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ABSTRACT

REMOTE SENSING OF FOREST DAMAGE IN THE CZECH REPUBLIC 

USING HYPERSPECTRAL METHODS

By

Petya Entcheva 

University of New Hampshire, September 2000

The current study assesses the potential of hyperspectral data for monitoring the 

initial stages of damage in Norway spruce forests characterized by subtle changes in 

foliar chlorophyll and chemistry. Both field and airborne high spectral resolution 

reflectance measurements were obtained for selected study sites in the Krusne hory, 

Czech Republic.

High spectral resolution airborne canopy data and field foliar samples were 

acquired simultaneously in August 1998 for a total of SI study sites within the Krusne 

hory. The sites were selected to represent a full range of damage conditions in even-aged 

Norway spruce (Picea abies (L.) Karst) stands located between 820-920m elevation.

Based on dendrochronology, a decline in forest growth began in the late 1960s. 

All forests, regardless of damage class, were affected. An apparent recovery began during 

the mid-1980s.

Reflectance, foliar pigments, nitrogen and chemical constituents were determined 

for first-, second- and third-year needles. A strong correlation to damage was established 

for the foliar chemistry. A significant increase in polar compounds (such as tannins, 

sugars and starch) and a reduced needle lignification occurs with increasing damage.

XX
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Foliar chemical constituents appear to be effective indicators of long-term 

environmental conditions. The strong relationship between damage level and polar 

compounds suggests high potential for use of these constituents as bio-indicators of 

stress.

Both field and airborne high spectral resolution data separate the initial forest 

damage classes. Based on field reflectance measurements for third-year needles, 

derivative indices from the red edge region were most strongly correlated to damage 

level, followed by indices ratioing damage-sensitive and damage-insensitive bands and a 

parameter describing the fit of an Inverted Gaussian curve. Red/red edge spectral data 

from the Airborne Solid State Array Spectrometer (ASAS) had the highest potential for 

separation of initial levels of damage, which corresponds with the region suggested as 

most sensitive to damage as seen in conducting the field reflectance measurements.

Both optical and derivative indices incorporating reflectance from the red edge 

region present the most potential as indicators of initial damage in both leaf and canopy 

spectra.

xxi
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Chapter 1

INTRODUCTION

Maintaining healthy and functional forest cover is of importance because forests 

are one of the major CO2 sinks and O2 sources, covering approximately 40% of the 

Earth’s ice-free land surface (Waring and Running, 1998). A decline in forest health can 

result in abnormal reductions in forest ecosystem productivity and/or diversity, alter the 

ecosystem functioning processes and cause a significant effect on the terrestrial 

biogeochemical cycling. Forest monitoring is of critical importance for the early 

detection of forest decline or damage due to either natural (insect infestations) or 

anthropogenic (air pollution) factors. Initial damage detection is required for making 

timely management decisions.

Vegetation spectral properties are determined by pigment levels, internal 

structure, water content and biochemical constituents (Rock et al, 1986 and 1988; Martin 

and Aber, 1997). Changes in amount of foliar chlorophyll, lignin, cellulose, nitrogen and 

the water content of the tissue are indicative of changes in tree health and produce 

diagnostic changes in the spectral signatures of vegetation (Rock et al., 1986; Carter et 

al., 1996). Chlorophyll and carotene concentration change and additional foliar 

compounds may build within the leaves in response to stress, in turn affecting the spectral 

properties of the vegetation foliage (Rock et al., 1986; Martin, 1994; Martin and Aber, 

1997). Foliar chemistry is considered to be a reflection of the growing conditions to 

which the trees were subjected at the time of needle formation and cell wall composition
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is unlikely to change over time as growing conditions degrade or improve (McNulty et 

al., 1991). Thus, monitoring of vegetation vigor based on remote sensing estimates of 

chlorophyll levels and foliar chemical constituents may allow detection of both the early 

stages of ecosystem decline, as well as long-term environmental conditions.

Remote sensing has proven useful in assessing changes in the extent, density and 

composition of vegetation (Waring and Running, 1998; Aber et al., 1986). It provides an 

objective, economically-feasible opportunity for timely detection of changes in the 

forested cover, with large implications for validation of the existing physiological models 

of ecosystem function (Aber et al., 1993). Previous research has developed the remote 

sensing capabilities for assessment of either very broad categories of forest damage on a 

regional scale, or a detailed estimation of forest health on a local scale (Rock et al., 1993; 

Lambert et al., 199S; Ardo et al., 1997). High spectral resolution data have been used to 

measure canopy pigment levels and biochemistry. Hyperspectral systems that acquire 

data along the visible and near-infrared vegetation spectrum dominated by chlorophyll 

absorption may allow for monitoring of the early stages of damage in vegetation 

characterized by subtle reductions in chlorophyll concentrations (Rock et al., 1988;

Miller etal., 1993).

High elevation spruce ecosystems are highly sensitive to environmental and 

climatic changes (NAPAP, 1990). The high elevation forests located in northern Bohemia 

along the borders of the Czech Republic and Germany grow in one of the most heavily 

polluted regions of the world (Materna, 1989; Klasterska, 1991; Klimont etal., 1993). 

Within northwestern Bohemia, the Krusne hory mountains offer a unique opportunity to
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study the full gradient of forest decline conditions within a simple, homogeneous Norway 

spruce ecosystem located along a narrow elevational range.

The primary goal of this research is to assess the potential of airborne- and field- 

based high spectral resolution remote sensing and narrow band multispectral technology 

for separation of initial levels of forest damage. The objectives of the research are to:

1. Assess the potential of multispectral narrow band video systems and field 

spectrometry for separation of damage levels;

2. Document the extent of the changes in forest stand parameters, foliar pigments, 

chemistry and spectral signatures occurring with damage in Norway spruce foliage; and

3. Evaluate the potential of airborne hyperspectral remote sensing for separation 

of the initial level of damage in the Norway spruce canopies from the Krusne hory, Czech 

Republic.

The format of this dissertation is structured such that the introduction and 

literature review chapters are followed by the research, separated into three independent 

chapters, addressing the objectives enumerated above.
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Chapter 2

BACKGROUND AND LITERATURE REVIEW

2.1 Forest Decline in the Czech Republic

Forest decline

Forest decline is defined as deterioration in forest health caused by a combination 

of stress factors leading to an abnormal reduction in growth in mature stands. Forest 

decline is not the result of normal maturation or senescence and cannot be attributed to a 

single predominant natural factor. Finally, forest decline is sufficiently severe and 

extensive so as to cause major concern and be detected by a routine forest monitoring and 

field investigations (NAPAP, 1990). Hyink and Zedaker (1987) characterize decline as a 

gradual loss of vigor involving reduced growth rate and increased susceptibility to 

secondary biotic and abiotic stress, which generally affects mature trees. Unless the stress 

factors are removed forest decline may lead to forest death.

Spruce decline in the Czech Republic

High elevation spruce forests in northern Bohemia, along the Krusne hory 

mountains that border the Czech Republic and Germany, inhabit one of the most heavily 

polluted regions of the world (Klimont et al., 1993). This area of Central Europe has been 

exposed to severe levels of air pollution over the past 40 years. Sulfur dioxide (SO2) has 

been attributed as the primary factor responsible for the advanced forest decline in the Black
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Triangle (Kubikova, 1991). The forests in the Krusne hory mountain range cover 

approximately 300,000 hectares. These forests have been planted and managed as 

monoculture plantations of Norway spruce (Picea abies) for at least the last 100 years 

(Henzlik, 1997). Due to the homogeneous forest type and the moderate changes in 

elevation throughout the region, as well as proximity to heavy pollution sources, the 

Krusne hory offers a unique opportunity to observe the full gradient of forest damage 

attributed to long-term exposure to extreme levels of air pollutants. The majority of the 

spruce forests in the Krusne hory have been classified as either damaged or heavily 

damaged (Rock et al., 1994; Lambert et al., 1995; Ardo et al., 1997). Many areas have 

experienced nearly complete overstory mortality, resulting in full collapse of the ecosystem.

Evidence of abnormally reduced individual tree and forest stand growth plays a 

major role in the detection and evaluation of forest decline. Of key importance when 

evaluating forest decline is to consider the normal (i.e., expected) processes of tree 

growth in conjunction with the environmental and forest history factors affecting forest 

stand development.

Retention of multiple yeas of needles is an inherent characteristic of coniferous 

species. A new needle-age class (current-year needles) is being added each growing season, 

while the oldest needles are being shed as their physiological function is impaired. 

Depending on the growing conditions, Norway spruce can retain 15 or more years of 

needles (Delkov, 1984; field observations of the author). Under environmental stress, 

Lichtenthaler (1988) has reported a reduction of the number of needle-years retained with 

increasing levels of damage.
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A variety of environmental factors affecting tree growth should be considered in 

forest decline assessments. Some of these parameters include: temperature, soil moisture, 

soil chemical and physical properties, soil microorganisms, precipitation, site topography 

(elevation, slope and aspect) and wind regime. The factors that have a significant impact on 

tree growth can be stratified into three major groups: site quality, stand density and stand 

age (Hyink and Zedaker, 1987). Site quality is a measure of the productive capacity of the 

environment. Within highly productive sites, young trees grow faster, reaching larger sizes 

in a shorter time with a more gradual natural rate of decline. Stand density is the measure of 

the number of tree stems per unit area. Stand density of shade-tolerant, even-aged species 

changes very little over time. In the case of mature spruce plantations, such as the forests in 

the Krusne hory, stand density can be considered a constant. Hyink and Zedaker (1987) 

define the difference between chronological and physiological age of a tree, stating that 

physiological age is of greater significance than chronological age with respect to tree 

growth. Physiological age can differ significantly within uneven-aged, uneven-spaced 

stands. Even-aged, regularly-spaced spruce plantations, as found in the Czech Republic, 

provide one of the rare examples where trees with the same chronological age may be at the 

same physiological age.

Field Evaluation of Forest Decline

Site- and/or region-specific techniques are used to characterize and quantify forest 

canopy damage using ground-based observations. Typical forest decline evaluations 

involve assessing individual trees (i.e., crowns) within a larger forest stand. Standard 

variables recorded for each individual crown include: percent of crown defoliation, percent
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of crown mortality, incidence and severity of chlorotic and/or necrotic foliage, and incidence 

of signs and/or symptoms of biotic pathogens (including insect damage; NAPAP, 1990).

Subjective estimates of within-crown defoliation and mortality are the primary 

variables used to categorize individual trees and the surrounding stand into damage classes. 

For example, forest decline assessments in the Krusne hory recognize five levels of Norway 

spruce foliar loss, with one class for healthy crowns and four categories defining 

progressively greater stages of defoliation (Lesproject, 1988; Henzlick, 1997; Ardo et al., 

1997). However, different countries have adopted unique defoliation class definitions. The 

German methods, developed for use with CIR photography in conjunction with forest field 

surveys, assign slightly defoliated crowns to the healthiest class (Hildebrandt and Gross, 

1992). The current study adapted the German forest damage evaluation methods (Table 

2.1).

The spectral response of forests classified from the ground as healthy (DCO) may 

be influenced by a combination of completely healthy stems and crowns displaying the 

earliest visual signs of damage. Similarly, the spectral properties of stands subjectively 

quantified as displaying initial damage (DC1) include individual healthy crowns, crowns 

with only slight defoliation (11%) and crowns with significant needle loss (25%). Here 

again, the spectral response of forests classified as D O  is controlled by the combined 

reflectance properties of a continuous range of defoliation levels. Based on the 

absorption properties of chlorophyll, the spectral properties of foliage can provide an 

accurate indicator of plant growth conditions (Carter et al., 1995). Current satellite-borne 

sensors, such as Landsat TM, may not detect the slight spectral shifts associated with a 

decline in forest health from DCO to DC1 (Lambert, 1993, Lambert et al., 1995; Rock et
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al., 1994). The spatial and spectral limitations of multispectral satellite imagery can result 

in unreliable categorization of the spectrally mixed canopies associated with damaged 

stands. Lambert et al. (1995) accurately discriminated three levels of forest damage 

within the Krusne hory (healthy, moderate damage and heavy damage). Their approach 

employed a logit regression to classifying forest damage conditions with both Landsat 

TM imagery and ground-based forest inventory data.

Based on their assessment of TM damage discrimination capabilities, DCO and 

DC1 were not separable, DC2 was discriminated with 83% accuracy and DC3 with 95% 

accuracy. Single bands (TM1, TM3, TM4 and TM7) were best for separation of damage 

classes, and band ratios did not improve the discrimination of damage classes.

Due to subtle alterations and visual similarities in crown foliar condition 

representative of the initial damage class (DC1), it is likely that visual field observations 

would score these trees and the surrounding stand as healthy. An imaging system capable 

of detecting these initial subtle changes in foliar condition could become a valuable tool 

for detection of early stages of forest stress. Detection and quantification of the initial 

stages of forest damage are essential to accurately monitor forest health and to implement 

effective corrective treatments. Therefore, improvements in remotely sensed data are 

needed to adequately assess the full range of forest decline categories, even in forest 

cover types such as the homogenous spruce stands of the Krusne hory.

2.2 Physiological Basis of Atmospheric SulAir Dioxide and Acid Precipitation
Injury to Trees

Trees, by their nature, are stationary organisms unable to migrate to avoid the 

unfavorable fluctuations in their changing environment. Significant deviations from
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optimal conditions that cause changes in plant responses at all functional levels result in 

plant stress (Larcher, 1995). Initially stress causes destabilization in structural and 

physiological functions. If the stress is short-lived and the tree is able to adjust, resistance 

to the stress agent increases and a new stable condition in physiological functions is 

attained. Plant physiological acclimation, or adaptation, is the ability of a plant to adjust 

to continuous stress conditions, and facilitates long-term survival (Alscher and Cumming,

1990). Prolonged stress conditions exceeding the adaptive limits can cause severe 

injuries, destruction of viable organs and tree death (Larcher, 1995).

Injury Caused by Sulfur Dioxide (SO2)

Trees are exposed to air pollutants directly through the exchange of atmospheric 

gases or indirectly through the moisture absorbed from the soil. Atmospheric pollutants 

enter the plants through the open leaf stomata. After entering the plant tissue, air 

pollutants dissolve in the water resulting in direct damage to cellular structures (e.g., cell 

membranes; Schulze etal., 1989). Such changes in foliar chemistry indirectly affect 

plant growth processes. Sulfur dioxide (SO2) represents an atmospheric pollutant that is 

toxic to plants, animals and humans (Lange et al., 1989). The SO2 molecules dissolve 

easily in water in the atmosphere and in soil surface moisture, forming acid precipitation. 

Comprehensive reviews of physiological effects of SO2 are provided in Alscher and 

Cumming (1990), Smith (1990), Larcher (1995) and Lange et al. (1989).

The most prevalent atmospheric pollutant causing damage to plants is sulfur 

dioxide (SO2) (Krahl-Urban et al., 1988). It is emitted to the atmosphere primarily 

during the burning of fossil fuels. Power generation, both industrial and domestic, 

provides the major portion of global sulfur dioxide emissions. When emitted via tall,
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industrial smokestacks, SO2  particles can be dispersed via long-range transport. Sulfur 

dioxide has a residence time in the atmosphere of up to three days. In the atmosphere, it 

reacts with moisture forming both sulfiirous acid (H2SO3) and sulfuric acid (H2SO4). In 

some regions of Europe, especially in the Krusne hory, SO2  is considered the decisive 

factor causing forest decline (Krahl-Urban et al., 1988, Lange et al., 1989).

SO2 enters directly through the leaf stomata and is dissolved in the free space 

moisture within the leaf intercellular spaces. If the stomata are closed SO2  cannot enter 

the leaf. However, if atmospheric concentrations are great enough, SO2  can overcome 

stomatal resistance by causing loss of turgor in the epidermal cells surrounding the guard 

cells, leading to the opening of the stomata (Larcher, 1995). Inside the leaf, SO2  

dissolves in the intercellular space as SO3 , and inside individual cells as SO4 (Smith,

1990; Lee, 1995). Sulfur compounds exist naturally within plant cells. The protoplasm 

has a natural buffering detoxification mechanism against higher amounts. If too many 

sulfur groups enter the cell, they are converted to H2S and sent back to the atmosphere 

via gas exchange through the stomata (Larcher, 1995). If the cellular SO2  exceeds the 

cell buffering capacity, the chloroplasts serve as an ion sink. All conifers, including 

spruce trees, use the C3 pathway of photosynthesis. In C3 plants SO2 occupies the sites 

reserved for CO2 fixation on ribulose-l,5~bisphosphate carboxylases (RUBISCO), 

leading to a reduction in the ability of the RUBISCO system to allocate CO2 . This results 

in an inhibition of photosynthesis, often causing chlorophyll destruction and eventually 

cell death. As SO2  exposure increases, more chlorophyll is lost and cell mortality 

continues. These pigment and cellular changes result in differences in foliar spectral 

properties, providing the basis for damage detection using remote sensing techniques
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(Rock et al., 1986). Conifers typically retain their needles for several years, with spruce 

holding functional needles for up to IS years (Hosley, 1936). Therefore, spruce needles 

are among the most likely to be affected by chronic SO2 exposure.

Smith (1990) describes the progression in foliar damage symptoms attributed to 

SO2 exposure. Initial symptoms include the formation of faint, water-soaked necrotic 

spots on the needles. The necrotic spots are the result of the collapse of the mesophyll 

cells. The symptom is observed initially near the stomata. The necrotic areas dryout and 

become either a reddish-brown or yellowish (i.e., chlorotic) color. With advanced 

damage, the necrotic areas expand and the needle is eventually shed. Krahl-Urban et al. 

(1988) confirms that the most common symptoms of SO2 pollution damage in conifers 

are chlorosis and needle loss.

Acid Precipitation

Sulfur dioxide and nitrogen oxides can react with atmospheric oxygen and water 

vapor, producing acid rain. Pure rain is typically slightly acidic with a pH value ranging 

between S and 6 . Average pH levels reported in the Krusne hory are around 4, with 

levels of 2 and 2.S reported during winter fog episodes (Krahl-Urban et al., 1988).

Sulfate and nitrate, in combination with other nutrients, are commonly used as 

agricultural fertilizers. Thus, in the soil they may have a beneficial effect on the plants.

If the rate of sulfate and nitrate deposition exceeds the rate of uptake by the forest, soil 

acidification may occur (Schulze et al., 1989).

Acid precipitation can cause cuticular erosion and other abnormalities leading to 

foliar leaching (Schulze et al., 1989; Larcher, 199S). The cuticule, the outermost layer of 

spruce needles, is covered by cuticular waxes. Long-term exposure of spruce foliage to
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acid precipitation has been shown to result in the leaching of calcium, magnesium and 

potassium (Smith, 1990). The especially damaging effect of acid precipitation in the 

form of fog has been noted. One hypothesis is that acid fog exposure causes cuticular 

wax aging and erosion leading to excessive foliar water loss. This effect could also 

increase the potential risk of foliar winter injuries.

Gruber (1994) and Larcher (199S) report that acid precipitation can cause direct 

damage to root apoplasts, leading to cell damage and disruption by affecting the 

distribution of growth hormones. Damage to the spruce taproot can cause the root 

architecture to shift from central to flat (Gruber, 1994). A flat root system is very 

unsuitable for the mountainous growth conditions in which spruce usually grows, causing 

the trees to become susceptible to wind damage and drought.

Acid rain deposits mobile anions (e.g., NO3-, SO2-) into the soil solution 

(Abrahamsen et al., 1993). Since forest soils are typically nitrogen limited, NO3- 

deposition can initially have a beneficial affect. However, when sulfate and nitrogen 

inputs exceed the demand by the forest, these anions, along with basic cations (e.g., Ca+, 

K+, Mg+), will be leached into the mineral soil leaving aluminum ions in the organic 

horizon (Smith, 1990; Abrahamsen, 1993). The nutrient cations are leached beyond the 

rooting zone and become unavailable, causing nutrient imbalances and plant growth 

decline (Mooney et al., 1991). The normal capacity of the upper soil horizons to store 

leached cations can also be diminished. With an increase in soil pH, the cations can be 

displaced from the ion exchange sites on the clay particles by hydrogen (H+). In some 

highly acid soils with increased aluminum solubility, aluminum concentrations reach 

toxic levels.
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Schulze et al. (1989) and Lange et al. (1989) report that acidification of the soil 

solution resulted in the reduction of root biomass in the upper, severely acidified mineral 

horizons, and caused an increase in root biomass in the organic layer. This change in root 

distribution with soil depth increased forest susceptibility to short-term surface drought.

Crown thinning is a commonly observed symptom associated with spruce forest 

damage attributed to acid precipitation. Defoliation has been documented as loss of older 

needles, missing current year needles and insufficient branching. Perhaps the most 

prominent symptom of advanced spruce decline is the “sub-top thinning.” This is 

characterized by a complete lack of needles in the upper portion of the crown, while the 

lower functional part of the crown displays little or no needle loss (Gruber, 1994).

Crown thinning has also been associated with needle desiccation that may be due to one 

or more of the following: ( 1 ) tree water deficiency (a systematic stress), (2 ) needle 

surface area damage associated with cuticular erosion, (3) blockage in the tree water 

transport system due to mechanical forces, and (4) needle abscission due to severe 

nutrient imbalance (Gruber, 1994).

In the Krusne hory (Erzgebirge Mountain), Lange (1989) reports higher levels of 

NCb than SO2 . Because of the higher cellular capacity for reductive detoxification of 

NO2  than SOo, NO2  concentrations measured within leaves with open stomata were found 

to be low. Lange concludes that SO2, although in lower concentrations in the 

atmosphere, presents the major threat to the spruce forests in this region. SO2 and NOx 

have been reported to alter nutrient balances and reduce carbon transport to roots 

(Mooney et al., 1991). This may result in more wood to be added to the upper bole and
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less to the base, leading to a reduction in stem taper in most of the declining spruce 

forests throughout Central Europe.

Methods for diminishing the effects of SO2, NO2  and acid rain include the 

spreading of powdered dolomite over the forest floor. Larcher (1995) reports that by 

applying dolomite, in conjunction with K and Mg fertilizers, chlorosis in coniferous 

forests can be treated successfully. This method has been applied in the Krusne hory to 

maintain a soil pH of 4.5, facilitating an improvement in overall forest growth.

2.3 Forest Stress Detection Using High Spectral Resolution 
Remote Sensing Systems

During the past several decades, the field of ecological remote sensing has 

evolved significantly, including field and imaging spectrometers, multi-spectral and 

narrow-band systems.

Field and Imaging Spectroradiometry

Field spectroradiometry is a form of ground-based reflectance data collection for 

the determination of vegetation spectral response patterns (Lillesand and Kiefer, 1994). 

Spectroradiometers measure, as a function of wavelength, the energy reflected from an 

object. This can be done in the field or in a laboratory environment under controlled light 

conditions. The data are calibrated to reflectance using a spectral panel with known, 

stable reflectance properties. The current study uses two field spectroradiometers: (1 ) 

V1RIS (MARK IV), and (2) GER2600 (Geophysical Environmental Research Corp.,

New York, New York).

Imaging spectrometry acquires remotely sensed data over a large number of 

contiguous spectral bands such that a complete reflectance spectrum can be obtained for
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the imaged region (Jensen, 1996). Airborne and satellite-borne scanners use an 

optomechanical system in which the detector elements scan the earth’s surface 

perpendicular to the ground using a whisk- or push-broom motion. An optical system, 

including a prism, discrete detectors and filters, is used to record the incoming reflected 

and/or emitted radiation into multiple, narrow (i.e., < 25nm) spectral regions or bands.

The Airborne Solid-state Array Spectroradiometer (ASAS). used in the current 

study, is an airborne push-broom imaging radiometer, with a 512 x 62 pixel CCD area 

array. The instrument is maintained and operated by the Laboratory for Terrestrial 

Physics at the NASA Goddard Space Flight Center (NASA/GSFC, Russell et al., 1997). 

ASAS produces an image strip 512 pixels wide for 62 spectral bands. The complete 

spectral range is from 410 tol032nm with an approximately lOnm band-width (half max, 

full width). The optimal spectral performance of ASAS is in the 500-900nm region 

(Dabney et al., 1999). Data are recorded as unsigned, 16-bit digital numbers and 

calibrated to radiometric units using laboratory-derived sensor gain coefficients 

(Kovalick etal., 1994).

Critical steps in obtaining reliable hyperspectral imaging data for forest change 

detection includes both atmospheric and radiometric calibration. Some of the methods 

applied for atmospheric corrections include: scene average method, flat-field correction, 

single spectrum and empirical line algorithm. Atmospheric models such as 6 S, 

LOWTRAN, MODTRAN and ATREM have also been used successfully to complete 

atmospheric and radiometric calibration (ACCP, 1994).
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Forest Change Detection Using Hyperspectrai Systems

A reduction in the state of tree health often leads to changes in leaf cellular 

structure and chemical composition. During the initial stages of foliar damage cellular 

changes are frequently subtle as to be “pre-visual.” Plant vitality will irreversibly decline 

and dramatic visible changes (e.g., foliar loss, chlorosis, necrosis) will begin to occur as 

damage increases. Vegetation canopy spectral signatures are typically controlled by the 

biochemical properties of the foliage. Examples of these biochemical properties include: 

total chlorophyll concentration, relative concentrations of chlorophyll a and b, water 

content, lignin and cellulose concentrations, and foliar nutrient status (e.g., nitrogen 

concentration). Both foliar chlorophyll content and moisture content are considered to be 

accurate indicators of the state-of-health in a wide range of species (Horler et al., 1983; 

Rock et al., 1986,1988,1992; Vogelmann et al., 1993). Significant loss of foliar 

biomass has been detected using various Landsat Thematic Mapper (TM) indices and 

band ratios, such as the Normalized Difference Vegetation Index (NDVI) and TM S/4 

(Lambert et al., 199S; Rock etal., 1993). However, subtle changes in vegetation health 

associated with vegetative biochemical properties cannot be detected using broadband 

spectral data.

A variety of techniques have been developed to investigate the relationships 

between spectral data and the physiological properties of vegetative canopies, including: 

multiple linear regression on the first and second derivative absorptance spectra, partial 

least squares on first derivative spectra and multivariate inversion techniques. The 

Accelerated Canopy Chemistry Program (ACCP, 1994) suggested that hyperspectrai data 

allows detection of subtle differences in vegetation signatures, including the signatures of
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individual leaves within complex canopies and quantitative estimates of chlorophyll 

concentrations (Milleretal., 1990).

Within the last 20 years, near-infrared (NIR) spectroscopy has became a widely 

used tool for the quantitative assessment of chemical constituents for agricultural 

products (Williams and Norris, 1987; Wessman etal., 1994; Bolster etal., 1996). The 

NIR instruments are calibrated by making absorption measurements on a sample set for 

which the chemical analysis has been made. The NIR measurements of the calibration 

samples are then related, using regression procedures, to the values obtained by the 

laboratory analysis (Martin, 1994). Because of their importance in determining foliar 

decomposition rates, lignin and cellulose levels have been evaluated, while less attention 

has been paid to the remaining foliar compounds (ACCP, 1994).

Laboratory carbon constituent analysis allows for measurement of relative 

concentration of lignin, cellulose, polar and non-polar constituents (Newman et al.,

1994). Non-polar compounds include organic fats and waxes, largely allocated in the 

needle cuticles and governing foliar gas exchange and transport properties (Ferry and 

Ward, 1959). Increasingly, it has been shown that under the influence of air pollution the 

aging of cuticular waxes is accelerated and the levels of fats and oils increase, causing the 

occurrence of premature epistomatal structural wax agglomerates and the formation of 

scale-like wax structures covering the stomata and leading to leaf shedding when 80-90% 

of the stomata are closed (Shulze et al., 1989). During the non-polar extraction step the 

organic solvent extracts as well most of the foliar pigments (e.g. chlorophyll). Polar 

compounds include phenols (tannins), simple sugars, starch and simple amino acids. 

Phenolic compounds have been documented to increase significantly with vegetation
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damage (Boudet et al., 1995; Soucupova et al., 2000). The current study evaluates the 

relative changes in damage level of all four compounds.

A common method to enhance abrupt changes in the spectral curve of objects 

uses first derivative analyses. Wessman et al., (1994), Martin (1994) and Martin and 

Aber (1997) used the first derivative of forest canopy reflectance spectra for calibration 

of hyperspectrai data to in situ lignin and nitrogen concentrations. Demetriades-Shah et 

al. (1990) examined methods for generating derivatives of high spectral resolution data 

and the use of standard derivative band ratios with regard to the identification of 

vegetation chlorosis. Their results suggest that chlorosis can be detected using high 

spectral resolution derivatives while detection was not possible using ratio techniques.

Horler et al. (1983) used the first derivative of leaf reflectance spectra to locate 

the maximum in the 670-720nm region, known as the “red edge." A number of studies 

have shown that the wavelength position of the red edge inflection point (REIP) is highly 

correlated with the total amount of chlorophyll present in leaf material for a wide range 

of species (Kupiec and Curran, 1994; Horler et al., 1983; Hoshizaki et al., 1988; Miller et 

al., 1990; Moss and Rock, 1991; Rock, etal., 1986,1988,1992; Vogelmann etal., 1993). 

The red edge inflection point is defined as the boundary between chlorophyll absorption 

in the red wavelengths and leaf scattering in the near-infrared (NIR) wavelengths. It is 

computed as the wavelength at which the first derivative of reflectance spectra has 

maximum value (Miller et al., 1990; Rock et al., 1986). REIP values in the 715-724nm 

range were identified as typical for healthy foliage, while values below 715nm were 

indicative of decreased chlorophyll concentrations.
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Miller et al. (1990) stated that the approximation of the ted edge position from 

simple derivative analysis depends on instrument spectral resolution because red edge 

normality shows an asymmetry in the first derivative curve. Miller et al. (1990) used an 

Inverted Gaussian Model (IGM) to extract red edge spectral information related to total 

chlorophyll content This technique was independent of the variations of the first derivative 

curve. Miller et al. (1993) presents evidence that the relationship between total chlorophyll 

and red edge spectral parameters (e.g., Gaussian red edge reflectance minimum, Gaussian 

inflection point) provides a quantitative basis for predicting leaf chlorophyll content from 

Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data.

Chappelle et al. (1992) reports the R67S/R700 ratio to be indicative of changes in 

chlorophyll a concentration and the R760/R500 to be indicative of changes in carotenoid 

concentration (for soybean leaves). The ratios of near-infrared reflectance (above 750nm) 

to reflectance at 700nm and 550nm were found to correlate well with chlorophyll a and 

total chlorophyll content of broadleaf species for several types of leaves (Gitelson and 

Merzlyak, 1994; Lichtenthaler, 1998). The commonly used normalized difference 

vegetation index (NDVI) was developed by contrasting the strong chlorophyll absorption 

in the red wavelengths with the high reflectance in the near-infrared wavelengths, and has 

been found insensitive to medium to high chlorophyll concentrations (Vogelmann et al., 

1993; Datt et al., 1998). The RARS (R67Q/R700nm - ratio analysis of reflectance spectra; 

Chappelle et al., 1992) has been suggested as useful forevaluation of the trends in 

pigment concentration between needle age classes and species for hemlock and red 

spruce (Rock et al., 1994). A number of RARS modifications have been suggested by 

Datt (1998), as pigment specific. The modifications include RARSa (sensitive to
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chlorophyll a concentration), RARSb (chlorophyll b specific) and RARSc (carotenoids). 

RARSa has been reported reliable in assessing relative differences in chlorophyll content 

with changes in spruce needle vitality and age (Rock et al, 1994).

Stress indicator ratios, suggested by Carter (1994), include: 606/760nm, 695/420nm 

and 695/760nm. The 606/760 ratio produced values consistent with in situ spectroscopy 

values over the range of healthy, stressed and dead pines. This investigation suggests that, 

with proper calibration, hyperspectrai band ratios are comparable with in situ spectrometer 

measurements.

Many of the algorithms reported in the literature have been developed using leaf 

reflectance measurements, and/or have been developed for assessment of changes in 

pigment concentration occurring with vegetation damage. With the current study, such 

algorithms are evaluated using spectra acquired at the foliar and forest stand level, and 

their potential for damage detection is assessed.

Narrow Band Imaging

Narrow band imaging (NBI) acquires reflectance spectra within a small number 

of discrete regions. Compared to imaging spectrometry, NBI is a relatively young 

technology (Everitt et al, 1990). It became available after the development of charged 

coupled device (CCD) detectors and analog video cameras. The NBI camera systems are 

less costly than hyperspectrai systems due to the utilization of off-the-shelf components.

For monitoring studies, in order to detect and quantify a possible change, 

radiometric accuracy is critical. Methods for radiometric calibration (removal of 

atmospheric and haze effects) of video-imagery to in situ ground spectroscopy of black 

and white targets using standard regression analysis are proposed by Neale et a l  (1995)
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and Carter et al. (1996). The narrow band imaging camera (NBIC) system used in the 

current study was developed at Stennis Space Center (Carter and Miller, 1994). A 

detailed description of the NBIC system is provided by Carter et al. (1996).

Marsh et al. (199S) compares the application of video imagery and aerial 

photography for accuracy assessment of Landsat TM classified data. Aerospace video 

imaging systems have been used to detect or distinguish among many natural resource 

variables such as heavy grazing (Everitt et al., 1990), mapping forest vegetation (Lowe et 

al., 199S), wetland delineation, drought-stress and phytomass levels (Everitt et al., 1990), 

fire, burned and clear-cut areas, soil salinity, plant communities and species (Wood et al.,

199S), gopher and ant mounds (Everitt et al., 1990) and other applications reviewed in 

Everitt et al. (1990) and Pickup et al. (1995).

Forest Stress Detection Using Narrow Band Systems

Cibula and Carter (1992) first visualized the "blue shift" of the red edge by 

photographing conifer seedlings through a 1 0  nm-bandpass interference filter centered at 

700nm. Damaged vegetation often appears similar to healthy vegetation at wavelengths 

where absorption by accessory pigments is strong, such as in the red portion of the 

spectrum. Similarly, there is no significant difference between the spectral response of 

stressed and healthy vegetation within wavelengths where pigments do not absorb 

radiation, such as in the near-infrared. Ratios of stress-sensitive to stress-insensitive 

bands have been shown more effective in detection of early damage symptoms than 

single-band images (Carter and Miller, 1994; Carter et al., 1996). This is due to the 

tendency of ratios to correct for wavelength-independent optical phenomena. The greatest 

change in reflectance associated with foliar damage for fully developed, green leaves was
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reported to be in the narrow region from 690 to 700nm (Carter, 1993 and Carter et al., 

1996; Gitelson and Merzlyak, 1994). Due to relatively weak chlorophyll absorption near 

700 nm, relatively low changes in chlorophyll concentration produce significant increases 

in leaf reflectance in this narrow region as compared to 680nm (Carter et al., 1996). 

Therefore, as subtle changes in growth conditions result in initial chlorophyll loss, early 

shifts in leaf reflectance near 700nm can be observed. The increased reflectance in the 

690 to 700nm spectral region has consistently been reported in response to a broad range 

of stress agents, including air pollutants, in a variety of species (Carter, 1993). This 

spectral shift corresponds to the "blue shift of the chlorophyll red edge,” reported as 

highly correlated with reduced foliar chlorophyll content and plant stress (Gates et al., 

1965; Gates, 1980; Horler etal., 1983; Rock etal., 1986,1988; Curran etal., 1990; 

Buschmann and Nagel, 1993; Vogelmann et al., 1993; Munden e
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Damage 
Level (DC)

Defoliation 1 
(%)

Ecosystem vitality status
Chlorosis absent Chlorosis present

0 0 - 1 0 Healthy Initial damage
1 1 1 -2 5 Initial damage Medium damage
2 2 6 -6 0 Medium damage Heavy damage
3 6 1 -8 0 Heavy damage Ecosystem collapse2
4 8 1 -1 0 0 Ecosystem collapse2 Standing dead forest

Characteristic of more than 70% of the trees within the stand 
2 At this stage more than 50% of the trees within the stand are dead

Table 2.1 Criteria for field forest damage classification. Damage classification used by the 
current research in the Krusne hory, Czech Republic.

a



Chapter 3

EVALUATION OF THE POTENTIAL OF NARROW BAND IMAGING FOR 
ASSESSMENT OF INTIT AL CHANGES IN FOREST HEALTH

3.1 Introduction

Remotely sensed imagery has been used in many areas throughout North America 

and Europe to identify and monitor air pollution related to forest decline (Rock et al., 1986; 

Vogelmann and Rock, 1988; Rock and Ardo, 1993; Lambert et al., 199S). Given that air 

pollutants generally impact forest health over large (i.e., regional) areas, satellite-bome 

digital imagery sensors, with wide area coverage, have been the primary source of remotely 

sensed data. However, multispectral satellite imagery is limited by coarse spectral and 

spatial resolutions (Rock and Ardo, 1993; Lambert et al., 1995). Within the Krusne hory, 

Lambert (1993) has demonstrated the use of Landsat TM satellite imagery to accurately 

delineate three discrete damage classes, including healthy, damaged and dead forests. 

Therefore, remote sensing techniques capable of separating the initial levels of damage are 

needed.

Monitoring vegetation vigor based on estimates of chlorophyll concentrations 

may allow for pre-visual damage detection in the earliest stages of ecosystem stress. 

Depending on the severity of stress and the accompanying chlorosis, this reflectance 

response can be detected prior to damage symptoms apparent to the unaided eye (Cibula 

and Carter, 1992, Carter et al., 1996). Reflectance sensitivity near 550nm has been
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reported as less reliable for stress detection as compared to reflectance near 700nm (Cibula 

and Carter, 1992; Carter, 1994; Carter et al., 1996). Reflectance measurements near 700nm, 

as well as ratios using 700nm and near-infrared reflectance, may provide an optimal basis 

for the remote sensing of incipient chlorosis and plant stress (Carter et al., 1996). Among 

several ratios tested, 695/760nm was the most consistent indicator of plant stress (Carter, 

1994; Carter and Miller, 1994). Reflectance values in the near infrared (NIR), short wave 

infrared (SWIR) and the SWIR/NIR ratio, have been shown highly correlated to foliar 

moisture content (Hunt et al., 1989). Both chlorophyll content and foliar moisture content 

are considered to be accurate indicators of state-of-health in a wide range of species 

(Hoshizaki et al. 1988; Rock et al., 1988,1994). These studies indicate that while TM data 

(e.g. ratios) may be correlated with indicators of forest health, imaging spectrometer data 

with many narrow bands within specific wavelength regions (e.g., 700 -  750nm) will be 

more useful in detecting the earliest signs and symptoms of forest decline. The remote 

sensing studies assessing differences in vegetation health based on chlorophyll estimates 

use high spectral resolution data. Further research is needed to assess the potential of 

other remote sensing techniques to provide useful spectral data (comparable to 

hyperspectrai) for canopy health assessments implemented at both the foliar level and at 

the forest canopy scale.

An emerging market in the remote sensing industry is the use of inexpensive 

airborne multispectral and hyperspectrai sensors for both applied imaging (i.e., aerial 

mapping) and basic research. The spectral resolution of an airborne sensor is based on the 

type of detection devices employed. The least expensive systems use standard optical lenses 

and CCD technology. Most standard CCD’s have a limited spectral range, covering
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approximately 400 to 1 lOOnm with optimal performance in the middle of this range (Bufl,

1991). However, the optical lenses are easily fitted with interchangeable band pass 

interference filters. The interference filters can be purchased with either wide or narrow 

band passes. Narrow band multispectral airborne sensors offer an alternative to the 

spectrally and spatially coarse satellite-borne sensors for detecting and discriminating 

discrete levels of forest damage (Carter et al.t 1994). The drawbacks to these sensors 

include both the limited area of coverage as compared to multispectral satellite images, and 

the limited full spectral range as compared to hue imaging spectrometers.

The goal of this research was the preliminary evaluation of the potential of narrow 

band imaging technology for Norway spruce damage detection. Specific objectives were to:

1 . assess the abilities of a narrow band imaging camera system to visually display 

changes in Norway spruce reflectance associated with the initial stages of foliar damage, and

2 . evaluate the capabilities of a narrow band imaging video camera system at both the 

foliar and canopy levels by comparing acquired video spectra to spectroradiometer 

reflectance measurements.

3.2 Methods

A field study was conducted during August 1995 to assess the capabilities of a 

narrow band imaging camera (NBIC) system to detect spectral changes in Norway spruce 

reflectance associated with the initial stages of air pollution related to foliar damage.

Specific methods were developed to visually compare adjacent foliar samples classified as 

healthy and initially damaged. A second field experiment was conducted in August 1997 to 

evaluate the capabilities of an NBIC at both the foliar and canopy levels. Methods were 

developed to compare spectroradiometer reflectance measurements with NBIC reflectance
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measurements. The NBIC reflectance measurements were extracted from images acquired 

from foliar samples and from in situ tree crowns.

3.2.1 Evaluation of Narrow Band Imaging for Visualization of Initial Foliar Damage of 
Norway Spruce, 1995

Site and Representative Tree Selection and Sample Collection

A series of potential sample sites were identified within the Krusne hory using 1991 

Landsat TM imagery, 1994 1:25000 color infrared (CIR) aerial photography and 1:5000 

Czech forestry maps. Sites were located within homogenous Norway spruce (Picea abies) 

forests between 900-1000 meters above mean sea level. Only spruce stands covering a 

minimum of 5 hectares were selected. Forest health was assessed using methods 

established by Hildebrandt and Gross (1992). Table 3.1 gives detailed definitions for 

each of the five damage classes. A total of seven spruce stands were eventually selected 

and sampled. Each stand was characterized by installing a 30x30m fixed-area sample 

site. An 11.3m radius circular plot was established at the center of the square sample site. 

Differentially-corrected GPS coordinates were acquired at the center of each site. A 

variety of forest inventory variables were collected with the circular plot, including: 

diameter-at-breast-height (dbh), stem height, stand density and basal area factor. Four 

lxlm squares were randomly located within each plot. Spruce regeneration density and 

age were measured within each square. The percentage understory vegetation cover was 

also measured with the random squares. Three representative overstory spruce trees were 

selected and permanently marked with aluminum tags.
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1995 Spectroradiometer Measurements

One branch from each of the three representative stems was selected for spectral 

scanning. Pole pruners were used to collect branches from the upper portion of the crowns. 

The branch samples were immediately sealed in plastic bags with wet paper towels, 

placed in coolers of ice and taken to the laboratory for scanning. One-, two- and three- 

year old branch segments (branchlets) were separated and arranged in non-reflective (i.e. 

black coated) trays. Reflectance spectra were recorded using a GER Mark IV Visible 

Infrared Intelligent Spectrometer (VIRIS, Geophysical Environmental Research Corp., 

New York, New York). The instrument covers the 300 to 3000nm spectral region. The 

instrument measures passive reflectance over 3S0 bands with band width at full-max half

width of 2nm resulting in 4nm spectral resolution (Vogelmann et al., 1986). The VIRIS 

was nadir-oriented at a height of 50cm above the branchlets. The samples were 

illuminated under a constant hemispherical, tungsten light source oriented at a 45° angle of 

incidence. Three VIRIS measurements (each measurement being an average of six 

consecutive scans) were acquired for each sample, with the sample rotated between 

measurements to limit the effects of random scattering. The three spectral reflectance 

measurements from each sample were averaged at each wavelength.

REIP values were computed for all foliar samples. Healthy (DCO) and initial 

damage (DC1 ) samples had REIP values in the range 716-724nm. Foliar samples from 

DC2 and DC3 crowns had REIP values less than 716nm.

Based on the damage evaluation and the REIP spectral analyses, two sets of samples 

were selected from Site 6  for NBIC imaging. One set was from a healthy crown (DCO) and 

one set was from a crown displaying initial damage symptoms (DC1). Each set contained
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first-, second- and third-year branchlets. Therefore, a total of six foliar samples were used 

for the side-by-side NBIC visualization of healthy versus initially damaged foliage.

1995 Narrow Band Camera Image Acquisition

The first-, second- and third-year branchlets from Site 6  were arranged by year in a 

non-reflective (black coated) dish and illuminated with the same hemispherical, tungsten 

light source. The NBIC system consisted of a black and white CCD camera (570 horizontal 

x 485 vertical elements, Model WV-BL202, Panasonic, Secaucus, NJ, USA) connected to a 

video cassette recorder (Model AG-2400, Panasonic, Secaucus, NJ) and a 9 cm black and 

white monitor (Model M300, Auto Vission Systems, Miami, FL, USA). Specifications of 

the system and the experimental setup are provided in Table 3.2. The system was powered 

by a 12v battery. Images were acquired through a 50 mm telephoto lens and a filter wheel 

with lOnm band pass interference filters centered at 670nm, 700nm and 720nm (Andover 

Corporation, Salem, NH, USA). NBIC frames were acquired with the field-of-view 

including the dish and a spectralon calibration panel. A total of 18 camera images were 

acquired (Figure 3.1).

Commercial software was used to capture and digitize the video frames. The 

digitized images were then processed using FIGMENT (Miller, 1993) and ERDAS Imagine 

(ERDAS, Inc., 1996). The image digital numbers were converted to reflectance using 

methods described by Carter et al. (1996). Five samples (or clusters) o f400 to 500 pixels 

were extracted from within each calibrated image. For each individual band, the average of 

the five clusters represented the spectral mean.
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3.2.2 Evaluation of Narrow Band Imaging for Spectral Characterization at Sample 
and Tree Crown Level

Study Area, Narrow-band Camera Image Acquisition and Foliar Sampling

On 20 August 1997, NBIC frames were acquired over a 30x30m sample plot near 

Homi Blatna in the Krusne hory. The sample plot was established at the southern base of a 

60m tall radio tower (Figure 3.2). A description of the NBIC system and specifications of 

the acquisition from the tower are provided in Table 3.3. The system was mounted at the 

top of the tower with the lens pointed at approximately 10-20 degrees from vertical. From 

this height, the instantaneous field of view (IFOV) of the camera system at full zoom was 

roughly 3x3m, with a nominal spatial resolution of approximately 2cm at the center of the 

oblique frame. The images were not geometrically corrected for distortions in spatial 

resolution resulting from the very low oblique viewing angle (Figure 3.3). A four-panel 

spectralon reflectance standard (model SRT-MS-050, Labsphere, Inc., North Sutton, NH) 

was placed within the sample plot. The four gray levels on the spectralon reference 

include: 99%, 50%, 25% and 12% reflectance.

The vegetation within the sample plot (Figure 3.3) included: a broadleaf grass 

(iCalimagrastis vilosa), raspberry (Rubus spp.) and a broadleaf perennial (Senecio senecio). 

Camera images were acquired over each of these background vegetation types. Rubus spp. 

and Senecio senecio were in bloom during the acquisition. Foliar samples of the herbaceous 

vegetation were collected immediately after imaging, including flower heads. Five samples 

were collected from each understory cover type. The samples were secured in airtight 

plastic bags and placed on frozen blue ice for short-term storage.

The camera lens was then directed at individual Norway spruce (Picea abies) 

crowns within and surrounding the sample plot The zoom capability of the camera system
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made it possible to capture multispectral video covering specific segments of individual 

branches within the selected spruce crowns. Images were acquired within three 

representative crowns, with the lens focused on three separate sunlit (i.e. bright) branches. 

Images of the reflectance standard were collected regularly throughout the acquisition phase 

to provide reflectance calibration spectra. Pole printers were used to remove the imaged 

branches for laboratory spectral analyses. As with the understory, the removed branches 

were sealed in plastic bags and stored on ice. The Norway spruce canopy surrounding the 

tower was classified as DC1 (initial damage).

Narrow Band Camera and GER2600 Spectra Acquisition • Individual Samples

Laboratory spectra of the understory vegetation and the spruce branches were 

collected within 12 hours of sampling. Spectra were acquired for each sample using both a 

GER2600 spectroradiometer (Figure 3.4) and the NBIC. Table 3.3 provides the components 

and specifications for both instruments. The Norway spruce samples were separated into 

first, second and third year age classes. Subsamples of herbaceous vegetation and individual 

spruce branchlets were placed in a non-reflective (black) dish. The dish was illuminated 

with a hemispherical, tungsten light source. GER2600 spectral measurements were 

replicated three times, with the sample rotated between each measurement Periodic 

measurements of a spectralon standard were collected for reflectance calibration. Post

processing of the GER2600 spectra included averaging at each wavelength of the replicate 

measurements for a sample and reflectance calibration.

NBIC frames of the herbaceous vegetation and the spruce branchlets were acquired 

using the same methods as with the GER2600. However, the spectralon panel was included
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in the IFOV of the narrow band camera to allow for reflectance calibration. The NBIC filter 

wheel was fitted with 443nm, SSOnm, 675nm, 698nm and 720nm band interference filters.

The camera images from both the tower (NBICt) and the laboratory (NBICs) were 

digitized using standard commercial software. Each image was inspected for overall visual 

quality and frames with excessive numbers of saturated pixels were discarded. The digital 

numbers from the best images were then converted to reflectance using methods described 

by Carter et al. (1996). Spectral signatures were extracted from the herbaceous and 

branchlet frames by averaging five samples (or clusters) o f400 to 500 pixels each. These 

“signatures” were then averaged to produce mean spectra for each of the groundcover 

species and the spruce branchlets. Table 3.4 presents a summary for the spectral data 

acquired from the 1997 Norway spruce samples.

Ratioing individual bands, seven spectral indices were computed from each data 

type suggested by previous studies as being sensitive to vegetative stress (Hunt, et al., 1987; 

Rock, et al.. 1988,1994; Carter, 1994; Chappelle et al., 1992; Gitelson and Merzlyak, 1994; 

Zarco-Tejada et al., 1999). It is somewhat controversial as to which band combination 

may be more sensitive to damage. Chappelle et al. (1992) suggests 720/675 to be more 

sensitive to damage, while Carter et al. (1996) suggests 720/698. To assess the potential 

of the different data types, comparisons were made between individual bands and ratios.

The relationships between the GER2600 spectra, the NBICs reflectance values and 

the NBICt reflectance values were evaluated using pairwise analysis of variance (ANOVA) 

procedures (SYSTAT:7.0,1997). The analyses tested for significant differences between 

the means for individual bands and band ratios (Zar, 1996).
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3.3 Results and Discussion

The results presented below are divided into two sections. The first section 

evaluates the NBIC spectra and the VIRIS spectra acquired during the 1995 sampling 

campaign. The second section presents results from the 1997 study, comparing GER2600 

and NBIC spectra acquired from foliar samples and individual tree crowns.

3.3.1 Damage Evaluation and Sample REIP Properties

During 1995, seven study sites were sampled representing the full range of decline 

(Table 3.5). All trees were more than 40 years old. One site supported a healthy stand 

(DCO), three sites displayed initial damage symptoms (DC1), a single site showed signs 

of medium damage (DC2), while only one site had severe overstory damage (DC3). A 

final sample site had experienced full ecosystem collapse (DC4) and supported only dead 

standing and fallen stems. Canopy closure decreased and percentage of ground cover 

increased as damage level increased.

Preliminary evaluation of the VIRIS spectra red edge properties established that 

REIP values from all sites varied between 705nm and 724nm (Entcheva et al., 1996). Table

3.6 summarizes the red edge properties of the spectra acquired by the NBI camera system 

from two branch samples collected at Site 6 . One crown was scored as DCO and the 

other as DC1. Visually the two trees displayed slight differences in foliar retention and 

neither displayed chlorosis. Spectra from the DCO tree had generally higher REIP values 

than samples from the DC1 crown (Table 3.6).
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33.21995 Evaluation off NBIC Imagery for Initial Stress Detection

Figure 3.5 provides three NBIC frames depicting a side-by-side comparison of the 

healthy and initially damaged foliage from Site 6. The branch segments are paired with 

the healthy sample on the left and the sample from a crown displaying initial damage on the 

right. At 670nm both the healthy and damaged branch segments maintain a low 

reflectance due to strong absorption by chlorophyll. At 700nm, the damaged foliage 

appears to have slightly higher overall reflectance as compared to the healthy foliage. At 

720nm, both groups of branch segments are equally bright Therefore, the 700nm filter 

appears to provide the greatest potential for initial visual stress discrimination.

When comparing samples from different age groups, the first-year needles 

appeared brighter for both healthy and damaged foliage at 700nm. The second-year 

needles appeared very similar across all three wavelengths. The third-year foliage 

depicted the largest visual contrasts. At both 700 and 720nm, the damaged foliage 

appeared brighter than the healthy needles. Therefore, third-year needles may provide 

the highest potential for separation of healthy and initially damaged foliage.

Figure 3.6 shows the relationship between VIRIS and NBIC reflectance 

measurements. The VIRIS data points represent the mean of the three scans for each of six 

samples. The VIRIS single bands centered at 670nm, 700nm, and 720nm were used for the 

comparison and plotting of the 18 data points. ANOVA results revealed a highly significant 

relationship between the VIRIS and the NBIC data (r2 = 0.83, p < 0.01). However, Figure

3.6 shows that the overall NBIC reflectance values are slightly lower than the VIRIS 

reflectance measurements.
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3.3.3 Evaluation of the NBIC at the Foliar and Canopy Level, 1997

The following results present analyses of the similarities and differences between the 

three data sources for both ground cover vegetation and Norway spruce spectra. The three 

unique sources are: (1) GER2600 spectra for individual samples, (2) NBICs spectra 

acquired from laboratory imagery of individual samples, and (3) NBICt spectra acquired 

from tower images of ground cover components and individual branches representative for 

the tree crown and health condition.

Comparison of spectra for representative ground cover components

Figures 3.7a, 3.7b and 3.7c depict the spectral curves for the groundcover vegetation 

sampled within the 30x30 m plot at the base of the tower. In general, the reflectance data 

acquired from the tower (NBICt) is higher than the data acquired from individual samples at 

all bands. The NBICt reflectance values for C. vilosa are highly correlated with the 

reflectance data collected by both the NBCIs and the GER2600 (Table 3.7). However, the 

NBICt spectra for Rubus spp. is two- to three-times brighter than either of the laboratory 

acquired reflectance values (Figure 3.7b). Table 3.7 shows low correlations between the 

tower spectra and the laboratory spectra for Rubus spp. Similarly, the NBICt reflectance 

values for S. senecio are significantly brighter than the laboratory measurements (Figure 

3.7c). C. vilosa presented a homogenous groundcover, while Rubus spp. and S. senecio 

were both flowering, producing a mixed spectral response.

These results suggest that both NBICs and NBICt measurements collected from the 

more homogenous component compared better, and that the spectral variations within cover 

type may present difficulties for obtaining reliable narrow band spectra.
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Comparison for Norway Spruce Samples

Figure 3.8 compares Norway spruce spectra acquired in the laboratory with the 

GER2600, the NBICs and the NBCSt. As with the groundcover, the spectral data from the 

NBICs have higher reflectance values as compared to the GER2600 at all bands. The 

differences are likely due to both the unique spectral and optical properties of the 

instruments. The NBICs data were calibrated to reflectance based on the manufacturer’s 

specifications of the gray scale spectralon panel. GER2600 data were calibrated using a 

white spectralon panel. No direct cross-calibration between instruments was performed. 

This is likely contributing to the reflectance differences.

The variation within data was band-specific for both instruments, with larger 

variation seen for the NBICs at bands 550nm and 720nm (Table 3.8a). Comparing means 

from individual bands between the GER2600 and NBICs found high correlations at bands 

675nm, 698nm and 443nm (Table 3.9a). The reflectance at bands 675nm and 698nm had 

the least variation within data (Table 3.8a) for both GER2600 and NBIC. It appears that 

the variation within data is smaller at the bands strongly associated with chlorophyll 

absorption.

The results for the band ratios are presented in Table 3.8b. The NBICs spectral 

indices had comparatively larger variations, with greatest deviations for 720/675,720/550 

and 550/675. When comparing the ratio means for the GER2600 and the NBICs, it 

appears that results are similar. For the 720/698 and 720/675 indices, it appears that 

720/698 provides results more closely comparable to the GER2600 results, suggesting a 

higher potential of the ratio for across-instruments comparisons. Comparing GER2600 

data with the NBICs, the ratios 720/698,720/675,720/550 and (675-550)/720 were not
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statistically different (Table 3.9b). These findings illustrate the potential of narrow band 

ratios from samples to provide similar results to those obtained with the 

spectroradiometer.

Comparison Between data obtained at tree foliar and canopy level

The NBICt reflectance values are much higher than the GER2600 and the NBICs 

spectra at all wavelengths (Figure 3.8). However, the general trend of the data acquired at 

the tree canopy level is similar to the spectral response obtained at sample level. NBICt 

data for individual bands were found statistically different and strongly correlated with 

the data from samples for both NBICs and GER2600 (Table 3.9a). This indicates the 

potential of the NBICt approach for across scale comparisons. The band correlations 

between the NBICt and the GER2600 were generally higher as compared to the band 

correlations between NBICt and NBICs (Table 3.9a). This difference could be due in 

part to the larger variation seen within the NBICs data (Table 3.8a). The differences in 

the calibration procedures for the NBICs and the NBICt may also explain the lower 

correlations. The NBICt spectra were calibrated to reflectance using the gray scale panel 

made at SSC by Carter (Carter et al., 1996). Therefore, a direct NBICt to GER2600 data 

calibration was obtained by measuring the spectral properties of the gray scale panel with 

the GER2600. A direct calibration was not performed for the NBICs and NBICt spectra.

There was no statistically significant difference for the ratio 720/675 between the 

GER2600 and NBICt (Table 3.9b). All other indices were significantly different. The 

high correlation between indices from the two data sets implies that the narrow band system 

can provide spectra similar to that of the spectroradiometer.
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When comparing data between NBICs and NBICt, no statistically significant 

differences were found for band ratios (Table 3.9b) with the exception o f443/698, which 

was significantly different but strongly correlated.

These results demonstrate the potential of the narrow band system to provide data 

comparable to field spectrometer results at the sample and at the tree canopy level.

Overall comparison between bands and ratios

Comparison of the slope of the relationship among bands with the relationship 

among indices (Figure 3.9a, 3.9b and 3.9c; Table 3.10) revealed that the indices have a 

slope closer to 1 in all cases, while the slope of the individual bands is steeper. These 

results indicate a higher potential of the indices for data comparisons across scales and 

instruments.

3.4 CONCLUSIONS

The narrow band imaging camera system allowed for visualization of the vegetation 

spectral changes in red edge parameters occurring between healthy foliage and initially 

damaged foliage.

The narrow band camera provided data comparable to the field spectrometer 

measurements within spectral bands associated with chlorophyll absorption. Band ratios 

computed from the narrow band camera spectra correlated better with the spectrometer data 

as compared to the individual spectral bands at both the foliar and the tree canopy level. 

These results demonstrate the high potential of spectral indices for across-instruments and 

across-scales comparisons, suggesting a high capability of the NBIC for forest stress 

detection and monitoring.
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Further research should evaluate the capability of narrow band imaging for stress 

detection by comparing spectral data over multiple damage classes and multiple sites. The 

application of vegetation indices and the red edge properties for Norway spruce stands 

should be emphasized.
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Damage
Class Code

Percent
Defoliation

(%)

Forest Health Status 
without chlorosis with chlorosis

Healthy 0 0 - 1 0 Healthy Initial damage

Initial 1 1 1 -2 5 Initial damage Medium damage

Medium 2 2 5 -6 0 Medium damage Heavy damage

Severe 3 6 0 -9 9 Heavy damage Forest ecosystem collapse - 
Dead

Dead 4 100 Forest ecosystem collapse - 
Dead Standing dead forest

Table 3.1: Forest damage evaluation criteria and damage level assignment

Specification Sources of spectral data, August 1995
VIRIS' (dual beam) NBIC

Spectral bandwidth 
(at full width half-max)

2nm 1 300-1000nm 
4 run | 1000-3OOOnm

lOnm (+-5nm of band center)

Spectral region used/ 
Bands/filters used

300-1000nm 670nm, 700nm, 720nm

Spatial resolution 2x4cm; nadir 15x15cm FOV; pixel size ~2mm; nadir
Light source 300W tungsten hemispherical amp; 45° angle o f incidence with sample

Calibration source Spectralon'* Spectralon4 - 4 shades o f gray from white to black 
white

Distance from sample/ 
Tower height

45cm 45cm

Corp., New York, New York)
2 Narrow Band Imaging Camera (NBIC; Imager Sony XC-77 video camera, RS-170 analog output)
3 Spectralon reflectance reference SRT-99-050 (Labsphere, Inc., North Sutton, NH)
4 Spectralon reflectance reference model SRT-MS-050, comprised o f 4 gray levels: 99%, 50%, 25% and 
12% reflectance (Labsphere, Inc., North Sutton, NH)

Table 3.2: Instruments and data acquisition parameters, Czech 1995
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Specification Sources o f spectral data, August 1997
GER26001 (single beam) NBICs2 NBICt2

Spectral bandwidth 
(at half-max full width)

2.5nm 300-1050nm 
11.5nm 1050-2500nm

lOnm lOnm

Spectral region used/ 
Bands filters used

300-1050nm 443nm, 550nm, 675nm, 698nm, 720nm

Spatial resolution 3°FOV -  6x5cm diameters; 
nadir

15xl5cmFOV; 2mm; 
nadir

Skewed, -2cm, 10-20° 
off nadir

Light source Tungsten hemispherical lamp, 45° angle of incidence Solar, imaging within lhr 
of solar noon

Calibration source Spectralon2
white

Spectralon4 - 4 shades 
o f gray from white to 

black

Grey scaled 5 cards, 
shades of gray from white 

to black
Distance from sample/ 

Tower height
50cm 60m

GER2600 (Geophysical Environmental Research Corp., New York, New York)
2 Narrow Band Imaging Camera (NBICs-samples/ NBICt-towen NBIC developed at SSC, specifications in 
Carter et al., 1996; Components: Sony XC-77 video camera, 50mm telephoto lens. Narrow band filters,
BW monitor, VHS video cassette recorder, 12V battery, VHS video tape)
3 Spectralon reflectance reference SRT-99-050 (Labsphere, Inc., North Sutton, NH).
4 Spectralon reflectance reference SRT-MS-050, comprised of 4 gray levels: 99%, 50%, 25% and 12% 
reflectance (Labsphere, Inc., North Sutton, NH)
5 Grey scale was composed of 5 cards ranging from white to black, card reflectance in the 670-760nm 
range was 88%, 28.9%, 9.8%, 4.5% and 2.5%; Scale prepared and calibrated to reflectance at SSC, MI 
(Carter et al., 1996)

Table 3.3: Instruments and data acquisition parameters, Czech republic 1997
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Instrument and data acquisition level (sample vs. branch/crown)
Sample unit GER2600 • branch samples NBICs - branch samples NBICt - tower, individual branches

# samples # scans # samples # spectra #  samples # spectra
Tree crowns 3 3 3 3 images

Branches per tree 1 1 3 images 1 9 , 9 ,9  spectra/branch
Ages of 1 3 3 9 - not possible to
needles 2 3 3 9 - separate
sampled 3 3 3 9 - age classes

Total acquired 9 27 9 27 3 27

Table 3.4: Foliar and spectral reflectance data acquired in August 1997. The data was acquired for the comparison 
between foliar to branch/crown level between the GER2600 spectrometer and NBICs
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Site
Number

Elevation 
(meters above 

msl)

Damage Class Stand
Age

(years)

Canopy Height 
( m ) Canopy

Closure
(%>

Ground
Cover
( % )Photo Field Mean StDev.

1 950 0 0 75 15.8 1.52 93 8

2 980 1 1 70 16.1 2.41 59 32

3 975 3 273 110 18.4 3.76 70 85

4 1150 4 4 120 13.4 3.45 35 100

5 950 - 3 85 12.9 1.27 55 75

6 935 0 0/1 40 15.3 25 90 0

7 920 2 1 70 19.4 2.13 83 70

Table 3.5: Forest site characteristics, Czech Republic 1995
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Tree damage level 
Field evaluation

Year REIP Std.
Error

Std.
Dev.

0 1 7203833 0.91 137
0 2 721.1067 1.05 1.81

0 3 721.1067 1.38 2.4

1 1 716.92 1.62 3.43
1 2 721.63 1.27 3.14

1 3 718.4867 1.81 3.27

Table 3.6: Red edge inflection point (REIP) of the samples selected for NBIC 
evaluation, Czech 1995

Species

GER2600
vs.

NBICs

GER2600
vs.

NBICt

NBC Samples 
vs. 

NBICt

r P(<=) r p(<=) r P«=)

Calimagrostis vilosa 0.93 0.02 0.89 0.01 0.97 0.01

Rubus spp. 035 0.01 0.64 0.23 039 0.29

Scenecio scenecio 0.81 0.18 0.72 0.04 0.43 0.42

Table 3.7: Relationship between spectra for ground cover components (ANOVA)
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a.

Spectral Bands
GER2600 N13ICSamp es N1BIC Tower

Mean
(%)

S t
Dev.

S t
Err.

Mean
<%)

S t
Dev. S t Err. Mean

(%)
S t

Dev. S t Err.

443 2.2 0.66 0.22 6.6 10.7 0.20 18.2 2.28 .072
550 4.9 1.41 0.47 16.9 9.37 1.74 3 1 2 4.45 1.41
675 2.5 0.74 0.25 7.5 l . l l 0.21 10.1 1.77 0.56
698 5.4 1.54 0.51 11.2 1.87 0.35 15.19 1.35 0.43
720 13.2 4.08 1.36 32.1 11.92 221 47.2 5.30 1.68

b.

Spectral Indices
GER2600 N13IC Samp es N1BIC Tower

Mean S t
Dev.

Sl
Err. Mean S t

Dev. S t Err. Mean St
Dev. S t  Err.

720/698 2.4 0.12 0.04 2.8 0.71 0.13 3.1 0.39 0.12
720/675 5.3 0.55 0.18 4.4 1.80 0.33 4.8 0.91 0.29
720/550 2.7 0.12 0.04 2.3 1.24 0.23 1.5 0.18 0.06

(675-550V720 -0.2 0.02 0.01 -0.3 0.18 0.03 -0.5 0.05 0.02
550/675 2.0 0.16 0.05 2.2 0.98 0.18 3.1 0.38 0.12
443/698 0.4 0.03 0.01 0.6 0.18 0.03 1.2 0.05 0.02

698/675 2 2 0.15 0.05 15 0.36 0.07 13 0.16 0.05

Table 3.8: Comparison among mean values of spectral bands (a) and spectral 
indices (b)
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a.

Spectral Bands 
( tun)

GER2600 vs. 
NBICs

GER2600 vs. 
NBICt

NBICs vs. 
NBICt

r p-value r p-value r p-value

443 0.89 <0.001 0.98 <0.001 0.96 <0.001

550 0.56 0.001 0.97 <0.001 0.60 <0.001

675 0.90 <0.001 0.94 <0.001 0.66 <0.001

698 0.82 <0.001 0.96 <0.001 0.71 <0.001

720 0.61 <0.001 0.97 <0.001 0.54 <0.001

b.

Spectral Indices
GER.

N
2600 vs. 
BICs

GER2600 vs. 
NBICt

NBICs vs. 
NBICt

r p-value r p-value r p-value

720/698 0.22 0.181 0.77 <0.001 0.23 0.143

720/675 0.23 0.155 031 0.193 0 1 1 . 0.491

720/550 0.16 0.333 0.97 <0.001 0.29 0.071

(675-550V720 0.24 0.138 0.96 <0.001 0.43 0.005

550/675 0.10 0.542 0.89 <0.001 0.44 0.005

443/698 0.49 0.002 0.99 <0.001 0.8S <0.001

698/675 0.64 <0.001 0.90 <0.001 0.02 0.956

Table 3.9. Comparison among mean values of spectral bands (a) and spectral 
Indices (b) (ANOVA)
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Sample
Size
(n)

GER2600
vs.

NBICs

GER2600
vs.

NBICt

NBICs
vs.

NBICt

r p-value r p-value r p-value

Bands 5 0.93 0.005 0 . 8 8 0.046 0.95 0 . 0 1 1

Indices 7 0.97 < 0 . 0 0 1 0.87 0 . 0 1 0 0.94 0 . 0 0 1

Table 3.10. Overall comparison among mean values for all spectral bands and for all 
spectral indices (ANOVA)
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Figure 3.1: Narrow Baad laagtag  Caawra Syiteai (NBIC; NASA SSC, 
Misataippi)*
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Figure 3.2: The radio tower u t d  for NBICt acquisition. 60m radio 
tower located in the area of Horni Blatna, Czech Republic, 1997.

Figure J.J: View of a J0i30hi plot oatHucd iu the  foot of the tower. Hie
tree canopies sampled are not within the plot.
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Figure 3.4: GER2600 SpcctroridioiBeter. Samples o f first second and 
third year o f needles were placed vertically in the field o f view of the 
instrument for spectral scanning For conversion of the spectra to 
reflectance periodically was scanned a  white spectralon panel
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720nm670nm 700nm

NBIC Reflectance (%)

F lp ic  3.5: NBIC images o f spruce branch segments from healthy (oa left) tree u d  tree with 
initial sym ptom  of decline (15% foliar lou ) on right Reflectance spectra from the samples were 
obtained by measurements with the VDUS. The branch segments on the images were sampled to 
obtain NBIC estimates o f spectral reflectance.

u

s'

15

10

5

5 15 2510 20

Reflectance (%) VIRIS

Figure 3.6: Relationship between VOUS reflectance meamremeats and spectra! values derived 
from the NBCS images and calibrated to reflectance. Analysis of the variances (ANOVA) comparing 
the estimates shows statistically significant difference between the means, and strong correlation between 
VIRIS and NBIC estimates.
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Calomagrostis vilosa
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Figure 3.7: Reflectance spectra from understory composition. Plotted are means 
and standard deviations. The spectra homogenous cover o f Calomagrostis vilosa (a) 
compared closer than the data from Rubus spp.Qo) and Scenecio sp. (c), where there 
were present floweis and diy twigs.
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Figure 3.8: Reflectance data obtained from individual samples and tree crowns using 
the GER2600, NBICs (samples) and NBICt (tower). Plotted are means and standard 
deviations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

50 
45 
40 
35 
30 

<2 25 
§ 2 0  

15 
10 
5 
0  

-5

50 
45 
40 - 
35 
30

b. g  25 
§ 20 

15 
10 

5 
0  

-5
-1 0

c. 9

50 -|
45 -
40 -
35 -
30 -
25 -
20 -
15 -
10 -
5 - ...
0 -

-5 i

x--.. V

-X-

•  B ud  (R elfcctucc %) 
A Ratio

-10 10 20 30 40
CER2600

50

X' ^  /
S ' .......

•  B ud  (Reflectuce %) 
4  Ratio

10 20 30
GER2600

40 50

X*

-•--X

/ •  B u d s (Reflectuce %) 
4  Ratios

-10 10 20 30 40
NBICs

SO

Figure 3.9: Overall comparison between all bands and ratios.
(a) GER2600 vs. NBICs, (b) GER2600 vs. NBICt, and (c) NBICs vs. NBICt
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Chapter 4

SPECTRAL AND BIOCHEMICAL PROPERTIES OF NORWAY SPRUCE 
FOLIAGE SAMPLES FROM A RANGE OF DAMAGE CONDITIONS

4.1 Introduction

The high elevation forests located in northern Bohemia along the borders of the 

Czech Republic, Germany and Poland grow in one of the most heavily polluted regions 

of the world (Matema, 1989; Klasterska, 1991; Klimont et al., 1993). Within 

northwestern Bohemia, the Krusne hory mountains offer a unique opportunity to study 

the full gradient of forest decline conditions within a simple, homogeneous Norway 

spruce ecosystem located along a single mountain plateau (Figure 4.1). Exposure to 

severe levels of air pollution (mainly SOi) over the past 40 years is the major factor 

responsible for the forest damage (Matema, 1989; Kubikova, 1991; Kubelka etal., 1993). 

Norway spruce (Picea abies (L.) Karst.) is the dominant tree species in these mountains, 

and extensive clear cutting of damaged and dying trees has resulted in a sharp decline in 

the area covered by forest (Matema, 1989; Rock et al., 1994).

Foresters recognize a total of five levels of forest decline in Norway spruce stands 

based on ground assessment and/or aerial photo interpretation of percent foliar loss 

(Table 4.1). Chlorosis, when present, is noted in ground-based assessment, and is used to 

assign a higher damage class (DC) to a given tree than the DC determined by foliar loss 

alone. Landsat Thematic Mapper (LandsatTM)-based assessment of forest damage 

conditions is unable to separate the initial stages of forest damage (DC1) in the Krusne
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hory (Lambert et al., 1995). Current field-evaluation methods of assigning damage 

classes to individual trees or forest stands based on visual assessment of foliar loss vary 

by country and largely depend on the qualification of the forester performing the 

evaluation. Therefore, they are limited as a tool for obtaining ground validation data on a 

large scale for evaluating the accuracy of satellite-based damage assessments (NAPAP,

1990). Remote sensing in narrow spectral bands could provide the accurate and efficient 

means required for monitoring forest health conditions (Rock et al, 1986; Vogelmann and 

Rock, 1988; Miller et al, 1990; Zarco-Tejada et al.\ 1999).

Vegetation spectral properties are determined by foliar pigment levels, cellular 

structure, water content and biochemical components (Rock et al, 1986,1988; Martin and 

Aber, 1997). As unfavorable growth conditions (such as air pollution damage) cause tree 

physiological stress and foliar chlorophyll content decline, needle reflection typically begins 

to decrease in red and blue-green (Waring et al., 1998; Rock et al., 1986; Vogelmann et al., 

1986; Carter et al., 1996). Consequently, the foliar reflectance of the incident radiation in the 

visible spectrum increases, providing an optical indicator of stress. Leaf spectral properties 

in the visible and visible/near-infrared portion of the spectrum (450-720nm) are governed 

mostly by pigment concentration, with the strong absorption feature in the red at 

approximately 680nm associated with chlorophyll concentration (chlorophyll a and b). 

The relative change in reflectance due to stress in the 450-720nm region is reported to be 

maximal at 535-640nm and 685-700nm, suggesting a high potential for damage detection 

using these spectral regions (Carter, 1994). Thus, monitoring of vegetation vigor based 

on remote sensing estimates of pigment levels may allow damage detection in the early 

stages of ecosystem stress before extensive foliar loss occurs.
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Chlorophyll and carotene concentration change and additional pigments (e.g. 

tannins) may build within the leaves in response to stress affecting the spectral properties 

of the vegetation foliage (Rock et al., 1986; Vogelmann and Rock, 1988; Moss et al., 

1998). Foliar chemistry is considered to be a reflection of the growing conditions to 

which the trees were subjected at the time of needle formation, as cell wall composition is 

unlikely to change over time as growing conditions degrade or improve (McNulty et al.,

1991). Thus, monitoring of vegetation vigor based on estimates of chlorophyll levels may 

allow damage detection in the early stages of ecosystem stress, while using spectral 

estimates of foliar chemical constituents may be more indicative of long-term vegetation 

health.

For coniferous species such as Norway spruce, foliage age is an inherent factor 

influencing the analyses. A needle-age dependency of chlorophyll concentration has been 

previously reported (for Norway spruce in decline) with the current-year of needles 

having lower concentrations than the older needles (Lichtenthaler, 1988). Fumigation 

appeared to accelerate the differences in needle chlorophyll content appearing with age. 

Therefore, when conducting damage assessment analysis at the foliar level it is important 

to consider the normal differences occurring with needle age.

Remote sensing methods for documenting and monitoring forest conditions at the 

foliar and stand level are needed, since the visual assessment methods are subjective, 

very labor intensive, costly and time consuming. Evaluation of the remote sensing 

methods for characterizing foliar and stand conditions based on amount of foliar 

constituents, especially separation of subtle changes in initial damage level, could
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provide the needed base for establishing more accurate forest health evaluation 

procedures.

The major goals of the study were:

1. characterization of spectral and foliar properties associated with Norway spruce 

forest health conditions, and

2 . evaluation of remote sensing techniques for separation of forest damage. 

Specific objectives include:

• to characterize significant changes in foliar constituents and spectral 

signatures which may occur with increase in damage level for first-, second- 

and third-year Norway spruce needles;

• to determine the spectral regions most sensitive to initial symptoms of forest 

damage;

• to identify the spectral indices most useful in separating the range of decline 

conditions present in the Krusne hory, and

• to assess the relationship between spectral indices and foliar constituents.

4.2 Methods and Analytical Procedures

42.1 Forest Ground Assessment Activities 

Forest health evaluation

Forest condition was assessed during July and August of 1998 using methodology 

for evaluating individual trees crowns (Table 4.1) established for use with CIR 

photography and forest field survey (Hildebrandt and Gross, 1992). As in terrestrial forest 

health inventories, five damage levels can be distinguished using this methodology. Level
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0 indicates “healthy” (no visible damage symptoms) level 4 indicated “dead” (Figure 

4.2). Determination of damage class (DC) includes evaluation of: (1) crown thinning 

characteristics and foliar loss: healthy 0 - 1 0 %, initial damage 11-25%, intermediate level 

26-60%, heavy damage 61-90%; (2) crown type (for spruce: brush, comb or plate), form 

and shape; (3) presence/absence of chlorosis (yellowing of the needles due to chlorophyll 

loss; and (4) foliar retention of individual branches. Since the focus of the current 

research is on the separation of the initial stages of forest decline, damage level 4 stands 

(nearly dead) were excluded from the study.

Site and Tree Selection

Using 1996 Landsat TM imagery, 1997 color infrared (CIR) aerial photography 

(1:25 000) and forestry maps (1:5000), homogenous Norway spruce (Picea abies) forests 

were selected that were larger than 5 ha, had similar site characteristics and were located 

within the elevation gradient 900-1000m above sea level.

During forest health evaluation, both stand and tree damage conditions were 

determined and the forests were classified into four categories (Table 4.1). For evaluation 

and foliar collections within the research areas, 53 intensive (30x30m) research sites were 

selected randomly within the Krusne hory mountains. The sites were assigned to damage 

class as follows: 15 D C0,12 DC1, DC2 and DC3 (2 sites were not sampled). The center 

of each site was permanently marked, located on a topographic map and georeferenced 

using a GPS unit In each of the sites, stand structure and tree damage class were 

characterized. Table 4.2 represents the full list of field measurements performed. Within a

11.3m radius circular plot located at the center of the study site, forest stand parameters 

such as stand density, biomass, basal area (BA), tree diameter at breast height (DBH), tree
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height and canopy closure were measured. Five overstory trees representative of the stand 

damage level and forest growth parameters were selected and marked permanently with 

aluminum tags. These five trees were used further for foliar sample selection and tree 

increment cores collection.

Collection and analysis of tree Increment cores

To evaluate forest growth trends across the damage gradient in the Krusne Hory, 

radial tree increment cores were taken at breast-height from the five representative trees 

from each of the intensive study sites. Multiple cores were taken from some trees due to 

rot or other wood defects. The total number of usable increment cores collected in 1998 

was 246 (57 from DCO, 61 from DC1,69 from IXI2, and 60 from DC3). In the field, 

cores were labeled, placed in plastic straws and refrigerated at 6-7 C°. Upon return to the 

University of New Hampshire, the cores were supported on corrugated cardboard until 

air-dried and glued into grooved wooden blocks. Care was taken to orient the transverse 

surface of each core parallel to the surface of the wooden mount. Mounted cores were 

sanded using 150 grit and 220 grit sandpaper. Ring widths were measured to the nearest 

0.01mm using a movable stage equipped with a digital output device. Ring width series 

were crossdated and checked for consistency and outliers using Cofecha software. 

Increment cores containing outlier ring width series were remeasured.

To evaluate growth trends, ring width series were first separated into age and 

damage classes and then bootstrap averages and 95% confidence intervals were 

calculated (Cook, 1992). The bootstrap confidence intervals are robust over a wide range 

of statistical estimation problems (Monsteller and Tukey, 1977). Regional climate data
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covering the period from 1963 tol995 and regression procedures were used for assessing the 

effects of precipitation and temperature on tree growth.

4.2.2 Sample Collections

Foliar sampling was conducted at all S3 intensive study sites between August IS 

and 28. At each plot, foliar samples for laboratory analysis of chemical constituents and 

spectral characterization were collected from five representative trees. Branch samples 

were collected from the middle third portion of the active tree crown. Because needle 

retention is related to state-of-health, collection of needle material focused on 1 st, 2 nd 

and 3rd year needles. Two separate sets of foliar samples from the same branch were 

collected -  one set for spectral analysis and another set for determining foliar pigment 

levels.

4 2 3  Pigment analysis

For chlorophyll assessment (chlorophyll a, chlorophyll b, total chlorophyll and 

carotenoids) needles were collected (by free and age classes) and placed in 80% v/v 

acetone distilled water at the time of the collection. The vials were kept frozen for 12-24 

hours. During that time the samples were taken to the laboratory for pigment extraction. 

For the analyses, the facilities of the Dept, of Plant Physiology at Charles University, 

Prague were used. For pigment extraction, a 5-day procedure ensuring 97% efficiency of 

pigment extraction was applied (§olcov£, 1999). For computations of the concentrations 

of chlorophyll a and b and total carotenoids, equations suggested by Wellbum (1994) 

were used. In this paper we present our statistical analysis and evaluation of the results 

for the pigment data.
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4.2.4 Spectral reflectance measurements of fresh foliage

The set of samples collected for spectral analysis were immediately sealed in 

plastic bags with wet paper towels, placed on ice in coolers and taken to the field 

laboratory within two to four hours of collection. One, two and three year old branch 

segments were identified, separated and arranged in trays. Spectral reflectance data for the 

samples were recorded using a GER2600 Visible Infrared Spectrometer set up in a 

controlled environment, using a constant tungsten light source (Rock et al., 1994). To limit 

the effects of scattering due to needle arrangement, three measurements were taken from 

each sample, rotating the sample 90° after each scan. The 3 spectral reflectance 

measurements from each sample were averaged at each wavelength.

4.2.5 Analysis of air dry foliage for determination of foliar chemical constituents

Bolster et al. (1996) have developed equations for determining foliar constituents 

in healthy Norway spruce foliage. The process includes two steps: (1) NIR spectral 

measurements and chemical analysis, and (2 ) development of calibration equations for 

predicting foliar chemical constituent levels. Since our sites represent an extreme gradient 

in forest damage conditions, the development of new equations was required to account 

for the possibly larger range in foliar chemical constituents.

NIR spectral measurements and chemical analysis

To determine chemical constituent levels (e.g. lignin, cellulose, nitrogen), after 

the fresh samples were scanned with the GER2600 spectrometer they were transferred by 

age class of needles into labeled paper bags, air-dried and transported to the University of 

New Hampshire (UNH). At UNH the samples were ground in a Wiley mill to I mm
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particles and homogenized. Prior to analysis the samples were dried in a forced-air 

convection oven at 70°C for IS hours and cooled to room temperature in dessicators. 

Immediately after that, the samples were scanned on a NIR_Systems 6500 

monochromator (NIR_Systems Inc., Silver Spring, MD) following the procedure 

described in Bolster et al. (1996). The spectrometer scans at wavelengths from 400 to 

2498nm at 2nm intervals with a bandwidth of lOnm. Because absorbance is directly 

proportional to the concentration of absorbing chemical constituents of a sample, a 

transformation of reflectance data (R) to apparent absorbance (A) (A=log(l/R); Williams 

and Norris, 1987) is done automatically within the software prior to storing the spectral 

values. The software used for both data collection and analysis is ISI Version 3 (Infrasoft 

International Software; Silver Spring, MD).

A set of samples representing the full range of damage conditions were selected 

for lignin and cellulose estimation from the processed and scanned samples for chemical 

analysis. A total of 42 samples from first- and third-year foliage (year 1998 and 1996) 

were selected. Prior to the analyses, the samples were oven dried at 70°C for 24 hours and 

kept in dessicators. Carbon constituent analyses were performed using a series of 

extractions following the methods described in details by Newman et al. (1994). Data for 

non-polar, polar, lignin and cellulose compounds were obtained. Organic non-polar 

components such as fats, waxes and other organic soluble materials were removed by 

boiling two grams of sample material in dichloromethane for five hours. With this 

process a large amount of the pigments present in the tissue were also extracted. Polar 

compounds such as phenols, simple sugars, starch and simple amino acids were extracted 

by boiling a sub-sample of 1.5g of tissue from the non-polar analysis for three hours.

Acid soluble compounds (cellulose) were extracted by digesting a 0.5g subsample from
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the post-polar tissue into 7.5ml 72% sulfuric acid for 1 hour in a 30°C water bath, then 

diluting the samples 28:1 with de-ionized water and boiling (4 hours). At the end of the 

process the samples were filtered. The residual material was considered lignin. The mass 

lost during digestion was considered cellulose (Newman et al., 1994). Using this method, 

foliar constituents are determined as relative percentages of the initial sample weight and 

the total of foliar lignin, cellulose, polar and non-polar constituents amount up to 1 0 0 %.

For laboratory measurement of nitrogen levels, 45 samples covering the extent of 

damage were processed at the Analytical Laboratory; Department of Plant, Soil and 

Environmental sciences; University of Maine; Orono, Maine.

Analysis of NIR absorbance spectra for estimation of foliar chemistry

First and second derivatives of absorbance were calculated, and 3-, 4-, 6 - and 8 - 

step smoothing were applied to the data as “pre-treatment” to eliminate spectral offset 

variations. This eliminated linear spectral trends and reduced the interference among 

spectral components with regard to wavelength (William and Norris, 1987).

During a calibration process, the relationship between the NIR absorption data 

and the set samples with known/determined chemical composition was established. 

Following the NIR procedures, the relationship between absorbance values (log(l/R)) 

and the reference data is an approximation product of regression analysis (Williams and 

Norris, 1987).

One calibration equation was developed for estimating nitrogen and another for 

estimating lignin, cellulose, polar and non-polar constituents. In this study, two methods 

for developing calibration equations for prediction of lignin, ceUulose, nitrogen, polar and 

non-polar components were tested: (1) stepwise multiple linear regression (SMLR), and 

(2) partial least-squares regression (MPLS) (Williams and Norris, 1987). The MPLS
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procedure proved to be optimal and was used for developing both calibration equations. 

The prediction ability of the method was measured in terms of standard error of 

calibration (SEC) and standard error of prediction (SEP). The combination of pre

treatment and regression method producing lowest SEC and SEP was selected for the 

analysis.

Precision calibration and validation statistics for the developed equations are 

provided in Table 4.3. Figures 4.3 (a), (b) and (c) present regression statistics, and 

Figures 4.4 (a) and (b) the estimates for foliar constituents derived using: (1) the ACCP 

(1994) equation, and (2) the Czech98 equations developed with this study. The 

coefficient of determination (r2) and the standard error of prediction (SEP) allow for a 

comparison of the performance of the cellulose, lignin and nitrogen equations. Because 

the Czech98 calibration equations exhibited a constantly higher performance (higher r2 

and lower SEP) they were used to estimate foliar chemical constituent levels for the dry 

foliage dataset.

Figures 4.3 (c) and (d) present regression and precision statistics for polar and 

non-polar constituents. The coefficient of determination for non-polar (e.g. waxes) 

constituents is relatively low -  the lowest for the Czech98 analysis, indicating lower 

performance of the calibration equation and potentially lower precision of the estimates 

for this constituent.

4.2.6 Spectral analysis of fresh foliage using GER2600 data

Reflectance differences were computed by subtracting the mean reflectance at 

each wavelength of healthy horn damaged samples. To determine the relative change or 

sensitivity of needle reflectance to the damage, the reflectance differences of DC1, DC2 

and DC3 were divided by the reflectance of the DCO level (Carter, 1993). Reflectance
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differences and sensitivity for averaged across age groups spectra (to tree level) were also 

computed. The relationship between the decline conditions and foliar reflectance 

properties at tree level was evaluated by statistical comparisons of the damaged needles 

to the healthy (DCO). The significance level (significant p<=0.05; highly significant 

p<=0.01) of the reflectance differences at each wavelength was determined by ANOVA 

and the Tukey-Kramer pairwise mean comparisons test (SYSTAT 7.0; SPSS Inc., 1997). 

Reflectance sensitivity was considered to be significant at the wavelengths where the 

corresponding difference was significant (Carter, 1993).

Previous investigations have identified a wide range of indices as indicators of 

vegetation physiological properties. We have evaluated the potential of spectral indices 

used by other investigators to assess damage for Norway spruce stands. Based on our 

spectral analysis, a few new spectral ratios were also developed. A list of the formulas 

used for computation of the indices is presented in Tables 4.4 and 4.S. The spectral 

indices are presented in the following 6 groups based on their bandwidth, the spectral 

regions they cover and the data treatment involved for their computation: (1) 2.5nm- 

Narrow Band Indices, (2) Broad Band Indices and lOnm-Band indices, (3) Derivative 

Indices, (4) Inverted Gaussian Model (IGM) parameters, (S) Area parameters, and (6) 

Narrow Band Short Wave (SWIR) Indices. The computation of some of the more 

complex indices is described below.

The 2.5nm-Narrow band Indices use visible and NIR bands of the spectrum and 

are products of direct (simple) computation. The group of the Broad Band Indices include 

widely used indices, such as LandsatTM S/4,3/1, NDVI (Normalized difference 

vegetation index) and modified versions of LandsatTM indices suggested as effective 

indicators of vegetation parameters. Also included in the Broad Band Indices group are a
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number of indices, ratioing lOnm broad bands. These indices were developed to assess 

the potential for stress detection of multispectral systems.

The red edge inflection position (REIP), defined as the boundary between 

chlorophyll absorption in the red wavelengths and leaf scattering in the near-infrared 

(NIR) wavelengths, was computed as the wavelength at which the first derivative has 

maximum value (Horler etal., 1983; Rock etal., 1986).

Miller et al., (1990) demonstrated that the approximation of the red edge position 

from simple derivative analysis depends on instrument spectral resolution and suggested the 

use of the inverted Gaussian model (IGM) for obtaining red edge parameters. Using IGM 

with the current study the following parameters were generated: Xo (wavelength at which 

the minimum reflectance in the chlorophyll absorption feature occurs), Ro (amount of 

reflectance at Xo), Rs (maximum amount of reflectance in the 720-800nm region), Xn(the 

wavelength at which the maximum of the first derivative of reflectance occurs, Xtt=REIP) 

and a  (o=Xrc-Xo).An inverted Gaussian curve was fitted to the data using the equation: 

R(X)=Rs-((Rs-Ro)exp(-(Xo-X)2/2cT2)).

For representation of the red edge, IGM requires initial estimation of the parameters of 

the model, which is done by careful analysis of the spectra (Miller et al., 1990). In the 

current study the starting IGM parameters were <r=40nm, Ro=5%, Xo=675nm, Rs=40.

Computed from the indices suggested in the literature as sensitive to stress are the 

following: Dmax/D704 and D714/D704 (D- value product of the first derivative of 

reflectance computation, Dmax is the maximum value of the first derivative in the red 

edge region, Dmax=Rslope). To express the differences in the shape of the first
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derivative curve among damage levels, we developed the derivative indices: Dmax/D714 

and Dmax/D744.

Based on our spectral analyses, two groups of indices were developed. The first 

group characterizes the spectral change appearing with damage in the red edge region by 

computing the area between the vegetation curve and the line connecting the green peak 

and the NIR maximum (AAL; Figure 4.5). The computation produces the parameters: 

area, and slope, intercept and dept-sum, as intermediate steps in calculating the area 

index. The second group expresses the spectral differences appearing with damage in the 

Short Wave Infrared (SWIR) 1365-1460nm and 1890-1950nm regions.

The relationship between canopy pigments, foliar chemical constituents and the 

spectral reflectance indices was assessed using the average to tree level foliar pigments, 

chemical constituents and reflectance measurements.

Many of the algorithms reported in the literature have been developed for 

assessment of pigment levels. The sensitivity of such algorithms to changes in pigment 

concentration occurring with vegetation damage needs to be evaluated (Datt et al. 1998).

4.2.7 Statistical Analyses

Analysis of variances was conducted to test the differences among damage levels 

for the forestry stand and individual tree measurements, foliar pigment and chemical 

constituent measurements, and spectral reflectance indices (ANOVA; SYSTAT 7.0; 

SPSS Inc., 1997). Damage class (DC) and/or first-, second- and third-year category 

foliage (Year), as well as the interaction term (Year x DC), were evaluated as main 

effects. The significance of the differences was determined using the Tukey-Kramer test 

(Zar, 1996). The overall correlation of the indices to damage was evaluated by
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conducting one way ANOVA and specifying damage level as a class variable (Zar,

1996).

4.3 Results and Discussion

4.3.1 Evaluation of Forest Stand Parameters and Growth Characteristics in 
Relation to Damage Level

Forest stand parameters

To determine the extent to which some of the stand parameters, such as stand 

density, basal area (BA), diameter at breast height (DBH), tree height, canopy closure 

and elevation were related to damage, ANOVA was conducted. Table 4.6 presents the 

stand data. The probabilities of obtaining greater values of the F statistic (p>F) and the 

coefficients of multiple determination (r) are presented in Table 4.7. Figure 4.6 depicts 

the differences between LS means by damage level. Standard errors are used to display 

the significance of the difference between means determined using ANOVA.

Damage level was significantly correlated (r=0.67, p=0.001) with the average tree 

height (Figure 4.6a), which decreased with damage level with statistically significant 

differences between healthy and both DC1 and DC2 (no significant difference between 

DC1 and DC2), and severely damaged (DC3). Stand age (Figure 4.6b) was significantly 

higher for the healthy stands, while there was no significant difference between DC1, 

DC2 and DC3. A relatively high correlation was established between damage and canopy 

closure (r=0.6l, p=0.104), observing a decrease in canopy closure with damage (Figure 

4.6c.). A strong relationship was established between damage and elevation (r=0.62, 

p=0.005), with a trend of heavier damage present in the lower elevations (Figure 4.6d). 

Forest damage was strongly correlated to tree DBH (r=0.69, p=0.012), with a statistically
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significant difference between healthy and DC2 and DC3 (Figure 4.6e). Stand density 

(Figure 4.6f) and total basal area (Figure 4.6g) had a low relationship to damage. Stand 

density was significantly higher at DC3 as compared to DCO and DC2, but was not 

significantly different from DC1.

The trend in increased damage with decreased stand age may be due to the more 

damaged forests dying or being harvested earlier. Since canopy closure is one of the main 

characteristics evaluated during the field assessment of forest health, the strong 

correlation to damage was anticipated. The lack of statistically significant differences for 

canopy closure between healthy and the DC1 demonstrates the low relative importance of 

this parameter for field separation of initial damage, and the need of spectral remote 

sensing tools for separation of the subtle differences in forest health.

A trend of heavier forest damage occurring at the higher elevations in the Krusne 

hory has been reported in broad elevational ranges (601-800m and 801-1000m) by 

previous investigations (Rock et al., 1994; Ardo et al., 1997; Lambert et al., 1995). The 

study sites for the current research were selected within approximately 100m elevational 

gradient (850-950m). Within this limited elevation range, observing a trend of heavier 

damage at the lower elevations (opposite to the previously reported) is of surprise. The 

trend may be due to the closer proximity of the heavily damaged sites to the emission 

sources from the valley, and the fact that polluted air mass movements more frequently 

occur at the topographic low points.
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Relationships between tree yearly increment growth and forest damage level 

using a dendrochronology approach

The average age of the trees across damage classes was 54 years. In general, the 

trees from the healthy sites were older, with some individual trees up to 100 years old. 

During the period 1920-1965, the trees from all damage classes grew at an approximately 

steady rate (Figure 4.7). An apparent decline in forest growth began in 1965-67 for the 

heavily and intermediately damaged trees (DC3 and DC2), while the healthier forest 

(DCO and DC1) decline began in the late 1960s or early 1970s. All spruce forests in the 

area of Krusne hory were affected (including DCO). In the period 1970 - 1984, tree growth 

was significantly impaired. An apparent recovery began during the mid-1980s/The trend of 

yearly tree increment growth increase was observed for all damage classes (including 

DC3). It is questionable if the decrease in growth rate since 1990-95 is due to a regular 

pattern in the climate cycling, or if in the past few years the forests have entered a new 

decline condition.

The effect of temperature on tree growth was found not to be significant for both 

healthy and decline sites (p>0.05, r=0.01). Multiple regression analysis suggests that 

precipitation was significantly related (p<0.05, r=0.73) to the growth rate of the healthy 

trees (DM0), while no significant relationship was established (p>0.05, ^=0.06) between 

precipitation and the growth of the damaged trees (DM1, DM2 and DM3). This result 

suggests a strong relationship between tree growth and precipitation for the healthy trees 

(DM0). For the damaged trees (DC1, DC2 and DC3) there is a de-coupling of growth rate 

and the limiting ecological factor for the region -  precipitation.
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The trend of increase in the yearly tree increment growth beginning in 1980-85 

suggests that with the current study we are possibly addressing tree physiology in a stage 

of forest recovery, or the long-term effect of the decline after the main stress factors have 

been released.

The recovery in forest growth since 1985 is likely due to corrective measures 

employed by the Czech government and industry. These corrective measures include the 

spreading of crushed dolomite (calcium/magnesium carbonate, beginning in 1984) by 

helicopter over damaged forest stands in the Krusne hory, and a reduction of SO2  

emissions from power-generating plants (beginning 1990) (Kubelka, et al., 1993).

4.3.2 Relationship between forest damage level and foliar pigments and chemical 
constituents

Foliar pigments

The current results are based on our analysis of the pigment data obtained from 

fresh foliar samples by our Czech colleagues (Solcova, 1999).

Chlorophyll a, b, total chlorophyll (a+b) and carotenoid levels increased 

significantly (on a gram per gram dry weight, p<0.01) with increase in age of the foliage 

(Figures 4.8.1,4.8.2,4.8.3 and 4.8.4). This finding (current-year needles having lower 

concentrations than older needles) complies with the trend reported for Norway spruce in 

decline by Lichtenthaler (1988). While Wellbum (1994) observed no direct SO2  effects 

on chlorophyll content and/or composition of the chloroplast pigments, fumigation 

appeared to accelerate the differences in needle chlorophyll content appearing with age. 

Schulze et al. (1989) reports an increase in total chlorophyll with needle age for healthy 

trees, while damaged trees showed no difference, or a slight decrease in chlorophyll
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levels. Schulze et al. (1989) compared only two damage levels -  healthy and heavily 

damaged, presenting a limitation for the comparison to our findings. The pigment 

analysis demonstrated an increase in chlorophyll level with needle age, and a decrease 

within needle age group with increased levels of damage (Figures 4.8.1,4.8.2,4.8.3 and 

4.8.4).

With the analyses of variances, the combined effect of foliage age and damage 

was established not to be significant for all pigments and the pigment ratios (Table 4.8).

The pigment ratio of total chlorophyll to carotenoids ((a+b)/Car; Figure 4.8.3) was 

able to separate DC0/DC1 from DC2/DC3, but was not able to separate the initial 

damage (DC1) from healthy (DCO).

For the chlorophyll a/b ratio, the effect of damage differed with foliage age 

(Figure 4.8.6). With damage level the ratio increased, and for first-year foliage there were 

statistically significant differences between healthy and all damage levels. Second-year 

needles exhibited a significant increase only between heavy damage and all other levels, 

while for third year needles there was a slight increase from DCO to DC1, and a decrease 

from DC1 to DC2 and DC3, with significant differences between DC1 and DC3 (Figure 

8.6a). It is of interest to note the change in the trend with age occurring with an increase 

in damage levels (Figure 8.6b). For DCO and DC1, there is a slight increase in the ratio 

with increase in needle age, while for DC2 and DC3 there is a decrease in the ratio with 

age. There was a statistically significant difference between first- and second-year foliage 

as a group and third-year needles. The change in the age pattern occurring with damage 

level illustrates a potential of the chlorophyll a/b ratio as a bio-indicator of damage.
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With increasing damage level, pigment levels and pigment ratio values decreased, 

but there were no statistically significant differences in pigment level (p>0.05; ANOVA 

and Tukey-Kramer test) between healthy trees (DCO) and initially damaged (DC1), and 

between moderately and severely damaged. For all pigments, highly significant 

differences (p<0.01) occurred between DC0-DC1 and DC2-DC3. The significant 

difference for chlorophyll a, b and total chlorophyll between the DC0-DC1 and the DC2- 

DC3 was most pronounced for the third-year needle age class (Figures 4.8.1a, 4.8.2a, 

4.8.3a). Foliar pigment levels measured were within the “normal” range for Norway 

spruce needles as reported for decline conditions (Lichtenthaler, 1988).

The change in each pigment level occurring with damage was evaluated by 

calculating the difference between a particular damage level and healthy, as a percentage 

of healthy (Table 4.9). The largest changes between healthy and DC1 for foliar pigments 

occurred for carotene for all needle-age groups, chlorophyll b for first- and second-year 

needle age class and total chlorophyll (a+b) for the first age group. This indicated a 

potential for these pigments as bioindicators of forest health status in the Norway spruce 

forests in the Krusne hory. However, these pigments are not useful in separating the 

initial levels of stress (between DCO and DC1). Although there are apparent trends and 

statistically significant differences for pigment levels occurring with damage class, the 

overall correlation of the pigment levels to damage class was relatively low, with a low 

confidence of the analysis (Table 4.10).

The system for forest damage evaluation used in the current study includes a 

number of factors, of which only presence or absence of chlorosis is directly related to 

pigment concentration. In the absence of chlorosis, other canopy characteristics such as
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canopy closure, crown shape and needle retention could result in high (DC2, DC3) 

damage level. This provides an explanation for the low correlation between foliar 

pigment levels and forest damage class.

The dry weight to fresh weight ratio increased significantly with the increase in 

age of the needles, and did not change significantly with the increase of the damage level 

(Figure 4.8.7). This result indicates a low potential for this parameter as an indicator of 

damage in the Krusne hory.

Foliar nitrogen and nitrogen to total chlorophyll ratio 

The results for foliar nitrogen and total chlorophyll to nitrogen levels are presented in 

Figure 4.9.

Foliar nitrogen (Figure 4.9a) levels for healthy foliage did not differ statistically 

between age groups, while for the damaged needles (DC1, DC2, DC3), nitrogen level 

increased significantly from first- to second-year needles, and decreased significantly 

from second to third year. There was no significant difference between first- and third- 

year needles from the same damage level (ANOVA, significant combined effect of year 

and damage). Our findings suggest re-allocation of nitrogen from third-year needles to 

first-year needles, while for second-year needles nitrogen levels remain stable across 

damage levels.

The results for the nitrogen/total chlorophyll ratio display no significant 

interaction between the effects of age and damage ((a+6)/N in Fig. 4.9b), and a 

significant increase in values with heavy damage and age (Fig. 4.9c and 4.9d). The ratio 

of total chlorophyll to nitrogen level significantly differ from healthy (DCO), with an 

increase in stress level (DCland DC2) and with an advance of the stress conditions to 

severe damage (DC3) (Fig. 4.9d). There were no significant differences between DCl
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and DC2. The relative change in the ratio as a percentage of healthy is also relatively 

high (Table 4.9), suggesting that the total chlorophyll to nitrogen ratio provides a 

sensitive bio-indicator of initial stress for Norway spruce. Previously, it has been reported 

that with an increase in vegetation stress level, an imbalance of nitrogen to pigment levels 

may occur (Schulze et al., 1989).

Nitrogen availability, believed to be a key factor of plant productivity, is reported 

to influence photosynthetic pigment content by nitrogen deficiency causing a decrease in 

a-carotene (suggested as most sensitive pigment to nitrogen deficiency; Schulze et al. 

1989). Schulze (1989) reports that with increasing N supply for Norway spruce, the 

supply of Mg becomes limited, leading to growth decline.

In the current study, a general decrease in total carotene level was noted with 

damage and a trend of a decrease in the carotene to nitrogen ratio (Table 4.9). While the 

sensitivity of the ratio to damage was relatively high, the relationship of this ratio to 

damage was not statistically significant (p>0.05, r=0.49; Table 4.10). This result indicates 

a low potential of the carotenoid/N ratio as an indicator of early damage in the Norway 

spruce foliage from the Krusne hory.

Changes with damage level in foliar lignin and cellulose, polar and non-polar 

compounds

When interpreting the results for the foliar chemical constituents, it is important to 

consider that based on the laboratory analysis, lignin, cellulose, polar and non-polar 

constituents add up to a total of 100%. Therefore an increase in one or a few of the 

constituents leads to a relative decrease in the remaining compounds (Figure 4.10).
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Lignin levels differed significantly with damage level, with significant decrease 

from DCO to DC1 and a more significant drop in amount for DC2 and DC3 as a group.

No significant difference was seen between mean levels from the moderately (DC2) to 

severely (DC3) damaged forests (Figure 4.10.1b). Total lignin levels did not differ 

significantly with foliar age (Table 4.8), and the trends expressed with damage level did 

not differ by needle age group (Figure 4.10.lc).

An increase in cell wall lignification has been considered a common plant 

response to pathogen attacks and wounding (Oven and Torelli, 1994). However, our 

results suggest that in forests growing under a long-term exposure to air pollution stress, 

where the effect of the decline has been continuous and persisting for a large portion of 

the trees’ life, lower tissue lignification occurs in foliage under higher stress levels, 

resulting in a higher susceptibility to mechanical and insect damage. The overall variation 

in lignin content across all damage levels was approximately 2% from the total. 

Confirming our results, trends in increasing lignin levels with decreasing nitrogen 

deposition (across a nitrogen deposition gradient, with largest differences in lignin 

concentrations of approximately 9%) have been reported earlier for red spruce by 

McNulty et al. (1991). The lack of difference in lignin content with age group 

demonstrates that the needles were fully-grown and lignification was completed at the 

time of the foliar collection. The fully mature condition is an important consideration in 

interpreting foliar pigment and chemistry levels across the age classes.

Cellulose levels differed significantly with needle age and damage (Figure 

4.10.2), with overall lower cellulose concentrations present in older needles at the more 

damaged sites (Figure 4.10.2b). A high correlation of cellulose to damage (r=0.67,
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p<0.01; Table 4.8), and a significant combined effect of age and damage was observed 

(Table 4.8; Figure. 4.10.2a). Differences between damage levels were exaggerated with 

needle age. Since cellulose levels do not change after the needle growth is completed, the 

relatively lower levels of cellulose in second- and third-year needles could be explained 

by 2 hypotheses. First, it is possible that growing conditions three years ago in the area 

were more limiting as compared to the present (1998), and due to that, lower amounts of 

cellulose were formed in the older foliage. A second possible explanation relates to the 

presence of relatively larger amounts of other compounds, such as non-polar and polar 

compounds (Figure 4.10.3 and Figure 4.10.4) in these age classes, thus resulting in a 

relative reduction in cellulose in the older needles. A consideration of the increase in 

water-soluble phenolic compounds (most likely tannins) with damage level supports the 

later hypothesis.

Polar compounds (i.e. tannins, sugars and starch) increased significantly with age 

and damage level (Figure 4.10.3b and 4.10.3c), with a relatively large increase from first- 

year needles to second, and relatively similar amounts for second- and third-year needles 

(Figure 4.10.3c). For first-year needles, there was a larger amount of polar compounds in 

needles from higher damage level (Figure 4.10.3a). Polar compound levels increased 

significantly from first- to second-year needles for all damage levels, while a relative 

maximum level of nearly 35% of total foliar constituents was reached for third-year 

needles horn the most damaged trees DC3. There is a significant increase in polar 

constituents from second- to third-year needles for DC0 and DC1, while there is no 

significant difference between DC2 and DC3.
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Non-polar compounds (i.e. waxes, oils and soluble in organic solvent pigments, 

such as chlorophyll) increased in value with age and damage level (Figure 4.10.4) and did 

significantly differ statistically. ANOVA indicated a significant combined effect of age 

and damage (Table 4.8). The age differences between needles were exaggerated with an 

increase in damage level. For DCO, DC1 and DC2 trees, there is a significant difference 

between first- and second-year foliage, and no significant difference between second- and 

third-year, while for severely damaged trees (DC3) there are significant differences 

among all needle age categories (Figure 4.10.4a).

Evaluating the relative change in the chemical compounds occurring with 

damage, non-polar and polar constituents appear to have the highest sensitivity to damage 

conditions for all age groups (Table 4.9). Evaluating the overall correlation of the 

constituents to damage level, considerable correlation is found for the polar constituent 

(Table 4.10; r=0.80, p=0.009), suggesting the geatest potential of this foliar compound as 

a bio-indicator of early damage levels to Norway spruce. The overall change with age 

and damage in the amount of non-polar constituents (approximately 1%) is considerably 

smaller than the change in the amount of polar constituent (approximately 7%). Our 

findings demonstrate that the dominant change in foliar chemistry is an increase in the 

amount of polar constituents with an increase in needle age and damage level, resulting in 

a decrease/imbalance with damage in the relative amounts of the remaining foliar lignin 

and cellulose constituents.

A strong correlation was established between polar compounds and cellulose 

(r=0.80, p<0.01), non-polar compounds and lignin (r=-0.87, p<0.01), and a relatively 

lower correlation between non-polar and cellulose (r=-0.69, p<0.01) and cellulose and
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lignin (r=0.65, p=0.02). The low correlations established between non-polar and polar 

and polar and lignin demonstrates their relatively low interdependence. The strong 

correlation between polar constituents and cellulose, since foliar cellulose levels are 

stable once established, demonstrates the significant role of the polar compounds in 

altering the foliar chemical balance.

A significant increase in polar and non-polar constituents with an increase in 

damage corresponds with the findings in previous studies, reporting an increase due to 

vegetation stress for similar chemical compounds (Rock et al., 1986; Baudet et al., 1995; 

Schulze et al., 1989; Moss et al., 1998; Vogelmann and Rock, 1988; Slocupova et al., 

2000). Schulze et al. (1989) reports an increase in cuticular waxes with damage for 

Norway spruce. Rock et al. (1986) and Moss et al. (1998) report increased tannin levels 

with cellular changes in the mesophyll cells due to ozone air pollution damage in red 

spruce in New England. Booker et al. (1996) describes an increase in phenolic 

compounds due to elevated ozone exposure in pines, while our Czech colleagues indicate 

increasing levels of tannins in Norway spruce needles with damage (Soukupova et al., 

2000). Our finding (of an increase in polar compounds with an increase in damage level 

coincident with decreasing lignin and cellulose levels) demonstrates a trend for Norway 

spruce foliage that has been suggested by previous research, and indicates that the 

increase in phenolic compounds with damage is likely a typical response to damage for 

coniferous.
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4.3.3 Evaluation of Norway spruce spectral reflectance properties with regard to 
changes occurring with damage level

First-, second- and third-year needle reflectance properties exhibit changes with 

age and damage class. In general, reflectance decreased with an increase in age 

throughout the measured spectral range for all damage classes (Figure 4.11 and 4.12). As 

needles aged the variation in the spectra also increased (Figure 4.11). The variation in 

reflectance also increased with an increase in damage level. As a result, the greatest 

changes in reflectance were observed in the third-year foliage damage DC3 (Figure 

4.1 Id). The NIR (800-1350nm) reflectance is the highest for the first-year needles, 

regardless of damage class, decreasing for the second- and third-year needles (Figure 

4.12).

In the NIR region, reflectance for first-year needles increased with an increase in 

damage, while in contrast, reflectance for the third-year needles decreased with an 

increase in damage level (Figure 4.13a and 4.13c). For second-year needles, the NIR 

changes were insignificant (Figure 4.13b). The results for third-year foliage are in general 

agreement with previous reports (Rock et al., 1988; 1992) documenting a decrease in 

reflectance in the NIR with increase in foliar damage. Reflectance in this region is a 

function of the cellular structure of the foliage (Gates, 1980; Rock et al., 1986).

In the red/NIR spectral region (650-720nm), reflectance increased with increase 

in damage in all age categories (Figure 4.14). The increase in reflectance in the red region 

is explained by a stress-induced decrease in leaf chlorophyll content. This is supported by 

the trend of reduction in total chlorophyll content seen in DC2 and DC3 needles when 

compared with the higher levels in DCO and DC1 (Figures 4.8.1-4.8.5).
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For all ages and damage levels, the largest differences in sensitivity peaks 

occurred in the 680-740nm region (maxima at 695nm; Figure 4.14). Relatively smaller 

but significant differences in sensitivity peaks occurred at 1400-1550nm (maxima at 

1475nm) and 1900-2050nm (maxima at around 2000nm), suggesting a potential for 

damage detection of using these Short Wave Infrared (SWIR) spectral regions.

Reflectance differences and sensitivity, averaged across age groups to tree level, 

are presented in Figures 4. IS and 4.16. Spectral regions of highly statistically significant 

differences are shown on Figure 4.16: to DC1 with red arrows (top, continuous line), and 

to both DC2 and DC3 with blue arrow (lower, interrupted line). The absolute reflectance 

minimum in the chlorophyll well was located at 667nm, with significant differences in 

reflectance at this wavelength among all damage classes. Needle reflectance averaged 

across age groups to tree level spectra increased with increasing damage level. For DC2 

and DC3, reflectance increased throughout broad spectral regions: for DC2 -  440- 

1235nm, 1340-1745nm and 1855-2250nm; and for DC3 - 530-737nm, 885-2250nm 

(Figure 4 .IS and Figure 4.16). hi contrast, the initial damage (DC1) reflectance increased 

in more narrow bands: 495-520nm, 670-740nm, 1395-1565nm and 1894-2175nm. For 

DC1, significant differences spectra occurred in the 677-705nm region with a maximum 

at 695nm, 1400-lSlSnm with a maximum at 1454nm, and 1905-2125nm with a 

maximum at 2000nm (Figure 4.16).

These results indicate the 675-705nm region as optimal for early stress (DO) 

detection, and illustrate the higher potential for separation of the initial damage level for 

high spectral resolution and narrow band instruments, as compared to broad band 

systems. The high sensitivity to damage of reflectance spectra in the region 675-705nm
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with a maximum at around 705nm, confirms for Norway spruce the region of maximum 

sensitivity demonstrated earlier for loblolly pine by Carter (1993).

4.3.4 Evaluation of Spectral Indices with Regard to Separation of Damage Levels

The current study evaluated the spectral indices presented in Tables 4.4 and 4.5 

with regard to separation of damage levels in Norway spruce. The general trends 

observed within the data with damage and age are presented. The results for individual 

indices are organized in six groups, based on their spectral properties and the analysis 

involved. The six groups include: (1) 2.5nm-Narrow Band Indices: visible and NIR band 

ratios suggested in the literature as sensitive to changes in pigment levels or vegetation; 

(2) Broad Band Indices: widely used LandsatTM and lOnm-Band Ratios; (3) Derivative 

indices; (4) Inverted Gaussian Model parameters; (5) Area Above the vegetation 

curve/Line (AAL) estimates; and (6) Short Wave Infrared (SWIR) band ratios. Figures 

for each index are cited in Tables 4.4 and 4.5 and included in the Appendix. The trends in 

the data occurring with damage and the statistical significance of the differences between 

means (ANOVA) are displayed by plotting LS Means and standard errors. The 

significance of both effects (age and damage) by index type are presented in ANOVA 

tables (Tables 4.11 to 4.16). The sensitivity (% relative change for DCO) by age classes is 

presented in Tables 4.17 to 4.22. The overall relationship of each index to damage, 

regardless of needle age, is presented in Tables 4.23 to 4.28. The sensitivity of a 

particular index to individual damage level, and the overall coefficients of determination 

of the indices to damage, were used as indicators for evaluating the detection potential of 

the algorithms. The results for the indices performing best for separation of initial 

damage levels are summarized and compiled into the final Table 4.35.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

There were statistically significant differences for healthy and damaged 

vegetation, or among damage levels for all evaluated indices with the exception of DPR1, 

DPR2, DPR21 and DPR22 (ANOVA, significant p<0.05, Highly significant p<0.001; 

Tables 4.11 to 4.16).

Evaluating the trends in the indices by age groups, a consistent pattern of the 

changes with damage and statistically significant differences were noted only for the 

third-year needle age group (with the exemption of RE1). The results for second- and 

third-year needles did not present a constant trend with damage. These results suggest 

that sampling and spectral analysis of third-year needles provides the most potential for 

damage separation.

The only exception was the RE 1 index, which exhibits highly significant 

differences for first-year needles between DC0/DC1 and DC2 and DC3. RE1 averages 

the reflectance in the region 675-705nm, where the absorbance due to chlorophyll is the 

strongest. There were lower levels of chlorophyll in younger needles, with the least 

amount in first-year needles (Figure 4.8.4). The results suggest that the RE 1 index is able 

to separate damage levels when relatively lower amounts of chlorophyll are present, 

while most other indices are capable of damage separation in the presence of higher 

chlorophyll levels.

To identify the indices with the best potential for separation of initial damage 

level (DC1), only the results for the indices having the highest correlation, sensitivity to 

the decline and statistically significant differences among means per damage level are 

discussed further.
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2.5nm-Narrow Band Indices

Among the 2.5nm-Narrow Band Indices (group 1), PRI1 had the highest 

correlation (r=0.69, p=0.05) and sensitivity to decline for third-year needles, followed by 

PRI3 (r=0.65, p=0.03). Both indices separated healthy from DC1/DC2, and both groups 

from DC3. PRI1 decreases with damage when PRI3 increases in value with damage 

class. A common factor for both indices is the use of a band at 570nm, related to 

chlorophyll and carotene levels (Chappelle et al., 1992), and less sensitive to pigment 

change bands. For third-year needles, GM2 had a relatively high sensitivity and 

correlation (r=0.64, p<0.001), decreasing with damage. It ratios a band in the NIR plateau 

(at 750nm, with relatively low sensitivity to damage), with a band located at 700nm (in 

the region of highest sensitivity to DC1) (Figure 4.16).

The RARS and SR ratio, suggested as strongly correlated to chlorophyll levels 

(Chappelle et al., 1992) had relatively high sensitivity to damage, but a low correlation to 

the damage classes. They were able to separate DC3 from DCO and DC2 from DCO and 

DC3, RARS increasing and SR decreasing with damage, but were not able to separate the 

early damage from healthy and DC1 from DC2.

These results demonstrate that when using 2.5nm narrow spectral bands from the 

visible/NIR region, simple band ratios can separate initial damage level (DC1) from 

healthy (DCO). The ratio of a sensitive to pigment change band to non-sensitive band 

(e.g. the indices PRI1, PRI3 and GM2) provided optimal results for stress detection with 

narrow band indices as it has been reported previously by Carter (1994).
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Broad Band Indices

The Landsat TM NDVI, TVI, TM5/4, TM3/1 indices bad relatively low 

correlation and sensitivity to damage level. These indices were able to separate DC2 and 

DC3 from DC0/DC1 for all age groups with lower values of the indices for higher 

damage levels. Only TM3/1 for third-year needles was able to separate the means from 

all damage levels. These results suggest a limited potential for separation of initial levels 

of damage for broad band systems. This finding corresponds with previous research 

conducted on damage discrimination in the Norway spruce forests of Krusne hory 

(Lambert et al., 1995). Using LandsatTM, Lambert et al. (1995) were able to separate tree 

damage categories -  healthy, moderate and heavy damage, but not the initial damage 

level (DC1) from healthy (DCO).

The modified LandsatTM indices using one narrow band at regions related to 

chlorophyll absorbency (SSOnm, 67Snm and 700nm) had only a slightly higher 

correlation to damage than the original indices and were able to separate only DC3 from 

the remaining damage classes.

The lOnm-Band ratios showed a higher correlation to damage level (R550/R700, 

p=0.60) than the LandsatTM indices and the modified LandsatTM, and for third-year 

needles, comparatively higher sensitivity. The results suggest higher potential for 

discrimination for the narrow band indices as compared to the broad band LandsatTM, 

although both are not able to separate healthy (DCO) from initial damage level (DC1).

Derivative indices

Among the derivative indices evaluated, V4 (D715/D704, r=0.68) and 

Dmax/D704 (r=0.63) exhibited the highest relationship and sensitivity to the decline for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

third-year needles. They were able to separate DCO from DC1/DC2 (not separating DC1 

and DC2), and from DC3. Both indices decreased in value with an increase in damage 

level.

Band ratios of derivative spectra have been suggested as strongly related to 

chlorophyll a or total chlorophyll concentrations, and their potential as bioindicators of 

damage has been hypothesized (Zarco-Tejada et al., 1999). Our results demonstrate that 

derivative ratios are strongly indicative of vegetation damage and capable of separation 

of healthy forest from the initial damage levels.

REIPslope also had a high correlation (r=0.66, p=0.06) and sensitivity to damage, 

decreasing with increase in damage. This index was able to separate all damage levels for 

third-year needles. REIPwave also decreased with increase in damage. It had a relatively 

low sensitivity to damage, and a correlation of r=0.58 (p>0.05). REIPwave was able to 

separate DC3 from the remaining damage levels for all needle ages. For the third age 

group REIPwave was not able to separate DCO and DC1, but statistically was able to 

separate DC2 and DC3 from DC0/DC1. A comparison of the REIPslope and REIPwave 

performance indicates REIPslope as heaving larger potential as indicator of initial 

damage.

Previous research demonstrates the high relationship of the REIPwave parameters 

to total chlorophyll level (Rock et al., 1986, Vogelmann and Rock, 1991). With the 

current study, no significant differences were established for total chlorophyll levels 

between DCO and DC1. The results for REIPwave not separating DCO and DC1 comply 

with the trend observed in the chlorophyll concentration with damage, indicating the 

potential of this ratio as an indicator of pigment level.
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Inverted Gaussian Model (IGM) parameters

The Inverted Gaussian Model (IGM) parameters had a relatively low correlation 

to damage level. Rs and Ro exhibited had high sensitivity levels to damage. Ro had the 

higher sensitivity to damage (Table 4.20). Only for third-year needles were both Rs and 

Ro able to separate all damage levels.

For this study, the IGM parameters were computed using uniform (the same for 

all spectra) initial values as suggested by Miller et al. (1990). Bonham-Carter (1988) 

suggests more precise calibration of the model to be performed by varying the initializing 

parameters to achieve a minimum in average fitting.

Area parameters

The AAL parameters had a relatively low overall correlation to damage, and only 

for third-year needles had a relatively high sensitivity to damage. For third-year needles, 

all parameters were able to separate among all damage levels, with Area having slightly 

higher sensitivity values. Area, Slope and Depth_sum increased with damage when the 

Intercept parameter decreased.

Narrow Band Short Wave Indices (SWIR)

The SWIR indices showed a low correlation and sensitivity to damage. Using 

third-year needles, they were able to separate DC3 and DC2 from DC0/DC1. Among 

these indices, SWIR22 provided the greatest separation (sensitivity o f-17.45 to DC2, 

and -46.9 to DC3) when decreasing, with an increase in damage level. The SWIR indices 

use bands from the regions 1400-1515nm and 1905-2125nm exhibiting relative 

sensitivity peaks to damage (Figure 4.16). While our results demonstrate a potential of 

these indices for separation of advanced levels of damage, these indices would not be 

useful for separation of initial levels of decline.
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Overall comparison among the indices most sensitive to stress

Comparing the sensitivity and correlation of the indices from the six different 

groups, the overall highest potential for separation of initial damage levels was 

established for PRIi, followed by PRI3, REIPslope, GM2, Dmax/D704 and RE1. PRI1 

and V4 were equally highly related to damage.

From the Broad Band Ratios group, R550/R700 performed best, but it was also 

not able to separate DCO from DC1.

Common factors for all of the indices separating healthy from initial damage are 

the use of 2.5nm spectral resolution and ratioing highly sensitive to damage bands with 

relatively insensitive bands. Only PRII does not use bands from the red edge region of 

the spectrum.

4 J i  Relationship between reflectance indices and canopy pigments and foliar 
chemical constituents

To evaluate the direct correlation of the calculated indices to foliar pigments and 

chemical constituents, a correlation analysis was conducted. The results are presented by 

grouping the indices into: 2.5nm-Narrow Band Ratios, Broad Band Indices, Derivative 

Indices, IGM parameters, Area parameters and SWIR indices (Tables 4.29 to 4.34).

Relationship between indices and pigment levels

Among the 2.5nm-Narrow Band Indices V2, V3, GM1, SR, PRC and GM2 had 

the higher correlation coefficients to pigments (to chlorophyll b), although all were lower 

than r=0.60. The level of correlation established between foliar pigments and the spectral 

indices was lower than the correlation established between foliar chemical constituents 

and indices (Table 4.29).
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This finding was unexpected since the indices use mostly red edge bands strongly 

related to chlorophyll levels. A possible explanation for the low pigments-to-indices 

relationship provides the use of one set of samples for measuring pigment levels and a 

second set of samples from the same branch for spectral measurements and estimation of 

foliar chemical components. Although for the correlation analysis the data was averaged 

to stand level, the large amount of variability within branches and within stands make the 

direct comparison difficult. It is also likely that the relationships between foliar pigments 

could be better expressed by power, exponential or polynomial equations. Similar 

equations have been suggested for use in developing predictive equations for the 

estimation of pigment levels (Blackburn, 1998). The development of predictive equations 

for estimation of pigment levels based on fresh foliar GER2600 spectra is beyond the 

scope of the current investigation.

Relationship between indices and chemical compounds

To establish the link between foliar bio-indicators and the indices sensitive to 

damage, the relationships between reflectance indices and foliar pigments and structural 

chemical constituents were evaluated. Tables 4.29 to 4.34. depict the relationships 

between all indices and foliar compounds. A summary of the findings for the indices 

performing best with regard to separation of initial damage levels is presented in Table 

4.35.

Correlation analysis revealed a low relationship between nitrogen level and all 

spectral indices (Tables 4.29-4.34). This result suggests that reflectance indices are not 

useful for assessment of forest nitrogen levels, while the NIR methods are able to 

produce accurate nitrogen estimates using absorbance data.
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When evaluating the relationship between the spectral indices and foliar lignin, 

cellulose, polar and non-polar constituents, it is important to consider that they are 

estimated as relative concentrations from the leaf tissue (totaling up to 100%), and 

variations in one or a few of the constituents cause a change in the others. Therefore they 

are strongly inter-related, with a strong correlation established by this study between 

cellulose and polar (r=-0.80), lignin and non-polar (r=-0.86) and lignin and cellulose 

(r=0.65).

A strong relationship was established for most of the indices to cellulose levels 

(Tables 4.29-4.34). Among the 2.5nm-Narrow Band Ratios, the best relationships to 

cellulose were PRII (r=0.62), PRI2 (r=-0.63), SR (r=0.60) and GM2 (r=0.61). PRII and 

PRI2 also showed a high correlation to polar constituents with correlation coefficients of 

r=-0/60 and r=0.62, respectively.

The LandsatTM and lOnm-Band indices had low correlation coefficients to all 

chemical constituents, with the highest correlation from this group established to 

cellulose for the narrow band R840/R700 (r=0.58) and R840/R550 (r=0.54), and to non

polar constituents (Tables 4.30).

Among all indices, the derivative indices V4 (D715/D705) and D717/D704 had 

the highest correlation coefficients to both foliar pigments and foliar chemical 

constituents. The V4 index performed better than D717/D701, having r=0.74 and r=0.71 

to cellulose, and r=0.64 and r=0.62 to chlorophyll b, respectively. Both indices had 

comparatively higher coefficients to polar and non-polar compounds, and also to total 

chlorophyll (a+b) and chlorophyll ratios (Table 4.31).

Derivative analysis are suggested as less sensitive to the effects of variable 

irradiance and background scatter on the spectra (Lucas et al., 2000). Our results show
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that these indices have a high potential for separating damage levels and relate best to the 

foliar chemistry. Therefore, these indices (V4 and D717/D705) show the highest potential 

as bio-indicators of initial levels of forest damage.

The correlation of the IGM parameters (AAL and SWIR indices) to both pigment 

levels and foliar chemical constituents was comparatively low.

The IGM parameters have been shown by previous studies to be highly correlated 

to pigment levels and stress (Miller et al., 1990). Our results suggest that more accurate 

calibration when varying the initial parameters for optimization of the model is needed.

In this study, fixed initial parameters for Rs, Ro, a  and Xo were used as suggested by 

Miller et al. (1990), when in contrast, Bonham-Carter (1988) recommends that all four 

parameters be varied for achieving a minimum in the average fitting error.

The ALL and SWIR indices were developed based on our spectral analysis. The 

ALL parameters use the bands from approximately SSOnm to 750nm, including bands 

reported in previous research as strongly related to a number of pigments and to foliar 

scattering. Therefore, the ALL are not specific to a particular pigment or chemical 

compound, but are specific to damage level. The AAL low direct correlation to foliar 

compounds was anticipated. The SWIR indices ratio bands have been reported in 

previous studies to be associated with nitrogen (SWIR2 and SWIR22) and lignin (SWIR1 

and SWIR12). Therefore, the high correlation of the indices to these compounds was 

expected.

Among IGM, ALL and SWIR indices Area, Ro and SWIR22 had high sensitivity 

and presented the potential for separation of all damage levels for third-year needles.
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4.4 Conclusions

The current study established that all forests in the Krusne hory mountains were 

affected by the growth decline beginning around 1965-67, with tree growth being most 

impaired in the period 1970-84. Forest growth recovery began around 1980-85 and was 

apparent for all forest damage classes until 1990-95. Therefore, the current research 

addresses foliar physiological and spectral properties in a state of forest recovery. At the 

present, it is possible that the forests are entering decline conditions again. Further 

research is needed to establish if the present growth decline may be an effect of the 

normal climate cycling.

Pigment levels were relatively stable across the damage gradient. Norway spruce 

foliage pigment levels increased significantly with increase in foliage age, while within 

age groups a trend in decreasing pigment levels was established with increasing damage 

level. Within age groups, pigment levels decreased with damage, with no significant 

difference in foliage between healthy and DC1. This finding corresponds with the 

apparent recovery in forest growth observed since the late 1980s’ in the Krusne hory, and 

suggests that pigment levels appear to be less reflective of the long-term effects of the 

pollution decline, and more indicative of the short-term changes in the environment.

Nitrogen level did not differ with age for healthy needles, but for damaged foliage 

the second needle age group had a significantly higher nitrogen level than first-year and 

third-year needles.

This study established a strong correlation to damage for the foliar structural 

chemical constituents. The more damaged needles exhibited a significant increase in 

foliar polar compounds and a lower needle lignification. Non-polar and polar constituents 

had the highest sensitivity, with polar the highest correlation to damage level. Foliar
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structural chemical compounds (e.g. polar and lignin) appear to be effective indicators of 

the long-term environmental conditions. The strong relationship revealed between 

damage level and polar compounds suggests a high potential for use of these constituents 

(most likely tannins) as bio-indicators of stress.

A general foliar spectral trend was established in decreasing reflectance with 

increasing foliage age, corresponding well with the increase in needle pigment levels and 

the relative increase in polar and non-polar constituents. In the NIR region, an apparent 

trend of increasing reflectance with increasing damage level was established for third- 

year foliage, which corresponds with the trend indicative of vegetation damage as 

suggested by Rock (1986). In contrast, there was a slight increase in reflectance for first- 

and second-year foliage in the NIR, indicating the use of these age groups of needles for 

stress detection as being problematic.

This study demonstrated that indices using reflectance data from third-year 

needles are the most sensitive to damage effects.

In the red edge region, an apparent trend of increasing reflectance with increasing 

damage level was revealed for the third-year needles. This trend is suggested as a typical 

indicator of vegetation damage (Rock et al., 1986). The largest sensitivity peaks for all 

age groups occurred in the 690-705nm portion of the red edge region, indicating the 

highest potential for stress detection of bands and band ratios from this region, as 

suggested by Carter (1994).

Relatively smaller peaks in spectral sensitivity to damage were established in the 

regions 1395-1565nm and 1695-2175nm, indicating a smaller potential for damage 

separation of bands and indices from these regions. Band ratios from the 1395-1565nm
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region were able to separate only DC3 from DCO, DC1 and DC2 as one group, while 

indices from the 1695-2175nm region performed better and were able to separate DC2 

and DC3 from healthy and DC1, but did not separate DCO from DC1.

The derivative indices from the red edge region (V4 and Dmax/D704) were most 

strongly correlated to damage, followed by the 2.5nm-Narrow Band indices using green 

band at 530nm (PRII, PRI2), or red edge bands at 700nm (RE1 and GM2).

The correlation established between foliar pigments and indices was lower than 

the correlation established between foliar chemical constituents and indices. Only the 

narrow band red edge indices exhibited the high correlation.

The strongest relationship was revealed for cellulose and polar (e.g. tannins, 

sugars, starch). Since foliar cellulose levels are stable, polar compounds appear to be the 

compounds most responsive to damage, and present the physiological basis for the use of 

the indices as bio-indicators.

This study indicates the highest potential of the derivative spectral indices and 

narrow band ratios from the red edge as spectral indicators of forest stress.

This study indicates a high potential of derivative spectral indices and band ratios 

from the red edge region, and of cellulose and polar chemical compounds as indicators of 

forest stress. Further investigations of similar datasets from different geographical 

locations and a variety of tree species are needed to validate the potential and determine 

the accuracy of the foliar spectral indices and chemical constituents for the discrimination 

of forest damage levels.
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Damage 
Level (DC)

Defoliation 1
(%)

Ecosystem vitality status
Chlorosis absent Chlorosis present

0 0 - 1 0 Healthy Initial damage
1 1 1 -2 5 Initial damage Medium damage
2 2 6 -6 0 Medium damage Heavy damage
3 6 1 -8 0 Heavy damage Ecosystem collapse2
4 8 1 -1 0 0 Ecosystem collapse2 Standing dead forest

1 Characteristic of more than 70% of the trees within the stand
2 At this stage more than 50% of the trees within the stand are dead

Table 4.1: Criteria for field forest damage classification
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Data Acquisition Sites/Samples
Study sites 30x30m sites into 90x90m areas, 33 sites

12-14 sites per damage class (intensive sites)
Forest damage class evaluation healthy(DCO), initial(Cl), 15 DCO, 12DC1,

intcrmediatc(DC2), and heavy damage(DC3) 14 DC2, 12 DC3
Site elevation and map location Survey maps, CIR photos 53 sites

Site GPS position Field visit, Trimble differential GPS 53 sites
Tree diameter at breast height Tree diameter at 1.30m height, DBH tape 51 sites

Forest canopy closure 1/10 acre plot, forest densiometer 51 sites
Stand density 1/10 acre plot, prism 51 sites
Stand height Height of the forest canopy, clinometer 51 sites

Individual trees damage class DCO, DC1, DC2 and DC3 53 sites, 265 trees
Tree height Height of the 3 representative trees, clinometer 255 trees

Tree age and growth rate Cores from 5 trees per stand 246 cores
Spruce foliar samples collection l“, H0"1 and III*4 year of needles, 5 trees/site 5) sites, 765 samples

Photography for site characterization 33 mm camera 51 sites
Fresh foliage reflectance spectra Spectra from 3 representative trees per site, GER26001 765 samples

Foliar chlorophyll and carotenoids levels Laboratory extraction and analyses, Solcova (1999) 765 samples
Air-dried, 1mm ground, foliage absorb ace spectra Spectra from 3 representative trees per site, NIR2 765 samples

Spruce foliage chemical constituents Laboratory foliar chemical analysis (Newman et al., 1994) 42 samples
Lignin, cellulose and nitrogen levels NIR spectroscopy (Bolster et al„ 1996) 765 samples

Field spectrometer GER2600 
2 NIR laboratory spectrometer

Table 4.2; Field data for the study areas in the Krusne hory, northwest Bohemia, Czech Republic, August 1998



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Foliar Constituents Mean St. Deviation SEP Terms SEC R2 SECV
1 Cellulose (%) 38.64 2.49 0.85 5 0.89 0.87 1.46
2 Lignin (%) 25.61 2.48 0.86 5 1.06 0.82 1.67
3 Polar (%) 31.85 3.60 0.83 5 0.78 0.95 1.31
4 Polar + Non-polar 

<%)
35.76 3.95 0.34 5 0.80 0.96 1.39

5 Non-polar (%) 3.91 Calculated as a difference between 4 and 3
6 Nitrogen (%) 1.44 0.106 0.037 5 0.03 0.90 0.06

Table 4.3: Calibration and validation precision statistics (R2 - goodness of fit, SEP - standard error o f prediction, 
Terms - number of factors used in the statistical analysis, SECV -  standard error o f cross validation).

*



Indices Algorithm Figure

C l
1 .2.5nm-Narrow Band Ratios 

R!695/R760 A.1.1
C2 R695/R420 A. 1.2
V I R74Q/R720 A.1.3

-V2 (R734-R747)/(R715+R726) A.1.4
V3 (R734-R747)/(R715+R720) A.1.5

PRII (R530-R570)/(R530+R570) A.1.6
PRI2 (R550-R530)/(R550+R530) A.1.7
PRI3 (R570-R540)/(R570+R540) A. 1.8
REI Average R(675...705) A.1.9
RE2 Average R(714...725) A.1.10
RE3 Average R(730...745) A.1.11
SR R775/R675 A .I.12

SIPI (R800-R450)/(R800-R650) A.1.13
PSRI (R680-R500)/750 A.1.14

RARS R800/R670 A .I.15
GMI R750/R550 A.1.16
GM2 R750/R700 A.1.17
Green R554/R675 A.1.18

Lichtenthaler R440/R690 A.1.19

TM3/TM1
2. Broad Band Indices 

(Average R(620..690))/(Average R(450..520)) A 2.1
TM5/TM4 (Average R(l550..1750))/(Average R(760..900)) A.2.2

NDVI (TM4-TM3)/(TM4+TM3) A.2.3
TVI SQRT ((NDVI+0.5)*100) A.2.4

NDVI550 (TM4-R550)/(TM4+R550) A.2.5
NDVI675 (TM4-R675)/(TM4+R675) A.2.6
NDVI700 (TM4-R700)/(TM4+R700) A.2.7

R550/R700
lOnm-Band Ratios 

R550/R700 A.2.8
R850/R700 R850/R700 A.2.9
R85Q/R550 R850/R550 A.2.10

1R -  spectral reflectance (%)

Tabic 4.4: U nm -N arrow  Band Indices, Broad Band indices and lOnm-Band Ratios
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Indices Algorithm Figure

REIPwave Position o f D* maximum in the 670-730nm region A .3.I
REIPslop=Dmax D maximum in the 670-730nm region A.3.2
V4=D715/D705 '  D715/D705 A.3.3

DMAX/D714 Dmax/D714 - A.3.4
DMAX/D704 Dmax/D703.10 A.3.5
DMAX/D744 Dmax/D744.5 A.3.6

DPR1 Dxo/Dou>*n) A.3.7
DPR2 Dxo/D(x<>*a) A.3.8

DPR21 IW D to A.3.9
DPR21 Dxo/Dtm A.3.10

4. Inverted Gaussian Model (IGM) Parameters
R s R maximum in the 670-850nm region, IGF 4 A.4.1
RO R minimum in the 670-850nm region, IGF A.4.2
Xo Wavelength position o f Ro, IGF A.4.3
o (Xo-Xx), IGF A .4.4

Xx Wavelength position of Dmax, IGF A.4.5

g.r AW8
Slope Slope o f the line connecting the green and the NIR peak A. 5.1
Area Area between the vegetation curve and the line in "Slope" A.5.2

Intercept Product o f the Area calculation A.5.3
Dept_sum Product o f the Area calculation A.5.4

6. Narrow Band Short Wave (SWIR) Indices
SWIR1 R1365/R1455 A.6.1

SWIR12 (R1365-R1456)/(R1365+R1456) A.6.2
SWIR2 R1890/R1950 A.6.3

SWIR22 (R1890-R1951)/(R1890+R1951) A.6.4
1 0  - derivative value, product of fim derivative tnmformiDon of reflectance

Tabic 4.5: Derivative indices, Inverted Gaussian Model (IGM), Area param eters and Narrow Band 
Short Wave (SWIR) Indices

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Stand
parameters

Damage Level
0 1 2 3

Tree Height (m) 21.75 19.10 19.61 15.87
DBH (cm) 37.13 34.67 32.81 25.16

Age (years) 62.69 50.00 52.70 48.37
Elevation (m asl) 879.82 908.59 871.28 827.35

Canopy Closure (%) 76.14 75.91 67.48 58.90
Stand Density (trees/ha) 617.50 666.53 594.26 731.91
Total Basal Area (m3/ha) 28.22 29.98 25.62 28.57

Table 4.6: Mean values for forest stand param eters, Krusne hory, Czech republic 1998 (n=51).

Stand Variable n (sites) F-rado P r
Tree height 51 6.46 0.001 0.67

DBH 51 4.07 0.012 0.69
Age 51 1.99 0.128 0 3 9

Elevation 51 4.81 0.005 Q M
Canopy Closure 51 1.95 0.135 0.61

Total Basal Area (BA) 51 0.61 0.611 0.20
Stand Density 51 0.30 0.826 0.16

T ree Damage G ass 51 59.28 0.000 0.98

Table 4.7: Analysis of variances for forest stand param eters and damage level

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Effects Chlorophyll a Chlorophyll b Chlorophyll (a+b) Carotenoids
d f F-ratio P d f F-ratio P d f F-ratio P d f F-ratio P

Year 
Damage Class 

Year+Damage Class 
Error

2 74.83 0.000
3 3.92 0.001 
6 0.75 0.607

728

2 72.20 0.000
3 6.11 0.000 
6 0.80 0.572

728

2 75.70 0
3 6.10 0.001 
6 0.71 0.645

728

2 92.94 0
3 2.09 0.0998 
6 0.86 0.5249

728

Effects Chlorophyll a/b Carotcnoids/Nilrogen (a+6)/Car N/(a+b) Dw/Fw
d f F-ratio P d f F-ratio P d f F-ratio P d f F-ratio P d f F-ratio P

Year 2 9.95 0.000 2 63.51 0 2 7.68 0.001 2 78.67 0.000 2 35.25758 0
Damage Class 3 7.90 0.000 3 6.40 0 3 7.50 0.000 3 8.39 0.000 3 1.797409 0.146

Year*Damage Class 6 6.84 0.000 6 1.17 0.32 6 1.49 0.177 6 1.15 0.334 6 1.861941 0.085
Error 728 728 728 728 728

Effects Nitrogen Lignin Cellulose Non-polar Constituents Polar Constituents
d f F-ratio P d f F-ratio P d f F-ratio P df F-ratio P d f F-ratio P

Year 2 12.68 0.000 2 4.04 0.018 2 145.73 0.000 2 37.70 0.000 2 46.00 0.000
Damage Class 3 1.85 0.136 3 89.01 0.000 3 68.74 0.000 3 11.49 0.000 3 128.85 0.000

Year*Damage Class 6 4.74 0.030 6 0.418 0.867 6 7.58 0.006 6 89.13 0.000 6 0.67 0.415
Error 764 764 764 764 764

Table 4.8: Analysis of variances (ANOVA) conducted on foliar constituents. Needle damage class and age (year) are the main effects.
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Pigments and Foliar 
Constituents

Year 1 Ycar2 Year3
DCO DC1 DC2 DC3 DCO | DC1 | DC2 DC3 DCO | DC1 | DC2 | DC3

Chlorophyll a 0 -2.19 -6.51 -15.35 0 -0.57 -6.97 -9.44 0 1.35 -13.45 -11.55
Chlorophyll b 0 -3.56 -10.54 -21.17 0 -0.91 -7.98 -12.87 0 0.37 -13.40 -6.50
Carotenoids 0 -3.71 -4.22 -9.12 0 1.03 -3.12 -1.42 0 1.87 -11.24 -4.57

(a+6) 0 -2.55 -7.57 -16.88 0 -0.66 -7.23 -10.32 0 1.10 -13.44 -10.24
a/b 0 1.47 4.48 6.91 0 0.61 1.10 3.96 0 1.47 0.16 -0.97

Nitrogen (N) 0 0.56 -1,55 -1.09 0 2.37 2.92 5.37 0 1.12 1.57 1.07
Lignin 0 -0.16 -9.76 -13.91 0 -0.27 -10.61 -14.93 0 -0.22 -9.24 -12.91

Cellulose 0 -2.60 -6.09 -11.15 0 -2.78 -6.72 -11.04 0 -2.40 -4.76 -9.78
Polar 0 3.56 14.02 19.93 0 3.95 14.30 18.40 0 2.86 9.37 12.71

Non-polar 0 5.52 37.17 85.29 0 2.40 33.38 79.13 0 3.58 33.08 78.54
Nl(a+b) 0 -3.45 -11.10 -17.58 0 -4.95 -13.72 -19.78 0 -4.61 -19.50 -9.14

Carotenoids/N 0 -6,03 -9.07 -10.93 0 -3.07 -9.77 -11.69 0 -4.06 -17.68 -3.81
Dw/Fw 0 -1.48 -1.82 -0.69 0 4.90 3.96 6.55 0 -0.79 3.10 7.31

Table 4.9: Change (%) in foliar pigments and chemical constituents occurring with forest damage by needle age group ;



Dependent Variable F-ratio P r
Chlorophyll a 1.353 0.269 0.428
Chlorophyll b 1.372 0.263 0.453
Carotenoids 0.682 0.567 0.273

Total Chi. (a+b) 1.367 0.265 0.436
a/b 1.261 0.299 0.563

Dw/Fw 1.316 0.281 0.456
Nitrogen (N) 0.365 0.779 0.183
' N/(a+b) 3.848 0.016 0,652
Carotenoids/N 2.135 0.111 0.488

Lignin 1.949 0.134 0.521
Cellulose 5.935 0.002 0,671

Polar 4.272 0.009 0,902
Non-Polar 2.566 0.065 0.422

Table 4.10: Analysis of variances for foliar constituents and damage

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Effect TM3/I TM5/4 NDVI TVI
df | F-ratio \ P df | F-ratio \ P d f  | F-ratio \ P df \ F-ratio 1 P

Year 2 0.25 0.779 2 289.11 0.000 2 37.06 0.000 2 31.31 0.000
Damage Class 3 7.73 0.000 3 12.76 0.000 3 25.82 0.000 3 24.64 0.000

Year*Damage Class 6 9.04 0.000 6 6.07 0.000 6 3.50 0.002 6 1.26 0.263
Error 729 729 729 729
Effect NDVI550 NDVI675 NDVI700

d f | F-ratio | P df | F-ratio | P d f  j F-ratio | P
Year 2 21.12 0.000 2 51.71 0.000 2 17.67 0.000

Damage Class 3 10.94 0.000 3 13.47 0.000 3 13.16 0.000
Year’Damagc Class 6 3.17 0.000 6 3.41 0.000 6 3.39 0.000

Error 729 729 729
Effect R55(VR700 R850/R700 R85(VR550

df | F-ratio |  P df | F-ratio | P d f  | F-ratio | P
Year 2 111.45 0.000 2 20.34 0.000 2 24.61 0.000

Damage Class 3 1.95 0.120 3 8.68 0.000 3 7.91 0.000
Year*Damage Class 6 3.32 0.000 6 3.34 0.000 6 3.38 0.000

Error 729 729 729

Table 4.12: Broad Band and 10nm*Band Indices: Analysis of variances (ANOVA) conducted on fresh foliage reflectance spectral indices
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Effect REIP wave REIP slope V4 Dmax/D704 Dmax/D714
df | F-ratio P df | F-ratio 1 P df | F-ratio 1 P df | F-ratio P d f  | F-ratio 1 P

Year 2 4.S7 0.011 2 718.26 0.00 2 23.13 0.000 2 21.87 0 2 2.55 0.078
Damage Class 3 18.70 0.000 3 20.56 0.00 3 32.27 0.000 3 18.96 0 3 3.48 0.016

Year’Damage Class 6 0.57 0.752 6 15.39 0.00 6 2.89 0.009 6 1.98 0.0656 6 0.65 0.686
Error 729 729 729 726 726
Effect Dmax/D744 DPR1 DPR2 DPR21 DPR22

df F-ratio P d f 1 F-ratio 1 P d f  | F-ratio 1 P df | F-ratio P d f | F-ratio 1 P
Year 2 5.95 0.003 2 0.29 0.745 2 0.62 0.538 2 0.79 0.455 2 0.83 0.435

Damage Class 3 1.24 0.293 3 0.52 0.669 3 0.51 0.673 3 0.53 0.664 3 0.55 0.649
Year'Damage Class 6 1.66 0.128 6 0.98 0.435 6 1.05 0.393 6 1.07 0.377 6 1.05 0.394

Error 726 729 729 729 729

Table 4.13: Derivative indices: Analysis o f variances (ANOVA) conducted on fresh foliage reflectance spectral indices

Effect Rt Ro Xo a kn
df  | F-ratio 1 P df J F-ratio 1 P d f \ F-ratio 1 P df \ F-ratio 1 P df \ F-ratio 1 P

Year 2 1070.31 0.000 2 11.18 0.000 2 5.37 0.005 2 2.246 0.107 2 13.71 0.000
Damage Class 3 12.67 0.000 3 16.03 0.000 3 5.44 0.001 3 4.350 0.005 3 12.27 0.000

Year*Damage Class 6 15.32 0.000 6 2.81 0.010 6 3.53 0.002 6 3.680 0.001 6 0.62 0.718
Error 725 725 725 725 725

Table 4.14; IGM  parameters; Analysis of variances (ANOVA) conducted on fresh foliage reflectance spectral indices
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Effect AREAS Slope Intercept Depth_sum
d f | F-ratio | P d f \ F-ratio | P df | F-ratio | P df | F-ratio \ P

Year 2 959.77 0 2 938.52 0 2 787.73 0 2 960.638 0
Damage Class 3 14.788 0 3 13.92 0 3 14.42 0 3 14.79 0

Year*Damagc Class 49 3.646 0 49 4.09 0 49 4.111 0 49 3.646 0
Error 680 680 680 680

Table 4.15. A rea (AAL) param eters: Analysis of variances (ANOVA) conducted on fresh foliage reflectance spectral indices

Effect SWIR1 SWIR12 SWIR2 SWIR22
df F-ratio | P d f  | F-ratio \ P d f  | F-ratio | P df | F-ratio | P

Year 2 123.11 0.000 2 170.88 0.00 2 96.57 0.000 2 108.08 0.000
Damage Class 3 13.97 0.000 3 13.39 0.00 3 6.09 0.000 3 5.21 0.001

Ycar*Damage Class 
Error

6
729

5.49 0.000 6
729

6.90 0.00 6
729

6.74 0.000 6
729

7.14 0.000

Table 4.16. Short W ave In frared  (SW1R) indices: Analysis of variances (ANOVA) conducted on fresh foliage reflectance spectral indices

f
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Optical
Indices

Year 1 Year2 Year3
DCO DC I | DC2 | DC3 DCO | DC1 | DC2 DC3 DCO DC1 | DC2 DC3

C l 0 -1.15 4.72 13.61 0 2.56 10.84 22.86 0 4.52 8.09 39.08
C2 0 -0.47 2.99 6.70 0 3.40 4.72 11.01 0 4.56 7.28 20.36
VI 0 0.42 0.30 -3.44 0 -0.69 -0.57 -4.26 0 1.73 9.83 15.54
V2 0 1.90 2.60 -8.52 0 -1.61 •0.89 -11.40 0 -5.09 -13.25 -28.13
V3 0 1.97 2.56 -9.05 0 -1.76 -1.05 -12.13 0 -5.29 -14.16 -29.77

PRII 0 -0.54 -3.92 -53.05 0 -10.21 -12.46 -54.29 0 -18.81 -40.38 -85.68
PRI2 0 1.24 7.40 15.19 0 0.46 3.96 7.07 0 2.20 6.65 3.13
PRI3 0 0.20 1.41 -18.55 0 -5.16 -4.90 -24.81 0 -9.06 -18.95 -44.08
REI 0 0.26 10.47 19.01 0 1.10 7.70 11.63 0 0.71 3.56 5.05
RE2 0 0.85 11.59 11.77 0 -0.54 6.72 2.00 0 -2.96 -3.02 -11.95
RE3 0 1.32 11.82 8.45 0 -1.22 6.00 -1.92 0 -4.85 -6.88 -19.44
SR 0 0.29 1.65 -6.45 0 -1.91 -0.46 -9.45 0 -3.84 -8.08 -21.07

SIPI 0 0.24 1.29 -1.34 0 -0.47 0.12 -3.36 0 -0.82 -1.96 -7.76
PSRI 0 -27.15 -19,28 13.78 0 -2.14 -0.69 18.22 0 -3.39 40.10 68.26

RARS 0 -2.38 -9.07 28.41 0 3.48 0.22 36.85 0 4.97 15.41 63.52
GM1 0 0.31 1.82 -5.95 0 -1.75 -0.05 -8.91 0 -3.61 -7,60 -20.34
GM2 0 0.93 1.19 -7.70 0 -2.28 -L33 -10.59 0 -4.07 -10.74 -23.97
Green 0 2.22 6.91 6.83 0 -0.93 0.03 -4.10 0 1.00 -4.90 -11.47

Lichtenthaler 0 0.42 -1.31 -7.70 0 -1.28 -1.60 -6.84 0 -3.15 -8.38 -13.48

Tabic 4.17: Change (sensitivity in %) in reflectance Visible/Red Edge indices occurring with forest damage by needle age group

♦
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Indices Year 1 Year2 Year3
DCO| DC1 DC2 | DC3 DCO ] DC1 | DC2 | DC3 DCO DC1 1 DC2 | DC3

TM3/TM1 0 -2.15 -2.94 6.80 0 1.27 3.37 10.63 0 1.27 3.37 10.63
TM5/TM4 0 -1.65 -5.86 7.52 0 4.10 8.94 30.38 0 4.10 8.94 30.38

NDVI 0 0.34 1.35 -2.74 0 -0.63 0.00 -4.53 0 -1.17 -2.72 -9.53
TVI 0 0.11 0.42 -0.99 0 -0.20 0.00 -1.53 0 -0.37 -0.86 -3.12

NDVI550 0 0.22 1.06 -2.59 0 -0.64 0.19 -3.56 0 -2.03 -2.83 -8.87
NDVI675 0 0.44 1.60 -2.56 0 -0.57 0.08 -4.70 0 -0.88 -2.81 -9.99
NDVI700 0 0.58 1.02 -5.40 0 -1.10 -0.41 -6.44 0 -2.64 -5.33 -14.37

TMI 0 1.92 7.58 9.30 0 -0.48 0.95 2.66 0 -0.48 0.95 2.66
TM2 0 0.56 8.40 14.80 0 0.91 0.38 1.50 0 0.91 0.38 1.50
TM3 0 -0.66 3.60 18.03 0 1.29 4.12 15.07 0 1.29 4.12 15.07
TM4 0 1.77 12.76 8.55 0 -5.35 -7.47 -20.34 0 -5.35 -7.47 -20.34
TM5 0 0.13 6.47 9.98 0 -1.08 0.39 -0.63 0 -1.08 0.39 -0.63

R55(VR700 0 0.71 -0.51 -2.76 0 -0.66 -1,42 -2.90 0 -0.38 -3.65 -5.34
R840/R550 0 0.53 2.45 -5.05 0 -1.62 0.50 •8.00 0 -3.52 -7.02 -19.27
R84(VR700 0 1.18 2.03 •6.69 0 -2.21 -0.72 -9.71 0 -3.98 -10.25 -23.08

Table 4.18: Change (sensitivity ia %) in Broad Band Indices and 10nm-Band Ratios occurring with forest damage by needle age group
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Derivative
Indices

Year 1 Year2 Year3
DCO DC1 | DC2 | DC3 DCO DC1 | DC2 DC3 DCO DC1 | DC2 DC3

REIP wave 0 0.11 -0.07 -0.46 0 -0.05 -0.04 -0.39 0 -0.13 -0.26 -0.57
REIP slope 0 1.31 10.78 3.04 0 -2.09 3.97 -8.19 0 -6.93 -12.41 -29.68

V4 0 0.06 -1.39 -4.50 0 -0.80 -1.62 -4.39 0 -2.17 -5.02 -9.38
DmaxD704 0 0.08 -2.41 -5.60 0 -1.62 -3.67 -6.23 0 -2.23 -8.54 -12.60
DmaxD7I4 0 0.S2 0.01 4.25 0 -0.32 -1.57 11.11 0 -0.46 -3.50 2.22
DmaxD744 0 -2.77 -4.75 -1.54 0 2.66 -1.35 3.12 0 3.06 5.76 8.40

DPRI 0 -7.69 -0.87 -35.95 0 -80.43 -86.39 -85.95 0 37.75 119.24 247.30
DPR2 0 -10.57 0.12 -45.24 0 -77.32 -84.10 -84.41 0 -0.72 111.00 231.17

DPR2I 0 -11.52 •0.46 -46.37 0 -76.03 -83.65 -83.72 0 -10.10 99.75 212.00
DPR22 0 -13.18 -0.26 -49.56 0 -74.42 -83.45 -83.96 0 -13.04 89.18 180.26

Table 4.19: Change (% ) in derivative indices occurring with forest damage by needle age group

IGM
Parameters

Y ear! Year2 Year3
DCO DCI | DC2 | DC3 DCO | DCI 1 DC2 DC3 DCO DCI | DC2 DC3

Rs 0 2.57 12.10 8.13 0 -0.32 6.59 1.13 0 -3.26 -5.54 -15.60
Ro 0 1.01 4.93 8.92 0 6.98 14.70 20.82 0 8.19 25.70 41.24
t o 0 -0.06 -0.18 -2.00 0 -0.08 -0.18 -0.13 0 -0.13 -0.28 -0.32
a 0 -0.25 -0.53 32.52 0 -0.39 -0.76 0.22 0 -0.65 -0.79 0.87
to 0 -0.07 -0.20 -0.30 0 -0.10 -0.21 -0.11 0 -0.15 -0.31 -0.26

Table 4.20: Change (sensitivity %)  in the Inverted Gaussian Model (IGM) parameters occurring with forest damage by needle age group

v



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

AAL Year 1 Year2 Year3
Parameters DCO | DCI DC2 DC3 DCO | DCI | DC2 | DC3 DCO | DCI | DC2 DC3

Area 0 2.37 13.34 6.09 0 -2.33 5.02 -7.55 0 -6.42 -10.58 -28.28
Slope 0 1.95 12.81 6.84 0 -1.85 5.92 -5.31 0 -6.36 -8.95 -24.99

Intercept .0 2.03 13.13 6.06 0 -2.03 6.00 -6.48 0 -7.01 -9.75 -27.25
Dept_Sum 0 2.33 13.33 6.02 0 -2.30 5.02 -7.52 0 -6.41 -10.54 -28.25

Table 4.21: Change (sensitivity %)  in the Area Above the Line (AAL) parameters occurring with forest damage by needle age group

Indices Y ear! Year2 Year3
DCO DCI | DC2 | DC3 DCO | DCI | DC2 DC3 DCO j DCI | DC2 DC3

SWIR I 0 -0.63 -4.96 1.26 0 1.06 -3.42 3.79 0 1.25 4.11 14.36
SWIRI2 0 0.62 4.72 0.05 0 -1.10 3.60 -2.77 0 -1.35 -4.11 -13.66
SWIR2 0 0.39 -1.51 -0.08 0 0.16 -1.40 0.05 0 0.22 2.13 6.05

SWIR22 0 -2.46 9.31 1.87 0 -1.60 10.91 1.01 0 -1.91 -17.45 -46.94

Table 4.22: Change (sensitivity %) in the Short Wave Infrared (SWIR) indices occurring with forest damage by needle age group



Index F-ratio P r n (sites)
C l 1.35 0369 0 3 0 49
C2 2.26 0.094 033 49
V I 1.35 0371 038 49
V2 3.35 0.027 033 49
V3 339 0.026 034 49

PRI1 4.90 0.005 0.69 49
PRI2 438 0.007 037 49
PRI3 3.16 0.034 0.66 49
RE1 1.00 0.401 0.65 49
RE2 0.22 0.880 0.45 49
RE3 ' 1.32 0.281 036 49
SR 332 0.022 0 3 4 49

SIPI 1.77 0.166 0.47 49
PSRI 2.01 0.126 0.45 49

RARS 1.22 0.313 0.44 49
GM1 6.03 0.002 036 49
GM2 937 0.000 0.64 49
Green 030 0.687 031 49

Lichtenthaler 5.44 0.003 0 3 2 49

Table 4J3: Analysis of variances for 23nm-Narrow Band Indices

Index F-ratio P r n (sites)
TM1 036 0.646 0.31 49
TM2 0.68 0367 0.38 49
TM3 1.17 0.333 0.47 49
TM4 2.31 0.089 0.41 49
TM5 136 0300 0.38 49

NDVI 1.77 0.167 0.48 49
TVI 1.68 0.185 0.47 49

TM31 234 0.096 0.48 49
TM54 1.63 0.195 037 49

NDVI550 3.48 0.023 031 49
NDVI675 1.48 0334 0.46 49
NDVHOO 238 0.041 0 3 7 49

R550/R700 1.14 0.342 0.61 49
R840/R550 333 0.031 0.49 49
R840/R700 3.18 0.033 037 49

Table 4.24: Analysis of vnriances for Broad Band Indices and Mhun-Band Ratios
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Index F-ratio P r n (sites)
REIP wave 3.13 0.035 0.58 49
REIP slope 2.67 0.059 0.66 49

V4 4.61 0.007 0.69 49
Dmax/D704 3.33 0.028 0.63 49
Dmax/D714 0.30 0.828 0.17 49
Dmax/D744 0.66 0.584 0.21 49

DPR1 ‘ 1.09 0.363 0.28 49
DPR2 0.99 0.408 0.26 49

DPR21 0.95 0.425 0.26 49
DPR22 0.98 0.411 0.26 49

Table 4.25: Analysis of variances for the Derivative indices

Index F-ratio P r n (sites)
Rs 1.43 0.248 0.42 49
Ro 2.26 0.094 0.49 49
Xo 1.50 0.227 0.42 49
a 0.85 0.475 0.37 49
Xn 3.18 0.033 0.43 49

Table 4.26: Analysis of variances for the IGM param eters

Index F-ratio P r n (sites)
Area 2.13 0.109 0.36 49
Slope 2.40 0.081 0.40 49

Intercept 2.65 0.060 0.40 49
Depth_sutn 2.13 0.110 0.36 49

Table 4.27: Analysis of variances for the AAL param eters

Index F-ratio P r n (sites)
SWIRl 1.02 0393 0.27 49
SWIR12 0.78 0.509 0.24 49
SWIR2 0.22 0.880 0.12 49

SWIR22 0.18 0.911 0.11 49

Table 421: Analysis of variances for the SWIR indices
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Indices a b Carotene (a+b) a/b N Lignin Cellulose Polar Non-polar N/(o+6) CarVN Dw/Fw
C l -0.25 -0.29 -0.19 -0.26 0.31 -0.06 -0.33 -0.39 0.37 0.41 -0.30 -0.22 0.27
C2 -0.35 -0.39 -0.27 -0.36 0.30 -0.07 -0.36 -0.45 0.41 0.45 -0.42 -0.33 0.24

V740_720 0.00 0.00 0.02 0.00 0.12 0.29 -0.41 -0.16 0.33 -0.07 -0.19 -0.16 0.04
V2 -0.47 -0.53 -0.33 -0.49 0.47 -0.24 -0.36 -0.56 0.48 0.48 -0.44 -0.27 0.38
V3 -0.47 -0.54 -0.33 -0.49 0.48 -0.24 -0.37 -0.57 0.49 0.48 -0.45 -0.27 0.38

PRII 0.36 0.40 0.25 0.38 -0.40 0.03 0.50 0.62 -0.60 -0.51 0.44 0.30 -0.48
PRI2 -0.47 -0.52 -0.35 -0.49 0.47 -0.22 -0.46 -0.63 0.62 0.31 -0.50 -0.34 0.49
PRI3 -0.28 -0.30 -0.18 -0.29 0.33 0.03 -0.45 -0.52 0.51 0.47 -0.36 -0.24 0.41
RE1 -0.31 -0.38 -0.23 -0.33 0.48 0.02 -0.46 -0.43 0.47 0.42 -0.36 -0.24 0.17
RE2 -0.11 -0.17 -0.09 -0.12 0.33 0.13 -0.29 -0.12 0.22 0.11 -0.15 •0.11 -0.07
RE3 0.11 0.07 0.06 0.10 0.12 0.23 -0.12 0.14 -0.01 -0.11 0.06 0.02 -0.24
SR 0.47 0.52 0.32 0.49 -0.46 0.22 0.33 0-60 -0.48 -0.55 0.47 0.28 -0.44

SIPI 0.16 0.20 0.11 0.17 -0.25 -0.01 0.23 0.31 -0.27 -0.36 0.19 0.12 -0.25
PSRI -0.01 -0.05 -0.04 -0.02 0.15 0.07 -0.27 -0.03 0.14 0.15 0.02 0.00 -0.11

RARS -0.12 -0.15 -0.09 -0.13 0.19 0.03 -0.26 -0.26 0.26 0.32 -0.17 -0.12 0.19
GM1 0.47 0.51 0.31 0.48 -0.44 0.22 0.32 0.58 -0.46 -0.54 0.45 0.27 -0.43
GM2 0.46 0.51 0.31 0.47 -0.49 0.19 0.45 0.61 -0.55 -0.57 0.45 0.27 -0.40

GREEN -0.31 -0.30 -0.22 -0.31 0.10 -0.33 -0.01 -0.27 0.17 0.03 -0.29 -0.20 0.26
Licbtenthaller 0.29 0.33 0.20 0.30 -0.33 0.11 0.47 0.40 -0,43 -0.45 0.29 0.19 -0.19

Table 4.29: Narrow Band Indices (2.5nai): Correlation between indices and foliar pigments, and indices and chemical constituents
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Indices a b Carotene (a*b) a/b N Lignin Cellulose Polar Non-polar Nl(a+b) CarVN Dw/Fw
TM1 -0.07 -0.12 -0.07 -0.08 0.23 0.03 -0.07 -0.01 0.02 0.17 -0.08 -0.06 -0.14
TM2 -0.19 -0.25 -0.12 -0.21 0.39 0.13 -0.11 -0.26 0.17 0.41 -0.23 -0.13 0.08
TM3 -0.09 -0.13 -0.05 -0.10 0.27 0.22 -0.18 -0.22 0.19 0.38 -0.16 -0.10 0.11
TM4 0.30 0.30 0.19 0.31 -0.14 0.21 0.19 0.44 -0.35 -0.28 0.32 0.20 -0.38
TM5 0.33 0.31 0.29 0.33 0.02 0.53 -0.01 0.15 -0.11 0.12 0.22 0.18 -0.22
NDVI 0.18 0.21 0.13 0.19 -0.24 -0.01 0.27 0.32 -0.30 -0.37 0.21 0.15 -0.23
TVI 0.17 0.20 0.13 0.18 -0.23 -0.01 0.27 0.31 -0.29 -0.36 0.21 0.15 -0.22

TM31 -0.07 -0.09 -0.02 •0.08 0.16 0.22 -0.19 -0.26 0.22 0.33 -0.14 -0.08 0.21
TM54 -0.02 -0.04 0.04 -0.02 0.21 0.27 -0.31 -0.30 0.30 0.38 -0.14 -0.07 0.16

NDVI550 0.44 0.48 0.31 0.45 -0.39 0.21 0.26 0.52 -0.40 -0.50 0.43 0.28 -0.39
NDV1675 0.13 0.17 0.10 0.14 -0.21 -0.04 0.26 0.27 -0.26 -0.34 0.17 0.12 -0.18
NDVI700 0.37 0.42 0.27 0.39 -0.39 0.14 0.38 0.51 -0.46 -0.49 0.38 0.26 -0.35
R550_700 0.12 0.15 0.08 0.13 -0.26 -0.04 0.48 0.28 -0.40 -0.27 0.15 0.10 -0.11
R840_550 0.46 0.51 0.32 0.48 -0.42 0.25 0.26 0.54 -0.41 -0.50 0.43 0.26 -0.40
R840_700 0.45 0.51 0.31 0.47 -0.47 0.21 0.40 0.58 -0.50 -0.53 0.43 0.26 -0.38

Table 4.30: Broad Band Indices and lOnm-Band Ratios: Correlation between indices and foliar pigments, and indices and chemical constituents
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Indices a b Carotene (a+b) a/b N Lignin Cellulose Polar Non-polar N/(a+b) Car./N Dw/Fw
REIP wave 0.28 0.32 0.19 0.29 -0.32 0.02 0.34 0.47 -0.44 -0.35 0.36 0.24 -0.32
REIP slope 0.38 0.43 0.28 0.40 -0.47 0.13 0.56 0.60 -0.63 -0.44 0.45 0.31 -0.46

V4 0.58 0.64 0.40 0.60 -0.58 0.24 0.56 0.74 -0.69 -0-61 0.60 0.38 -0.54
Dmax/D704 0.55 0.62 0.40 0.57 -0.59 0.21 0.49 0.71 -0.64 -0.54 0.57 0.37 -0.49
Dmax/D744 -0.34 -0.38 -0.30 -0.36 0.24 -0.09 -0.11 -0.23 0.16 0.21 -0.31 -0.26 0.05
Dmax/D714 0.12 0.11 0.05 0.12 -0.05 -0.02 -0.08 0.12 -0.06 0.17 0.12 0.05 -0.09

DPR1 -0.20 -0.21 -0.18 -0.20 0.23 -0.33 -0.07 -0.23 0.14 0.31 -0.12 -0.09 0.18
DPR2 -0.21 -0.21 -0.19 -0.21 0.22 -0.32 -0.10 -0.22 0.15 0.31 -0.13 -0.10 0.17

DPR2I -0.21 -0.21 -0.19 -0.21 0.21 -0.31 -0.11 -0.22 0.15 0.30 -0.13 -0.10 0.17
DPR22 -0.20 -0.20 -0.18 -0.20 0.20 -0.30 -0.10 -0.21 0.14 0.30 -0.12 -0.10 0.16

Table 4.31: Derivative Indices: Correlation between indices and foliar pigments, and indices and chemical constituents.

Indices a b Carotene (a+b) a/b N Lignin Cellulose Polar Non-polar 1 + CarTN Dw/Fw
Rs 0.20 0.18 0.11 0.20 0.05 0.34 -0.15 0.19 -0.02 -0.12 0.10 0.02 -0.29
Ro -0.36 -0.41 -0.28 -0.38 0.35 -0.35 -0.37 -0.27 0.33 0.30 -0.28 -0.18 0.02
to 0.23 0.26 0.21 0.24 -0.18 0.24 0.33 0.29 -0.33 -0.25 0.23 0.19 -0.15
a 0.02 0.00 0.01 0.01 0.09 0.13 -0.19 -0.16 0.18 0.24 -0.06 -0.06 0.16
to 0.31 0.33 0.27 0.32 -0.15 0.45 0.23 0.20 -0.24 -0.07 0.24 0.18 -0.04

Table 4.32: Inverted Gaussian Model Parameters: Correlation between indices and foliar pigments, and indices and chemical constituents.
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Indices a b Carotene {a+b) a/b N Lignin Cellulose Polar Non-polar 1 + Car./N Dw/Fw
Area 0.24 0.23 0.17 0.24 -0.05 0.28 0.03 0.29 -0.17 -0.26 0.18 0.11 -0.31
Slope 0.27 0.26 0.19 0.27 -0.04 0.34 -0.03 0.29 -0.13 -0.25 0.20 0.11 -0.31

Intercept -0.30 -0.30 -0.21 -0.30 0.08 -0.35 0.01 -0.32 0.16 0.28 -0.23 -0.13 0.33
Depth_sum 0.24 0.23 0.17 0.24 -0.05 0.28 0.03 0.29 -0.17 -0.26 0.18 0.11 -0.31

Table 4.33: Area (AAL) Parameters: Correlation between indices and foliar pigments, and indices and chemical constituents.

Indices a b Carotene {a+b) a/b N Lignin Cellulose Polar Non-polar N/(a+b) Car./N Dw/Fw
SWIR1 0.06 0.04 0.03 0.05 0.03 0.11 -0.04 -0.04 0.01 0.22 0.03 0.00 -0.03
SWIR 12 -0.09 -0.07 -0.05 -0.09 0.01 -0.12 -0.03 -0.02 0.06 -0.19 -0.07 -0.03 0.08
SWIR2 -0.26 -0.25 -0.27 -0.26 -0.12 -0.19 -0.20 -0.13 0.16 0.12 -0.26 -0.28 0.03

SWIR22 0.26 0.25 0.27 0.26 0.13 0.20 0.19 0.11 -0.15 -0.11 0.26 0.28 -0.02

Table 4.34: Narrow-hand Short Wave Infrared (SWIR) indices: Correlation between indices and foliar pigments, and indices and 
chemical constituents.

Indices Correlation to DC Sensitivity to damage for Year 3 needles Correlation to Pigment Levels Correlation to Foliar Constituents

P 1 • r Year3 DCI | Year3 DC2 j Year3 DC3 a b (a+b) N/(a+b) Lignin Cellulose Polar Non-polar
PRU 0.005 069 -18.81 -40.38 •85.68 0.36 0.40 0.38 0.44 0.50 062 -060 -0.51
PRI3 0.034 0.66 -9.06 -18.95 -44.08 •0.28 •0.30 -0.29 •0.36 -0.45 -0.52 0.51 0.47

REIPslope 0.039 Q& -6.93 •12.41 •29.68 0.38 0.43 0.40 0.45 0.S6 0.56 060 -0.63
GM2 0.000 0.64 -4.07 -10.74 -23.97 0.38 0.43 0.47 0.43 0.45 0.61 -0.55 -0.57

Dmax/D704 0.028 0.63 -2.23 -8.54 •12.60 0.55 0.62 0.57 0.57 0.49 0.71 -0.64 -0.54
V4 0.007 0.69 -2,17 -5.02 -9.38 0.58 0.64 0.60 0.60 0.56 0.74 -0.69 -0.61

REI 0.401 063 0.71 3.56 5.05 -0.31 •0.38 -0.33 -0.36 •0.46 -0.43 0.47 0.42
R55Q/R700 0.342 0.61 -0.38 -3.65 -5.34 0.12 0.1S 0.13 0.15 0.48 0.28 •0.40 -0.27

Table 4.35: Reflectance indices with highest potential for damage separation -  Summary: Correlation between the indices and damage level, foliar 
pigments, and indices and chemical constituents. The indices performing best for damage separation are sorted by their sensitivity to initial damage (DCI). The 
R550/R700 performed best from the Broad Band Ratios, but is not able to separate DCO and DCI.
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Czech Republic

SLOVAKIA

Location o f the study areas

Figure 4.1: Location of the study areas in the K ruiae bory, Czech Republic. The study 
area represents the full range o f forest health conditions (DC0-DC3) due to SOj pollution.
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Figure 4.2: Healthy tad  heavily damaged forests, Czech 1998.
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Figure 4.3: Determination of foliar choakal constituents. Regression 
statistics: (a)cellulose, (b)lignin levels, (c) foliar polar constituents, (d) non-polar 
constituents, and (e) foliar nitrogen level.
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Figure 4.4: Determination of foliar chemical constituents. Validation plots by 
sample: (a) foliar cellulose and lignin levels, (b) foliar nitrogen level.
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Figure 4.5: Area Index. The area between the vegetation curve and a line connecting the 
greenpeak and the shoulder o f the NIR plateau at around 750nm (Area index) decreases 
with increase in  damage level. The slope and the intercept o f the line connecting the green 
peak and the shoulder o f the NIR plateau also change w ith damage. Plotted are 
representative spectra for each damage level.
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Figure 4.6: Forest stand param eters.
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Chlorophyll a , LS Mean; (hi YR and DC; YR*DC ns)
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LS Means; (hs DC effect)
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Figure 4.8.1: Pigments. C hlorophyll a : Least square (LS) means and 
standard errors are plotted. The effects of (a) damage and age together, (b) damage 
and (c) age are evaluated.
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Figure 4.1L2: Pigments. Chlorophyll b : Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) damage 
and (c) age are evaluated.
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Figure: 4 .8J: Pigments. Carotenoids: Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) damage 
and (c) age are evaluated.
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Figure 4.8.4: Pigments. Chlorophyll ( a + b ) :  Least square (LS) means
and standard errors are plotted. The effects o f (a) damage and age together, (b) damage
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Chapter 5

SEPARATION OF INITIAL DAMAGE IN NORWAY SPRUCE CANOPIES 
ALONG A DAMAGE GRADIENT USING HIGH SPECTRAL RESOLUTION

AIRBORNE DATA

5.1 Introduction

High elevation spruce forest ecosystems are highly sensitive to environmental and 

climate changes. The Norway spruce forests (Picea abies (L.) Karst.) located in the 

Krusne hory/Erzgebirge Mountains along the northwest border between the former 

eastern Germany and the Czech Republic (Figure 5.1) have been under a dramatic growth 

decline since 1965 (Kubikova, 1991). Recent assessments of selected forest stands in this 

region have identified an apparent ecosystem recovery during the last decade (Entcheva et 

al, 1996). Accurate methods for monitoring forest health conditions on a regional scale 

are required for making timely and effective management decisions.

Previous research has developed the remote sensing capabilities for assessment of 

either very broad categories of forest damage on regional scale, or for estimation of a 

large gradient of forest health on a local scale (Lambert et al, 1995; Ardo et al, 1997). 

Using Landsat Thematic Mapper (TM) data and applying a logit regression approach to 

classify forest damage in the Czech Republic on a regional scale, Lambert et al. (1995) 

were able to discriminate only three major damage categories (healthy, moderate, and 

heavy damage), while foresters visually recognize a total of five damage classes when
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conducting intensive forest ground surveys (Henzlick, 1997). The use of multispectral 

LandsatTM data does not allow discrimination of the initial damage levels marked by 

chlorophyll loss. Remote sensing methods allowing for detection of the subtle changes 

appearing with initial forest damage are currently needed.

When ecosystem health is in decline, many vegetation properties are altered 

simultaneously. The process of photosynthesis is highly sensitive to environmental 

stresses, as well as to normal developmental and seasonal changes (Larcher, 1995). 

Therefore, changes in photosynthetic apparatus and sequential changes in pigment 

concentration are considered indicative of initial vegetation stress (Carter et. al., 1996; 

Rock et. al., 1988).

The properties of leaf reflectance spectra are determined by pigment levels, 

cellular structure, water content and biochemical components (Rock et. al, 1986 and 

1988; Martin and Aber, 1997). Changes in the amount of foliar chlorophyll, lignin, 

cellulose, nitrogen, etc. and water content of the tissue are indicative of change in tree 

health and produce diagnostic changes in the spectral signatures of vegetation (Rock et 

al., 1986; Carter et al., 1996). Chlorophyll and carotene concentration change and 

additional foliar compounds may build within the leaves in response to stress affecting 

the spectral properties of the foliage (Rock et al., 1986). Foliar chemistry is considered to 

be a reflection of the growing conditions to which the trees were subjected at the time of 

needle formation, as cell wall composition is unlikely to change over time as growing 

conditions degrade or improve (McNulty et al., 1990 and 1991). Thus, monitoring of 

vegetation vigor based on estimates of chlorophyll levels may allow damage detection in
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the early stages of ecosystem stress, while using spectral estimates of foliar chemical 

constituents may be more indicative of long-term vegetation health.

The early stages of damage in vegetation characterized by subtle reductions in 

chlorophyll concentrations can be monitored using hyperspectral systems that acquire 

data along the visible and near-infrared vegetation spectrum, dominated by chlorophyll 

absorption (Rock, et al, 1988; Miller, et a l, 1993; Vogelmann, et al, 1993). 

Investigations using both field and airborne spectrometers acquiring spectral data in 

narrow (1.5-10.0nm wide) bands have produced a large number of ratios/indices 

correlated with foliar chlorophyll concentrations and indicative of vegetation stress (Rock 

et a l, 1994; Vogelmann et a l, 1993; Zarco-Tejada et al, 1999). Canopy optical indices 

have been shown as bio-indicators of vegetation conditions, inferring from the changes in 

Leaf reflectance data changes in vegetation foliar constituents (pigments and nitrogen, 

lignin and cellulose content) and amount and structure of foliar biomass (Rock et al,

1986; Chappelle et al, 1992; Vogelmann et al, 1993; Carter, 1994; Datt et al, 1998). 

Sensitivity analysis of high spectral resolution data have allowed for determination of the 

band regions most sensitive to vegetation stress (Carter, 1994). Derivative analysis of 

hyperspectral data was suggested to allow for determination of changes in the shape or 

position of the spectral features associated with the damage, and also as removing the 

possible effects of baseline shifts and scatter on the spectra (Miller et al., 1990; Martin, 

1994).

Many of the analyses and algorithms developed using high spectral resolution data 

are based on leaf reflectance measurements, and/or have been developed for assessment 

of pigment levels on a large region scale. Such algorithms need to be applied to spectra at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



147

the forest stand level and their potential for damage detection at the canopy level needs to 

be assessed (Datt et al., 1998). Their sensitivity to changes in pigment concentration and 

foliar chemical constituents occurring with vegetation damage needs to be evaluated.

The main goal of this investigation was to evaluate the potential of airborne 

hyperspectral remote sensing data for separation of the initial levels of damage in the 

Norway spruce canopies of the Krusne hory, Czech Republic. The objectives of the 

research were to:

1. evaluate the optical properties of Norway spruce at the canopy level along a full 

range of damage conditions using AS AS data, and determine the spectral regions most 

sensitive to the initial stages of decline for computation of vegetation indices;

2 . establish the links between airborne hyperspectral data and forest damage 

evaluation procedures needed for forest health monitoring by evaluating the relationship 

of spectral reflectance properties to bio-physiological characteristics from randomly 

selected ground study sites; and

3. evaluate the potential of high spectral resolution airborne canopy (ASAS) and 

field foliar (GER2600) reflectance data to provide comparable results at the canopy level 

for separation of early damage levels and forest health monitoring.

5.2 Methods

The high elevation forests of northwestern Bohemia (Figure 5.1) offer a unique 

opportunity for study of the full gradient of forest decline conditions due to air-pollution 

across a homogeneous Norway spruce ecosystem within a limited elevation range (900- 

1100m). The study areas have been the object of detailed soil and forest surveys and
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climate monitoring by the Czech Forest Service (Henzlik, 1997). Some of the stands have 

been used in the previous Landsat TM forest damage assessments (Lambert et al., 199S).

5.2.1 Forest Health Evaluation and Stand Measurements

Forest physiological condition was assessed using methodology for evaluating the 

state of crowns of individual trees established by Hildebrandt (Hildebrandt and Gross, 

1992). In analogy with terrestrial inventories used by the forest service, five levels were 

distinguished. Level 0 (DCO) indicates “healthy” - no visible damage symptoms, level 4 

(DC4) indicated “dead". Determination of a health level (damage class) includes 

evaluation of: ( 1 ) crown thinning characteristics: crown type (for spruce brush, comb or 

plate), form and shape; (2) foliar loss; (3) Presence/absence of chlorosis - yellowing of 

the needles due to chlorophyll loss; and (4) foliar retention. The remote-sensing 

discrimination of the initial stages of forest decline is of interest to the current research. 

Therefore, damage level 4 (dead) stands were excluded from the study, resulting in a 

classification scheme using 4 levels (Table 5.1). Figure 5.2 presents the extremes of 

damage conditions (DCO and DC3) encountered within the present study.

To test the discrimination capabilities of hyperspectral data for initial forest 

damage detection, forest stands older than 60 years and larger than five hectares which 

were representative of the full range of forest health (healthy, initial damage, 

intermediate and heavy damage) along a limited elevational range were selected. For 

forest field evaluation and measurements within the research areas, 30x30m study sites 

were randomly selected - a total of 183 sites within the Krusne hory mountains, from 

which 51 sites for sampling collections (“intensive sites”) and 132 sites for image
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classification and validation (“non-intensive sites”). Differentially-corrected GPS 

coordinates were collected at each plot center. In each of the 183 sites, stand structure and 

tree damage class was characterized. Within an 11.3m radius circular plot located at the 

center of the study site, forest stand parameters such as stand density, biomass, basal area 

(BA), tree diameter at breast height (DBH) and tree height were measured. Table 5.2 

represents the full list of field measurements performed. Within each of the 51 intensive 

sites, five canopy level trees representative of the stand damage level and forest growth 

parameters were selected. The representative trees were marked permanently with 

aluminum tags and further used for sampling.

5.2.2 Foliar Collections, Spectral Measurements and Laboratory Analyses

Foliar sampling for spectral measurements and pigment extractions was 

conducted within the 2 weeks scheduled for the AS AS image acquisition (August 15-28, 

1998). One branch from the upper portion of the functional canopy was collected from 

each of the five representative trees. Because needle retention is a function of the state- 

of-health, 1st, 2nd and 3rd year needles were collected. Two separate sets of foliar samples 

were collected from the same branch: (1) one set for VIS/NIR spectral measurements and 

for determining foliar lignin, cellulose and nitrogen levels, and (2 ) another set for foliar 

pigment analysis (e. g. chlorophyll a and b, carotenoids). The samples for VIS/NIR spectral 

measurements and foliar chemistry were immediately sealed in plastic bags with wet 

papertowels, placed in coolers on frozen blue ice, and taken to the laboratory for fresh 

foliage spectral measurements. Branch samples were analyzed within 2-6 hours of 

collection. One-, two- and three-year old branch segments were separated and arranged in
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non-reflective trays. The samples were than scanned using a GER2600 Visible Infrared 

Spectrometer (Geophysical Environmental Research Corp., New York) 1 set-up in a 

laboratory environment under a tungsten light source. To limit the effects of scattering on 

the spectra, three sets of GER2600 measurements (each measurement averaging six 

scans) were acquired with the sample rotated 90° after each measurement, averaging the 3 

scans for a sample. A total of IS averaged spectra were obtained for a study site (5 trees,

3 age classes). For comparison to the ASAS canopy level measurements at each 

wavelength the GER2600 spectra from a study site were averaged to stand level, while 

the spectral resolution of the GER2600 data was maintained at 2.5nm spectral bandwidth 

(at half-max full width) in the 300-1050nm spectral region.

After the fresh samples were scanned with the GER2600 spectrometer they were 

taken to UNH, air-dried, ground in a Wiley mill to 1mm particles and homogenized 

(Bolster et al., 1996). The samples were dried in a forced air convection oven at 70°C for 

IS hours and cooled to room temperature in dessicators. The processed samples were 

immediately scanned on a NIRSystems 6500 monochromator (NIRSystems Inc., Silver 

Spring, MD), which covers the 400-2500nm spectral range at lOnm resolution, following 

procedures described by Bolster et al. (1996).

Carbon constituent analyses were performed using a series of extractions 

following the methods described by Newman et al. (1994). The following constituents 

were isolated: organic non-polar components (fats, waxes and other organic soluble 

materials), polar extractives (phenols, simple sugars, starch and simple amino acids), 

cellulose (acid soluble compounds) and lignin. Foliar constituents were quantified as

1 Brand names are cited for clarity and are not intended to imply endorsement.
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percentages of the initial sample weight. Therefore the total of foliar lignin, cellulose, 

polar and non-polar constituents summed to 100%. Standard NIR procedures were used 

to develop a relationship between the NIR absorption data and the set of samples 

(Williams and Norris, 1987; Martin, 1994).

Pigment extraction was accomplished at the Department of Plant Physiology at 

Charles University, Prague. A 5-day procedure was used, ensuring 97% efficiency of 

pigment extraction (Solcovd, 1999). In this paper the pigment data are analyzed to assess 

the relationship between pigment levels and ASAS airborne spectral reflectance at a stand 

level.

5.2.3 ASAS Data Acquisition and Processing

Airborne hyperspectral imagery was acquired using the Airborne Solid-state Array 

Spectroradiometer (ASAS). The ASAS system is an airborne push-broom imaging 

radiometer, with a 512 x 62 pixel CCD area array (Figure 5.3). The instrument is 

maintained and operated by the Laboratory for Terrestrial Physics at the NASA Goddard 

Space Flight Center (Irons et al., 1991). The instrument produces a 512 pixel wide image 

strip for 62 spectral bands. The spectral range of ASAS covers 410-1032nm with a 

spectral resolution of 9.5-11.5nm intervals (half-max, full width), with optimal spectral 

performance in the 500-900nm region (Russell et al., 1997). Data are recorded as 

unsigned 16 bit digital numbers and calibrated to radiometric units using laboratory- 

derived sensor gain coefficients. For this study, ASAS was flown on-board an Antonov 

AN-2 single engine biplane (Figure 5.3) at 2500m above ground level, producing an 

approximately 820m swath width, with a 1.5m by 2.00m nominal spatial resolution
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(Table S.3). For this study only nadir data were acquired. To minimize the effects of solar 

hotspots and canopy shadow, the flight lines were oriented from a northwest to southeast 

direction. The imagery and data were acquired as close to local solar noon as possible.

Data acquisition was planned for late August 1998. At this time in the Krusne 

hory the weather is expected to be most stable, and the current year spruce foliage is fully 

developed and no tree phenological or physiological growth changes are occurring. 

Although numerous attempts were made, data acquisition occurred on only two dates: 

August 20 and September 1, between 10:30am and 1pm. Weather conditions were 

optimal at the beginning of each overflight, but degraded as clouds developed around 

noon. The western-most study sites (also the healthiest. Figure S.l. area SI) were flown 

first, followed by S2 and S3. A total of 17 flight lines were acquired, designed to provide 

a full coverage of the Krusne hory study areas (Table 5.4; Figure 5.1). Due to the 

development of both high, cirrus and low cumulous clouds during the acquisition, 

approximately 25% of the data were of sufficient quality for further analyses. In the 

current study, data free of the effects of clouds and cloud shadows were used. Although 

the flight lines were developed to cover the pre-selected on the ground study sites, only 

23 sites (10 DCO, 5 DC1,4 DC2,4 DC3) were within the cloud-free images. A total of 18 

of the 23 sites had been intensively sampled.

Limitations in the calibration path (e.g. sensor sensitivity, stray light and non-solar 

calibration source color temperature) produces calibration limitations for obtaining at- 

sensor-radiance (ASR) data in the blue and the NIR above 900nm (Russell et al., 1997), 

thus a total of 45 calibrated spectral bands covering the 450-900nm spectral region at 

lOnm intervals were used in the analyzes presented in this study.
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To remove atmospheric effects and to perform the at-sensor-radiance (ASR) 

calibration to reflectance, the Second Simulation of the Satellite Signal in the Solar 

Spectrum (6 S) calibration model was applied (Tame et al., 1990). The US62 module of 

the atmospheric model with input conditions for the continental aerosol model was used. 

Measurements of the atmospheric optical depths were acquired simultaneously with the 

airborne acquisition using surface-based sun photometers (MICROTOPS II), and used for 

data calibration. The average aerosol optical thickness measured at the study areas at the 

time of the overflights was 0.0S02 for August 20 and 0.0475 for September 1,1998. 

Simultaneously ground spectral data (GER2600, GER Inc.) from both large bright and 

dark ground targets were acquired. Ground spectral targets included a lime pit, concrete, 

gravel and asphalt roads and parking lots (Figure 5.4). The ground targets covered 

approximately 15x20m areas, allowing for the extraction per target of 4-5 pixels free 

from edge effects. When extracting spectra for the targets from the imagery, the bright 

calibration targets provided the clearest and strongest spectral data.

Validation of the spectral and radiative transfer calibration was conducted at 

GSFC during the summer of 1999. To correct for radiometric error in the data, a vicarious 

hybrid calibration routine was developed that applied both the standard ASAS radiative 

transfer calibration routine (Kovalick et al., 1994) and the GER2600 measurements from 

bright ground reflectance targets (Daubney et al., 1999). A comparison of reflectance data 

for a bright target (Figure 5.4) between the calibrated to reflectance ASAS data and the 

GER2600 spectral data is shown in Figure 5.5. hi the spectral region 490-850nm ASAS 

data compare well (r=0.96, r2=92, reflectance range 30-53%) with the onsite GER2600 

data. In general, compared to the GER2600 spectra, the ASAS data were 5-10% lower in
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magnitude. The lower values in the 450-490nm and 850-900nm region are likely caused 

by stray light contamination in the array, effecting the radiometric calibration in the blue 

and portions of the near infrared and causing overcompensation for the radiation levels 

received in these spectral regions (Russell etal., 1997). The dip-peak feature at 754- 

764nm of the ASAS data (Figure 5.5) is an artifact due to an atmospheric oxygen 

absorption feature located at 760nm (Dabney et al., 1999). Due to the location of the 

oxygen absorption band between the ASAS bands at 754nm and 764nm, an anomalous 

spectral spike characterizes the 764nm ASAS band. Sharp spectral features, such as the 

760nm oxygen absorption band and the accompanying artifact, are among the most 

reliable indicators of system, spectral alignment.

5.2.4 Site Identification on the ASAS Imagery and Extraction of Norway Spruce 
Canopy Spectra

Using 1:2500 CIR photography, 1:5000 scale forestry maps with the location of 

the study sites and field notes, the 23 cloud free field sites were located and marked on 

the ASAS imagery (Figure 5.4 and Figure 5.5). During field visits to these 23 sites in 

August 1999, the precise locations of the study sites were confirmed on the imagery.

During the 1998 field campaign, forestry measurements were conducted at the 

stand level and 5 representative of the canopy trees were sampled (Table 5.2). The 1.5-2m 

spatial resolution of the ASAS imagery allows for separation of individual tree crowns 

from within the study sites (Figures 5.4 and 5.5). During the 1999 site location validation 

process, an attempt was made to identify individual trees in the imagery. This proved to 

be difficult, and thus to obtain representative spectra for the given study site, reflectance 

data from 20 to 30 tree crowns were extracted.
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An individual tree crown is represented in the imagery by 20 to 25 pixels (5x5 

pixels; Figure 5.4c and Figure 5.4d). The spectral variation within individual tree crowns 

was evaluated by extracting spectral signatures from pixels diagonally across the crown.

A first derivative transformation was performed on the spectra extracted from single 

crowns (Figure 5.7b). The derivative analysis revealed that the shadow within the tree 

crown causes changes in the amplitude and position of the first derivative (Figure 5.7a 

and Figure 5.7b). As the amount of shadow within a pixel increases, the noise within the 

spectra also increases. Extracting spectra from the brightest pixels, located on the sun-lit 

portion of the crown, produced the least band-to-band variations in reflectance data, while 

increasing amounts of shadow within a crown increased the noise within the spectra 

(Figure 5.7a and Figure 5.7b; spectra 1 ,4 ,5 ,6  and 10). The brightest 2 or 3 pixels from 

the center of a tree crown exhibited the smallest differences among spectra, and therefore, 

it was decided to extract spectra only from the brightest pixel from within a single tree 

crown.

Spectra for similar forest age classes, extracted from healthy sites located on 

opposite southwest and southeast facing slopes, and from DC2 and DC3 sites located on 

relatively leveled terrain were compared. The differences in stand canopy closure and 

density associated with damage level resulted in differences in the amount of shadow 

present within a site. Higher amounts of shadow were present in the healthy forest stands 

on the steeper terrain that was sloping away from the sun. Likewise, differences were 

present in DC2 and DC3 sites independent of topographic variation.

Large differences in reflectance amplitude were associated with the amount of 

shadow present within a tree crown, suggesting that selection of the brightest pixel from
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each crown when sampling multiple sites from the same damage level, but from different 

locations with various slope and exposition, would reduce such effects on the data (Figure 

5.7a).

5.2.5 ASAS Spectral Analyses

Spectral properties of Norway spruce canopies by damage class

The spectral reflectance data extracted from the 23 study sites were analyzed 

using analyses of variances (ANOVA) to determine the changes occurring in ASAS data 

for Norway spruce canopy reflectance with ground-based assessments representing 

increasing damage level. Spectral plots for damage categories were generated, plotting 

means and standard errors and means and standard deviations. To determine the spectral 

regions optimal for damage detection, a sensitivity analysis of the canopy reflectance 

spectra was conducted following the procedure described by Carter et al. (1995). The 

significance level (significant p<=0.05; highly significant p<=0.01) of the differences 

among derivative spectra at each wavelength per damage level was determined by 

ANOVA and Tukey pair-wise mean comparisons test (SYSTAT 7.0; SPSS Inc., 1997).

Considering the possibility for a baseline shift in reflectance data not accounted 

for with the image calibration and atmospheric correction, a normalization of the spectral 

data was performed. The ASAS data were normalized to a reflectance minimum at 

673nm (the minimum for most of the spectral data at the chlorophyll well) and a 

reflectance maximum at 744.5nm (the last band before the oxygen absorption feature at 

754-764nm, Figure 5.10). To evaluate the potential for damage detection using the 

normalized red edge reflectance region (680-735nm), the individual normalized ASAS
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bands are treated as separate indices - N683, N693, N703.8, N714, N724 and N734.2. 

Normalization of the spectral data over a broader range (673nm to 847.2nm) was 

performed to assess the spectral reflectance properties in the red/NIR region.

To discriminate between overlapping bands and to determine if there are changes 

in the shape or position of the spectral features associated with the stand damage, a 

derivative analysis was conducted. The analysis is suggested to remove the possible 

effects of baseline shifts and scatter within the spectra (Miller et al., 1990; Martin, 1994). 

The first derivative of reflectance was calculated using the formula:

D u '  =  (R u i+ l)  -  R « i-l)V (^ (i+ l)  -

where Du' is the first derivative and Ru is the mean reflectance value at X, wavelength.

The derivative transformation provides spectral data that is less sensitive to the 

effects of variable irradiance and background (Lucas et al., 2000). The significance level 

(significant p<=0.05; highly significant p<=0.01) of the differences among derivative 

spectra at each wavelength per damage level was determined by ANOVA and Tukey pair

wise mean comparisons test (SYSTAT 7.0; SPSS Inc., 1997). Mean first derivative 

spectral plots for damage categories were generated, plotting Least Square (LS) Means 

and standard errors and LS Means and standard deviations.

Spectral indices

The early stages of damage in vegetation are often characterized by subtle 

reductions in chlorophyll concentrations, which may be monitored using hyperspectral 

systems that acquire data in the visible and near-infrared portions of the vegetation 

spectrum (Rock, et al, 1988; Miller, et a l, 1993; Vogelmann, et al, 1993).
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Previous investigations have identified a wide range of indices as indicators of 

vegetation health and physiological properties. We evaluated the potential of the spectral 

indices used by other investigators to assess damage for Norway spruce stands. Based on 

our spectral analysis, a few new spectral ratios were also developed. A list of the formulas 

used for computation of the indices from the ASAS spectra are presented in Table S.S.

The indices are presented in 4 groups based on the spectral bands/regions they cover and 

the data treatment involved for their calculation.

Investigations using field and airborne spectrometers acquiring spectral data in 

narrow (1.5-10.0nm wide) bands have produced a large number of analytical techniques 

correlated with foliar/canopy chlorophyll concentration (e.g. derivative analysis, 

sensitivity analysis, spectral normalization, Inverted Gaussian Model approach), and 

optical indices shown as indicators of vegetation conditions (Rock et. al., 1986;

Chappelle et al., 1992; Vogelmann 1993; Carter, 1994; Datt et al., 1998; Zarco-Tejada et 

al., 1999).

Band ratios of derivative spectra have also been suggested as strongly related to 

chlorophyll a or total chlorophyll concentrations (Zarco-Tejada et al., 1999). Using the 

ASAS spectral data, we evaluated derivative indices suggested in the literature such as 

Dmax/D704 (Dmax is the maximum value of the first derivative in the red edge region, 

Dmax=Rslope) and D714/D704. We developed the Dmax/D714 and Dmax/D744 indices 

to express differences in the shape of the first derivative curve among damage levels. The 

red edge wavelength position -  Red Edge Inflection Point (REIPwave) can be defined as 

the boundary between chlorophyll absorption in the red wavelengths and leaf scattering in 

the near-infrared (NIR) wavelengths (Rock et al., 1994; Miller et al., 1990). Previous
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research suggests the wavelength position of the red edge inflection point to be of 

particular importance (Rock et al., 1988; Vogelmann et al., 1993).

An analysis methodology suggested as an indicator of geobotanical stress 

evaluates the spectral changes in the red edge region (680-750nm) utilizing first 

derivative spectra and the Inverted Gaussian Model (IGM; Table 5.5). Among the five 

IGM parameters, the following are considered of main importance for damage detection: 

(1) the location of the maximum peak of the first derivative at 680-730nm (red edge 

position -  in the literature as Xji( kn=ko-a), or REIP); (2) the maximum reflectance at 

the shoulder (720-850nm) (Rs); and (3) the minimum reflectance corresponding to the 

chlorophyll absorption well (Ro). Model description and analysis guidelines are provided 

by Miller et al.(1990). The inverted Gaussian model provides a quantitative 

representation of the red edge reflectance curve, generating the Rs, Ro, ko, a  and kit 

parameters strongly related to foliar chlorophyll content (Miller et al., 1990; Zarco- 

Tejada; 1999). An inverted Gaussian curve was fitted to the data using the equation:

R(X)=Rs-((Rs-Ro)exp(-(Xo-X)2/2o2)).

The IGM was applied using non-linear least squares mathematical procedure and 14 

ASAS bands from the 673-805nm region. For representation of the red edge, the IGM 

requires initial assumptions of the model parameters based on spectral analysis (Miller et 

al., 1990). In the current study, the starting IGM parameters were Xo=673nm, Ro=5%, 

CT=40nm, Rs=40%.

Many of the algorithms reported in the literature have been developed using leaf 

reflectance measurements or have been developed for assessment of changes in pigment 

concentration occurring with vegetation damage. With the current study, such algorithms
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are evaluated using spectra acquired at the forest stand level and their potential for 

damage detection at the canopy level is assessed.

To determine the extent to which the various algorithms provided potential for 

damage detection, indices calculated using ASAS spectra extracted from healthy (DCO), 

and damaged (DC1, DC2 and DC3) canopy were compared using ANOVA and Tukey- 

Kramer means test (Zar, 1996).

The sensitivity of the individual indices to damage was estimated by calculating 

the relative difference for each damage class from healthy (Carter, 1994) using the 

formula:

Index Sensitivity to DC1 = (IndexDCl-IndexDCO)/IndexDCO.

The sensitivity to damage levels DC1, DC2 and DC3 of each index was calculated.

5.2.6 Relationship between Reflectance Indices Derived from Canopy Spectra 
(ASAS data) and Foliar Spectra (GER2600 data)

To assess the potential of spectral data extracted at foliar and canopy level to 

provide comparable results, a number of indices computed from ASAS reflectance 

spectra and GER2600 reflectance and averaged to stand level are compared.

Spectral data from both instruments were available for 18 intensive study sites. 

Reflectance data recorded by the GER2600 for first, second- and third-year foliage from 

five representative trees within each site were averaged to represent stand level spectra. 

The ASAS reflectance spectra extracted from multiple tree canopies within the imagery 

were averaged to stand level spectra. Using the same band centers for both data types and 

preserving the spectral resolution of the data spectral indices were computed. To test the 

hypothesis that there is no statistically significant difference between means for indices
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calculated using the GER2600, data and indices calculated from the ASAS spectra was 

used ANOVA (SYSTAT, SPSS Inc., 1997). Both sensor type effects and stand damage 

level effects were considered. The differences between means were considered highly 

significant statistically when p<0.01 (p<0.05 significant). The coefficient of 

determination (r2) indicates the fraction of the variability in an index that could be 

accounted for by both treatments (i.e. GER2600 vs. ASAS) and damage level.

5.3 Results and Discussion

5.3.1 Canopy Reflectance Properties

Evaluation of Norway Spruce Canopy Spectral Properties

Canopy reflectance increased with increase in damage level, with the healthy 

(DCO) stands having the lowest reflectance across the 450>900nm spectral range (Figure 

5.8). The standard deviations of the data around the means were higher for damaged 

forests as compared to healthy stands (Figure 5.8b), with highest variations for the two 

intermediate damage levels (DC1 and DC2), followed by DC3. For DCO and DC1, the 

variation of the data around the means were maximum at the spectral band 683nm, while 

for DC2 and DC3, variation was greatest at 673nm and 642nm respectively. This finding 

indicates a shift toward lower wavelengths of the chlorophyll absorption minima within 

the spectra with increasing damage level. The trends of increased reflectance and 

increased variation with increase in damage level are consistent for all study areas. These 

trends are in contrast to the spectral trends reported for the NIR region using both field 

and airborne high spectral resolution data acquired for red spruce in decline in New 

England (Rock et al., 1988).
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Using both airborne and field high spectral resolution data Rock et al. (1988) 

reported a decreasing reflectance in the NIR associated with increasing damage levels, 

and an increasing reflectance in the visible and red edge regions (for red spruce). The 

difference in the results reported by Rock et al. (1988) and those reported here could be 

explained by changes in solar zenith angle during observations. The healthy stands 

(DCO) were located on the western-most slopes of the Krusne hory and ASAS was flown 

over these healthy sites first (about 10:30am) during the days of data acquisition. ASAS 

acquired data for the damaged stands to the east at times closer to local noon. The sun 

therefore rose (the solar zenith angle decreased) between the observations of the healthy 

stands and the observations of the damaged stands approximately two hours later.

Previous studies have established that coniferous forest reflectance is anisotropic 

(Kimes et a l ., 1986., Kriebel, 1978, Ranson, et al., 1994, and Russel et al., 1997); that is, 

canopy reflectance varies as the directions and angle of solar illumination vary. For the 

present study the view angle of the ASAS sensor was fixed at nadir (0-view zenith angle), 

but due to the distance between sites (a total of approximately 50km) and the orientation 

of the flightlines, the solar illumination zenith angle decreased as the sensor was flown 

from the healthy sites to the damaged sites. The coniferous forest data reported by 

Kriebel (1978) and by Kimes et al. (1994) show an increase in nadir reflectance at all 

wavelengths as solar zenith angle decreases. Therefore, the observed increase in canopy 

reflectance with increasing damage in the Krusne hory may be an illumination artifact 

associated with/or exaggerated by the decreasing solar zenith angle. This illumination 

effect may be more pronounced than the effect of canopy damage on the magnitude of 

reflectance. Other factors, such as the increasing amounts of grass (Calimagrastis spp. and
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Dechampsia spp.) in the understory associated with changes in canopy structure with 

increasing canopy damage may also effect the magnitude of reflectance.

hi the visible portion of the spectrum (450-700nm), reflectance maxima and 

minima occurred in the green region at 551.5nm and in the red region at 673nm, 

respectively, for all damage levels. The shape of the spectral curve in this region was 

typical for vegetation spectra acquired from spruce needles by a field spectrometer (Rock 

et al., 1988), with two minor peaks at SSO and 600nm for the healthy canopy.

With increasing damage level, there was an increasing change in the 770-850 

region, with the development of a spectral peak at 820-830nm for the damaged canopies 

(Figure 5.8). The reflectance maximum in the NIR region (770-900nm) for healthy 

canopies (DCO) peaked at 847nm with a second minor peak at 774nm. The maximum for 

DC1 was at 837nm, while for both DC2 and DC3 the peak was at 826nm. These results 

illustrate an apparent shift towards shorter wavelengths for the reflectance peak occurring 

with an increase in damage level. Reflectance minima in the NIR occurred for DCO at 

795nm, and at 775 for the remaining damage classes.

Based on ANOVA and Tukey’s tests performed at each band, at 580nm and in the 

regions 680-740nm and 770-870nm, differences among means across damage levels were 

statistically significant (p<0.01). Reflectance difference peaks occurred in the 683-740nm 

and 805-878nm regions, with maximums for all damage levels at 724nm and 

826nm(Figure 5.9a). Reflectance sensitivity was higher for the more heavily damaged 

canopies across the whole spectral range. The peaks for DC1 were in the 673-724nm 

range, while for DC2 and DC3 were broader, in the 581-703 range. This indicates that the 

bands from these spectral regions have the highest potential for damage level separation
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in Norway spruce canopies. For all damage levels, the sensitivity maximum occurred at 

683nm (Figure 5.9b). Although differences in the 800-900nm region were large and 

statistically significant, the sensitivity to damage was low, suggesting low potential for 

damage separation of this spectral region.

Canopy reflectance properties of normalized reflectance spectra

Normalizing the reflectance data to a minimum at 673nm and a maximum at 

744nm allowed for visual evaluation of the reflectance properties in the red edge region, 

independent of the influence of the spectral amplitude variation. With an increase in 

damage, a trend of a shift of the reflectance curve toward shorter wavelengths can be seen 

(Figure 5.10a). In the red edge region, reflectance increased significantly with damage 

throughout the 683.2-734.2nm region, and was maximal around the middle of the spectral 

region -  at 703.8nm and 714nm.

Normalization of spectral reflectance to 673-847.2nm (Figure 5.10b) provides 

evidence that NIR reflectance may drop with increasing damage, a drop that may be 

masked by changes in reflectance magnitude due to BRDF effects (as discussed 

previously). An increase in reflectance in the 670-7lOnm region and a decrease in 

reflectance in the 720-820nm, observed with an increase in damage level, are a typical 

spectral property of vegetation under stress (Rock et al., 1986; 1988). The normalization 

approach allows the red edge properties to be used for separation of damage classes based 

on physiological differences occurring with damage.

Derivative analysis

To study the pattern and precise location of the spectral features of Norway spruce 

reflectance by damage level a derivative analysis was conducted (Figure 5.11). A major

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



165

spectral peak occurred in the 673-744nm region (i.e. the red edge). A secondary peak 

occurred between 775nm and 850nm (NIR), while a minor spectral feature is seen 

between 571nm and 600nm (the green peak). The maximum of the red edge peak (REIP) 

for healthy forest (DCO) was at 724nm, for DC1 and DC3 at 714nm, and for DC2 at 

724nm (Figure 5.1 la). With increase in damage level, the variation of the data around the 

means increased, with the least amount of overlap among standard deviations noted in the 

red edge and the NIR regions (Figure 5.1 lb).

Statistically significant differences in the derivative spectra with damage class 

occurred in the 683-744nm and 775-847nm regions (p<0.01). The 683-744nm peak 

(REIP) has been correlated with pigment levels, while a decrease in chlorophyll a and b 

concentrations with increased damage levels have been related to changes in the amount 

and position of the spectral maximum. For the wavelength position of the derivative there 

was no significant difference between DCO and DC1, but they were as a group 

significantly different from DC2 and DC3 (Figure 5.1 la and 5.14b). Based on ANOVA 

results, there were highly significant differences in amount of derivative maximum 

between DCO and DC1, DC2 and DC3 (Figure 5.11a and 5.14b).

The second peak in derivative spectra occurred for DC 0 at 837nm, for DC1 at 

805nm, for DC2 at 816nm and forDC3 at 805nm with values o f0.03,0.09,0.17 and 0.16 

respectively (Figure 5.11). The NIR (770-850nm) region of the spectrum is associated 

with the leaf and canopy scattering and the amount of forest biomass. There were 

statistically significant differences between healthy canopies and all damage levels at both 

816 and 826nm. A small, but broad shift (approximately 40nm) in derivative peak 

maxima was observed with increasing damage.
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5.3.2 Evaluation of Spectral Indices for Separation of Initial Damage Levels

The current study evaluated the use of high spectral resolution data for separation 

of damage levels in Norway spruce canopy using a wide range of algorithms (Table 5.5). 

The coefficients of determination of the spectral indices to damage (Table 5.6a and 5.6b) 

and the sensitivity of a particular index to individual damage level (Table 5.7a and 5.7b) 

were used as an indicator for evaluating the detection potential of the algorithms. Figures 

5.12,5.13,5.14 and 5.15 depict the differences among LS Means by damage level. The 

statistical significance of the differences among means is depicted by plotting the 

standard errors of the means as error bars, with non-overlapping error bars representing 

statistically significant differences (p<0.01).

From all indices evaluated only C2, PRI2, R550/R700 and Xk  did not differ 

statistically for healthy and damaged vegetation, or among damage levels (Tables: 5.6a 

and 5.6b; Figure 5.12 b, 5.12g, 5.13 c and 5.15e).

The following sections report and discuss the results for the indices having higher 

sensitivity to the decline and statistically significant differences among means per damage 

level. The indices are organized in five major groups: (1) optical, (2) LandsatTM and 

Narrow-band, (3) derivative, (4) IGM, and (5) normalized indices.

Optical indices

The Cl index ratios reflectance at 695nm (strongly sensitive to changes in 

chlorophyll) and the NIR 760nm (insensitive to pigments) (Figure 5.12a). This ratio has 

been modified for use with ASAS data to ratio of695nm to 775nm wavebands, to avoid 

the 760nm oxygen absorption feature present in the ASAS spectra. The ratio increased
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with increase in damage and differed significantly for healthy canopies as compared to 

DC1, DC2 and D3 (r=0.93). The sensitivity of the index to damage was relatively strong 

(0.13), as compared to the remaining indices on the list.

The RE1 index (the average reflectance in the 673-703.8nm region) shows high 

sensitivity to damage levels 2 and 3 (Figure 5.12i). The index is strongly correlated to 

damage (r2=0.96), and its sensitivity to DC1 is also relatively high.

The pigment-specific indices RARSa (r=0.97), RARSb (r=0.70) and 

RARSc(r2=0.38), suggested in the literature as indices utilizing bands strongly sensitive to 

pigment concentration, display a relatively higher sensitivity to DC2 and DC3 when 

ranked among the other indices, while only RARSc (Figure 5.12p) has a relatively high 

sensitivity to DC1.

The results suggest a high potential for separation of initial damage levels (D O ) 

using a number of optical indices incorporating red edge spectral bands, especially the Cl 

and RE1 optical indices.

LandstaTM and narrow-hand ratios

There was a strong correlation between the NDVI (r=0.97) and TVI (r=0.98, as 

calculated from NDVI) indices and damage class (Table 5.6a), the indices decreasing 

with an increase in damage level. The differences between means from DCO and DC1 

were not significant, while there were highly significant differences among means from 

DC2, DC3 and the combined group of DCO and DC1 (Figures 5.13a and 5.13b). This 

result demonstrates low potential of these indices for detection of the initial levels of 

damage.
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Derivative indices

The derivative indices Dmax/D704 and D714/D744 have the highest sensitivity 

when ranked among the other derivative indices. All indices decrease in value with an 

increase in damage level, except for Dmax/D744 which increases with an increase in 

damage (Figures 5.14 d-f). Dmax/D704, Dmax/D714 and D714/D704 show statistically 

significant differences among all damage levels, while Dmax/D744 is able to separate the 

combined group of DC2 and DC3 from the combined group of DC 0 and DC1.

These results suggest a high potential for separation of early stages of damage for 

the derivative indices Dmax/D704, Dmax/D714 and D714/D704, with the Dmax/D704 

having the highest sensitivity to DC1.

Inverted Gaussian Model (IGM) parameters

From the IGM parameters, the Ro index (representing the estimated reflectance 

minimum in the chlorophyll well in the 670-680nm region) had the highest relationship to 

the decline for all damage levels (^=0.93). Ro increases significantly with an increase in 

damage level (Figure 5.15 a). The index sensitivity to initial damage is 0.59,7.08 to DC2 

and 10.63 to DC3, suggesting a high potential of this index for separation of initial levels 

of stress as well as of intermediate and heavy damage.

The results demonstrate that Ro has the highest sensitivity and potential for 

separation of initial damage level among all evaluated indices.

Normalized bands

Reflectance for the normalized bands increases with an increase in damage level 

(Figure 5.10a). There were statistically significant differences among normalized spectra 

throughout the 683.2-734nm region (Table 5.6c). Using only bands 704nm and 714nm,
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separation of DCO from DC1, DC2 and DC3 was possible. It is important to note that the 

normalized bands show relatively high sensitivity to initial damage (DC1), while their 

sensitivity to DC2 and DC3 is lower as compared to Ro, RE1 and Cl (Table 5.7c). 

Overall comparison among the indices sensitive to stress 

Evaluating the sensitivity and correlation of the indices from the different groups, 

the overall highest potential for separation of initial damage levels (DCO and DC1) was 

demonstrated by Ro. Ro was followed by C l, RE1, N704, Dmax/D704 and the RARSc 

index.

5.3.3 Evaluation of the Effect of the Decline on Forest Stand Parameters and Foliar 
Chemical Constituents

Reflectance spectral properties at the canopy level are a function of

physiologically-based parameters (e.g. pigment concentrations) and of the forest canopy

structure (e.g. stand density, canopy closure, canopy architecture, etc.). Many of the

parameters are effected simultaneously by forest damage and therefore it is important in

defining the basis for use of the hyperspectral indices as bio-indicators of damage to be

familiar with the extent to which the individual canopy parameters are affected by the

damage conditions.

Relationships between damage level and forest stand parameters

The variation of the measured stand parameters with damage level was evaluated

(ANOVA, Table 5.8). A relatively low relationship between damage class and forestry

parameters was noted. Statistically significant differences with a relatively low

relationship to damage level were depicted for forest stand age, canopy closure and

elevation.
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In relation to damage level, the stand parameters varied. The more heavily 

damaged stands were relatively younger, they were located at the lower elevations and 

had lower canopy closure. Since canopy closure was one of the main characteristics 

evaluated during the field evaluation of forest health, observation of lower canopy closure 

at the more damaged sites was anticipated. The pattern of more damaged stands being 

younger could be explained by the less damaged forests living longer and reaching a 

greater age.

A trend of heavier forest damage occurring at the higher elevations in the Krusne 

hory had been reported for broad elevational ranges (601-800m and 801-1000m) by 

previous investigations (Rock et al., 1994; Ardo et al., 1997; Lambert et al., 1995). Our 

finding of occurrence of forest stands with heavier damage at the lower elevations 

contradict this reported trend. Within the small (approximately 100m) elevational 

gradient, the variation of forest damage observed with elevation could be explained by the 

sites at lower elevations having a closer proximity to the pollution sources, and/or by the 

pollution air-mass being present longer at the lower protected from winds landscape 

features.

Relationships between damage level and foliar constituents

With the current study, insignificant relationships were established between 

pigment levels (i.e., chlorophyll a, b and carotenoids) and damage level (Table 5.8). A 

statistically significant relationship to damage was established for the chlorophyll alb 

ratio (r=0.60; Table 5.8), identifying this ratio as a potential bioindicator of damage in the 

Krusne hory.
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Numerous investigations demonstrate strong relationships between vegetation 

stress and pigment levels, and consider pigments to be sensitive indicators of plant stress 

(Rock et al., 1986; Lichtenthaler, 1988). Many of these previous investigations evaluated 

the initial changes in pigment levels shortly after introducing a new stress agent to 

vegetation that had been growing under optimal conditions. The long-term effect of the 

stress factors (in the Czech Republic S02 air pollution since 1965-67), and the occurrence 

of growth recovery during the period 1980-95 (Entcheva er al., 1996), could provide an 

explanation for the relatively stable pigment levels across the study areas. In addition, 

forest damage classes represent a combination of stand and individual tree parameters 

effecting pigment levels in complex ways. This complexity could also account for the 

lack of a strong direct correlation between damage level and photosynthetic pigments. 

Depending on the degree of canopy closure, two canopies can have very different foliar 

pigment concentration per unit of canopy area, while pigment concentration per unit of 

leaf mass could be similar.

Relationship between damage level and foliar constituents 

Evaluating the relationship between foliar constituents (nitrogen, lignin, cellulose, 

polar and non-polar compounds, Table 5.8) and damage level, a highly significant 

relationship was established for non-polar constituents (r=0.88) and for lignin (r=0.60). 

These findings suggest a potential for non-polar constituents and lignin compounds as 

indicators of damage.

Strong correlations between the non-polar fraction and chlorophyll a (r=-0.60), 

chlorophyll b (r=-0.64) and total chlorophyll were established (a+b, r=-0.61; Table 5.9). 

Non-polar constituents include organic components such as fats, waxes and other
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organic-soluble materials, removed by boiling two grams of dried foliage material in 

dichlormethane for five hours (Newman etal., 1994). During this procedure a large 

amount of the remaining in the dried foliage pigments are also removed.

Strong relationships were established between lignin, cellulose, polar and non

polar chemical constituents (Table 5.9). Since these constituents are products of the same 

chemical analysis, which sum to 100%, this relationship was anticipated.

5.3.4 Evaluation of the Relationships between Reflectance Indices and Forest Stand 
Parameters and Foliar Constituents

Relationship between reflectance indices and forest stand parameters

Correlation analyses were conducted to evaluate the relationship between all 

computed hyperspectral indices and the canopy characteristics indicative of forest damage 

(Tables 5.10a and 5.10b). The results only for the indices sensitive to forest damage (i.e. 

Ro, C l, RE1, N704, Dmax/D704 and RARSc) are discussed below.

Canopy closure affected significantly most of the spectral indices. A strong 

correlation was established between canopy closure and Cl(r=-0.62), RE1 (r=-0.64) and 

Dmax/D704 (r=0.77). This finding confirms the importance of canopy closure as a stand 

parameter for linking field damage evaluation to remote sensing assessment of forest 

condition.

Strong correlations were found between study site elevation and the indices 

sensitive to damage level: Ro (r=-0.72), RARSc (r=-0.70), REl(r=-0.70)(Table 5.10a and 

5.10b). The relatively strong relationships between damage level and elevation, and 

damage level and canopy closure explain their indirect effect on canopy spectral 

properties and in particular on the indices found to be sensitive to damage.
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Relationship between reflectance indices and canopy pigments and chemical 

constituents

Tables 5.11a and 5.11b depict the correlation between foliar compounds and 

spectral indices. The results for the indices sensitive to forest damage (i.e. Ro, C l, RE1, 

N704, Dmax/D704 and RARSc) are discussed below.

The strongest relationship revealed for most indices, was to non-polar foliar 

compounds: Ro(r=0.87), Cl(r=0.84), RE1 (r=0.88), N704 (r=0.71) and Dmax/D704 (r=- 

0.69). A number of indices were also strongly correlated with lignin compounds: Cl(r=- 

0.69), Ro(r=-0.67), RE1 (r=-0.66), N704(r=-0.61). A relatively high correlation to polar 

compounds was exhibited by the indices Cl(r=0.64) and N704(r=0.61). Considerable 

relationships were established between chlorophyll level and the indices sensitive to 

damage: Ro (to chlorophyll: a r=-0.61, b r =-0.65 and (a+b) r=-0.62) and N704 (to 

chlorophyll: a r=-0.61, b r =-0.64 and (a+b) r=-0.62). The RARSc index was found to be 

strongly related to carotenoid levels (r=0.75).

The relationship of the inverted IGM parameters to chlorophyll a, chlorophyll b 

and total chlorophyll (Table 5.11b), and of the RARSc to carotenoids (Table 5.1 la) have 

been documented by previous research (Miller et al., 1990; Datt, 1998). Our findings 

demonstrate strong relationships between the indices sensitive to damage and foliar non

polar and lignin compounds, not previously reported.

These results, combined with the significant effect of damage level on non-polar 

and lignin levels established earlier, provide the bio-physiological link for use of the 

reflectance indices sensitive to damage for forest damage evaluation.
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5.3.5 Relationship between Reflectance Indices Derived from Canopy spectra (ASAS 
data) and Foliar Spectra (GER2600 data)

Table 5.12 depicts the relationship between spectral indices derived using ASAS 

and GER2600 reflectance data. No statistically-significant differences between ASAS and 

GER2600 means were found for the following indices: Cl, V3, NDVI and TVI (Table 

5.12; Figures 5.16a-e). A common factor for the ratio indices is their use of one or a few 

broadly spaced bands in the NIR and in the red region (NIR bands: 744nm, 775nm, 

795nm; red edge bands: 673nm, 693nm, 724nm).

The inverted Gaussian model parameter Ro also compares relatively well, with no 

statistically significant differences, between ASAS and GER2600 data means (Table 

5.12; Figure 5.16d). This result complies with the detailed evaluation of the IGM 

approach performed by Miller et al. (1990), where he reports specification of the red edge 

parameters within 2nm and relative error of the methodology of less than 15%.

Comparing the GER2600 and ASAS data for individual indices, an apparent trend 

of higher variation around an overall mean for individual indices within the ASAS data 

was noted (Figures 5.16a-e). The extracted tree crown spectra (using ASAS data) 

providing better spectral representation of the within stand variations than the foliar 

spectra (GER2600 data) is a possible explanation.

Considering the properties of derivative spectra to remove/limit the effects of 

baseline shifts and scattering on the reflectance spectra, no statistically significant 

differences were expected between means for the REIP and the derivative indices. The 

lOnm bandwidth of ASAS data appears to present difficulties for comparing derivative 

spectra, and limits the possibilities for REIP (REIPwave) position to approximately four
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values. The differences in spectral characteristics and resolution between the two sensors 

(lOnm ASAS vs. 2.5nm GER2600) offer a possible explanation for the fact that relatively 

few spectral indices compared well between instruments. Another explanation may relate 

to the difference in illumination sources (sun for ASAS vs. tungsten lamp for GER2600).

These results demonstrate that hyperspectral reflectance airborne data extracted at 

the canopy level (lOnm ASAS) and laboratory foliar reflectance measurements (2.5nm 

GER2600) data can provide similar results for selected red edge and derivative indices.

5.4 Conclusions

A general trend in Norway spruce canopy spectra of increasing reflectance with 

increased damage levels was established across the 400-900nm spectral range. This 

spectral trend in the visible region is typical for vegetation in decline as measured at the 

foliar level by a field spectrometer, while the increasing reflectance observed in the NIR 

is in contrast to the pattern observed at the foliar level. This is likely due to sun angle 

differences related to variation in time-of-day of data collection for the different damage 

conditions. The higher canopy closure, foliar retention and stand density for the canopy of 

healthier forests, creating a higher amount of shadow in the canopy of healthier stands 

and causing a higher overall light absorbency and lower reflectance probably contributes 

as well.

This study illustrates that hyperspectral data can provide improved damage 

separation capabilities compared to multispectral broad band data. Using canopy spectra, 

the red edge spectral region (673-724nm) was identified as presenting the highest 

potential for separation of the initial levels of damage. This finding corresponds with the
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region suggested as most sensitive to stress based on foliar reflectance measurements. 

Twelve indices were identified as strongly correlated to damage level, from which nine 

present the most potential for use as bioindicators of the initial level of damage: three 

optical indices (Cl, RE1, RARSc), two derivative indices (D714/D704, Dmax/D704), 

two modeled parameters product of Inverted Gaussian model application (Rs, Ro) and 

two normalized red edge bands (N693, N704).

The presence of relatively stable pigment levels across the damage gradient, while 

the damage levels have a significant effect on the chlorophyll aA> ratio and on foliar 

constituents (non-polar and lignin), suggests the possibility of a recent forest recovery 

across the damage gradient (a forest health condition in which foliar pigments at the 

heavily damaged forests have recovered to levels close to the concentrations occurring in 

healthy forest stands, while foliar chemical constituents reflect the long-term health 

condition of these forests). This study confirms the high potential of the chlorophyll a/b 

ratio as a bio-indicator of damage, and establishes the high potential for use of foliar 

chemical compounds as indicators of long-term forest health.

The spectral changes in the canopy reflectance indices sensitive to damage were 

explained primarily by the change in foliar non-polar and lignin compounds, while the 

changes in the normalized red edge reflectance bands were associated with changes in 

both pigment levels and foliar constituents. These relationships establish the bio- 

physiological basis (link) for the use of these indices as indicators of forest damage. The 

significant effect of canopy closure on the indices provides a canopy morphological basis 

for use of these indices as indicators of damage.
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Finally, this study demonstrates that using hyperspectral reflectance ratios, canopy 

reflectance measurements can produce reflectance spectra that closely resemble leaf level 

reflectance measurements. Five indices providing similar results were identified, from 

which two (reflectance ratio of 693/775 and the position of the reflectance minimum in 

the chlorophyll well, as computed by the Inverted Gaussian Model) have shown a high 

potential for separation of the initial forest damage levels.

The derivative indices were identified as least sensitive to vegetation 

morphological parameters, therefore providing the best potential for across-forest scales 

and instruments comparisons. The lOnm spectral resolution of ASAS was found to be 

marginal for determining the effect of the decline on the derivative indices.
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Damage
Class Code

Percent
Defoliation

(%)

Forest Health Status 
without chlorosis with chlorosis

Healthy 0 0 -1 0 Healthy Initial damage

Initial 1 1 1 -2 5 Initial damage Medium damage

Medium 2 2 5 -6 0 Medium damage Heavy damage

Severe 3 6 0 -9 9 Heavy damage Forest ecosystem collapse - 
Dead

Dead 4 100 Forest ecosystem collapse • 
Dead Standing dead forest

Table 5.1: Forest damage evaluation criteria and damage level assignment
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Data Acquisition Approach Study Sites/Samples
ASAS1 imagery 

GER26001’ calibration spectra 
Field sites total 

Forest stand damage class 
Forest canopy closure 

Stand density 
Stand height 

Site GPS position 
Photography for site characterization 

Site elevation and map location 
Sites for sampling collections

Individual trees damage class 
Tree diameter at breast height 

Tree height 
Tree age and growth rate 

Spruce foliar samples collection 
GER2600 spruce foliage spectra 

Lignin, cellulose and nitrogen levels 
Foliar chlorophyll and carotenoids levels

ASAS, nadir imagery, 60 -lOnm  bands 
Spectra from ground targets with constant reflectance 

30x30m sites into 90x90m areas, 42 sites per damage class 
healthy, initial, intermediate, and heavy damage, control 

Within 1/10 acre plot, forest densiometer 
Within 1/10 acre plot, prism 

Height of the forest canopy, clinometer 
Field visit, Trimble GPS units 

Photos in the 4 world directions, 33 mm camera 
Survey maps, GPS units 

30x30m sites into 90x90m areas, 12-14 sites per damage class

healthy, initial, intermediate, and heavy damage, control 
Tree diameter at 1.30m height, DBH tape 

Height of the 3 representative trees, clinometer 
Cores extracted from 3 trees per stand, instrument borer 

1M, 2ond and 3rd year of needles samples from 3 trees per site 
Spectra from 3 representative trees per site 

Relationship between chemical content and spectral signature 
Laboratory extraction and analyses

182 sites 
6 targets 
182 sites 
182 sites 
182 sites 
182 sites 
182 sites 
182 sites 
182 sites 
182 sites 

31 sites (14 DCO, 12DC1,
14 DC2, and 12 DC3)

31 sites, 3 trees per site, 233 trees 
233 trees 
233 trees 
246 cores 

763 samples 
763 samples 
763 samples 
765 samples

1 Airborne Solid-state Atray Spectrometer (ASAS); NASA, Goddard Space Flight Center
* Field spectrometer GER2600, University of New Hampshire
* The brand names of the instruments used in the investigation arc cited for descriptive purposes and are not intended to imply endorsement

Table 5.2: Dala for the study areas in northwest Bohemia, Czech Republic, acquired August 1998
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Flight Parameters ASAS Specifications

Flight Altitude 2500m agl

Swath Width 820m

Side overlap of flight lines 20%

Nominal spatial resolution ~2m

Number of Bands 62 (45)

Spectral Region 500-850nm

Table 5.3: Airborne Solid-state A ray Spectroradiometer (ASAS) flight parameters, Czech Republic, 1998

Study Area Flight Lines Acquisition Date Cloud Cover (%)

SI 1 ,2 ,3 ,4 ,5 .6 20-Aug 15-20%

S2 7 ,8 ,9 ,1 0 , II , 12 20-Aug 30-40%

S3 13, 14, 15, 16, 17 01-Sep 60-70%

Table 5.4: Flight attributes for ASAS nadir data acquisition, Czech Republic, 1998
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Index Algorithm Figure

Cl
1, Ootical Indices 

R693/R775 1 ll.a
Cl R693/R500 ll.b
VI R744.5/R724 11.C
V2 (R731 -R724)/(R731+R724) ll.d
V3 (R734.2-R744.5)/(R714+R724) ll.e*

PRI1 (R531.8-R571)/(R531.8+R571) ll.f
PRI2 (R551.5-R531.8)/(R551.8+R531.8) ll.g
PRI3 (R571-R541.8y(R571+R541.8) HJt
RE1 Avenge (R673:R703.8) ll.i
RE2 Avenge (R714:R724) U.j
RE3 Avenge (R734.2:R744.5) ll.k
SR R744.5/R673 11.1

SIPI (R795.5-R502^y(R795-R642.5) ll.m
RARSa R673/R703.8 ll.n
RARSb R673/(R6515*R703.9) 11.0
RARSc R775/R502.2 11-P
PSSRa (R795.5-R683.2y(R795+R683.2) ll.q
PSSRb (R795.5-R601,8y(R795+R601.8) l l j
PSSRc (R795.5-R502.2y(R795+R502.2) ll.s

Nz683.2 R683.2 normalized to min. 670nm and max. 744.5nm.

NDVI
2. LandsatTM and Narrow-band Indices 

(R795.5-R673y(R795+R673) 12.a
TVI (Square root(NDVI))*100 12.b

R550R700 R551.5/R703.8 12.C
R850R700 R857.5/R693 lid
R850R5S0 R857.5/R551.5 12.e
R815R740 R816.2/R744.5 I l f
R734R693 R744.6/R693 12-g
R734R714 R744.6/R714 12-h
R550R600 R551.5/R601.8 H i

REIPwave
3. Derivative Indices 

Position of D maximum in the 670-730nm region 1 13.a
REIPslope=Dmax D maximum in the 670-730nm region 13.b

D714D704 D714/D703.8 13.c
DMAXD714 Dmax/D714 13.d
DMAXD704 Dmax/D703.10 13.e
DMAXD744 Dmax/D744.5 13.f

Rs
4. Inverted Gaussian Model (IGM1 Param^ers 

R maximum in the 670-850nm region, IGF 14.a
Ro R minimum in the 670-850nm region, IGF I4.b
Xo Wavelength position of Ro, IGF 14.c
a Oo-X.1t), IGF I4.d
Xit

In ' __-------- 1.. J
Wavelength position of Dmax, IGF

z— ii_. ~ i ____ ^__ ..— ■■■•
14.e

Table 5.5: Bands ratios and algorithms evaluated for stress detection
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DepVar n
(sites)

F-ratio P
(Pr>F)

r

1. Ootical Indices
Cl 23 64.32 0.00 057 053
G2 23 0.29 0.83 0.24 0.06
VI 23 14J2 0.00 0.87 0.75
V2 23 9.0S 0.00 0.81 0.66
V3 23 8.46 0.00 0.80 0.64

PRI1 23 5 2 5 0.01 0.73 053
PRC 23 . 055 0.66 0.33 0.11
PRO 23 7.07 0.00 0.78 0.60
RE1 23 119.46 0.00 0.98 0.96
RE2 23 40.02 0.00 0.95 050
RE3 23 12.69 0.00 0.86 0.73
SR 23 27.69 0.00 0.93 0.86
SD>1 23 11-54 0.00 0.84 0.71

RARSa 23 161.18 0.00 0.99 057
RARSb 23 10.6S 0.00 0.83 0.70
RARSb 23 2.90 0.07 0.62 058
PSSRa 23 76.99 0.00 0.97 054
PSSRb 23 138 JO 0.00 0.98 057
PSSRc 23 41.93 0.00 0.95 050

2. LandsatTMLand Nanqw-tandlndisss
NDV1 23 163.80 0.00 059 057
TVI 23 182.16 0.00 059 058

R550/R700 23 0.29 0.83 0.24 0.06
R85Q/R700 23 3.91 0.03 0.67 0.46
R8S0/RS5O 23 8.80 0.00 0.81 065
R815/R740 23 6.83 0.00 0.77 059
R734/R693 23 13.42 0.00 0.86 0.74
R734/R7I4 23 52.84 0.00 056 052
R550/R600 23 11.72 0.00 0.85 0.72

Table 5.6a: ASAS indices tested for significant differences among damage levels (ANOVA). 
Significance o f the differences between means for Optical, LandsatTM and Narrow-band Indices.
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Derivative n F-ratio P r
r _ 7 _.._.

Index (sites) (Pr>F)
3. Derivative Indices

REIPwave 23 12.59 0.001 0.85 0.73
REIPslope 23 11.52 0.000 0.84 0.71
D714/D704 23 43.24 0.000 0.95 0.90
Dmax/D714 23 25.30 0.001 0.92 0.84
Dmax/D704 23 7.88 0.000 0.79 0.63
Dmax/D744 23 4.69 . 0.02 0.71 0.50

4. Inverted Gaussian Model flGMf Parameters
Rs 23 8.61 0.000 0.81 0.65
Ro 23 60.58 0.000 0.96 0.93
ko 23 6.24 0.010 0.76 0.57
a 23 3.73 0.042 0.67 0.44
kn 23 0.50 0.691 0.31 0.10

Table 5.6b: ASAS indices tested for significant differences among damage levels (ANOVA). 
Significance o f the differences between means for Derivative indices and Inverted Gaussian Model 
parameters.

Normalized
Band

n
(sites)

F-ratio P
(Pr>F)

r

5. Normalized to 683-734nm
N683 23 40.98 0.000 0.46 0.21
N693 23 58.58 0.000 0.53 0.28
N704 23 96.36 0.000 0.62 0.39
N714 23 109.28 0.000 0.68 0.46
N724 23 95.26 0.000 0.62 0.39
N734 23 1920 0.000 0.59 0.35

Table 5.6c: ASAS indices tested for significant differences among damage levels (ANOVA). 
Significance of the differences between means for normalized red edge bands.
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Index Index Sensitivity to Damage Level
DC1 DC2 DC3
IJ& tic a lin d ie s

C l 0.13 0.70 1.06
C2 -0.08 -0.20 -0.15
V I -0.03 -0.17 -0.22
V2 ~ -0.06 -0.55 -0.68
V3 -0.07 -0.57 -0.71

PRI1 0.10 -0.64 -0.87
PRI2 -039 -0.01 -0.17
PRI3 0.02 -0.50 -0.74
RE1 0.13 1.20 1.88
RE2 0.06 0.56 0.84
RE3 0.01 0.26 0.43
SR -0.02 -0.46 -0.65

SIPI -0.01 0.03 0.08
RARSa -0.02 0.47 0.74
RARSb -0.01 -0.37 -033
RARSc -0.15 -0.49 -0.61
PSSRa -0.02 -0.18 -038
PSSRb -0.02 -0.14 -0.17
PSSRc -0.02 -0.14 -0.17

2. LandsatTM and Narrow-band Indices
NDVI -0.01 -0.17 -0.26
TVI 0.00 -0.05 -0.09

R550/R700 -0.03 0.03 •0.06
R850/R700 -0.03 -0.33 -0.51
R850/R550 0.01 -0.22 -0.30
R815/R740 0.03 0.12 0.13
R734/R693 -0.05 -036 -030
R734/R714 -0.03 -0.17 -0.23
R550/R600 -0.01 -0.18 -0.27

Table 5.7a: Sensitivity o f individual indices to damage level. Sensitivity o f Optical indices, LandsatTM 
and Narrow-band ratios.
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Index Index Sensitivity to Damage Level
DC1 DC2 DC3
3 >. Peri vativfeliKligss

REIPwave -0.01 -0.03 -0.02
REIPslope -0.02 -0.06 -0.09
D714/D704 -0.06 -0.27 -0.33
Dmax/D714 -0.03 -0.15 -0.20
Dmax/D704 -0.10 -0.14 -0.15
DmaxZD744 0.05 0.74 0.60

4. Inverted Gaussian Model fIGM) Parameters
Rs 0.06 0.36 0.51
Ro 0.59 7.09 10.63
Xo -0.02 -0.01 -0.01
® 0.05 0.19 0.22
Xtt 0.00 0.00 0.00

Table 5.7b: Sensitivity of individual indices to damage level. Sensitivity o f Derivative indices. Inverted 
Gaussian Model Parameters and Normalized bands.

Normalized Band Sensitivity to Damage Level
Band DC1 DC2 DC3

N683.2 037 0.57 1.01
N693 0.18 036 0.54

N703.8 0.12 033 0.46
N714 0.08 0 34 031
N724 0.03 0.13 0.17

N734.2 0.02 0.07 0.09

Table 5.7c: Sensitivity of the normalized bands to damage level (683-734run spectral region)
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Evaluated
Pearameter

n
(sites)

F-ratio P
(Pr>F)

r r*

Chlorophyll a 18 0.93 0.455 0.43 0.19
Chlorophyll b 18 1.19 0.356 0.48 0.23
Carotenoids 18 0.41 0.750 0.30 0.09

Chlorophyll (a+b) 18 0.99 0.429 0.45 0.20
Chlorophyll a/b 18 3.16 0.064 0.66 0.44

(o+h)/Carotenoids 18 0.48 0.235 0.48 0.23
Nitrogen 18 0.89 0.472 0.40 0.16
(a+b)/N 18 1.40 0.290 0.51 0.26

Carotenoids/N 18 0.88 0.485 0.46 0.21
Lignin 18 2.69 0.046 0.60 0.37

Cellulose 18 1.17 0.357 0.45 0.20
Polar 18 1.76 0.200 0.52 0.27

Non-Polar 18 16.44 0.000 0.88 0.78
Tree Height 23 0.21 0.888 0.21 0.04
Tree DBH 23 0.52 0.673 0.32 0.10

Canopy Closure 23 2.71 0.052 0.66 0.43
Total BA 23 1.01 0.419 0.42 0.18

Stand Density 23 0.58 0.635 0.33 0.11
Age 18 4.12 0.027 0.68 0.47

Average BA 23 0.82 0.506 0.39 0.15
Elevation 23 3.81 0.035 0.67 0.45

Table 5.8: Canopy foliar pigments, chemicnl compounds and stand param eters tested 
for significant differences among damage levels (ANOVA)
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Parameter; a b Car a+b a/b N Lignin Cellulose Polar Non_Polar Car/N (a+byC&r (a+h)/N Age
Chlorophyll a 1.00
Chlorophyll b 0.99 1.00

Carotenoids (Car) QM 0.87 1.00
a tfr 1,00 0.99 0.89 1.00
a/b -0.29 -0.42 -0.19 -0.33 1.00

Nitrogen (N) 0.48 0.49 0.21 0.48 -0.22 1.00
Lignin 0.51 0.49 0.31 0.51 -0.14 0.53 1.00

Cellulose 0.30 0.35 0.07 0.31 -0.60 0.45 0.57 1.00
Polar -0.39 -0.41 -0.15 -0.39 0.43 -0.50 -0.82 -0.92 1.00

Non-Polar -0.60 -0.64 -0.40 -0.61 0.51 -0.57 -0-73 -0.54 0.59 1.00
Car/N 0-83 0.80 0.92 0.83 -0.14 0.10 0.32 0.15 -0,20 -0.43 1.00

(a+b)fCtu 0.07 0.12 -0.37 0.08 -0.30 0.43 0.33 0.37 -0.39 -0.39 -0.31 1.00
(a+b)JN 0.94 0.93 0.92 &24 -0.28 0.15 0.37 0.16 -0.24 -0.47 0.90 -0.09 1.00

Age 0.17 0.21 0.19 0.18 -0.35 0.28 0.30 0.31 -0.25 -0.55 0.07 -0.06 0.13 100
Tiee Height 0.22 0.23 0.01 0.22 -0.22 0.29 0.03 0.36 -0.25 -0.12 0.21 0.34 0.14 -0.10
Tree DBH -0.02 0.02 -0.19 -0.01 -0.40 -0.04 0.10 . 0.52 -0.36 -0.28 0.00 0.36 0.02 0.40

Canopy Closure -0.07 -0.02 -0.33 -0.06 -0.31 0.40 0.42 0.47 -0.42 -0.63 -0.27 0 60 -0.20 0.61
Total BA 0.16 0.18 -0.12 0.16 -0.20 0.52 0.58 0.49 -0.61 -0.38 -0.12 0.59 -0.02 0.09

Stand Density 0.09 0.09 -0.18 0.09 -0.07 0.48 0.47 0.34 -0.45 -0.35 -0.10 0.58 -0.09 0.04
Average BA 0.04 0.07 0.06 0.05 -0.25 -0.23 0.10 0.24 -0.24 0.07 -0.03 -0.07 0.15 0.02

Elevation 0.44 0.50 0.43 0.46 -0.56 0.19 0.33 0.02 -0.08 -0.68 0.34 0.13 0.46 0.44

Parameter; Tree Height | Tree DBH | Canopy Closure | Total BA | Stand Density | Average BA | Elevation
Tree DBH 0.60 1.00 i

Canopy Closure 0.16 0.54 1.00
Total BA 0.18 0.22 0.50 1.00

Stand Density 0.24 0.24 0.52 0.93 1.00
Average BA -0.03 0.05 -0.15 -0.28 -0.58 1.00

Elevation -0.15 0.00 0.30 0.05 0.05 -0.09 1.00

Table 5.9: Correlation between stand param eters, foliar pigments and chemical constituents for the ASAS study areas
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Parameters Canopy Closure Elevation Age Tree Height TrecJDBH Total_BA Stand Density
_________________________________Qptigal Indicts_________________________________

C l -0.62 -0.58 -0.50 -0.19 -0.42 -0.41 -0.35
C l -0.38 0.61 0.10 -0.41 -0.35 -0.29 -0.28
V I 0.64 0.39 0.42 0.28 0.48 0.47 0.42
V2 -0.60 -0.32 -0.32 ■021 -0.42 -0.49 -0.45
V3 -0.60 -0.31 -0.33 -0.28 -0.43 -0.48 -0.45

PR11 0.82 0.54 0.69 0.16 0.65 0.25 0.28
PRI2 -0.35 -0.22 -0.14 0.34 -0.06 0.27 0.14
PRI3 -Ov78 -0.62 -0.75 -0.18 •0.60 -0.26 -0.25
RE1 -0.64 -0.70 -0.54 -0.10 -0.38 -0.39 -0.35
RE2 -0.67 -0.72 -0.55 -0.03 -0.38 -0.39 -0.36
RE3 -0.64 -0.78 -0.55 0.10 -0.30 -0.33 -0.33
SR 0.62 0.60 032 0.20 0.44 0.38 0.36

S1PI -0.80 -0.36 -0.50 -0.42 -0.60 -0.44 -0.45
RARSa -0.59 -0.75 -0.54 -0.12 -0.38 -0.35 -030
RARSb 0.67 0.60 0.56 -0.02 0.41 0.34 0.34
RARSc •0.08 0.70 0.32 -0.24 -0.10 -0.06 -0.07
PSSRa 0.60 0.64 0.49 0.17 0.39 0.41 0.37
PSSRb 038 0.66 033 0.12 0.39 0.36 0.29
PSSRc 0.37 0.76 0.45 ’•0.05 0.18 021 0.20

LandsatTM and Narrow-band indices
NDVI 0.61 0.67 0.51 0.15 0.38 0.39 0.34
TVI 0.61 0.67 031 0.15 038 0.39 0.34

R550/R700 0.18 -0.31 -0.16 0.37 0.02 0.36 0.39
R850/R700 0.45 0.24 0.26 0.27 0.34 0.41 0.40
R850/R550 0.36 0.50 0.39 0.00 0.26 0.21 0.20
R815/R740 -0.68 -0.53 -0.62 -0.32 -0.68 -0.35 -0.24
R734/R693 0.60 0.41 0.46 0.28 0.47 0.42 0.38
R734/R714 0.71 0.60 0.60 0.17 031 0.41 0.35
R550/R600 0.62 0.50 0.53 021 0.40 0.45 0.37

Table 5.10a: Correlation between ASAS spectral indices and forest stand parameters
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Parameters Canopy Closure Elevation Age Tree Height Tree DBH Total BA Stand Density
Derivative Indices

REIPwave 0.38 0.33 -0.01 0.31 0.18 0.24 0.32
REIPslope -0.26 -0.58 0.02 0.10 0.07 -0.03 -0.16-

D714/D704 0.41 0.30 0.00 0.28 0.19 0.11 ■ 0.22
Dmax/D714 0.54 0.38 0.15 0.35 0.33 032 0.31
Dmax/D704 0.77 030 0.43 0.20 0.45 0.19 0.32
Dmax/D744 -0.19 -0.07 0.15 -0.20 0.01 -0.19 -0.16

Inverted Gaussian Model Parameters
Rs -0.48 -0.82 -0.39 -031 -033 -0.35 -0.34
Ro -0.56 -0.72 -0.47 -0.32 -0.37 -0.40 -0.36
Xo 0.40 0.59 0.27 037 0.32 038 0.36
a -0.50 -0.61 -0.49 -0.04 -0.40 -030 -0.06
Xn -0.15 -0.07 -0.27 033 -0.12 0.17 0.30

Normalized Bands
N683.2 -0.34 -0.27 -0.20 -0.70 -0.36 -034 -0.55
N693 -0.37 -0.38 -0.25 -0.67 -0.39 -030 -034

N703.8 -0.49 -0.46 -0.36 -039 -0.46 -035 -035
N714 -0.48 -0.42 -0.31 -0.58 -0.45 -0.56 -0.56
N724 -032 -0.45 -0.34 -033 -0.46 -036 -0.56

N734.2 -0.48 -0.40 -0.28 -039 -0.44 -039 -038

Figure 5.10b: Correlation between ASAS spectral indices and forest stand param eters
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Parameters: a b Car (a+b) a/b N Lignin Cellulose Polar Non Polar Car/N (a+b)/Car (a+b)/N
Optical Indices

C l -0.52 -0.55 -0.38 -0.53 0.51 -0.27 -0.69 -0.60 0.64 0.84 -0.48 -0.29 -0.50
C2 0.40 0.40 065 0.40 -0.09 -0.28 -0.07 -0.48 0.39 -0.14 0.54 -0.43 0.58
VI 0.42 0.44 0.26 0.42 -0.43 0.26 0-68 0.69 -0-71 M l 0.39 0.31 0.39
V2 -0.36 -0.38 -0.21 -0.37 0.38 -0.22 -0.63 -0.66 0.68 0.64 -0.36 -0.29 -0.34
V3 -0.36 -0.38 -0.21 -0.36 0.37 -0.22 -0.63 -066 0-68 0.64 -0.36 -0.29 -0.33

PRII 0.19 0.24 0.05 0.21 -0.46 0.18 0.48 0.51 -0.46 -0.74 0.12 0.33 0.18
PRI2 0.32 0.29 0.38 0.31 -0.05 0.28 0.36 0.36 -0.47 -0.02 0.40 -0.30 0.24
PRI3 -0.23 -0.28 -0.11 -0.24 0.52 -0.26 -0.51 -0.49 0.46 0.77 -0.14 -0.27 -0.20
RBI -0.47 -0.52 -0.35 •0.48 0.58 -0.27 -0.66 -0.55 0.59 0.88 -0.42 -0.30 -0.46
RE2 -0.38 -0.44 -0.27 -0.40 0.59 -0.22 -0.62 -0.53 0.55 0.85 -0.33 -0.30 -0.38
RE3 -0.26 -0.32 -0.19 -0.27 0.60 -0.15 -0.52 -0.43 0.44 022 -0.24 -0.25 -0.27
SR 0.48 0.52 0.37 0.49 -0.51 0.24 0.65 0.58 -0.61 rOM 0.48 0.25 0.48

SIPI -0.36 -0.39 -0.13 -0.37 0.46 -0.43 -0.58 -0.70 0.64 0.81 -0.27 -0.44 -0.25
RARSa -0.54 -0.59 -0.42 -0.56 0.60 -0.29 -0.66 -0.52 0.56 0.90 -0.48 -0.30 -0.54
RARSb 0.24 0.29 0.19 0.26 -0.49 0.08 0.52 0.50 -0.49 -0-72 0.29 0.18 0.28
RARSc 0.56 0.57 0.75 0.56 -0.26 -0.14 0.24 -0.10 0.02 -0.45 0.72 -0.34 0.71
PSSRa 0.53 0.57 0.40 0.54 -0.54 0.29 0.70 0.59 -0.63 -0.86 0.49 0.27 0.51
PSSRb 0.55 0.58 0.43 0.56 -0.52 0.23 0.68 0.53 -0.59 -0.85 0.50 0.25 0.56
PSSRc 0.60 0.63 0.56 0.61 -0.50 0.14 0.63 0.36 -0.46 dOZS 0.59 0.12 0.65

LandsatTM and Narrow-band indices
NDVI 0.54 0.58 0.40 0.55 -0.56 0.29 0.68 0.56 •0.60 -0-88 0.48 0.30 0.52
TVI 0.54 0.58 0.40 0.55 -0.56 0.29 0.68 0.56 -0.60 -0.88 0.48 0.30 0.52

R550/R700 -0.15 -0.15 -0.21 -0.15 -0.07 0.36 0.16 0.50 -0.43 -0.02 -0.08 0.04 -0.33
R850/R700 0.34 0.36 0.28 0.35 -0.32 0.18 0.54 0.63 -0.63 -0.55 0.45 0.10 0.33
R850/R550 0.52 0.53 0.52 0.53 -0.29 -0.02 0.49 0.34 -0.39 -0.63 0.63 0.02 0.61
R8I5/R740 -0.34 -0.40 -0.12 -0.35 0.60 -0.30 -0.58 -0.57 0.57 0.74 -0.13 -0.46 -0.30
R734/R693 0.44 0.46 0.32 0.45 -0.43 0.25 0.65 0.66 -0.68 -0.73 0.45 0.21 0.42
R734/R714 0.47 0.51 0.32 0.48 -0.51 0.27 0.68 0.59 -0.62 -0.86 0.39 0.32 0.45
R550/R600 0.34 0.40 0.24 0.36 -0.60 0.41 0.67 0.73 -0.73 -0.77 0.29 0.20 0.25

Table 5.1 la : Correlation between ASAS spectral indices and canopy foliar constituents M
8
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Index Significance 
o f effects

F-ratio P r

1. Ootical Indices
C l Sensor

DC
0.45
11.76

WQ6
0.000

0.74

Cl Sensor
DC

22.75 
0.28 ~

0.000
0.839

0.67

V I Sensor
DC

3.70
1.32

0.064
0.285

0.45

V2 Sensor 
DC .

8.51
6.70

0.007
0.001

0.70

V3 Sensor
DC

2.09
6.51

0159
0.002

0.65

PRI1 Sensor
DC

67.56
3.93

0.000
0.018

0.86

PRI2 Sensor
DC

15.46
0.67

0.000
0.577

0.61

PRI3 Sensor
DC

70.84
5.93

0.000
0.003

0.87

RE1 Sensor
DC

111.12
11.79

0.000
0.000

0.92

RE2 Sensor
DC

136.60
9.42

0.000
0.000

0.92

RE3 Sensor
DC

196.36
5.33

0.000
0.005

0.94

SR Sensor
DC

127.93
9.49

0.000
0.000

0.92

SIPI Sensor
DC

1412.29
2.43

0.000
0.086

0.99

RARSa Sensor
DC

917.83
5.10

0.000
0.006

0.93

RARSb Sensor
DC

829.49
3.30

0.000
0.034

0.91

RARSc Sensor
DC

11.10
2.02

0.037
0.133

0.62

Index Significance 
of effects

F-ratio P r

2. LandsatTM and Narrow-band Indices
NDVI System 0.06 0.811 0.85 

DC 24.93 0.000
TVI Sensor 0.04 0.846 0.86 

DC 2638 0.000
R850R700 Sensor 200.68 0.000 0.94 

DC 2.90 0.052
R850R550 Sensor 3637 0.000 0.82 

DC 7.00 0.001

2J2erivative Indices
REIPwave Sensor

DC
11.94
7.35

0.002
0.001

0.73

REIPslop Sensor
DC

454.66
3.42

0.000
0.030

0.97

D714/D704 Sensor
DC

16.82
9.30

0.000
0.000

0.78

Dmax/D714 Sensor
DC

12.18
9.45

0.002
0.000

0.77

Dmax/D744 Sensor
DC

34.14
3.02

0.000
0.046

0.78

4Jny£C£$L2a«5$ian Model Parameters
Rs Sensor

DC
198.43
4.20

0.000
0.014

0.94

Ro Sensor
DC

2.86
1330

Q,1Q2
0.000

0.78

Xo Sensor
DC

101.00
5.79

0.000
0.003

0.90

<J Sensor
DC

15.98
3.35

0.000
0.033

0.68

tat Sensor
DC

12.61
0.97

0.001
0.420

039

Table 5.12: Relationship between spectral indices computed using ASAS and GER2600
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VYCHOI

JIHOMdkAVSKT

_  _ Areas o f ASAS over-flights
SI, S2, S3 M ajor research areas

Figure 5.1: Location o f the study areai iu the Krusae hory: Norway spiuce forests 
representing the full range of forest health conditions due to S02 pollution.
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a. Healthy Forest (DCO), 
Czech Republic

b. Heavily Damaged Forest 
(DC3), Czech Republic

Figure 5.2: Extreme forest health conditions encountered during the present 
study.
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a. An Antonov2 single engine bi-plane used for the airborne acquisition o f ASAS 
high spectral resolution imagery for the Krusne hoiy, Czech Republic, 1998.

b. The Airborne Solid-state 
Array Spec tro radio me ter 
(ASAS) on board the 
Antonov2.

Figure 5.3: High spectral resolution nadir data acquisition for the study sites. Data 
were acquired using the Airborne Solid-state Array Spectrometer flown on board the 
Antonov2 airplane.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a. ASAS - R805.8,G703.8,B601,8nm; Prebuz, Knene Hoiy, Czech Republic 1998

b. Bright (lime pit) ground 
calibration target c. Daik (asphalt) ground 

calibration targets

Figure 5.4: Ground calibration o f the ASAS data. For calibration of the ASAS data, 
ground spectra from bright (b) and dark (c) targets were collected.
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a. GER2600 venui ASAS - Line Fit Plot
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b. Comparison Between GER2600 and ASAS Spectra

• lime reflectance (field measurements, GER2600) 
lime spectra • ASAS, gain corrected ASR calibrated to 
reflectance
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Figure 5.5: Evaluation o f ASAS radiometric calibration. ASAS reflectance 
spectra and GER2600 reflectance spectra fo ra bright (lim e pit) ground 
calibration target were compared (ASR - at sensor radiance).
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b. Individual crowns 
within a healthy canopy

Figure a: ASAS image with location of DCO and DC1 study sites. 
Displayed are bands: R805.8, G703.8, B601.8

Figure 5.6 (a~c): Extraction of reflectance spectra fo r Norway spruce canopies from 
individual tree crowns (healthy DCO and initial damage DC1). Spectra were extracted from 
the brightest pixel within a  tree crown (Fig. 6 c. pixel 3 = 8  above). Note the presence o f heavy 
shadowing within a tree crown and within the canopy o f the healthy stand, possibly due to the 
time o f day (10:30am, local time) o f the overflight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.6d: Extraction of reflectance spectra from individual tree crowna 
(intermediate DC2 and severe DC3 damage). For each stand, spectra were extracted for 
20-30 crowns, from the brightest pixels within a tree crown (in blue above). Note the 
relatively lower level o f shadow within the crowns o f a heavily damaged stand, possibly 
due to the higher sun angle related to time o f day (12:30pm, local time) o f data 
acquisition.
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a.

Wavelength (nm)

b. s s
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Figure 5.7 (a4>): ASAS spectra extracted from individual tree crown: (a) 
Reflectance, (b) First derivative transformation o f  reflectance (X’>. The number 
from 1-10 assigned to each spectral curve refer to the numbered pixels in Figure
5.6.c.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

C.
i nn aa -------- 1

2
Lr

>0

/ V*
a* 7
g iU.wv
ff 6A  Afl

5

5  nn

2  30.00 
«  20 00 •

-------- 6

7

0 00 -

-------- 10
6'ro 6!10 6110 7C 

Wv
10 7 
/elen

0 7: 

gth (i
10 72 

lm)

to 7<i10 7!

0.05
0.04
0.03
0.02
0.01

d

- 0.01
- 0.02
-0.03
-0.04
-0.05

725 775 825575 625 675
— 10Wavelength (nm)

Fifure 5.7 (c4 ): ASAS spectral extracted from tree crown: (c) Reflectance 
Normalized to 670-750nm region; (d) Second derivative o f reflectance. The number 
from 1>10 assigned to each spectral curve refer to the numbered pixels in Figure
5.6.c.
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Figure 5.8: Reflectance o f Norway ipruce forest canopy. Least square means 
(ANOVA) and standard errors (a), and means and standard deviations (b) are 
plotted for ASAS data acquired for the full range of damage (DC0-DC3) across 
the Kmsne hoiy, Czech Republic.
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Figure 5.9: Reflectance Seniitivity of Norway Spruce Forest Canopy. Reflectance 
difference (a.) was computed by subtracting mean reflectance o f healthy from that o f 
each level o f damaged canopy. Reflectance sensitivity to damage (b.), or the relative 
change in reflectance was computed by dividing the reflectance difference by mean 
reflectance o f the healthy leaves. The red arrows indicate the regions for which 
differences were significant according to ANOVA (p<0.05) and Tukey-Kramer’s test.
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Figure 5.10: N orm alization of ASAS spectra. To evaluate reflectance 
properties in the red edge region ASAS reflectance spectra were normalized 
to 670nm minimum and 744nm maximum (a) and to 670-850nm 
wavelengths (b).
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Figure 5.11: First derivative transform ation of ASAS reflectance spectra. Least square (LS) Means and standard errors (a) 
and LS Means and standard deviations(b) are plotted (ANOVA).
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fig u re  5.12(a-l): Optical indices computed using high spectral resolution ASAS data. To illustrate the significance of 
the differences occurring with damage levels, least square means and standard errors are plotted (ANOVA).
The indices use bands from the visible, red edge and NIR regions.
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Figure 5.12(m-s): O ptical Indkc* com puted using high spectral resolution ASAS data. To illustrate the significance of 
the differences occurring with damage levels, least square means and standard errors are plotted (ANOVA).
The indices use bands from the visible, red edge and NIR regions.
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Figure 5.13(a-I): LandsatTM and Narrow-band ratios computed using high spectral resolution ASAS data. To illustrate the significance of 
the differences occurring with damage levels, least square means and standard errors are plotted (ANOVA).
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Chapter 6

CONCLUSIONS

The goal of the present study was to develop the means for forest stress detection 

and monitoring of initial forest damage levels. Since vegetation spectral properties are 

closely tied to foliar pigment and structural chemical content, remote sensing methods 

using spectral indicators sensitive to the changes in foliar bio-physiological properties 

characteristic of damage will provide the necessary tools for separation of initial levels of 

forest damage.

In chapter 3, we present a preliminary assessment of the potential of a video- 

based Narrow Band Imaging Camera (NBIC) system for forest damage detection at the 

foliar and canopy levels. The results horn this work demonstrate that the NBIC allows for 

the visualization of the foliar spectral changes occurring with initial damage in Norway 

spruce. An inter-comparison of instruments (NBIC and GER2600) using foliar and 

canopy measurements demonstrated that band ratios performed better than individual 

bands. Band ratios computed from the lOnm narrow band reflectance provided similar 

results to that obtained by a GER2600 spectrometer.

Chapter 4 presents the results from an evaluation of Norway spruce foliar spectral 

and biochemical properties from a full range of damage conditions. Based on 

dendrochronological evaluation of tree yearly increment growth for the study sites, an 

apparent decline in forest growth began during 1965-67, affecting all spruce forests in the 

area of Krusne hory (including the healthy DCO). An apparent
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recovery began during the mid 1980s, when a trend of increasing yearly tree increment 

growth was observed for all damage classes (including DC3). This trend suggests that 

with the current study we are possibly addressing tree physiology in a stage of forest 

recovery, or the long-term effect of the decline after the main stress factors have been 

reduced.

The analysis of foliar pigments, structural chemical constituents and field 

spectrometer data presented in chapter 4 demonstrate that high spectral resolution foliar 

measurements provide a remote sensing tool for forest health evaluation by separating 

foliage from healthy forests from forests with initial damage. Based on Norway spruce 

foliar measurements, the 680-740nm spectral region demonstrates the highest potential 

for separation of initial damage level. Among the spectral indices from the first-, second 

and third-year needles, third-year needle reflectance indices demonstrated the highest 

potential for separation of the damage levels. Based on foliar field reflectance 

measurements for third-year needles, derivative spectral indices from the red edge region 

were most strongly correlated to damage level (V4, REIPslope and Dmax/D704), 

followed by the indices ratioing a highly sensitive to the decline band (around 700nm, or 

570nm; PRI1, PRI3, GM2) to insensitive to damage bands (e. g. 750nm, 530nm), and the 

Inverted Gaussian Parameter Ro. The first six indices were strongly correlated to damage 

class, while the Ro index exhibited the highest relative change (sensitivity) from healthy 

to initial damage level among all indices.

Analysis of chlorophyll and carotenoid pigment data indicated relatively stable 

pigment levels across the damage gradient This finding corresponds with the apparent 

recovery in forest growth observed since the mid 1980s in the Krusne hory, and suggests
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that pigment levels appear to be less indicative of the long-term effects of the pollution 

decline and more responsive to the short-term changes in the environment.

This study established a strong correlation to damage for the foliar chemical 

constituents (lignin, cellulose, polar and non-polar compounds). The more damaged 

needles exhibited a significant increase in foliar polar compounds (tannins, sugars and 

starch) and a lower needle lignification and relative cellulose levels. Foliar structural 

chemical compounds (e.g. polar and lignin) appear to be effective indicators of the long

term environmental conditions. The highest correlation revealed was between damage 

level and polar compounds, suggesting a high potential for use of these constituents as 

bio-indicators of stress. Since cellulose and lignin are cellular structural components and 

unlikely to change in response to an environmental change, the polar constituents are thus 

more valuable as stress indicators.

The strong correlation between the high spectral resolution indices sensitive to 

damage and the sensitive foliar chemical constituents (e.g. polar constituents) provides 

the link between foliar physiological properties and the reflectance indices, and forms the 

basis for use of the indices as bioindicators of forest decline.

Chapter S presents analysis of ASAS data conducted to assess the potential of 

airborne high spectral resolution data for separation of initial damage levels. Canopy 

hyperspectral data were able to separate healthy from initially damaged canopies, and 

therefore provide improved damage separation capabilities as compared to multispectral, 

narrow and broad band systems. The 673-724nm spectral region was identified as having 

maximum sensitivity to initial damage. This region corresponds with the spectral region 

most sensitive to damage as identified on the basis of the foliar reflectance measurements
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made indie laboratory. Twelve indices were identified as useful for separation of damage 

classes, from which six -  four optical indices, one derivative index (incorporating 

reflectance from the red edge region) and one of the normalized red edge bands, are 

presenting the most potential for use as bio-indicators of the initial level of damage.

Finally, by a direct comparison between ASAS canopy spectral measurements 

and foliar (field/laboratory) spectral measurements, this study demonstrates that using 

hyperspectral reflectance ratios, canopy reflectance measurements can produce 

reflectance spectra that resemble leaf level reflectance measurements closely. Five 

indices were identified as providing similar results, from which two (reflectance ratio of 

R693/R775 and the position of the reflectance minimum in the chlorophyll well (Ro), as 

computed by the Inverted Gaussian Model) have shown a high potential for separation of 

the initial forest damage levels.
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Figure: A.1.1: Narrow Band Indices (lim a ). C l (R693/R775).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.2: Narrow Band Indices (2£nm). C2 (R693/R420).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A .1J: Narrow Band Indices (2£nm). VI (R74Q/R720).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A. 1.4: Narrow Band Indices (2£m n). V2 ((R734-R747)/(R715+R726)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b>damage and (c) age are evaluated.
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Figure:A.1.5: Narrow Band Indices (2Jnm ). V3 ((R734-R747)/(R715+R720)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure:A.1.6: Narrow Band Indices (L5nm ). PRI1 ((R530-R570)/(R530+R370)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.7: Narrow Band Indices (15nm). PRI2 ((R550-R530)/(R550+R530)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.8: Narrow Band Indices (15nm ). PRI3 ((R570-R540)/(RS70fR540)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure:A.1.9: Narrow Band Indices (23nm ). RE1 (Average R(675...705)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.10: N arrow  Band Indices (2£nm ). RE2 (Average R(714...72S)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.11: Narrow Band Indices (Z£nm). RE3 (Average R(730...745)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.12: Narrow Band Indices (&5nin). SR (R775/R675).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and <c) age are evaluated.
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Figure: A.1.13: Narrow Band Indices (2£nm ).SIPI ((R800-R450)/(R800-R650)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.14: Narrow Band Indices (Z5nm). PSRI ((R680-R500)/750).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.15: Narrow Band Indices (2.5nm). RARS (R800/R670).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.16: N arrow  Band Indices (&5nm). GM1 (R750/R550).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.17: Narrow Band Indices (2.5am). GM 2 (R7SQ/R700).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.18: Narrow Band Indices (&5nm). Green (R554/R675).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.1.19: Narrow Baud Indices (&5nm). Lichtenthaler (R440/R690).
Least square (LS) means and standard errors are plotted. H ie effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.2.1: Broad Band Indices. TM3/TM1 (AverageR(620...690))/(AverageR(450...520)>. 
Least square (LS) means and standard errors are plotted. The effects o f (a) and age
together, (b) damage and (c) age are evaluated.
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Figure: A .2.2: B road Band Indices. TM5/TM4 (Average R(1150...1750))/(Average R(760...900)). 
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A J J :  Broad Band Indices. NDVI ((TM4-TM3)/(TM4+TM3)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A .2.4: B road B and Indices. TV I (SQRT ((NDVI+0.5)*100)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A J.6 : B road Band Indices. NDVI675 ((TM4-R675)/(TM4+R675)).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A J.7 : B raid  Band Indicia. NDVHOO ((TM4-R700)/CTM4+R700)).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: K 2 9 t  N arrow  Band Ratios. R84WR700 (R840/R700).
Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Least square (LS) means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Least square (LS)means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.3.2: D erivative indices. R EIPslopcD m ax (D maximum in tbe 670-730nm region). 
Least square (LS)means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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F ig u rc :A JJ: Narrow Band Indices (&5nm). V4 (D715/D705).
Least square (LS) means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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F igure: A J .4 : D erivative indices. Dmax/D714 (Dmax/D714). Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) damage and 
(c) age are evaluated.
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Figure: A-3.5: D erivative indices. D717/D704 (D717/D704). Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) damage and 
(c) age are evaluated.
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Figure: A 3 .6 : Derivative indices. Dmax/D744 (Dmax/D744). Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) «tamag» and 
(c) age are evaluated.
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Figure: A J.7: Derivative indices. DPR1 (DXo/D(\o+12)). Least square (LS) nwsms and 
standard errors are plotted. The effects of (a) damage and age together, (b) damage and 
(c) age are evaluated.
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Figure: A3.8: Derivative indices. DPR2 (DXo/D(Xo+22)). Least square (LS) means and 
standard errors are plotted. The effects of (a) damage and age together, (b) damage and 
(c) age are evaluated
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F igure: A.3.9: D erivative indices. DPR21 (DXo/D703). Least square (LS) means and 
standard errors are plotted. The effects of (a) damage and age together, (b) damage and 
(c) age are evaluated.
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Figure: A J.1 0 : D erivative indices. DPR22 (DXo/D720). Least square (LS) means and 
standard errors are plotted. The effects o f (a) damage and age together, (b) damage and 
(c) age are evaluated.
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Figure: A.4.1: IGM indices. Rs (R maximum in the 670-850nm region). Least square 
(LS) means and standard errors are plotted. The effects of (a) damage and age together, 
(b) damage and (c) age are evaluated.
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Figure: A.4.2: IGM indices. Ro (R minimum in the 670-850nm region). Least square 
(LS) means and standard errors are plotted. The effects of (a) damage and age together, 
(b) damage and (c) age are evaluated.
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Figure: A.4-3: IGM  indices. Xo(WaveIength position o f RO). Least square (LS) means 
and standard errors are plotted. The effects o f (a) damage and age together, (b) damage 
and (c) age are evaluated.
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Figure: A4.4: IGM indices, a (Xo-for). Least square (LS) means and standard errors axe 
plotted. The effects of (a) damage and age together, (b) damage and (c) age are evaluated.
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F igure: A.5.1: A rea indices. Slope (Slope o f the line connecting the green and the NIR peak). 
Least square (LS)means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.5.2: A rea indices. A rea (Area between the vegetation curve and the line in "Slope"). 
Least square (LS)means and standard errors are plotted. The effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A .53: Area indices. Intercept (Product fo (be Area calculation). 
Least square (LS)means and standard errors are plotted. The effects of (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: ASA: A rea indices. Dept_sum  (Product fo the Area calculation).
Least square (LS)means and standard errors are plotted. Tbe effects o f (a) damage and age 
together, (b) damage and (c) age are evaluated.
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Figure: A.6.1:SWIR indices. SWIRl (R1365/R1455). Least square (LS) means and standard 
errors are plotted. The effects of (a) damage and age together, (b) damage and (c) age are 
evaluated.
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F igure: A .6.3: SW IR indices. SW IR2 (R1890/R1950). Least square (LS) means and standard 
errors are plotted. The effects of (a) damage and age together, (b) damage and (c) age are 
evaluated.
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Figure: A.6.4: SW D t indices. SW IR22 ((R1890-R1951)/(R1890+R1951)). Least square (LS) 
means and standard errors are plotted. The effects o f (a) damage and age together, (b) damage 
and (c) age are evaluated.
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