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Abstract 

Comprehending the spatial and temporal dynamics of the alien species infestation 

is critical to manage invasive plants in Hawai'i. Although recent advances in 

technologies have made a variety of remotely sensed images providing spatial and 

temporal information of invasive species available to resource managers, little spectral 

information are available for plant species on tropical island settings. In this study, we 

evaluated the capabilities of four major satellite sensors to distinguish nonnative species 

from native species ofHawai'i at leaf and canopy scales with the ultimate goal of 

establishing the baseline information for image analysis. The sensors were IKONOS, 

Quickbird, Landsat-7, Enhanced Thematic Mapper Plus and Advanced Spacebome 

Thermal Emission and Reflection Radiometer. The spectral properties of nonnative 

species: Psidium cattleianum (strawberry guava), &hinus terebinthifolius (Christmas 

berry) and, Coffea arbada (coffee) and native species: Acacia koa (koa), Diospyros 

sandwicensis (lama) and Metrosideros polymorpha ('ohia) were directly measured at the 

leaf scale, whereas the canopy spectral properties of the species were estimated using a 

radiative transfer model constrained with sampled biophysical and chemical components 

of the species. Statistical analyses determined the ability of these sensors to discrimjnate 

among different species. In particular, the sensors with the short wavelength bands 

resulted in the high discrimjnability. The relative capability of the spectral bands in 

determining species separability were different at the leaf and the canopy scales 

indicating the change in the primary biophysical characteristics affecting the separability 

from the leaf to the canopy scales. These results suggest the effectiveness of remote 

sensing techniques for invasive species management in tropical islands. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

1.1.1 Invasive Plant Species Issues in Bawai'i 

Plant invasion is one of the most significant threat to various ecosystems allover 

the world. Oceanic islands are considered particularly susceptible to such invasion for 

several reasons: less exposure to different types of disturbances, a small number of 

species, and taxonomic disharmony and reduced aggressiveness of native biota due to 

less genetic variety (Loope 1992). In the U.S., the invasions by alien plant species are 

especially severe in Hawai'i. Nearly 100% ofHawai'i's endangered bird and plant 

species are threatened by introduced species (Wilcolve et al. 1998). Staples and Herbst 

(2005) listed approximately 9,900 introduced cultivated plant species in Hawai'i, among 

• 
which 1240 species are listed as naturalized in Hawaiian islands (Wagner et at. 2005). 

1 

Approximately 90 plant species have become invasive and threatened native plant species 

(Smith 1985). Various grasses, banana poka (Pssiflora mollissima), strawberry guava 

(Psidium cattleianum), fire tree (Morellafaya), kahili ginger (Hedychium 

gardenerianum), Australian tree fem (Sphaeropteris cooper/) and clidemia (Clidemia 

hitra) are among the most destructive invading plants (Loope 1999). Miconia (Miconia 

calvescens) which is known to suppress the growth of native plant species by creating 

deep shadows (Meyer and Florence 1996), was introduced as a horticultural plants in 

Hawai'i in 1961 (Medeiros etal. 1997) and spread through the wet forests ofall major 

islands. 



1.1.2 Remote Sensing and Invasive Species Management 

One of the important components in plant invasion management is 

comprehending the spatial and temporal dynamics of the spread of invading population 

(Hobbs and Humphries 1994). Even though the exigent needs for invasive species 

management is to prevent introductions of new species and to eradicate those species 

upon entry, assessments over time and space are essential in detecting, mapping and 

monitoring spatial distribution, abundance, and population composition of invasive 

species when the first tasks to prevent entries of new species are unsuccessful (Mack 

2005). 
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Remote sensing has gathered attention as an emerging technology for providing 

spatial information of invasive species (National Invasive Species Counci12001, U.S. 

Congress OTA 1993, Schnase et al. 2002, Turner et al. 2003). The number of 

publications on applications of remote sensing and geographical information systems to 

mapping invasive species has been increasing over the years (Joshi et al. 2004) as various 

remote-sensed imagery has become available for civilian uses with the recent advance of 

computer technologies. Schott (1997) descnbed some prominent advantages of remote 

sensing. Images acquired by airborne or satellite based remote sensing systems provide 

information oflarge scale patterns, trends and interactions. It also provides temporal 

information by repeatedly acquiring data over the same areas. These attributes would be 

beneficial to assessments of invasive species infestations (Joshi et al. 2004). 

1.1.3 Remote Sensing Applications 

Remote sensing is a science of acquiring information about the earth's surface 

without being in contact with it. Airborne or satellite sensors "sense" portions of 
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reflected or emitted electromagnetic (EM) radiation (e.g. viSIble, near-infrared) of 

materials in image format. Depending on its chemical compositions and structures, every 

material reflects or emits EM radiation in different magnitudes with respect to 

wavelength. These "spectral signatures" are used to differentiate or even to identify 

surface objects either qualitatively or quantitatively. Land use and land cover maps are, 

for example, created based on differentiating spectral signatures. 

When vegetation is of interest, it is necessary to recognize that many factors 

influence spectral signatures/properties (reflectance, transmittance, and absorptance). 

Photons not reflected at the leaf surface then travel into the leaf interior and interact with 

the chemical and biophysical properties of the leaves, therefore the spectral properties of 

leaves are controlled by these internal properties ofleaves (Asner 1998, Clark et al. 2005). 

Pigments within chloroplasts such as chlorophyll absorb the visible portion of the EM 

radiation, giving low levels of reflection over the region (Gates et al. 1965,Woolley 1971, 

Baranoski and Rokne 2004). On the other hand, plants hardly absorb any radiation of the 

near-infrared (NlR) region resulting in high reflectance of the region. The high NlR 

reflectance is caused by photon scattering in leaf internal cell walls such as spongy 

mesophyll (Gates et al. 1965, Woolley 1971, Baranoski and Rokne 2004). The spectral 

properties of the far-infrared portion are controlled by water contents in leaves. As water 

is lost from leaves, the reflectance increases (Woolley 1971. Baranoski and Rokne 2004). 

Because these chemical and biophysical factors affecting the spectral properties ofleaves 

vary between species, and within species depending on maturity, surface characteristics 

and thickness ofleaves, facelback ofleaves and sun/shade leaves (Woolley 1971, Roberts 

et al. 1998), the spectral properties ofleaves also vary correspondingly. 
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At the canopy level, canopy structures such as the amount ofleaves and stems 

(i.e., leaf and stem area index), their orientation (Le., leaf and stem angle distribution), 

and background reflectance (soil/litter) largely affect spectra1 signatures of plants (Asner 

1998, Clark et al. 2005). The variability in leaf area index and leaf angles is the 

dominant factor controlling canopy reflectance (Asner 1998). The canopy structures are 

often largely different between species and within species. By differentiating these 

spectral properties among the species, vegetation classification at species level can be 

achieved. 

Recent advances in technologies have made various remote sensing data available 

to resource managers of diverse land use systems. Aerial photography methods have 

long been utilized for vegetation surveys and weed detection in agricultural lands, 

rangelands and forests. For example, Hessburg et aZ. (2000) detected the change in the 

vetgetation composition in Columbia River basin and portions of the Klamath and Great 

Basins in Oregon using historical aerial photography. 

Numbers of satellite-borne multispectra1 broadband sensors which collect data 

over a variety of different wavelength ranges (CCRS 2005) are available for detecting 

invasive species infestations. Dymond and Shepherd (2004) used the Landsat-7 

Enhanced Thematic Mapper Plus (ETM+) data and successfully produced a land cover 

map of the Wellington region in New Zealand with the accuracy of 95%. They were also 

successful in determining the composition of the indigenous forest. The combination of 

the Landsat ETM+ image with environmental and topographical data predicted the 

occurrence of several non indigenous species (Rew et aZ. 2005). 



Recently commercial sources of remote sensing data have become available for 

complementing other multispecral sensors by their high spatial resolutions: GeoEye 

IKONOS with the spatial resolution of 1m for panchromatic and 4m for mu1ispectra1 

(blue, green, red and near-infrared) bands and Digital Globe Quickbird with the spatial 

resolution of O. 7m for panchromatic and 2.8 for multispectral bands. 
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Airbrone or space-borne hyperspectral sensors, which collect the spectral 

signatures of the electromagnetic spectrum in narrow and continuous increments (Lass et 

aI. 2005), have been proven to be highly effective to detect invasive plants at species 

level. The colonies ofBrazillian pepper (Schinus terebinthifolius) in Everglades National 

Park in Florida were classified accurately with a hyperspectral sensor although the result 

suggested that it will not be able to use the data to find scattered individual trees (Lass 

and Prather 2004). Lass et al. (2005) detected Centaurea maculosa and 

Gypsophilapanifulata in Swan Valley, Idaho with a hyperspectral sensor. Clark et al. 

(2004) showed the high discriminabilities among tropical rain forest trees at the crown 

scale using 30 optimally-selected bands with the overall accuracy of92%. The 

hypetspectral narrowband data also provided the high accuracy of the crown scale 

classification relative to the accuracies achieved with simulated multispectral broadband 

data. 

In Hawai'i, these remote sensing data are beginning to be explored for the 

invasive species management. Under Operation Miconia of Big Island Invasive Species 

Committee (2003), the populations of Miconia calvescens were located on the Big Island 

Hawai'i by aerial surveys. The Hawai'i Gap Project (2005) utilizes Umdsat 7 imagery 

and GIS processing for 8 main Hawaiian islands, to acquire land cover information and 
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spatial distribution data for a number of key species including both native and nonnative 

species. The infestation of Morella faya and Hedychium gardnerianum in the Big Island 

was detected with the combination ofhyperspectral data and photon transport modeling 

(Asner and Vitousek 2005). 

1.1.4 Issues 

Although many successful cases of invasive species detection have been reported 

in recent years, some considerations are still to be made when the techniques are applied 

in Hawai'i. First of all, few studies have addressed the effectiveness of remote sensing 

methods in invasive species management in tropical islands settings such as the Hawaiian 

Islands. Secondly, the available sensor systems for Hawai'i are scarce, even though 

hyperspectra1 data are proven to be effective to detect invasive plants. Such data of 

tropical islands are still difficult to financially acquire for many resource managers. 

According to Lass et al. (2005), the cost for hyperspectra1 data from a commercial 

company varies between $60,000 and $100,000 for a 20 by 40 km area with 2 to 3m 

spatial resolutions. The data readily accessible are taken by the multispectral broadband 

sensors which record EM radiation at several discrete wavelength. The capabilities of 

these multispectral broadband sensors to discriminate among tropical nonnative and 

native plants are not defined. Thirdly some features of the Hawaiian Islands could cause 

complications when the remote sensing techniques are applied. Since it is known that 

topography can modulate remotely sensed signals (Myneni et al. 1995), highly rugged 

terrains typical in Hawaiian Island ecosystems may create shadows in images masking 

vital information of the area. Heterogeneous native forests could result in mixture of 

spectral signatures and therefore unable to separate species out (Foody 2002, Powell et al. 



2004). Finally there is little spectral information of both native and invasive tropical 

plant species available (Slinchez-Azofeifa et al. 2003) therefore the separabilities among 

the native and invasive plants in Hawai'i are not definitive. The effectiveness of remote 

sensing techniques to the management of biology invasion in Hawai'i needs to be 

examined further. 

1.2 Objectives 
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This study was originated by a collaborative project between Mohala I ka wai, a 

community group in Waianae, Oahu and Honolulu Board of Water Supply (HBWS). 

They are concerned with the decline ofMiikaba stream, which runs through the center of 

the Mlikaba valley, Oahu and question the influence of water pwnping by HBWS started 

in 1960s and of the infestation of invasive plant species in the valley. One of the 

objectives of the project is to create a vegetation map of the valley using remote sensing 

techniques to provide spatial extent and biogeophysical condition of invasive and native 

vegetation communities in the valley. This study is thus aimed particularly at developing 

the effective remote sensing technique in support of management of alien plant invasions 

in Miikaba valley, and further, in tropical islands like Hawaiian Islands. The specific 

objectives of the study are: 

Objective 1) To determine spectral separability among native and nonnative plant 

species of the Hawaiian Islands at leaf to canopy scales for satellite sensors available to 

resource managers. 

Objective 2) To evaluate and compare the performance of the available sensors to 

discriminate among the species and to detennine the sensor or band configuration that 

would provide the best potential discrimination capability. 
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Objective 3) To identify key biophysical factors of plants contributing to separation of 

native and nonnative species in remotely sensed signals. 

1.3 Hypothesis 

Hypothesis I) Native and nonnative plant species ofHawai'i are spectrally separable at 

leaf level as well as at canopy level. 

Hypothesis 2) Sensors with SWIR bands are more capable of discriminating among 

species than ones without SWIR bands. 

Hypothesis 3) The influence of certain physical characteristics of canopies (Leaf Area 

Index, Leaf Angle Distribution, Non Photosynthetic Active Vegetation Area Index and 

Non Photosynthetic Active Vegetation Angle Distribution) on canopy reflectance is 

larger than the one of chemical properties ofleaves therefore contributing more on the 

separation or non separation among the species. 



CHAPTER 2 MATERIALS AND METHODS 

2.1 Overview 

9 

The separabilities of reflectance among native and invasive plant species in 

Hawai'i was analyzed at two scales: leaf and canopy levels. Leaf reflectance were 

measured with a spectrometer. Due to the difficulty to acquire in situ top of canopy 

reflectance, canopy reflectance were modeled with a canopy radiative transfer model. 

Both types of reflectance were spectrally convolved to simulate the band responses of 

four common multispectral satellite sensors: Landsat-7 Enhanced Thematic Mapper Plus 

(ETM+), Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), 

IKONOS and QuickBird. Two types of statistical analysis were conducted to examine 

the abilities of individual bands as well as the sensors to separate the species. 

2.2 Study Site 

The study area was located in Miikaba Valley on the leeward side of the Island of 

O'ahu, Hawai'i. The area is dry and brush fire is often problematic during dry summer 

season. According to the Western Regional Climate Center, the annual average 

temperature of the lower part of the valley from 1997 to 2004 was 24 Celsius degree. 

The mean annual precipitation is between 1000 mm to 2000 mm (Giambelluca et aL 

1986). Miikaha stream in the valley provides water resources and recreational 

opportunities to the local communities downstream. The back portion of the valley is 

owned by Honolulu Board of Water Supply (HBWS) and desigoated as a conservation 

area. 



The area has been invaded by various nonnative species including Java plum 

(Syzygium cumim), Australian red cedar (Toona ciliata), Christmas berry (Schinus 

terebinthifolius) and strawberry guava (Psidium cattleianum). These species dominate 

the most of the area in the valley. The invasion is especially severe in the lower part of 

the valley. Native plant species are found only in the higher elevation areas as small, 

scattered patches. Various conservation works have being conducted by the HBWS, 

Army Corp of Engineering, and University of Hawai 'i to protect the ecosyatem and the 

native species in the area. 

Three species each from native and nonnative plants in the valley were selected 

for this study. These six tree or shrub species are relatively dominant in the MiUcaha 

valley, thus, would contribute significantly to remotely sensed signals. The native 
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species were 'ohia (Metrosideros polymorpha), lama (Diospyros sandwicensis), and koa 

(Acacia koa). The nonnative invasive species were Christmas berry (Schinus 

terebinthifolius), strawberry guava (Psidium cattleianum) and coffee (Coffea arabica). 

'Obia is endemic to Hawai'i and dominant in shrublands, and mesic to wet forests 

(Wagner et al. 1999). Lama is also endemic to Hawai'i. It is scattered to dominant in 

some types of dry to mesic forest, also extending to wet forest (Wagner et al. 1999). Koa, 

endemic to Hawai'i, is often dominant in dry to wet forest. Christmas berry is native of 

Brazil, Argentina and Paraguay (Ewel et al. 1982). It has aggressively colonized various 

types oflands in Florida particularly reported in Everglades National Park (LaRosa et al. 

1992). It was first recorded in 1909 in Hawai'i and introduced as an ornamental plant 

(Wester 1992). Strawberry guava is native to the central and south America regions, and 

one of the most serious weeds in Hawai'i often forming dense monotypic stands in 
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disturbed mesic forest and wet forest (Wagner et al. 1999). It was first reported in 

1908 in Hawai'i and introduced as a crop plant (Wester 1992). Coffee is possibly native 

of Etbiopia and it is widely cultivated and well naturalized in Hawai'i primarily in mesic 

to wet, disturbed sites. usually valleys or along streambeds (Wagner et al. 1999). It was 

introduced to Hawai'i as a crop plant in 1823 (Wester 1992). 

2.3 Field and Lab Measurement 

Six 32 m-by-32 m plots were drawn in the upper portion of the valley (Figure 1). 

The plots on the steep slope were adjusted for the slope by lengthening slope distance to 

acquire the 32m horizontal distance. Each plot contains one dominant species of the six 

species. For koa and 'iihia • two combined plots for these two species with some other 

native plant species were set due to the scarcity of sufficient coverage of these species in 

the valley. All the plots were placed on the northern facing slope of the valley to avoid 

the variability of the solar radiation effects due to the aspects of the valley. The altitudes 

of the plots are approximately 300 to 800 m above the sea level. The following 

parameters influencing canopy and leaf reflectance were sampled and measured from the 

plots for each species. 

2.3.1 Plant Area Index and Fractions of Leaf and Wood Area 

Plant Area Index (P AI). which is defined as one half the total surface area of 

leaves and supporting woody materials per unit ground surface area (Chen 1996). was 

measured for each species using a LAI-2000 plant canopy analyzer (LI-COR, Nebraska, 

USA). The instnunent determines the canopy light interception (e.g. canopy gap 

fraction) by the light measurements made above canopy and below canopy at 5 angles 
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simultaneously. The gap fraction was then inverted with a radiative transfer model to 

estimate the plant area index (Miller 1967, LI·COR Inc 1992, Chen and Cihlar 1995). 

The calculation is based on the assumption of the random foliage distnbution (LI·COR 

Inc 1992, Chen and Cihlar 1995). The measurements were taken at the centers of the 

grids created by dividing the plots into 4m by 4m grids (64 grids per plot). 5 samples per 

grid were measured: therefore a total of 320 samples per plot was taken. To minimize the 

contribution of scattered radiation, which causes underestimation ofP AI, the 45° view 

caps were used to mask the portion of the sky containing the sun and the measurements 

were taken under diffuse sky condition. 

Many optical instruments including LAI·2000 uses canopy gap fraction to 

indirectly estimate Leaf Area Index (LA!). The gap fraction measured by these 

instruments, however, includes the light interception by woody components therefore 

PAl instead of LAI is estimated from the fraction (Chen 1996 and Kucharik et al. 1998). 

To separate the PAl measured by LAI·2000 into leaf and wood portions, the photographs 

of canopy were taken at the centers of the grids. Then, fractions ofleaf and woody parts 

were estimated. Systematically selected 180 points within each photograph were 

classified into leaf or wood to estimate the fractions. These fractions were multiplied 

with the PAl values to estimate Leaf Area Index (LA!) and Non Photosynthetic 

Vegetation Area Index (NPV AI) of each plot 

2.3.2 Leaf Angle Distribution and Non Photosynthetic Vegetation Angle 
Distribution 

Leaf Angle Distribution (LAD) and Non Photosynthetic Vegetation Angle 

Distribution (NPV AD) were estimated from the direct measurements of the leaf and stem 
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angles of each species. The zenith angles ranging from 0" (horizontal) to 900 (vertical) 

were measured with an inclinometer. A total of500 angles of the leaves for each species 

were sampled. For the stem angles, the measurements were taken at a midpoint between 

a start of a stem and an end of the stem or a beginning of new stem/branch. More than 

300 angles of stems were directly measured for each species. 

2.3.3 Leaf and Bark Spectral Properties 

Fifty fresh leaves were harvested in the field and the spectral properties for a full 

range wavelength (400-2500 nm) were measured using a spectroradiometer (Field Spec 

Pro FR, Analytical Spectral Devices Inc., Colorado USA) equipped with an external 

integrating sphere (LI-1800, LI-COR, Nebraska, USA) within 24 hours after harvesting.. 

The ASD spectroradiometer records the EM energy reflected or transmitted by objects 

with I nm intervals. Daughtry's operational procedures for measming reflectance and 

transmittance of plant tissue samples (Daughtry et al. 1989) was modified to measure 

both adaxial and abaxial sides of the leaves. The measured adaxial and abaxial spectra 

were then averaged to produce one reflectance and transmittance spectrum each for one 

leaf. Fifteen bark samples for each species were harvested in the field and also measured 

with the ASD spectroradiometer attached with the integrating sphere but only the 

reflectance of the adaxial side were measured under the assumption that no photon is 

transmitted through stems. 

2.3.4 SoD and Litter Spectral Properties 

Soil and litter samples were collected at 3 randomly located grids within each plot 

for background reflectance measurement. The soils from S. guava and C. berry plots are 
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classified as clayey, kaolinitic, isohyperthermic rhodic eutrustox Halemano series, 

which is Oxisols that have ustic moisture regime (USDA-NRCS). The soils of the other 

plots are classified as Tropohumults-Dystrandepts association, which are soils on the 

rocky and steep slope area (USDA-NRCS). Although the classifications are outdated for 

the Tropohumults-Dystrandepts association, the official soil survey has not been updated 

yet. According to the personal communication with Christopher Smith, a USDA-NRCS 

soil scientist in Hawai'i, Tropohumults would become Hapludults or Haplustults and 

Dystrandepts would become Hapludands and Haplustands with the breakdown between 

udic and ustic soil moisture regimes (udic> 1500 mm, and ustic <1500 mm annual 

rainfall). 

The reflectance of the collected soils and litters were measured separately with the 

ASD spectroradiometer. The measurements were conducted within two hours ofHawai'i 

local noon (12:30 pm). A white calibration panel (Spectra1on, Labsphere, New 

Hampshire, USA) was used to convert from. radiance values to reflectance. The fiber 

optic of the spectroradiometer was held constant at 25 CDl above the soils and the litter 

with the linear field of view of 5 CDl. To capture variability of the back ground condition, 

the reflectance were measured with the wet and dry condition. First the soils and litters, 

which were air-dried after the collection, were measured, then they were wetted with 

water before the measurement and the reflectance were measured with the moderately 

wet condition (not saturated). Due to weather constraints, however, only reflectance of 

S.guava and C.berry plots (Halemano series) was measured. Therefore, a total of 6 soil 

(wet and dry) and litter (wet and dry) reflectance were collected for S. guava and C. berry. 

The measured reflectance were used for the background reflectance for the other species. 
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In the field, the fractional coverage of the groWld (soil versus litter) for each 

plot was then measured with a point intersection method. Five 10m transects were 

randomly placed within each plot and the groWld cover (either soil or litter) was 

identified every 10 CIn. The measured reflectance of soil and litter were weight averaged 

with the estimated fractions and the reflectance of the groWld surface mixing litter and 

soil were estimated for each plot. 

2.4 Radiative Transfer Modeling 

Canopy-level or top-of-canopy (TOC) reflectance of each of the species were 

simulated using a Scattering by Arbitrarily Incline Leaves (SAIL) canopy reflectance 

model (Verhoet: 1984). The model estimates the TOC reflectance using the values of 

geometry (SWl and view zenith and azimuth angles) structure (LAI, NPV AI, LAD and 

NPV AD), and tissue spectral properties (leaf and bark reflectance and transmittance) and 

soil reflectance (Asner 1998), 

MA}= I(T,S,G,Psl(A» (I) 

where p c( it ): Canopy level reflectance, T: tissues (leaf and bark reflectance ( p ) and 

transmittance ( or », S: structure (LA!, NPV AI, LAD, NPV AD), G: geometry (SWl and 

view zenith and azimuth angles) and p sI( it): backgroWld reflectance (Soil and Litter). 

To determine the potential range of variability in canopy reflectance, the 

parameters were perturbed within possible ranges (Table I) to produce 10,000 TOC 

spectra for each species. For the tissue spectral properties and soil reflectance, one 

spectrum each was chosen from the measured spectra. Since transmittance is the residue 

of photons not reflected or absorbed, reflectance and transmittance of a leaf are correlated. 
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Therefore, corresponding measured reflectance and transmittance of a leafwere paired. 

P AI value was selected from the range between the minimum and maximum values for 

each species. The fractions of leaf and wood area, which were paired, were randomly 

selected from the ranges between the minimum and maximum values, and multiplied to a 

fore-chosen P AI value to derive LA! and NPV AI. LAD and NPV AD were modeled as 

an ellipsoidal angle dis1ribution with mean leaf and NPV angles (Campbell 1990). The 

examples of the modeled LAD and NPV AD are shown in Figure 2. Mean angles of leaf 

and NPV were perturbed within:!: 10 % of the means of the measured angles. In this 

study, the hypothetical geometrical values were held constant: the solar zenith and 

azimuth angles as 21° and 00, respectively, and the view zenith and azimuth angles as 

both 0°. 

2.5 Spectral Separability Analysis 

Spectral analyses were conducted at two different scales, i.e., at leaf and canopy 

levels. The measured/modeled hyperspectral reflectance and transmittance were 

spectrally convolved to the spectral response curves of the following multispectral 

broadband sensors: Landsat-7 ETM+, ASTER, IKONOS, and QuickBird (Table 2). The 

band locations and widths are displayed in Figure 3. Landsat-7 ETM+ is a popular 

satellite-borne sensor launched by National Aeronautics and Space Administration 

(NASA) in 1999. The sensor provides 30 m multispectral images in4 bands in 

visible/near infrared (VNIR) wavelength regions and 2 bands in short wave infrared 

region (SWIR) wavelength regions. ASTER is a satellite-borne sensor launched in 1999 

and a collaborative effort between NASA and Japan's Ministry of Economy Trade and 

Industry (METI) with the scientific and industry organizations in both countries. The 
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sensor has 3 bands in VNIR wavelength regions with 15m spatial resolution and 6 

bands in SWIR regions with 30 m spatial resolution. IKONOS is the world's first 

commercial high -resolution imaging satellite launched in 1999 and operated by GeoEye. 

It provides 1m panchromatic and 4m multispectral images in 4 bands in VNIR 

wavelength regions. Quickbird is also a commercial satellite with high spatial resolution 

launched in 2001 by Digital Globe. It provides 72 em panchromatic and 2.88 m 

multispectral images in 4 bands in VNIR wavelength regions. 

Two statistical methods were then applied to the convolved reflectance and 

transmittance in order to assess the spectral similarities and dissimilarities among the 

species. The maximum likelihood classification algorithm was used to examine the 

capability of each sensor to discriminate the spectral signatures of the species. The 

algorithm calculates the likelihood of an unknown spectrum belonging to each of the 

classes which were predefined by training data sets and assigns the spectrum to that class 

where the likelihood is maximized. 

(3) 

i.e., the spectrumfbelongs to class 00 / ifp(ool!!) is the largest (Richards and Jia, 1999). 

p( co/If) is a posteriori probabilities that the spectrum belong to each of the training classes 

00 / , given that the spectra have the feature vector f(Schowengerdt 1997). For the leaf 

level analysis, all 50 spectra of each species were used as training data to predefine 6 

vegetation classes and each spectra was assigned to that class where the likelihood is 

maximized. For the canopy level analysis, due to the large number of samples, randomly 

selected 1,000 spectra from 10,000 spectra of each species were used as training data to 
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predefine the classes. All the estimated 60,000 spectra were then assigned to that class 

where the likelihood is maximized. 

The overall accuracies were calculated by snmming the nmnber of spectra 

classified correctly and dividing by the total nmnber of spectra. The producer accuracy is 

a measure indicating how many of the spectra assigned to a class have been correctly 

labeled. The user accuracy is a measure indicating how many of the total nmnber of 

spectra for a species have been correctly classified. Errors of commission represent 

spectra that belong to another class that are labeled as belonging to the class of interest. 

Errors of omission represent spectra that belong to the class of interest but the classifier 

has failed to classify them into the pIoper class. 

Secondly, t-test was used to examine the separabilities among the species and 

between the native and nonnative species at different wavelength regions or the bands 

The analysis was expected to generally explain which structural and chemical 

components influence most on the separabilities among the species. A mean 

reflectance/transmittance value of one species at a band were compared to mean values of 

the other species at the same band. The desired significant level 0.01 was divided by the 

nmnber of comparisons for one mean value (n = 5) to obtain individual critical points for 

the multiple comparisons (Bonferroni correction, Miller 1981). When P < 0.002, two 

species were considered to have significantly different means of spectra at a particular 

band, therefore they are separable. The results were then snmmarized into three 

categories: A) species separable from all the other species (P < 0.002 for all species), B) 

species separable from another group (e.g. native or nonnative), and C) species not 

separable from another group (P ?: 0.002 for one or more species from another group). 
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To further identify the relationship of the leaf and canopy reflectance with the 

structure and chemical contents ofleaf and canopy, the Normalized Difference 

Vegetation Index (NDV!) (e.g., Tucker 1979) was also examined by t-test: 

(2) 

where PNlR is the reflectance of near infrared (NIR) bands and Pred is reflectance of 

the red bands. The relationship between NDVI and LA! has been extensively studied and 

the positive logarithmic correlation between them is usually observed (Gamon et al. 1995 

and Roberts et al. 2004). Gamon et al. (1995) also described the positive logarithmic 

relationship between NDVI and the chemical components within canopy (e.g. 

Chlorophyll and Nitrogen contents). Therefore the separabilities of the species with 

NDVI were expected to explain the relationship between spectral properties of the 

species and the structure and chemical components ofleaf and canopy. Also, for the 

sensors without the SWIR bands such as IKONOS and QuickBird, the difference 

between red and NIR bands is one of the keys to differentiate the species. 



CHAPTER 3 RESULTS 

3.1 Canopy Structural Data 
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The mean and first degree of standard deviation ofP AI, leaf angles and NPV 

angles for each species are snmmarized in Table 3. The frequency distributions of these 

data are displayed in Figure 4, Figure 5 and Figure 6, respectively. P AI was concentrated 

around the value of 4 for all the species (Figure 4). The native species, however, had 

smaller P AI values (P AI = -1 to 2) than the nonnative species. 

The distribution ofleaf angles for each species is shown in Figure 5. All the 

nonnative species had similar LAD peaking around 20 degrees suggesting the leaves of 

the nonnative species were horizontally faced up. On the other hand, the native species 

had different LAD among another, and from the nonnative species. The peak angles of 

these species were higher than the nonnative species suggesting that they had more 

vertically oriented leaves. The mean leaf angles also showed the differences between the 

native and nonnative species (Table 3). 

The distribution ofNPV angles for each species is shown in Figure 6. Due to the 

differences of the sample sizes among the species, the data were normalized with the 

number of samples taken for each species. Generally, the peaks were observed around 20 

to 30 degrees which were mainly branches close to leaves, and 80 to 90 degrees which 

were mainly trunks. The mean angles did not show particular differences between the 

native and the nonnative species (Table 3). 



3.2 Hyperspectral Data 

3.2.1 Bark and Background Reflectance 

The mean hyperspectral bark reflectance for each species is shown in Figure 7. 

The variability of the spectra within the species were relatively large and constant 

throughout the wavelength for all the species except for the S. guava (Figure 8). 
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The mean hype:tspecbal soil/litter reflectance for each species is shown in Figure 

9. The water vapor absorption feature resulted in the high noise of the SWIR wavelength 

(1700 - 1900nm). The spectral signatures were basically the same across the plots: they 

differed only in the magnitude due to different levels of litter cover. The variability of 

the spectra within the species increased as moving toward longer wavelengths (Figure 10). 

3.2.2 Leaf Reflectance 

The mean leaf reflectance of each species are shown in Figure 11. The variability 

of the spectra within the species were considerably small for all of the species (Figure 12). 

Although some subtle differences among the species were visually observed, the overall 

patterns of the optical properties were similar among invasive and native species as most 

of plant tissues consist of similar chemical components. In the visible wavelength region 

(400 - 700 nm), the reflectance was low as a result of the light absorption by pigments 

within the leaves. Lama had higher reflectance than the others over the visible region 

suggesting low light absorption by the pigments, while koa had the lowest reflectance 

with high light absorption. In the near-infrared (NIR) region (700 - 900 nm), leaves 

hardly absorb any radiation due to the scattering by leaf surface and interior structure. S. 

guava gave off the highest NIR reflectance, while koa and 'lihia had the lowest 

reflectance. The spectral properties of the shortwave-infrared (SWIR) portion (SWIR 1: 



1550 - 1750 run and SWIR 2: 2150 - 2300 run) are controlled by water contents of 

leaves. Coffee had the highest reflectance likely due to the lower water contents in the 

leaves relative to the others. Koa and 'ohia again, had the lowest reflectance over the 

SWIR regions. 

3.2.3 Leaf Transmittance 
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The mean hyperspectralleaftransmittance for each species is shown in Figure 13. 

Transmittance is the remnant of the light after reflected by the surface and the interior 

structure ofleaves and absorbed by the interior constituents ofleaves. The spectral 

patterns of the transmittance were more similar among the species than those of the 

reflectance in that they differed only in the magnitude. Similar to the leaf reflectance, the 

variability of the spectra within the species were small for all the species (Figure 14). 

Only 'ohia had a slightly different spectral signature i.e., its contrast between NIR and 

VIS/SWIR was higher than that of the other species. A high level of coffee transmittance 

and a low level ofS. guava transmittance over the SWIR wavelength were observed. 

Although the SWIR reflectance oflama, S. guava and C. berry were similar, the 

transmittance of these species at the SWIR wavelength were different suggesting the 

differences in the light absorption by water among these three species. 

3.2.4 Canopy ReDeetance 

The average simulated reflectance of canopy for each species showed more 

variability among the species than the leaf reflectance spectra (Figure 15). The shapes of 

the spectra remained similar to the leaf reflectance. The reflectance due to the pigments 

concentration over the visible wavelength decreased for all the species compared to the 
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leaf retlectance. This decrease was likely due to an increase in light absorption by 

multiple leaf layers. On the other hand, the variability among the species over the N1R 

region was especially prominent, although the variability within the species over the 

region was significantly larger than that of the leafretlectance as the standard deviations 

increased (Figure 16). The lower variability of S. guava spectra for all wavelength 

regions relative to the other species were observed. All nonnative species consistently 

showed higher NIR reflectance than the native species. Similar to the leaf reflectance, 

coffee had high reflectance over the SWIR regions. On the other hand, S. guava had low 

retlectance over the SWIR regions. The retlectance values at 1350 -1430 nm and 1800 

- 1970 nm were excluded from the analysis due to the high noise caused by water vapor 

absorption. 

3.3 Multispectral Data 

3.3.1 Leaf Refleetance and Transmittance 

The mean broadband reflectance and transmittance spectra for each sensor are 

shown in Figure 17 and Figure 18 respectively. Regardless of the simplifications of the 

spectra tbru the band convolution, the spectra showed the same general spectral patterns, 

contrasts and signatures observed in the hyperspectral reflectance and transmittance. It 

should, however, be noted that the spectral features captured by the two four band sensors, 

IKONOS and QuickBird, were more similar among the species due to the lack of the 

SWlRbands. 
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3.3.2 Canopy Refiectance 

The multispectral data of the canopy reflectance showed the similar pattern to the 

hypexspectral data. The loss of the information over the SWIR regions with IKONOS 

and QuickBird might have made it difficult to achieve discrimination at species level, 

even though the differences over the NIR regions might separate the nonnative and native 

at group level. A decrease in the overall reflectance comparing to the leaf reflectance 

were observed for all the species except for the NIR reflectance of coffee and S. guava. 

The decrease is likely due to multiple photon scattering caused by the plant architecture. 

Band 9 of ASTER (2396 nm) was excluded from the analysis due to the high level of 

noise. The visua1 analysis of the mulispectral data indicated that spectral discrimination 

by ASTER and E1M+ would be based on the differences in spectral signatures from the 

visible to SWIR regions, while one by IKONOS and QuickBird would be based only on 

the contrasts of spectra between the visible to NIR regions. 

3.4 Maximum Likelihood Analysis 

3.4.1 LeafRefiectance 

The overall accuracies of the classification were more than 90 % for all of the 

sensors suggesting high separabilities among the species (Table 4). The accuracies were 

99.33 %,97.00 %, 93.00 % and 90.67 % for ASTER, E1M+, QuickBird and IKONOS, 

respectively. The patterns of the inter-class confusion among the species were different 

depending on the sensors. ASTER produced the highest accuracy of all with the 

misclassification of only two spectra (Table 4 a). Lama and coffee had no inter class 

misclassification with the other species (no commission or omission error). The result 
• 

indicated a slight probability of 'ohia to be misclassified as koa and S. guava to be 



classified as C. berry. For this study, native and nonnative species spectra were 

separated perfectly from each other with ASTER. 
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ETM+ produced the second highest overall accuracy (Table 4 b). S. guava had no 

inter class misclassification with any of the species. Koa and '6hia were discriminated 

from all the nonnative species. The spectra of C. berry were mixed with lama and coffee 

lowering its producer accuracy to 90 % and user accuracy to 93.75 %. 

The accuracy of IKONOS was the lowest of all the sensors, and was 

approximately 10 % lower than ASTER (Table 4 c). The sensor separated S. guava from 

the others without any misclassification. The commission error of coffee was 

prominently higher than the other species (20 %) and some '6hia and C. berry spectra 

were wrongly classified as coffee. The omission error of C. berry were higher than the 

other species with 22 % probability of the misclassification as lama, '6hia and coffee. 

Koa and '6hia did not mix with lama likely due to the constantly higher reflectance of 

lama through the wavelength. Koa and C. berry separated perfectly from each other, 

even though they both mix with coffee for small probabilities. 

Although the overall accuracy of QuickBird were higher than that of IKON OS, no 

species was classified perfectly without inter class misclassification (Table 4 d). Similar 

to the result of IKON OS, the commission error of coffee was relatively higher than the 

other speices, with the misclassification of some koa and C. berry spectra into the class. 

The omission error of C. berry was also prominent with 20 % probability of the 

misclassification as lama, '6hia and coffee. 

C. berry produced the lowest producer accuracy with all the sensors except 

ASTER, whose overall accuracy is the highest among the sensors. The user accuracy of 
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coffee was the lowest for both IKONOS and QuickBird which do not have SWIR 

bands. S. guava had both user and producer accuracies high. Koa and 'ohia never mixed 

with lama for all the sensors, although they mixed with either C. berry or coffee which 

had some misclassification with lama. 

3.4.2 Leaf Transmittance 

The overall accuracies of the classification for the transmittance were also high, 

more than 95 % for all the sensors (Table 5). The order of the accuracies were same as 

the reflectance: ASTER was the highest with 98.33 % and IKONOS was the lowest with 

96.67 %. The differences in the accuracies among the sensors were 2 %, which are 

smaller than the ones of the reflectance (approximately 10 %), suggesting less effect of 

SWIR bands and highly distinctive spectra of the species over the visible and NIR 

wavelength. 

The patterns of the species interactions were similar among the sensors. All of 

the sensors successfully separated the species into the native and nonnative groups. With 

ASTER, S. guava and lama were separated with no inter class confusion (Table 5 a). As 

observed with the reflectance, koa did not mix with lama for all of the sensors. Coffee 

and C. berry had both produced low producer and user accuracies for all of the sensors, 

while the high producer accuracies oflama and the high user accuracies ofkoa were 

observed. 

3.4.3 Canopy ReOeetance 

The results of the maximum likelihood classification for the canopy reflectance 

are summarized in Table 6. The overall accuracies were lower for all of the sensors 
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relative to the accuracies of the leaf level classifications likely due to high variability 

of spectTa within the species. The differences in the accuracies between the sensors with 

SWIR bands and the ones without SWIR bands were obvious. ASTER and ETM+ 

produced 95.60 % and 94.96 % accuracies respectively while IKONOS and QuickBird 

had approximately 15 % lower accuracies than those sensors (79.70 % and 79.30 %, 

respectively). No species was classified without any inter class confusion with any of the 

sensors. Not only the overall accuracies, but also the interaction patterns among the 

species were different depending on whether a sensor has SWIR bands or not. For 

ASTER and ETM+ (Table 6 a and b), the inter class misclassification was observed 

between koa and 'ohia and between lama and C. berry. C. berry also mixed with all the 

other species. Coffee and S. guava had higher separabilities from each other and from the 

other species. S. guava especially produced 100 % producer accuracy with ASTER. The 

rate of the species interactions were higher for IKONOS and Quickbird as the overall 

accuracies were significantly lower than ASTER and ETM+ (Table 6 c and d). Koa 

mixed with 'ohia while 'ohia and C. berry were misclassified each other. Most of the 

omission error oflama came from C. berry. Coffee and S. guava were also not separated 

from C. berry and from each other, while ASTER and ETM+ produced high separability 

between coffee and S. guava. 

S. guava had the highest producer accuracies with all the sensors, while the 

highest user accuracies were shared by S. guava and coffee. C. berry produced the lowest 

user accuracies for all of the sensors. For ASTER and ETM+, the lowest producer 

accuracies were produced by C. berry. The spectTa of C. berry, which were not classified 

correctly, were mostly assigned to lama. 'Ohia had the lowest producer accuracy with 



IKON OS and QuickBird. The misc1assified 'ohia spectra were mostly assigned to C. 

berry and koa. 

3.5 (-test 

3.5.1 Leaf Reflectance 
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The t - test results for the leaf reflectance are summarized in Table 7. None of the 

sensors particularly indicated superiority over the others as the common bands cover the 

similar portions of the wavelength regions, e.g., visible, NIR and SWIR. The 

perfolmance of the bands to discriminate the species was different with in these 

wavelength regions. The subtle differences in the results among the sensors were due to 

the locations, widths of the bands. With visible bands, 3 species were possible to be 

discriminated from the other species (Table 7 a - c). Lama was separable with all the 

visible bands. Koa were able to be discriminated with the green and red bands. Coffee 

was discriminable with the blue bands of IKON OS and QuickBird. The green and red 

band of IKONOS separated S. guava and C. berry from the others and from each other. 

The other sensors mixed them each other but separated from the nati ve species. 

With the NIR bands, only S. guava was discriminated with its high NIR 

reflectance (Table 7 d). Koa and 'ohia reflectance were similar through the NIR and 

SWIR wavelength (Table 7 d - f) , but their lower reflectance relative to the others 

separated them from the nonnative species. As shown in the hyperspectral and 

multispectral data, coffee had distinctively high spectra over the SWIR regions, therefore 

SWIR bands of both ASTER and ETM+ were able to separate it from the others (Table 7 

e and f). 
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Despite the ineffectiveness ofNIR. bands, the mean differences ofNDVI 

calculated with the red and NIR. bands were significant for four species koa, lama" coffee 

and C. berry (Table 7 g). Although S. guava had prominently high NIR. reflectance 

spectra, its differences between the red and NIR. bands were similar to 'ahia . 

3.5.2 Leaf Transmittance 

For the transmittance, more species were separable in general compared to the 

reflectance (Table 8). A total of four species were discriminable with the visible bands 

(Table 8 a - c). S. guava was separated from the others with all the visible bands. 'Ohia 

was discriminable with the red and green bands. Koa and lama were discriminated with 

the green bands and the red bands, respectively. 

The NIR. bands were able to separate koa and C. berry (Table 8 d). The 

importance of SWIR bands were particularly shown with the transmittance (fable 8 e and 

t). The bands in SWIR 1 region (1550 run - 11750 run) were effective in separating four 

species: lama, 'Obia, coffee and S. guava (Table 8 e). The SWIR. transmittance were all 

similar for native species, but they were different from the nonnative species. All the 

nonnative species were separable individually with the SWIR bands. Since s. guava and 

C. berry had similar reflectance over the SWIR regions, the separabilities between them 

with the SWIR transmittance suggest the different light absorption by water of the two 

species. 

3.5.3 Canopy Reflectance 

Considerably less separation among the species was observed for all the bands at 

canopy level compared to the leaf level analysis (Table 9). In the visible wavelength 



region, only koa and 'tihia were separable with the green bands of all the sensors. 

IKONOS discriminated coffee :from the others with its blue and green bands. The red 

bands were not effective in separating the species resulting in the high inter class 

confusion between the native and nonnative species (fable 9 c). 
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All of the sensors performed similarly for the NIR bands separating the native and 

nonnative species and mixing within the groups (fable 9 d) including C. berry which was 

separated from all the other species with the NIR bands. The differences of reflectance in 

the NIR bands largely influenced the separabilities of the species using NDV!. Although 

there was small probability ofkoa and C. berry to be mixed, the native and nonnative 

species were highly separable with NDV! for all of the sensors (fable 9 g). The SWIR 

bands of2100 - 2350 nm wavelengths (Band 7 ofETM+ and Band 6 of ASTER) were 

the most effective among all the bands (fable 9 e). Especially with ASTER, 4 species 

(koa, coffee, S. guava and C. berry) were discriminated and lama and 'tihia were different 

from the nonnative species. 
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CHAPTER 4 DISCUSSION 

In this study, the spectral separabilities among 6 native and nonnative plant 

species ofHawai'i were examined at leaf and canopy scales for four multispectral 

satellite sensors. These species were separable at the leaf and canopy scales with high 

accuracies using the Maximum Likelihood algorithm although a decrease in the 

classification accuracies was observed from the leaf to the canopy level. At the leaf level, 

all the sensors produced more than 90 % overall accuracies. The differences in the 

accuracies among the sensors were due to the number of bands and the width and 

locations of the wavelength to be used. The small variability of the leaf spectra within 

the species contributed to the high accuracies of the separation. S. guava were classified 

almost perfectly with all the sensors with the distinctively high NIR reflectance. The 

others had the small probabilities of the inter-class confusion. Koa and 'I)hia never 

mixed with lama because of their considerably lower reflectance for all the wavelength 

regions. 

The advantage of the SWIR bands in discriminating species were clearly 

indicated at the canopy scale. The sensors with the SWIR bands, e.g., ASTER and 

ETM+, produced approximately 15 % higher classification accuracies than the ones 

without them, e.g., IKONOS and QuickBird. The importance of the SWIR band were 

reported in Clark et al. (2005) and supported by their hyperspectral classification. 

Despite of such advantages of the SWIR bands on the separabilities of the species; 

however, the difference in the accuracies between ASTER and ETM+ at canopy scale 

were not observed in this study, indicating that ETM+ may have the minimum number of 

the bands to produce the high accuracy for the discrimination among the species. 
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Due to the larger variability of the spectra within the species, more inter-class 

misclassifications were observed at the canopy level where the influence of the physical 

characteristics of plants (e.g. LAI, NPV AI, LAD and NPV AD) was introduced. S. guava 

and coffee were separable with ASTER and ETM+ because of their clearly different 

SWIR reflectance, but they mixed each other with the sensors without the SWIR bands. 

Koa and 'obia had a tendency to mix each other for all the sensors, while 'obia mixed 

with the other species with IKONOS and QuickBird resulting in the low producer 

accuracies. Lama and C.berry had bigh probabilities to be misclassified each other, but C. 

berry also mixed with the other species producing the lowest user accuracy for all the 

sensors. 

Since the spectral properties of vegetation are influenced by different factors at 

different wavelength, the t - test, which examined the separabilities among the species at 

different wavelength regions or bands, indirectly explained which factor influenced most 

on the separabilities. The results revealed that the effective bands to separate the species 

were different at leaf and canopy scales. At the leaf level, the visible bands were 

relatively effective in the separation of three species as absoxption of light by pigments 

within leaves is different among the species. The SWIR bands were also important when 

a species had distinctively different water vapor absoxption, such as coffee. The NIR 

bands were not effective in separating the species at the leaf level suggesting scattering 

by the surface and internal structure of the leaves were not different among the species. 

For the canopy level, less species were separated with all the wavelength regions. 

Therefore the differences in NIR reflectance between the native and nonnative species 

were conspicuous. Fewer leaves and stems in the canopy will cause less photon 
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scattering within the canopy, therefore less NIR reflectance. Considerably less P AI of 

all three native species compared to the nonnative species (Table 3 and Figure 4), likely 

resulted in the low NIR reflectance. Leaf Angle Distribution, which also affects the 

photon scattering (Asner 1998) was higher for the native species than the nonnative 

species (Table 3 and Figure 5), i.e., the nonnative species facing upward considerably 

more than the native species. The result ofNDVI was influenced by such large 

differences among the species over the NIR region as the native and nonnative were 

perfectly discriminated. 

Even though the results encouragingly showed that these selected native and 

nonnative species were separable with the multispectral sensors with relatively minimal 

inter-class confusions, the applicability of the results of this study needs to be carefully 

considered. The results are unique to the 6 native and nonnative species in Miikaba 

valley therefore the generalization of the results to other Hawaiian native and nonnative 

plants may be difficult. Other native and nonnative plants may not have the distinctively 

different attributes (e.g. PAl and LAD) which largely influenced the separabilities of 6 

species selected for the study. For example, the nonnative species in this study were 

shade-tolerant understory species, which likely to have low horizonta1leaf angles to 

capture light. Overstory canopy nonnative species could have higher leaf angles to avoid 

excessive radiation, therefore the leaf angles could be more similar to the ones of the 

native species. Furthermore, the generalization to the same species in other types of 

ecosystems may be also difficult, since plants can be physically and physiologically 

different among various ecosystems. Especially in Hawai'i where its microclimate is 
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different between the windward and the leeward sides of the islands and each island is 

isolated by ocean, plants can be different place to place. 

The variability of the spectral properties over space and time needs to be 

considered. The modeled reflectance did not take account into shadows created between 

plants. The clumping effects ofleaves would cause the spatial heterogeneity of canopy 

reflectance creating another source of variability. For more realistic simulations of 

canopy reflectance, a different model incorporating these features needs to be utilized. 

SPRINT (Spreading of Photons for Radiation INTerception) model by Goel and 

Thompson (2000) is one of those options. These complex models, however, require more 

rigorous detailed field measurements 

Seasonal or even diurnal changes in plant physiology could cause changes in 

reflectance values. It was reported that Coffea arabica experienced some diurnal cycle of 

water stress giving the high water potential ofleaves during mornings and low in 

afternoons (Barros et al. 1997). Since all the leaves were collected in afternoons, the 

high reflectance of coffee over the SWIR region can be explained by the water stress. 

Satellite images, however, are usually taken during mornings, suggesting the SWIR 

reflectance of coffee could be much lower than simulated. Such physiological 

differences of plants could increase the variability of the reflectance and decrease the 

separability among the species. It is, however, important to note that the temporal 

variability of reflectance by flowering or new leaves can create an opportunity to detect 

certain species. 

The spatial resolution of the sensors to resolve surface features was not 

incorporated in this study. Even though the classification accuracy based on spectral 



3S 
differences were higher for ASTER and ETM+, the spatial resolutions of these sensors 

are 1 Sm for the visible and NIR. bands of ASTER and 30m for the SWIR. bands of 

ASTER and all of the bands ofETM+. Minimal units ofvegetation types in the Mlikaha 

valley are often smaller than those spatial resolutions suggesting that ETM+ and ASTER 

will experience difficulties in detecting small patches of vegetation of interest when the 

images taken by those sensors are actually used. The high spatial resolution sensors, 

IKONOS and QuickBird however, have potentials of finding such patches even though 

they are limited with no SWIR. bands. In such cases, the 80 % accuracies of the 

classification may be accurate enough for species detection. 

Although some features influencing spectral properties of vegetation, such as 

shadows and spatial heterogeneity within canopy, were not incorporated, this study 

provide theoretical criteria of vegetation classification results to be expected with the four 

sensors. It can be expected that IKONOS and QuickBird will produce 80 % 

classification accuracies of vegetation. With ASTER and ETM+, 90 % classification 

accuracies can be expected even though their spatial resolutions would limit their 

capabilities of separating the species. 



36 

CHAPTER 5 CONCLUSION 

All of the four multispectral sensors separated the native and nonnative plant 

species in Hawai'i spectrally suggesting the effectiveness of the remote sensing 

techniques in the invasive species management in Hawai'i. The sensors with the SWIR 

bands produced the higher accuracies of the separation although the trade offbetween the 

number of the spectral bands and the spatial resolution needs to be considered to utilize 

remote sensing techniques and satellite imagery effectively. It would probably be 

difficult to detect newly introduced species at early stages with these sensors, but it is 

very likely to be used for monitoring the spread of such species or the decline of the 

native species. On the other hand, the high spatial sensors may compensate the lack of 

SWIR bands by their abilities to resolve more detailed surface features, therefore may 

detect newly introduced species. It is important for resource managers to understand the 

abilities of sensors in order to meet their needs. 
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Table I. The for the canopy reflectance simn].mon 
Parameters Sample pool for each SPeCies Selection Note 
LeafReflectancel SO spectra Random Reflectance and transmittance 
Transmittance were 
Bark Reflectance IS spectra Random 
Soil Reflectance 6 Random 
PAl Values within minimum- Random 

maximum 
LAIlNPV AI Fractions Values within minimum- Random The fractions were 

maximum 
LADINPVAD Values within ± 1 (lOA> of mean Random Ellipsoidal inclination angle 

model was used to simulate the 
distribution from a selected 
mean. 

Table 2. Spectral band widths for the four satellite 8eIISOlS 

Sensor Blue Green Red NlR SWIRl SWIR2 

E1M+ 
450- 525- 630- 750- 1550- 2080-
510 605 690 900 1750 2350 

ASTER 
520- 630- 760- 1600- 2145- 2185- 2235- 2295- 2360-
600 690 860 1700 2185 2225 2285 2365 2430 

IKONOS 450- 510- 630- 750-
520 600 700 850 

QuickBird 
450- 520- 630- 760-
520 600 690 900 

Table 3. Mean and standard deviation (sd) of PAl and leaf, NPV amdes by 
Koa Lama 'Ohia Coffee S.guava C.berry 

PAl mean 3.15 3.37 3.53 4.07 4.14 4.29 
PAlsd 1.16 0.92 1.07 1.07 0.92 0.52 
Leaf angle mean 69.95 33.92 42.90 20.92 22.48 22.07 
LeafmWesd 12.84 21.19 20.82 13.73 15.56 15.44 
NPV amde mean 37.00 32.63 41.86 35.46 53.44 48.75 
NPV angle sd 24.43 24.49 24.29 25.18 29.41 23.92 



Table 4. Results of Maximum Likelihood for leaf scale ret1ec1anCe claa<rification 
•• indicates significantly different from a\l the other species, • jndjcates significantly different from the other group of species (native or IIOIID8Iive) 

a) ASTER 

C\ass Koo· Lama-- 'Obia • Cotree·· S.I!U8VB· C.berry* Total User(%) Commission (%) 

Koo 50 0 I 0 0 0 51 98.04 1.96 

Lama 0 50 0 0 0 0 50 100 0.00 

'Obia 0 0 49 0 0 0 49 100 0.00 

Coffee 0 0 0 50 0 0 50 100 0.00 

S.mmva 0 0 0 0 49 0 49 100 0.00 
C.berry 0 0 0 0 1 50 51 98.04 1.96 

Total 50 50 50 50 50 50 300 
Producer (%) 100.00 100.00 98.00 100.00 98.00 100.00 99.33 % (2981300) 

Omission (%) 0.00 0.00 2.00 0.00 2.00 0.00 

(b)EfM+ 

C\ass Koa- Lama 'Obia • Cotree* S.guava·· C.berry Total User(%) Commission (%) 

Koo 49 0 0 0 0 0 49 100.00 0.00 
Lama 0 48 0 0 0 3 51 94.12 5.88 

'Obia 1 0 50 0 0 0 51 98.04 1.96 

Cotree 0 0 0 49 0 2 51 96.08 3.92 
S.guava 0 0 0 0 50 0 50 100.00 0.00 
C.berly 0 2 0 1 0 45 48 93.75 6.25 

Total 50 50 50 50 50 50 300 

Producer (%) 98.00 96.00 100.00 98.00 100.00 90.00 97.00010 (2911300) 

L Omission (%) 2.00 4.00 0.00 2.00 0.00 10.00 

.... 
00 



Table 4. (Continued) Results of Maximum Likelihood for leaf scale reflectance classification 
... indicates significantly different from all the other species, .. indicates significantly different from the other group of species (native or noJDllltive) 

c)IKONOS 

Class Koa Lama 'Ohia Coffee S.mmw·· C.herry Total User(%) Commission (%) 

Koa 47 0 0 2 0 0 49 95.92 4.08 

Lama 0 47 0 I 0 3 51 92.16 7.84 

'Ohia I 0 45 1 0 4 51 88.24 11.77 

Coffee 2 0 5 44 0 4 55 80.00 20.00 

S.mmw 0 0 0 0 50 0 50 100.00 0.00 

C.hen:y 0 3 0 2 0 39 44 88.64 11.36 

Total 50 50 50 50 50 50 300 

Producer (%) 94.00 94.00 90.00 88.00 100.00 78.00 90.67% (2721300) 

Omiasion (%) 6.00 6.00 10.00 12.00 0.00 22.00 

(d) QuickBini 

Class Koa Lama 'Ohia Coffee S.guava C.hen:y Total User(%) Commission ("10) 

Koa 47 0 0 2 0 0 49 95.92 4.08 

Lama 0 48 0 1 1 3 53 90.57 9.43 

'Ohia 1 0 50 1 0 3 55 90.91 9.09 

Coffee 2 0 0 45 0 4 51 88.24 11.77 

S.guaw 0 0 0 0 49 0 49 100.00 0.00 

C.herry 0 2 0 1 0 40 43 93.02 6.98 

Total 50 50 50 50 50 50 300 

Producer (%) 94.00 96.00 100.00 90.00 98.00 80.00 93.00% (2791300) 
Omiasion (%) 6.00 4~00 0.00 10.00 2.00 20.00 

W 
\0 



Table 5. Results of Maximum Likelihood for leaf scale tmnsmittance classification 
•• indicates significantly different limn all the other species, • indicates significantly different from the other group of species (native or nonnative) 

a) ASTER 

Class Koa Lama 'Ohia Coffee S.ggava C.beny Total User(%) Commission (%) 

Koa 49 0 0 0 0 0 49 100.00 0.00 

Lama 0 SO 0 0 0 0 SO 100.00 0.00 

'Ohia 1 0 50 0 0 0 51 98.04 1.96 

Coffee 0 0 0 48 0 2 SO 96.00 4.00 

S.ggava 0 0 0 0 50 0 SO 100.00 0.00 
C.berry 0 0 0 2 0 48 SO 96.00 4.00 
Total SO SO SO SO 50 SO 300 
Producer (%) 98.00 100.00 100.00 96.00 100.00 96.00 98.33% (2951300) 
Omission (%) 2.00 0.00 0.00 4.00 0.00 4.00 

lb)EfM+ 
Class Koa Lama 'Ohia Coffee S.l!IIlIva C.berry Total User(%) Commission (%) 

Koa 49 0 0 0 0 0 49 100.00 0.00 

Lama 0 50 1 0 0 0 51 98.04 1.96 
'Ohia 1 0 49 0 0 0 SO 98.00 2.00 

Coffee 0 0 0 48 0 1 49 97.96 2.04 

S.l!IIlIva 0 0 0 0 49 0 49 100.00 0.00 
C.berry 0 0 0 2 1 49 52 94.23 5.77 
Total 50 SO SO SO 50 SO 300 
Producer (0/0) 98.00 100.00 98.00 96.00 98.00 98.00 98.00% (2941300) 

Omission (0/0) 2.00 0.00 2.00 4.00 2.00 2.00 

~ 



Table 5. (Continued)Results of Maximum Uke1ihood fur leaf scale transmittance c1assification 
•• indicates significantly different from all the other species, • indicates significantly different from the other group of species (native or nonnative) 

c) IKONOS 
Class Koa Lama 'Ohia Coffee S.l!Wlva C.berry Total User(%) Commission (%) 

Koa 49 0 0 0 0 0 49 100.00 0.00 

Lama 0 50 I 0 0 0 51 98.04 1.96 

'Ohia 1 0 49 0 0 0 50 98.00 2.00 

Coffee 0 0 0 48 0 5 53 90.57 9.43 

S.guava 0 0 0 1 48 0 49 97.96 2.04 

C.berry 0 0 0 1 2 45 48 93.75 6.25 

Total 50 SO 50 SO 50 50 300 
Prodw:er (%) 98.00 100.00 98.00 96.00 96.00 90.00 96.33% (2891300) 

Omission ("/0) 2.00 0.00 2.00 4.00 4.00 10.00 

d) Quickbird 

C1ass Koa Lama 'Ohia Coffee S.guava C.berry Total User(%) Commission (%) 

Koa 49 0 0 0 0 0 49 100.00 0.00 

Lama 0 50 1 0 0 0 51 98.04 1.96 

'Ohia I 0 49 0 0 0 50 98.00 2.00 

Coffee 0 0 0 48 0 4 52 92.31 7.69 

S.l!Wlva 0 0 0 1 48 0 49 97.96 2.04 

C.berrv 0 0 0 1 2 46 49 93.88 6.12 

Total 50 50 SO 50 SO 50 300 
Prodw:er (%) 98.00 100.00 98.00 96.00 96.00 92.00 96.67% (2901300) 

Omission (%) 2.00 0.00 2.00 4.00 4.00 8.00 

.j>. -



Table 6. Resui1B of Maximum likelihood for canopy scale reflectance classification 
•• indicates significantly different from all the other species, • indicates significantly different from the other group of species (native or noonative) 

a) ASTER 

C1ass Koa Lama 'Ohia Coffee S.guava C.berry Total User(%) Commission (%) 

Koa 9883 0 202 0 0 12 10097 97.88 2.12 

Lama 2 9106 81 4 0 814 10007 91.00 9.00 

'Ohia 86 0 9420 0 0 39 9545 98.69 1.31 

Coffee 0 14 0 9944 0 102 10060 98.85 1.15 

S.l!WlVB 0 0 153 0 10000 28 10181 98.22 1.78 
C.berry 29 880 144 52 0 9005 10110 89.07 10.93 
Total 10000 10000 10000 10000 10000 10000 60000 

Producer ("10) 98.83 91.06 94.2 99.44 100.00 90.05 95.60% (57358/60000) 
Omission (%) 1.17 8.94 5.80 0.56 0.00 9.95 -

(b)ETM+ 

C1ass Koa Lama 'Ohia Coffee S.guava C.berry Total User(%) Commission (%) 

Koa 9635 0 322 0 0 11 9968 96.66 3.34 

Lama 0 9170 94 0 0 658 9922 92.42 7.58 
'Ohia 321 12 9299 0 4 186 9822 94.68 5.32 

Coffee 0 0 0 9950 0 199 10149 98.04 1.96 

S.l!IIIIva I 0 113 0 9996 19 10129 98.69 1.31 
C.berry 43 818 172 50 0 8927 10010 89.18 10.82 

Total 10000 10000 10000 10000 10000 10000 60000 
Producer (%) 96.35 91.70 92.99 99.5 99.96 89.27 94.96% (56977/60000) 
Omission (%) 3.65 8.30 7.01 0.50 0.04 10.73 

~ 



Table 6. (Continued) Results ofMaximmn likelihood for canopy scale reflectance classification 
•• indicates significantly different from all the other species, • indicatea significantly different from the other group of species (native or nODlllltive) 

c)IKONOS 
CIaaa Koo Lama 'Obla Coffee S.guava C.berry Total User(%) Commission ("10) 

Roo 8872 80 1901 0 0 267 11120 79.78 20.22 
Lama 59 8728 86 74 0 1094 10041 86.92 13.08 
'Ohia 960 0 6045 57 47 602 7711 78.40 21.60 
Coffee 1 40 26 8224 563 173 9027 91.11 8.90 
S.1!WMI 0 3 233 1388 8970 884 11478 78.15 21.85 
C.berry 108 1149 1709 257 420 6980 10623 65.71 34.29 
Total 10000 10000 10000 10000 10000 10000 60000 
Producer ("10) 88.72 87.28 60.45 82.24 89.70 69.80 79.70% (47819/60000) 
Omiasion (%) 11.28 12.72 39.55 17.76 10.30 30.20 

d) Quickbird 
CIaaa Koo Lama 'Obla Coffee S.guava C.berrv Total User(%) Commission (%) 
Roo 8873 60 2034 0 0 202 11169 79.44 20.56 
Lama 51 8601 123 87 0 1029 9891 86.96 13.04 

'Obla 1009 0 5877 52 44 654 7636 76.96 23.04 
Coffee 1 72 25 7984 610 200 8892 89.79 10.21 
S.guava 0 0 255 1577 9038 709 11579 78.06 21.94 
C.berry 66 1267 1686 300 308 7206 10833 66.52 33.48 
Total 10000 10000 10000 10000 10000 10000 60000 
Producer (%) 88.73 86.01 58.77 79.84 90.38 72.06 79.30% (47579/60000) 
Omission (%) 11.27 13.99 41.23 20.16 9.62 27.94 

~ 
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Table 7. Results oft-test for leafrefIectance 

A jndjc"tes the species different from all the other species. B indicates the species different from 
the species from another group (invasive or native). C indjcates the species mixed with one or 
more species from the other group, therefore inseparable. 

(a) Blue bands 
Sensor Koa Lama 'ohia Cotree S.guava C.berry 
ASTER N/A NlA NlA N/A NlA NlA 
E1M+ C A B C B B 
IKONOS B A B A B B 
OuickBird B A B A B B 

(b) Green bands 
Sensor Koa Lama 'Ohia Coffee S.1!WlVIl C.berrV 
ASTER A A C C B B 
E1M+ A A C C B B 
IKONOS A A C C A A 
OuickBird A A C C B B 
c) Red bands 
Sensor Koa Lama 'Ohia Coffee S.guava C.berry 
ASTER A A C C B B 
E1M+ A A C C B B 
IKONOS A A C C A A 
QaickBird A A C C B B 

(d) NIR bands 

~ Sensor K, )11 Lama {;(J tree 

~s 
( 

c 
c 

:: L 
(e) SWIRl bands 

~ Its Koa Lama C c: 
C 
C 

1'1 1'1 IA A N A N IA VA 
N 1\ N fA II A N A N fA NlA 

(t) SWIR 2 bands 
Sensor Koa Lama 'ohia Coffee S.guava C.berry 
ASTERI B C B A C C 
ASTER2 B C B A C C 
ASTER3 A C A A C C 
ASTER4 B C B A B C 
ASTERS B B B A B B 
E1M+ B C B A C C 
IKONOS N/A NlA NlA N/A NlA NlA 
QaickBird NlA NlA N/A N/A N/A NlA 

(II)NDVI 
Sensor Koa Lama 'uhia Conee S.guava C.berry 
ASTER A A C A C A 
E1M+ C A C C C A 
IKONOS A A C A C A 
OuickBird A A C A C A 
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Table 8. Results oft-test for leaf transmittance 

A indicates the species different from all the other species. B indiC<ltes the species djfferent from 
the species from another group (invasive or native). C indicates the species mixed with one or 
more species from the other group, therefore inseparable. 

a) Blue bands 
Sensor Koa Lama 'Obia Coffee S.l!II8va C.berrV 
ASTER NJA N/A NJA NJA NJA NJA 
ETM+ C B B B A C 
lKONOS C B B C A C 
QuiekBird C B B C A C 

(b) Green bands 
Sensor Koa Lama 'obia CoHee S.guava C.berly 
ASTER A C A C A C 
ETM+ A C A C A C 
lKONOS A C A C A C 
QUiekBird A C A C A C 

(el Red bands 
.~ SeDlIOI' K .oa Lama l 

i! A ; 
A 
A 
A 

(d) NIR bands 
.~ Co~ K oa Lama ( 

I. 
( 

II bands 
.~ ~ SeDlIOI' I< oa Lama 

A 
E"{M:!:, A 

.bands 
~ 

r; A Ii r; fA NfA }I fA 
r; A r; fA NlA fA 

sensor K oa Lama .~ l 

IL: N A_ li A A r; 'A N 'A N A 
N 'A II A }I A N fA N fA N A 
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Table 9. Results of t-test for canopy reflectance 

A indicates the species different from all the other species. B indicates the species different from 
the species from another group (invasive or native). C indicates the species mixed with one or 
more species from the other group, therefore inseparable. 

(a) Blue bands 

.~ 

&S 

Koa Lama COffee S~ ~ :II fA :II fA N fA 

EI EI :: 

(1~~bands EI 

Ii 
K )8 Lama 'Ohla Co ffee 

SetIBOI' Koa Lama 'ohla Coffee S.l!Wlva C.berry 
ASTER C C C C C C 
ETM+ C C A C C C 
IKONOS C C C C C C 
OUickBird C C C C C C 
d)NIRbands 
SetIBOI' Koa Lama 'ohla Coffee SJ!UlIva C.berrv 
ASTER B B B B B A 
ETM+ B B B B B A 
IKONOS B B B B B A 
OuickBird B B B B B A 
e) SWIR ) bands 
SetIBOI' Koa Lama 'Ohla Coffee S.l!Wlva C.benv 
ASTER C C C A C C 
ETM+ C C C A C C 
IKONOS NlA NlA N/A NlA N/A N/A 
OuickBird NlA N/A NlA NlA N/A N/A 

(t) SWIR 2 bands 
SetIBOI' Koa Lama 'Ohla Coffee S.l!Wlva C.berry 
ASTER) C B C C A C 
ASTER2 A B B A A A 
ASTERJ C B C C C A 
ASTER4 C B C C C C 
ASTERS C C C C C C 
ETM+ A B C C A A 
IKONOS NlA N/A N/A N/A NlA NlA 
OUickBird NlA N/A N/A N/A N/A N/A 

(II)NDVI 
Sensor Koa Lama 'ohla Coffee S.llWIva C.berrv 
ASTER C B B B B C 
ETM+ B B B B B A 
IKONOS C B B B B C 
OuickBird C B B B B C 
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Figure I. Plot locations across the vaUey. 
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Figure 2. Examples of modeled and measured leaf and NPV angle distribution. 
Ellipsoidal leaf inclination model was used for the simulation. The data were normalized. 
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Figure 4. Plant Area Index by species. 
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Figure 5. Leaf Angle Distribution by species. 
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Figure 6. Non-photosynthetic Active Vegetation Angle Distribution by species. 
Due to the differences in the sample sizes among the species, the results were normalized. 
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Figure 7. Mean hyperspectral bark reflectance. 
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Figure 8. Mean and standard deviation of bark reflectance by species. 
Mean displayed in black and standard deviation displayed in gray. 
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Figure 10. Mean and standard deviation of soil/litter reflectance by species. 
Mean displayed in black and standard deviation displayed in gray. 
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Figure II . Mean hyperspectral leaf reflectance. 
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Figure 12. Mean and standard deviation of leaf reflectance by species. 
Mean displayed in black and standard deviation displayed in gray. 
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APPEND EX RESULTS OF T-TEST 

AI. Result of I-test for PAl 
a (significant level) ~ 0.002 • 
•• indicates significantly different from all the other species, • indicates significantly different 
from the other 

A2. Result of t-test for LAD 
a (significant level) = 0.002 . 
•• indicates significantly different from all the other species, • indicates significantly different 
from the other J!R)UO of SIX cies (native or nonnative). 

Snecies Koa·· Lama·· 'ohla·· Coffee· S.flII8W· C.henv'" 
Koa 0.0000 0.0000 0.0000 0.0000 0.0000 
Lama 0.0000 0.0000 0.0000 0.0000 0.0000 
'ohla 0.0000 0.0000 0.0000 0.0000 0.0000 
Coffee 0.0000 0.0000 0.0000 0.0948 0.2161 
S.IZII8W 0.0000 0.0000 0.0000 0.0948 0.6774 
C.beIrv 0.0000 0.0000 0.0000 0.2161 0.6774 

A3. Result of t-test for NPV AD 

~~~~~~~~~0~.0~02~.~ ~ different from all the other species, • indicates significantly different 



A4. Result oft-teSt for leafreflectaru:e with ASTER bands 
a (significant level) = 0.002 . 

59 

•• indicates significantly different from all the other species, • indicates significant1y different 
from the other group of species (native or nonnative). 

(a) '~TCD.Greenband si~ 

Koa o.~ ~~~o =~::::= <+-:+---i~I'~i*-I 
:& ~1;~~1i " 1i ,~ t= Ii 

~ iQQQ: u.UJ!:& 0.0046 

it 1100000 ui,u~i :~ :~ I · 
~ )(J 00 1.0000 o7iiiOO 0.0112 
~ NTR. band (8 ~6.8 DIll = 



A4. (Continued) Result of t-test forleaf reflectance with ASTER bands 
II (significant level) = 0.002 . 
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•• indicates signI1icarrtly different from all the other species, • indicates significantly different 
from the other group of species (native or nonnative). 

ASTER 2-3 band 



AS. Result oft-test forleafreflec1ance with EIM+ bands 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native or nonnative). 

(a) EIM+ Blue band (478.7 nm) 

~ <H_nOII··OOO ~~ ':~lt~=~g!SE~~~==~:~:1 
~~-----1-~ ;;;-t_""'I,~ .. ~oollIC 1.0000 1.00 0 1.0000 ~.~ 

1.0000 ~ ~~~~==+-~'~.~~ 

t!ii~====:::i==11.~oool8::~ 1.0 00 0.00 0.0000 1.00 



A6. Result of t-test for leaf reflectance with IKONOS bands 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native or nOlllllltive). 

(a) , n •. oann AQ" A ~\ 
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I'~ ~ .1743 
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IJOOO r .7366 

uu I.~ ~ 
00 I.OU 0 O.U 00 0.0000 

, Red band (I '~ ~ Cofee 
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I 
0.QQQ[ ~:~~ Ii i & I ~ B t. ~ 0.0000 
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"00 ~ 0.Qlllj[ 0.7947 00 

1'1 ;i :& 
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IJl O.U 16 0.0000 



A7. Result oft-test for leafreflectance with QuiekBird bands 
II (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native or nonnative). 

a) OuiekBird Blue band 485.0um) 
Species Koa* Lama·· 'lhla • Coffee·· S.~va· e.berry"' 
Koa 0.0000 0.6096 0.0000 0.0000 0.0000 
Lama 0.0000 0.0000 0.0000 0.0000 0.0000 
'ohla 0.6096 0.0000 0.0000 0.0000 0.0000 
Coffee 0.0000 0.0000 0.0000 0.0000 0.0000 
S.t!Wlva 0.0000 0.0000 0.0000 0.0000 0.0218 
e.beIty 0.0000 0.0000 0.0000 0.0000 0.0218 

(b) I I Green band~ um) 
.~ Col 

• I Koa 0.0000 0.0000 

~ 
1.0000 

i 
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"1
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00 'Ii I.QQQo 
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(e) .Redband~ 

.~ Col", 
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1.0 00 1.0 00 
).0000 o~ 1.0000 o 00 0.0027 

(dlC I NIl1. band (830.0 um) 
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I !ifee It <~ O. .I~ 1.000 
I.OU 00 If 1.000 

).0000 <I[ o 0.0 00 .0000 
1.0000 I.OU 0 0 ~ 0.0000 



AS. Result of I-test for leaf reflectance with NDVI 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native or IIOIIIIlItive). 
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A9. Result of I-test fur leaf tnmsmittance with ASTER bands 
a (s1gnificaat level) = 0.002 . 

6S 

•• indicates significantly different from aU the other species, • indicates significaat1y different 
from the other group of species (native or nonnative). 

a) ASTER Green band 556.3 om) 
Species Koa·· 
Koa 
Lama 0.0000 
'Obia 0.0000 
Coffee 0.0000 
S.euava 0.0000 
C.berrv 0.0000 

(b) ASTER Red band (661.0 mn) 
Snecies Koa 
Koa 
Lama 
'cbia 
Coffee 
S.KWIVlI 
C.berrv 

(e) 

Koa 

(d) 

0.0000 
0.0000 
0.5603 
0.0000 
0.0591 

. NIR band (81)8~ 

Lama Coffee C.benv 
0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.1842 0.0000 0.0275 
0.0000 0.0000 0.0000 0.0000 
0.1842 0.0000 0.0000 0.2904 
0.0000 0.0000 0.0000 0.0000 
0.0275 0.0000 0.2904 0.0000 

Coffee C.benv 
0.0000 0.0000 0.5603 0.0000 0.0591 

0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0189 
0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0189 0.0000 

1.0000 



A9. (Continued) Result oft-test for leaf1IaDsmittance with ASTER bands 
a (significant level) Q 0.002 • 
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•• indicates significantly different from all the other species, • indicateS significantly different 
from the other group of species (native or IIOlIIIlltive). 

(g) A<!~!:WTR ,_~ band (2265.1 nm) 

Koa* Lama· '~ Col ~'.:::.:U;iij~!lQ~~ 
(oa ii1iii 0.0000 O·W 1i oaf 0'~:l!.10+--*~ 

--. .:onee ~ I "8100000 
00 1.00 00 

1.0 00 1.00 '.0 00 
o_oooo~~~~+--~~ 
0.0000 0.0000 

t !:WTR ,-4 band (? I~ nm) 

Koa ~ 'Oha· ~ 
Koa o~ ~ .~ ----0:0000 1.0000 

HI !"'o:;:'m~-;:::~~:~--:=--:=-_=:+-_=:-~~I.sm:"*H-_",*;;rI--...."..,~",I~Z:""!.3~t~=~fnl"".·~Ooo,,,,Ooio:~==:::>=~70;;;:oo~,* ~i:--=~~I'I:.¥f MOOaH 

~~i:::::::t:~ .~*+--~~r-~~+-~= 1.0000 •. U" H uu 0.00 o~ __ ~~+--~~ 
t!!!!!:L.. 00 ~_....!o~I._O~O 0 .0000 
..sTER SWIR 2-5 band (2396.R run) 

Koa. Lama· 'Obi 



AIO. Result of I-test for leaf tnmsmittance with ETM+ bands 
a (significant level) Q 0.002 . 
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•• indicates significantIy different from all the other species, • indicates significantIy different 
from the other group of species (native or nonnative). 

(a) ETM+ ,,, .. L "H4i 1.7 nm) 
Koa Lama· 'Oh 

COO '.U 00 0.0000 ~~~~ ::~~ I: ~ 
~~--------+-~LUOO~~==:I·~.·I~oooo~~+r-_-~~~~+--*I'OO~~~~~I'UOO~--*~* ~ I.U qg ..... ;n "UlOO I.U 00 ~.~ 

'.U 00 '.U IJU o.oiiiiii .. J.!!!!!!.. 
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Coo ~ O.OU 0 ~ 
~~ ________ ~~~).u OO~ __ ~~~~~~~\JU~ __ ~ 
~ I.U 00 1.0000 
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(d) 1l1M+ NlK band (83 k6 nm) ~:;::------,-,= :::-;;;;;:+~~;;:p;~~ 
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I'~ l.utIJU .ouuu '.U 009f-+ __ ~ 

~ffee ~ U '00 I.U OO"'-t--~ 
,,--,-~~!:QQ@ --'!, 00 o]QQ[=-+---"" 

I ETM+ SWIR 1 (164!1.8 nm) 

~ ~ uo ::~ O~ I.U 00 ::~ 
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ETM+SWIR2 
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All. Result of t-test for leaf transmittance with IKONOS bands 
a (significant level) = 0.002 . 
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•• indicates significant1y different from all the other species, • indicates significant1y different 
from the other group of species (native or nonnative). 
I Blue band "-Q/'-4_' 

.-~ Koo Lama· 

::~~ :'00 0.0000. 

I ~ __ ;w~1 I: 
0.00 

~ e ~~ u.uQQ[ 

Snecies Koo·· Lama 'uhia·· Coffee S.IlWlVS·· C.berrV 
Koo 0.0000 0.0000 0.0000 0.0000 0.0000 
Lama 0.0000 0.0000 0.3075 0.0000 0.0333 
'uhia 0.0000 0.0000 0.0000 0.0000 0.0000 
Coffee 0.0000 0.3075 0.0000 0.0000 0.1798 
S.!!WlVS 0.0000 0.0000 0.0000 0.0000 0.0000 
C.berrV 0.0000 0.0333 0.0000 0.1798 0.0000 
c) IKONOS Red band (666.3 run) 
Snecies Koa Lama·· 'Ohia·· Coffee S.IlWlVS·· C.berrv 
Koo 0.0000 0.0000 0.9751 0.0000 0.5766 
Lama 0.0000 0.0000 0.0000 0.0000 0.0000 
'ohia 0.0000 0.0000 0.0000 0.0000 0.0000 
Coffee 0.9751 0.0000 0.0000 0.0000 0.5943 
S.!!WlVS 0.0000 0.0000 0.0000 0.0000 0.0000 
C.berrV 0.5766 0.0000 0.0000 0.5943 0.0000 

(d) IKONOS NlR band 791.6 run) 
Soecies Koo·· Lama 'Ohia Coffee S.IlWlVS C.berry*· 
Koo 0.0000 0.0000 0.0000 0.0000 0.0000 
Lama 0.0000 0.0000 0.0000 0.4440 0.0000 
'Ohia 0.0000 0.0000 0.9824 0.0000 0.0000 
Coffee 0.0000 0.0000 0.9824 0.0000 0.0000 
S.!!WlVS 0.0000 0.4440 0.0000 0.0000 0.0000 
C.berrV 0.0000 0.0000 0.0000 0.0000 0.0000 



A12. Result of t-test for leaf trausmittance with QuickBird bands 
II (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (IIlItive or nOJlJllltive). 



Al3. Result of t-test for canopy reflectance with ASTER bands 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native ot 1IOIIIIlItive). 

(a) ~ Green band 556.3 nm) 

Koa·· Lama ! lonee 
Coa O.OU U UU .0000 1.0000 

h~~:T.:,:--. _-_-_-_-_-_--i-t_-_-,*"~I·;*~ooH-----""I.OO=QQ[4----CO*,,I"U oo<*+---*:;e ~~~:tI:.~:t*":7:~~~~lO-+:-=---i:I~Tl 
;<H-*,::~:~. I.~ 0.0027 

0000 1.4225 I.QQQQ: 0.0619 O~,,-,-__ ---, 
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A13. (Continued) ResuI! oft-test for canopy reflectance with ASTER bands 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantly different 
from the other group of species (native or nonnative). 

(Ill ~"1TD ~ ~ band (226~ .1 nm) 
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A14. Result of I-test for canopy reflectance with ETM+ bands 
a (significant level) = 0.002 . 
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•• indicates significantly different from all the other species, • indicates significantIy different from the 
other group of species (native or nonnative). 

'ETM ........... '~'t:' ""'" ~ ~ i: I ,.". '",47 ~ I 
1000 

i 1.0147 09 

I: ~:I g~ )579 
0.0579 

(b) ETM+ Green band (561.0 DID) ~ 
Snecies Koa·· Lama '(.. Coffee S.l!IIIIva C.benV 
Koa 0.0000 0.0000 0.0000 0.0000 0.0000 
Lama 0.0000 0.0000 0.0088 0.6121 0.3596 
'ohia 0.0000 0.0000 0.0000 0.0000 0.0000 
Coffee 0.0000 0.0088 0.0000 0.0031 0.0751 
S.1!IIIIva 0.0000 0.6121 0.0000 0.0031 0.5082 
C.berrv 0.0000 0.3596 0.0000 0.0751 0.5082 

I ETM+ Red band (66:.4 DID) 
.~. ( Koa Lama 

:oa 0.1523 0.0000 .1953 
1.61 

1.5382 

:at I I.~OO 
0.0000 

~ 
1.00 \I 

fi 1.00 0 
~ 1.0000 

g:~ 
1.00 0 

0 ::;[ U.~ 
I.OO~ 

d) ETM+ NIR band (834.6 DID) :~ 
Snecies Koa" Lama" 'uhia" Coffee· S.l!IIIIva" C.~· 
Koa 0.9275 0.4262 0.0000 0.0000 0.0000 
Lama 0.9275 0.5009 0.0000 0.0000 0.0000 
'lhia 0.4262 0.5009 0.0000 0.0000 0.0000 
Coffee 0.0000 0.0000 0.0000 0.4587 0.0000 
S.ll\IIlva 0.0000 0.0000 0.0000 0.4587 0.0000 
C.berrv 0.0000 0.0000 0.0000 0.0000 0.0000 
e) ETM+ SWIR 1 band 1649 DID) 
Soecies Koa Lama 'uhia Coffee·· S.l!IIIIva C.benV 
Koa 0.0000 0.0000 0.0000 0.0195 0.0000 
Lama 0.0000 0.7283 0.0000 0.0000 0.7016 
'Ohia 0.0000 0.7283 0.0000 0.0000 0.9557 
Coffee 0.0000 0.0000 0.0000 0.0000 0.0000 
S.l!IIIIva 0.0195 0.0000 0.0000 0.0000 0.0000 
C.beny 0.0000 0.7016 0.9557 0.0000 0.0000 

(f) ETM+ SWIR 2 band 2208.5 DID) 
Species Koa·· Lama" 'olUa Coffee S.Il\IIlW"· C.beIr:Y'"· 
Koa 0.0000 0.0000 0.0000 0.0000 0.0000 
Lama 0.0000 0.3261 0.0000 0.0000 0.0000 
'ohia 0.0000 0.3261 0.0409 0.0000 0.0000 
Coffee 0.0000 0.0000 0.0409 0.0000 0.0000 
S.ll\IIlva 0.0000 0.0000 0.0000 0.0000 0.0000 
C.benV 0.0000 0.0000 0.0000 0.0000 0.0000 



AlS. Result of I-test for canopy reflectance with IKONOS bands 
Q (significant level) ~ 0.002 • 

•• indicates significmntly different from all the other species, • indicates significantly different from the 
other group of species (native or IIOIDIlltive). 

band 
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A16. Result of t-test for canopy reflectance with QuiekBird bands 
a (significant level) = 0.002 . 

•• indicates significantly different from all the other species, • indicates significantly different from the 
other group of species (native or nonnative). 
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(a) , I Blue band (485.0 run) 

~,-oa~ ___ +_Kco-;;-;;a."""t-Lama_-",> UQQQ[~OI()() ~ s~ C~ 
~~ ________ +-~I.~OOOOOTr __ ~ 0.0214 ~ 1.8404 ~ 
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b) IGreenband~2nm LamaiWiir"8i~ !L 
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(e) r I Red band [660.0 run) 

~ .. oa~ ________ -I-K_co-=a'·0409=oc+-Lama_~ u~Bi 11 ;~ 
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1.0742 ~ 0.0190 0.1521 
I NIR band (830.0 run) 
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A17. Result of t-test for canopy reflectance with NDVl 
a (sigaificant level) = 0.002 . 
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•• jndjca"'" significantly different from all the other species. • indicates sigaificantly different from the 
other group of species (II8ti.ve or nonnative). 
(a) ASTER NDVI 

Koa ama· '3ji 
I 
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(h) ETM+ NDVI 
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