extension of the
current forest monitoring methods bringing the possibility of spatially continuous observations
as the main benefit. Integrating of such remote sensing based approach into the current forest
monitoring workflow would be a logical consequence of this work.
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produkci kysliku a ukladani uhliku prostifednictvim fotosyntézy, ale soucasné jako zdroj mnoha
prirodnich surovin (napf. dfeva) a jako Zivotni prostor mnoha specifickych druhi rostlin a
zivocichli. Monitoring stavu lesa je proto naprosto zasadni ¢innosti k udrzeni vSech ekologickych
a produkénich funkci lesnich ekosystém.

Hlavnim cile prace je vyvoj alternativniho pristupu k monitoringu zdravotniho stavu lesa
zalozeného na analyze leteckych hyperspektralnich dat (HyMap) s podporou pozemniho
prizkumu. Navrhovany postup se snazi vyuzivat obdobné parametry vegetace jako soucasné
klasické metody hodnoceni stavu lesa zaloZené na terénnim prizkumu. Vyznam navrhovanych
metod pravdépodobné vyznamné vzroste v dobé, kdy planované druzicové hyperspektralni mise
(napt. EnMap) dosahnou operacni faze. Vyvijeny piistup k monitoringu stavu lesa je prakticky
demonstrovan na priklad dospélych porosti smrku ztepilého (Picea abies L. Karst) v oblasti
Sokolovské hnédouhelné panve, které byly dlouhodobé ovliviiovany tézbou uhli a pritomnosti
tézkého primyslu a u kterych byla tudiz predpokladana znacna variabilita zdravotniho stavu.

Dvojice modelti prenosu zareni byla pouzita pro simulaci spektralnich signatur na trovni
jehlic: PROSPECT-5 a LIBERTY, pro jejichz parametrizaci byly uvazovany dva pristupy povazujici
naméiena referencni spektra smrkovych jehlic za tzv. single leaf (R) nebo infinite (R«) reflektanci.
Lepsich vysledkd bylo dosazeno v pripadé pouziti modelu PROSPECT-5 svyuzitim konceptu
infinite reflektance. Simulace byly poté transformovany na turoven vyhond pomoci teorie
spektralnich invariant a poté na tiroven korun/porosti pomoci modelu prenosu zareni FRT.

Parametrizace modelu FRT byla zaloZena na popisu geometrickych a optickych
charakteristik korun na podkladé digitdlnich hemisférickych fotografii, alometrického
modelovani a in-situ expertniho odhadu. Spektra na trovni porosti ziskana kombinaci modelt
PROSPECT-5 a LIBERTY s modelem FRT byla srovnana se spektry referencnich porosti
extrahovanymi z leteckych hyperspektralnich dat HyMap, kdy lepsich vysledki bylo dosazeno
v pripadé pouziti modelu PROSPECT-5. Tato kombinace (PRO-FRT) byla pak nadale vyuzita pro
dalsi analyzy.

Absolutni odhady indexu listovy plochy (LAI) a obsahu chlorofylu byly nasledné
provedeny na podkladé simulaci PRO-FRT. PrestoZe vysledky odhadu LAI (na podkladé
vegetacnich indexti D733/Dsos a D74g/Dsgos) nemohly byt povazovany za uspokojivé (RMSE 0.77 -
0.81), odhad chlorofylu (zaloZeny na indexu N71s) je mozZné povazZovat za Uspésny (RMSE 4.83
ug/cm? (2009), 4.53 pg/cm? (2010)).

Funk¢ni zavislosti mezi rliznymi vegetacnimi indexy a zajmovymi parametry vegetace
byly nasledné modelovany pomoci kombinace modelti PRO-FRT. Tti z téchto vegetacnich indexi
s nejtésnéjsi vazbou na zajmové parametry (N71g — Cab, Rssg/Rs29 — C/(Cx + Cap), NMDI - Cy) byly
dale pouZity jako vstup pro vyvijeny statisticky klasifika¢ni model stavu lesa rozdélujici porosty
do péti tiid bez pouziti jakychkoliv pevnych prahovych hodnot.

Dalsi analyza vysledki ukazala dobrou shodu mezi prostorovymi gradienty stavu lesa dle
uvedeného Kklasifikacniho modelu a biochemickou charakteristikou listovi. Nasledné byl
hodnocen vliv dalSich faktort jako napf. nadmoiska vyska, topograficka orientace nebo stari
porostu, kdy vyznamny vliv na dosazené vysledky byl shledan pouze v pripadé véku a nadmorské
vysKy. Soucasné byla studovana spojitost vysledki klasifikace stavu lesa s charakterem ptdniho
substratu, kdy rozdily pozorované na referenc¢nich stanovistich odpovidaly zejména parametriim
souvisejicim s kyselosti plidy (napt. vyménné pH, obsah zasadotvornych kationtli apod.), které
byly dale spojeny napf. s nedostatkem zasadotvornych prvkl (napi. vapniku) v listovi. Naproti
tomu vliv pritomnosti tézkych kovi (napi. médi a zinku) zistal nejasny.

Vzhledem ke své temporalni stabilité a schopnosti popisu prostorovych gradientli stavu
lesa miiZe byt navrhovany postup dale povazovan za moZné rozSifeni soucasnych metod
hodnoceni stavu lesa, prindSejici zejména moznost ploSné souvislého monitoringu. Integrace
metod zaloZenych na zpracovani dat dalkového prizkumu Zemé do metodik lesniho monitoringu
by tak byl logickym disledkem této prace.
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Chapter 1: Introduction

The chapter provides general introduction to the current methods of forest health status assessment
focusing especially on issues where potential methodical improvement might be achieved by the use
of hyperspectral remote sensing and imaging spectroscopy workflows. The chapter also notes the
problematics of definition of the basic terms “forest health” and “forest damage”, which are crucial
for understanding of the further analyses. Spectral characteristics of vegetation and their links to
vegetation biochemistry and biophysics are briefly summarized as well as some of the biochemical
and biophysical vegetation parameters are further used as indicators of vegetation health status. In
addition, two basic concepts of retrieving biochemical/biophysical vegetation parameters (empirical
and radiative transfer modelling) from hyperspectral imagery are introduced in the next part of the
chapter. Finally, research objectives and goals of the thesis are summarized at the end of the chapter.

1.1 General background

Forests have an irreplaceable role in regulation of the global Earth’s climate vie their
important functions in the global carbon cycle as CO; sinks and O; sources (Jackson et al. 2008;
Bonan 2008). In the global scale, forests cover approximately 40 % of ice-free surface (Waring
and Running 2010). One of the most important forest biomes are temperate evergreen coniferous
forests of the boreal climate region as they consist of approximately 20 % of the whole green
biomass of the world (Walker and Kenkel 2000). Norway spruce (Picea abies L. Karst.) and Scots
pine (Pinus Sylvestris L.) are two of the most abundant tree species in this biome and thus play the
predominant role in boreal coniferous forest ecosystems. Norway spruce has currently
approximately 51 % abundance in all tree species in the Czech Republic. The abundance of Scots
pine is approximately 17 % (MZ CR, 2012).

Unfortunately, forest have been recently seriously threatened by anthropogenic activities
and their consequences including air pollution (e.g. SO, and NOy emissions), acid rains and soil
contamination (e.g. Ore Mountains or Giant Mountains during 1970s - 1980s) or pests invasions
(e.g. bark-beetle outbreaks in Sumava Mountains). All these influences can lead to decline of forest
ecosystems health status, which can consequently results either in decrease of their productive
capacity or in their total collapse. Forest health status assessment and its methods on the all levels
are in the forefront of the interest of many scientists and forest managers.
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Figure 1.1: Proportional abundance of the main forest tree species in the Czech Republic in 2012
(MZ CR, 2012)

1.2 Forest health and forest damage

1.2.1 Forest health, forest damage and vegetation stress definition

Despite its widespread use, the definition of the term “forest health” is not as clear as it
seems to be. In fact the definition is quite vague (Kolb et al. 1994). The conditions of the given
forest stand can be therefore classified as healthy as well as unhealthy depending on the point of
view (Tuominen et al. 2009). One of the first definitions of the forest health was used by Leopold
(1949): “health is the capacity of the land for self-renewal”. Monning and Byller (1992) consider
the forest health as: “a condition of forest ecosystems that sustains their complexity while providing
for human needs”. Finally Kolb etal. (1994) suggest that: “the term forest health should be restricted
to the examination of the role of biotic and abiotic agents in ecosystem processes”.

At this point it is necessary to highlight the fact that in terms of the above definitions the
forest health cannot be limited only to the conditions of trees as they are only one part of more
complex forest ecosystem. In broader sense is thus forest health used synonymously with forest
ecosystem health (Coulson and Stephen 2008). However, due to high complexity of forest
ecosystems is the term forest health usually limited to the status of trees in more restricted sense
(Wulff 2011).

Nevertheless, the definition of healthy and unhealthy tree is far from straightforward.
According to Solberg (1999) healthy tree is “a tree without symptoms or malfunctions due to biotic
and abiotic stresses at present or in the past; it performs well in growth rate; has good chance to
further survival and has certain ability to defend itself against, to tolerate and recover from stress”.
This raises the question whether the forest health and tree status can be somehow precisely and
exactly measured. According to O’Laughlin et al. (1994) it is possible to find objective indicators
of tree/forest status which can be clearly specified and exactly measured, but the final decision of
the forest health is a result of a subjective judgement.
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Regarding to the above described vague definition will be the term “Norway spruce forest
health status” considered as the status of Norway spruce trees described by exact biochemical,

biophysical and structural indicators having close relationship to their basic life functions.

Similarly as in case of the forest health, it is firstly necessary to find the definition of forest
damage and vegetation stress. Lichtenthaler (1988) defined vegetation stress as: “a state of plant
under the condition of a force applied” and vegetation damage as: “a result of too high stress which
can no longer be compensated for”. Larsen (1995) defines vegetation stress as: “a significant
deviation from the optimal living conditions which negatively affects functions, growth or
development of the plant mechanisms”. However, this definition can be found as problematics in
some aspects as the “optimal living conditions” are not exactly defined and may be site a species
specific. In other words, plant species can grow also in the areas where the conditions are not
optimal which results into for example lower growing rate, but even so they cannot be considered
as stressed. Thus it is very difficult to clearly define any absolute threshold values of the given
forest health status indicators to separate the values indicating normal conditions from those

indicating vegetation stress.

Different causes of forest damage and vegetation stress have been studied for last decades.
Manion (1991) defines three basic groups of factors that may result in vegetation stress and forest
damages. These are: 1) biotic diseases, 2) abiotic diseases and 3) decline. Biotic stress factors
includes fungi (i.e. Armillaria) and virus infections as well as outbreaks of pest insects (i.e. Ips
typographus, Choristoneura fumiferata, Epirrita autumnata etc.) and damage caused by deer roe
and elk.

Abiotic stress factors are mainly related to air, water and soil pollution. Air pollution is
usually considered as the most crucial factor as it causes damage to trees through the direct effect
of gaseous pollutants as well as indirectly through it effects to soil. The main concern is related to
acidifying sulphur (SO2) and nitrogen (NOx) deposits as well as to concentration of ground-level
ozone (03) having direct effect on plant foliage and metabolism (Caldwell et al. 1997). According
to Pfanz and Beyschlag (1993) and Slovik et al. (1995), K* and Mg?* cations are consumed for
change balance of SO42- anions and thus they are not available for growth which results in reducing
tree vitality and photosynthetic capacity. Other concerning factors related to soil conditions are
acidification and potential contamination by toxic agents (e.g. heavy metals like Pb, As, Cd etc.).
Acid inputs are neutralized and buffered within the soil as a result of weathering and cation
exchange. However, in most acidic forest soils the weathering of silicate minerals is too low to be
able to compensate the elevated acidic deposits (Chadwick and Hutton 1991). According Ardo
(1998) the acid input decreases the base saturation, increases exchangeable acidity and decrease
soil pH. This results in higher mobility of base cations which are leaching to lower soil horizons
before they are removed by runoff. The low pH may be also linked with the effects of toxic Al3+
cations due to Al solubility at low pH (Mossor-Pietraszawska 2001). The toxic aluminium forces
fine root development to soil horizons with higher pH leading to dieback of water conductive
tissue from lower horizons. This results in water stress, vulnerability to drought, decrease of
photosynthetic capacity and deficiencies of Mg, Ca, P, Mo and Si (Ulrich 1991; Hiittl and Schaaf
1997, Ardo 1998, Mossor-Pietraszewska 2001). Acidification also increases the solubility of
harmful metals such as Cd, Pb, Cu, Mn and Zn in the soil (Ardé 1998). Except of air and soil
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pollution, other events as storms, frost, drought or forest fires may be also considered as abiotic
stress factors causing forest damage.

1.2.1 Current methodology of forest health assessment

The presence of vegetation stress is usually leading to activation of plant responses which
give raise to some stress symptoms. Unfortunately, many different types of vegetation stress can
resultin very similar (or the same) symptoms. Therefore it is usually very difficult to diagnose the
exact causes of the observed plant responses (Jones and Vaughan 2010).

The current classical methods of forest health/damage monitoring are based mainly on
visual in-situ assessment of crown conditions and classification of trees into several (usually five)
damage classes. In the next step, the crown characteristics are summarized to classify whole
stands into the damage classes. According to Campbell et al. (2004) the primary factors for field
damage class assessment include: 1) crown type, form and shape, 2) percentage of foliar loss
(defoliation), 3) presence or absence of chlorosis and 4) foliar retention (see Table 1.1).

The most intensive and systematic forest health monitoring activities are currently being
undertaken within the framework of the International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Forests; http://icp-forests.net) established

by the United Nations Economic Comission for Europe (UN/ECE) in 1985. The program was
adopted by the European Union one year later and today it involves 41 European states as well as
the United States of America and Canada. The methodology used within the ICP Forest programme
is thus considered as the international standard and is described in “The Manual on methods and
criteria for harmonized sampling, assessment, monitoring and analysis of the effects of air pollution

on forests” (in short the ICP Manual; http://icp-forests.net/page/icp-forests-manual). The
methodology for tree condition classification is based on defoliation and discolouration
assessment and is described in the Part IV of the ICP Forests Manual: “Visual assessment of crown
condition and damage analysis” (see Table 1.2.).

In the Czech Republic, the forest condition monitoring is systematically performed by the
Forestry and Game Management Research Institute (Vyzkumny tustav lesnitho hospodaistvi a
myslivosti - VULHM; http://www.vulhm.cz).

Table 1.1: Forest damage classification criteria by Campbell et al. (2004).

. Canopy defoliation
Damage Class (DC) Ecosystem vitality Chlorosis absent Chlorosis present
DCo Healthy 0-10 % X
DCy Initial damage 11-25% 0-10%
DC; Medium damage 26-60% 11-25%
DCs Heavy damage 61-80% 26-60%
DC,4 Ecosystem collapse 81-100% 61-100%
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Table 1.2: Crown condition classification in terms of defoliation and discolouration by UN-ECE
(1992)

Defoliation Discolouration Crown . . .
class class damage Defoliation Discolouration
DCo DCo None or slight 0-10% 0-10%
DC, DCy Moderate 11-25% 11-25%
DC, DG, Strong 26-60 % 26-60 %
DG DG Very strong 61-99 % more than 60 %
DC4 DC4 Dead tree 100 % X

Figure 1.2: Symptoms of vegetation stress: healthy non-chlorotic (a) and chlorotic (b) Norway
spruce shoot, healthy shoot with no signs of defoliation (c), shoot with high degree of defoliation (d).

1.3 Imaging spectroscopy and its applications in forest health
assessment

Imaging spectroscopy (also known as hyperspectral remote sensing) is relatively new
field of science developed during the last decades. It is based on the combination of spectroscopy
(as the method for obtaining and analysing spectra of different materials) and remote sensing (as
the tool for acquiring image data of the Earth’s surface without direct contact). Hyperspectral
image datasets are usually consisting of tens to hundreds very narrow (usually 3 - 15 nm)
continuous (no gaps between the adjacent bands) spectral bands. Therefore it allows to study
surface spectral properties at much detailed level in compare with the classical multispectral
imagery. Detailed study of the surface spectral properties then enables determining various
physical and chemical variables of the surface which are closely related to spectral properties.
Different materials and components absorb electromagnetic radiation of specific wavelengths
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forming so called absorption features, which can be finally used for identification of the given
material and estimation of its relative concentration or abundance. This workflow is generally
called as “spectral analysis”.

Imaging spectroscopy is currently applied mostly in the reflected solar radiation domain
including the visible domain VIS (400 - 750 nm), near-infrared domain NIR (750 - 1200 nm) and
shortwave-infrared domain SWIR (1200 - 2500 nm). Most recently, new high spectral resolution
sensors operating in the thermal domain TIR (8 - 14 um) have been developed.

1.3.1 Spectral properties of vegetation and its scaling

Interaction of light with vegetation is very complex process. One of the first studies of
vegetation spectral characteristics was performed by Gates et al. (1965) which was followed later
by Allen et al. (1970), Thomas (1971), Wooley (1971), Gausman and Allen (1973) and others.
These studies proved that leaf optical properties are closely linked to the content of
photosynthetic pigments and other biochemical elements, water content and leaf structure.

The influence of foliar pigments (chlorophylls, carotenoids, anthocyanins etc.) is
significant in the VIS domain where the main part of the incoming radiation is absorbed by these
pigments and reflectance is thus very low. The strongest absorption occurs between ca. 300 - 500
nm (chlorophylls and carotenoids) and 650 - 720 nm (chlorophylls). On the other hand,
absorption of pigments is lower between 500 - 600 nm and thus so called green peak can be
observed in vegetation spectra. Decrease in pigments concentration (visually detectable as
chlorosis) therefore leads to increase of VIS-B and VIS-R reflectance (Hogue et al. 1988; Koch et
al. 1990; Rock et al. 1993). On the other hand foliar loss leads to higher exposure of understory
and wooden parts of trees resulting in increase of reflectance (Guyot et al.,, 1989; Rock et al. 1988;
Koch et al. 1990).

The NIR reflectance is affected mainly by the internal leaf structure and vegetation
biophysical/structural characteristics including vegetation density and canopy closure. The foliar
loss thus leads to decrease of NIR reflectance as it increase the exposure of wooden parts which
have usually lower NIR reflectance than foliage (Guyot et al. 1989; Koch et al. 1990). A water
absorption feature can be observed in the NIR domain at approx. 970 nm.
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Figure 1.3: Spectral properties of vegetation with main absorption features.

The optical properties of vegetation in the SWIR domain are affected mainly by water
absorption. The main water absorption features are located at approx. 1200, 1450 and 1940 nm.
As the vegetation water content decreases, the SWIR reflectance generally increases. Decrease in
leaf pigments content has no direct effect on the SWIR reflectance. However, brown or yellow
chlorotic (or dead) leaves/needles are drier than the fresh ones and therefore it is possible to
observe the influence of chlorosis indirectly in the SWIR region (Guyot et al. 1989; Koch et al.
1990). The influence of other biochemical components as well as structural parameters are
described in high details in Asner (1998), Rautiainen et al. (2004) and Kokaly et al. (2009).
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Figure 1.4: Relationship of vegetation biochemical and spectral properties simulated by the
PROSPECT-5 leaf level radiative transfer model.

In general point of view, the VIS, NIR and SWIR reflectance generally decreases with
vegetation age, biomass, LAI and canopy closure (Butera 1986; Kleman 1986; Poso et al. 1987;

Koch et al. 1990; Spanner et al. 1990; Brockhaus and Khorram 1992). It is also necessary to take
into account the influence of understory and soil, which is closely connected with vegetation

density and canopy closure (Butera 1986).
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The spectral properties of vegetation are not determined only by the optical properties of
individual leaves, but they are also significantly affected by vegetation structure, state, spatial
pattern and canopy composition (Asner 1998). Therefore it is not possible to simply use the leaf
level vegetation spectra to characterize vegetation at the canopy level. Nevertheless, the leaf level
spectra can be up-scaled from leaf to canopy level using either empirical (statistical) approach or
by physical radiative transfer modelling (Malenovsky et al. 2007).

needle level: crown level: stand level:
a) needle biochemistry a) crown shape a) stand density/volume
b) needle geometry (shape) b) crown height/radius b) stand leaf area index (LAl)
c) needle internal structure c¢) biomass distribution c) canopy cover (CC)
d) single tree leaf area index (LAl) d) stand age
e) leaf angle distribution (LAD) e) stand homogenity
f) trunk diameter (DBH) f) tree spatial distribution

Figure 1.5: Scaling levels in vegetation studies.

1.3.2 Biophysical and structural parameters of forest stands and their estimation

Scaling of the leaf level spectral properties to canopy level is closely connected with the
biophysical and structural parameters of modelled canopies. Note that only those parameters
used within this thesis are described in this section.

Leaf Area Index (LAI)

Leaf Are Index (LAI) is one of the most common vegetation biophysical parameter
originally defined by Watson (1947) as: “total one-sided leaf area per unit ground surface”.
However, this definition is not suitable for coniferous tree species whose needles have
approximately cylindrical shape and calculation of one-sided leaf area is rather problematic.
Therefore alternative definitions of LAI were developed:

e Half of the total leaf area per unit ground surface (Lang, et al. 1991; Chen and Black 1992)
® Projected area per unit ground surface (Bolstad and Gower 1990, Smith 1991)

Regarding these definitions LAI defines the area of active interaction between plants and
atmosphere (Bréda, 2003). Therefore it is closely linked with the intensity of evapotranspiration,
energy and gas exchange. In case of forest stands consisting of individual tree crowns it is also
necessary to distinguish between single tree LAI (determined by amount of biomass in the crown)
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and stand LAI (determined both by amount of biomass and stand tree density). The physical unit
of LAl is [m2/m?] and thus it is usually considered as dimensionless parameter.

Except of LAI there is also another biophysical parameter called Plant Area Index (PAI)
which is defined as the total area of plant per unit area of ground (Neumann et al. 1989). PAI thus
takes into account the leaf area as well as the area of the other parts of plant bodies (stem,
branches etc.). The physical unit of PAl is the same as in case of LAl [m2/mZ].

Canopy closure (CAC) and crown closure (CRC)

There are two parameters describing amount of light which is able to penetrate through
vegetation to the forest floor: canopy closure (CAC) and crown closure (CRC). Although the names
of these parameters are similar, their definitions are different. On top of that the definitions of
these parameters slightly differ in case of different authors.

Canopy closure (CAC): is proportion of sky hemisphere obscured by vegetation when viewed
from a single point (Jennings et al. 1999). It can be measured either by a spherical densitometer
or by digital hemispherical photography. On the other hand Kuusk (personal communication)
defines canopy closure as the proportion of sky obscured by vegetation in zenith.

Crown closure (CRC): is proportion of ground area covered by vertical projection of tree crown
perimeters (Jennings et al. 1999). However, some authors call this concept as “canopy cover”
(Jennings et al. 1999; Korhonen et al. 2006; Paletto and Tossi 2009).

Regarding these definitions canopy closure might be equal to crown closure in case of non-
overlapping sparse stands, whereas in case of dense stands with overlapping crowns crown
closure is always higher than canopy closure. The maximal canopy closure is 1.0 (or 100 %),
whereas crown closure can exceed 1.0 (100 %) in case of overlapping crowns (see Figure 1.6).

Methods for biophysical parameters estimation

The biophysical and structural parameters can be estimated either directly or indirectly.
Very detailed review of both direct and indirect methods including their advantages and
disadvantages provide Chen et al. (1997), Gower et al. (1999), Jonckheere et al. (2004) and Seidel
etal. (2012).

Direct methods are generally based on foliage collection (either destructive or using leaf
traps during the leaf fall) and calculation of its area (so called planimetric approach) or dry mass
(so called gravimetric approach) (Jonckheere et al. 2004). Direct LAl measurement is the most
precise, however it is also extremely time and labour consuming. Therefore indirect methods of
LAI estimation have been developed. Currently the most common and most often used indirect
methods are based on the study of light extinction during its transmission through vegetation
canopies that are known as gap fraction methods. These methods include measuring of LAI (and
other parameters) using special plant canopy analysers like LAI-2200, AccuPAR, TRAC etc. as well
as using digital hemispherical photography of the studied canopy (Rich 1990; Chen et al. 1991;
Welles and Norman 1991; Welles and Cohen 1996). Both of these approaches are generally based
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on the calculation of the ratio of sky to plant area (gap fraction) in the upward (zenith) direction.
The most up-to-date method of indirect LAI estimation is based on the use of ground LIDAR (Zhao
etal. 2011).

One of the problematic issues of using the gap fraction methods is that the models for
biophysical parameters estimation are based on the Poisson law assuming random distribution
of leaves which is not true in case of crops and forest plantations (Demarez et al. 2008). The
calculated LAI is therefore underestimated up to 40 % (van Gardingen et al. 1999; Demarez et al.
2008). This so called effective LAI (LAl¢) should be corrected using the clumping index to estimate
true LAI (Demarez et al. 2008, Gonsamo and Pelikka, 2009). It is also necessary to acquire a
sequence of measurements to sample canopy heterogeneity to remove local abnormalities from
the gap fraction estimations (Garrigues et al. 2008). Garrigues et al. (2008) performed an
intercomparison of LAI retrieval using canopy analysers (LAI-2000 and AccuPAR) and digital
hemispherical photography (DHP). They highlighted the fact that the DHP method is the most
robust in terms of its sensitivity to illumination conditions. Another advantage over the
LAl-meters is the ability to estimate the clumping index and to calculate with it. On the other hand
Zhang et al. 2005 pointed out that the performance of DHP method is influenced by the exposure
of the photographs as the higher exposure results in more gaps and thus lower LAIL The

problematics of image exposure were discussed also in Guevara-Escobar et al. (2005); Garrigues
et al. (2008); Paletto and Tossi (2009) and Chianucci and Cuttini (2013) but with no clear
conclusions.
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Figure 1.6: Definition of canopy closure (CAC) and crown closure (CRC). Relationship between forest
density and CAC resp. CRC modelled by forest canopy geometrical model. Tree crown diameter is
fixed to 2.5 m and tree distribution is random. CRC is continually rising with increasing tree density,
whereas CAC is rising up to its maximal value of 1.0.
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1.3.3 Retrieval of forest parameters using high spectral resolution image data

Retrieval of vegetation biochemical and biophysical parameters using high spectral
resolution image data can be carried out by two basic approaches: 1) empirical modelling and 2)
radiative transfer approach.

Empirical models are generally based on direct correlations between received vegetation
spectral properties (usually transformed into the form of e.g. vegetation indices) and the in-situ
measured data on vegetation biochemical/biophysical characteristics. The obtained regression
formula is then applied inversely on the rest of the data. This approach offers fast and simple
retrieval of vegetation parameters and can establish important correlations, but its use is limited
by several facts. Empirical models are generally site, species and structure specific due to strong
angular anisotropy of vegetation reflectance and the influence of vegetation understory (Asner
1998, Broge and Leblanc 2000, Rautiainen et al. 2004). Since the vegetation spectral properties
change in time due to plant phenology, they are also inevitably time specific (Wang 2005, Nagai
et al. 2014). Moreover, it is necessary to have sufficient number of ground-sampled values of
biochemical/biophysical parameter to obtain strong and reliable statistical relationship. The
principles of empirical modelling see in Figure 1.7.
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Figure 1.7: Principle of the retrieval of vegetation chlorophyll content using empirical modelling
approach.

A solution to overcome the site-, species- and time specificity is to apply physical
modelling approaches where the spectral properties of foliage as well as whole vegetation
canopies are simulated via the radiative transfer theory describing propagation and interaction
of light with vegetation. Typically, leaf/needle internal structure (e.g. thickness, mesophyll
structure etc.) and biochemistry (chlorophylls, carotenoids, water etc.) are used as inputs in leaf
level radiative transfer models for forward simulation of leaf spectral properties. PROSPECT
(Jacquemoud and Baret 1990), LIBERTY (Dawson et al. 1998), RAYTRAN (Govaerts et al. 1996),
LEAFMOD (Ganapol et al. 1998) or SLOP (Maier et al. 1999) can be mentioned as typical examples
of the current leaf level models.

Similarly to leaf level, information on vegetation structure (tree height, canopy shape, leaf
area index etc.), understory and optical properties of leaves can be used as inputs for canopy level
radiative transfer modelling. Many of the model inputs related to forest structure are either easily
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measurable or can be taken from forest inventory databases. In contrast, information about leaf
optical properties are rare since they vary with both species and phonological stage. Some of the
models (called 1-D) assume vegetation as homogenous turbid medium with randomly distributed
leaves - e.g. SAIL (Verhoef 1984). These models can be successfully used for simulation the canopy
spectra of grass or agricultural crops, but they are not applicable in case of heterogenous and
discontinuous canopies with individual crowns (typically for forest ecosystems). Therefore 3-D
canopy level models have been developed taking into account the influence of crown geometry -
e.g. GeoSAIL (Huemmrich 2001), DART (Gastellu-Etchegorry et al. 2004), SPRINT (Goel and
Thompson 2000), FLIGHT (North 1996) or FRT (Kuusk and Nilson 2000).

The coupled leaf and canopy level models can be used to simulate the spectral properties
of vegetation for various combinations of the input parameters. These simulations are then linked
with the values of biochemical and biophysical parameters via a retrieval algorithm (e.g. one-
dimensional or multiple regression, artificial neural network etc.) to find the predictive equations.
These equations are then applied inversely on the real hyperspectral image data to retrieve the
required values of the biochemical and biophysical parameters. The principles of radiative
transfer modelling see in Figure 1.8.

hyperspectral da calibration and N corrected HS chlorophyll
data acquisition atm. correction image data map
»
N retrieval
i algorithm
L 3
tree structural Snopyieel spectra canopy level
i model == ; ol spectra
parameters - up-scaling . :
parametrization simulations

r s

l—’ lab. analysis [~}

(Cab)

leaf level model leaf spectra
parametrization simulation

needle sampling

optical/spectral

L. properties 1

Figure 1.8: Principle of the retrieval of vegetation chlorophyll content using radiative transfer
approach.

The use of radiative transfer models has several advantages against the empirical
modelling. It is based on well-defined physical laws which are not site and time specific. On the
other hand the development of such models is very complex and time demanding process.
Moreover, each model represents some degree of generalization and thus the simulated
vegetation spectra might not correspond with the real spectra in case of inappropriate model or
wrong model parameterization.

Retrieval of vegetation biochemical and biophysical parameters from the spectral
information has been the subject of many studies in the past decades. Retrieval of leaf chlorophyll
and carotenoids content based on the statistical relationship to spectral information (vegetation
indices) was described in details by Datt et al. (1998), Gitelson et al. (2002), Sims and Gamon
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(2002) and others. Schlerf et al. (2010) used an empirical relationship between the spectra (at
both leaf and canopy levels) and chlorophyll and nitrogen concentration. The empirical
relationship was established using Stepwise Multiple Linear Regression (SMLR) on the 1st
derivative, continuum removal (CR) and normalized continuum removal (nCR) vegetation
spectra. The obtained predictive formulas were applied on HyMap airborne hyperspectral data
acquired over homogenous Norway spruce forests. Zarco-Tejada et al. (2004) coupled the
PROSPECT and SPRINT radiative transfer models to estimate chlorophyll content of Jack pine
(Pinus banksiana) forest stands using CASI airborne hyperspectral data. Moorthy et al. (2008)
used the simulations of Jack pine needles spectral properties performed by the PROSPECT and
LIBERTY models. The needle level simulations were then up-scaled using the SAILH canopy level
model and chlorophyll content estimation was performed by the regression with R7s0/R710 ratio
(calculated from model simulations). Zhang et al. (2008) performed retrieval of chlorophyll
contentboth per unitleaf area as well as per unit ground surface based on coupling the PROSPECT
and 4-SCALE models and CASI hyperspectral data acquired over Black spruce (Picea mariana)
forest stands. Hernandez-Clemente et al. (2012) estimated chlorophyll and carotenoids content
in heterogenous conifer forest stands using the coupling of PROSPECT and DART radiative
transfer models simulations at 500 - 600 nm domain. Malenovsky et al. (2013) presented a
sophisticated method of canopy chlorophyll content retrieval based on coupling of the PROSPECT
and DART models to simulate Norway spruce canopy reflectance. The chlorophyll content
estimation was estimated using artificial neural network (ANN) and newly developed ANCBeso-720
vegetation index. The results were compared with the performance of several others vegetation
indices (NDogzs.710, SR7s0/710, TCARI/OSAVI). The study was practically performed on the
AISA-Eagle hyperspectral dataset acquired over homogeneous Norway spruce stands at
Moravia-Silezian Beskyds.

Canopy water content was estimated by Clevers et al. (2010) by the means of linear
relationship with the 1st derivative of vegetation spectra simulations obtained from the PROSAIL
(PROSPECT+SAIL) model. The application was performed on grazed fen meadows. Canopy water
retrieval was performed also by Cheng et al. (2006) by the use of PROSPECT-SAILH,
PROSPECT-rowMCRM and PROSPECT-FLIM models couplings. The study was using AVIRIS
airborne hyperspectral data which were then used to assess the behaviour of vegetation water
content retrieval based on NDVI, EVI, NDWI and SISWI vegetation indices calculated from MODIS
data.

Huang et al. (2004) used direct empirical application of various multidimensional models
including ANN, PLSR, MPLSR and SMLR to estimate foliar nitrogen content of Eucalyptus canopies
using continuum removed spectra, 1st and 2nd derivatives as well as log(1/R) spectra. Huber et al.
(2008) performed estimation of nitrogen, carbon and water content by direct empirical
application of SMLR multidimensional model on the canopy level spectra obtained from HyMap
hyperspectral image dataset acquired over mixed forest in Switzerland. Kokaly and Clark (1999)
and Kokaly et al. (2009) determined nitrogen, lignin and cellulose content using SMLR applied on
continuum removed spectra as well as on 1st and 2nd derivatives of log(1/R) spectra. The
established relationships were then applied on AVIRIS airborne hyperspectral dataset. The
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quantitative modelling of nitrogen content was performed also on the level of satellite data by Lu
et al. (2009) who applied SMLR model on Hyperion hyperspectral imagery.

As for biophysical and structural parameters, most authors have focused on LAI
estimation. Gong et al. (2003) estimated forest LAl using direct statistical relationship to 12
different vegetation indices calculated from a Hyperion hyperspectral dataset. Retrievals of LAI
for various agricultural crops were performed by D’Urso et al. (2004), who used CHRIS/PROBA
satellite hyperspectral data, and by Haboudane et al. (2004), who used CASI airborne
hyperspectral data. Both teams were using spectral simulations performed in the PROSAIL
radiative transfer model. Darvishzadeh et al. (2007) evaluated direct relationships of different
vegetation indices (RVI, NDVI, PVI, TSAVI and SAVI2) to LAI for various vegetation species by the
means of linear and exponential regression. Schlerf et al. (2005) established a statistical
relationship between LAI and other biophysical parameters such as stem density, canopy cover,
perimeter at breast height, stand height and crown volume and vegetation indices calculated from
HyMap airborne hyperspectral data acquired over homogeneous Norway spruce stands.
Unfortunately, statistically reliable regression was found only in case of LAl and crown volume
using linear regression model. Verrelst et al. (2012) proposed a method of LAI and fCOVER
retrieval as well as chlorophyll content retrieval based on the use of Gaussian process technique
providing non-linear regression as a linear combination of spectra mapped to high-dimensional
space.

1.3.4 Potentials of imaging spectroscopy and remote sensing in forest management

Many of the vegetation stress symptoms (e.g. discolouration, defoliation etc.) are closely
linked with the changes of the biophysical and biochemical parameters values and thus they are
generally detectable by remote sensing tools. However, remote sensing techniques are always
monitoring symptoms and not the causes of the vegetation stress, so the vegetation stress can be
detected only indirectly (e.g. stress — chlorophyll decrease — spectral response). On the other
hand, some of the variables observable by remote sensing tools can be directly linked to the
parameters used in classical in-situ forest health assessment methods (e.g.
discoloration/chlorosis - leaf pigments content, growth vitality/defoliation - LAI, presence of
dry/dead leaves - canopy water content etc.). Moreover, imaging spectroscopy is capable to detect
not only visual symptoms of stress (which the classical methods are based on), but also the
pre-visual ones indicating very early stages of vegetation stress. Remote sensing tools provide
continual information in contrast with the classical assessment methods which are always
discrete.

The main disadvantage of the hyperspectral remote sensing applications is their high cost
which is limiting their broad use. Hyperspectral imaging is also strongly weather-dependent as
airborne/satellite data acquisition can be performed only in case of clear (cloud-free) weather
only. Therefore it can be concluded that imaging spectroscopy applications will not totally replace
the classical in-situ assessment methods in the near future, but they have a great potential to be
combined with the current methodologies to study vegetation health status in more complex view.
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1.4 Purpose of this study

Although imaging spectroscopy has been used in the field of vegetation studies for at least
two decades, utilization of hyperspectral imagery has been mostly focused on quantitative
retrieval of several parameters (like chlorophyll content, LAI etc.). On the other hand, only very
few studies have used it to build-up a complex models describing forest stand health status, which
might be a new challenge and opportunity for further research.

As it mentioned above, the current forest health status classifications are designed mostly
for in-situ assessment based on very limited number of visually detectable parameters which are
not very suitable for remote sensing applications. The main reason is that the used parameters
have mostly qualitative character (e.g. presence X absence of chlorosis, presence X absence of
defoliation etc.), wher