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Abstract: The unique ecosystems of the Hawaiian Islands are progresseatg
threatened following the introduction of exotic speci@perational implementation of
remote sensing for the detection, mapping and monitoring of these biological invasions is
currently hampered by a lack of knowledge on the spectral separability between native and
invasive species. We used spaceborne imagiregtsyscopy to analyze the seasonal
dynamics of the canopy hyperspectral reflectance propertiesowf tree species

(i) Metrosideros polymorpha keystone native Hawaiian species;Aitaciakoa, a native
Hawaiian nitrogen fixer; (iii) the highly invag Psidium cattleianum and (iv) Morella

faya a highly invasive nitrogen fixelhe species specific separabiliy the reflectance

and derivativereflectance signatures extracted fromEarth Observingl Hyperion time
series, composed of 22 clofrde images spanning a period of four yeansd was
quantitatively evaluated using the Separability Index (SI). The analysis retbatetthe
Hawaiian native trees wereniversally unique from the invasive trees their
nearinfraredl (700 1,250 nm) refle@nce(0.4 > SI > 1.4) Due to its higher leaf area
index, invasive trees generally had a higher +nefaared reflectancelo a lesser extenit

could also be demonstrated that nitroiging trees were spectrally unique from
nonfixing trees.The highe leaf nitrogen content of nitrogdixing treeswas expressed
through slightly increased separabilities in visible and shortw#vared reflectance
waveband¢SI| = 0.4) Wealso foundohenologyto be key tespectral separability analysis.

As such it was shown that thespectral separability in the neafraredl reflectance
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betweenthe native and invasivepecies groupsvas more expressed in sumnigt >0.7)

than in winter(SI < 0.7). The lbwestseparabilitywasobserved for Marciduly (SI < 0.3)

This could be explained by the invasives taking advantage of the warmer summer period to
expand their canopylhere was, however, no specific time windowa single spectral

region that always defined the segbility of all species groups, and thus irgive

monitoring of plant phenology as well as the use of ther&uge (4002,500 nm)

spectrum was highly advantageous in differentiaiagh speciesrhese results satbasis

for an operational i nvasi ve spesespas®ane moni t o
imaging spectroscopy

Keywords: Earth Observing; Hyperion; Morella faya Psidium cattleianum Spectral
Separability Indexphenologytime series analysis

1. Introduction

Invasive species rank second only to habitat loss as a thrdaibdoversity and ecosystem
processes. Invasive plant species can change entire habitats by penetrating the native canopy ar
eventually replaiag it [1]. At times fundamental ecosystem processes such as nitrogen (N) cycling as
well as disturbance regimssich as fire frequency are altered by the introduced speesesting in a
majorchange in biological diversity and ecosystem functioffijg

Effective management of introduced spe@tats withmonitoring and mappingvhichis a central
component othe biological diversity protection programs of many government agencies and non
governmental organizations worldwid8]. Remote detection and mapping of biodiversity and
invasive species from airborne or spaceborne instruments is promsig by [4), but operational
approaches are lacking becawseour limited biophysical understanding of when remotely sensed
signatures indicate the presence of unique spciaive orinvasived within and across ecosystems.

The spectra express the biochemical andctural properties of the vegetation, but translating that to
species composition requires an increased understanding of the spectral separability of species &
different levels of ecoldgal and taxonomiaggregation.

In this light, Asneret al.[2] reported on the spectral separability of the most comnadive and
invasivet r ee species found in tr op Using highapatdl resalubon r o p
airborneimaging spectroscopyAsneret al. [2] found that the reflectance and derivatikeflectance
signatures of Hawaiian native trees were generically unique from those of introduced trees; while
N-fixing trees were spectrally unique from nrfixing trees. The observed spectral differences were
guantitaively linked to differences in leaf pigment, nutrient and structural propgamnesthe findings
were used to develop a new invasive species monitaapgbilityi n Hawai 0 i based
spectroscopys].

In the current study wextendthe work ofAsneret al.[2] by including a temporal dimension to the
analysis. Although clear spectral differences among the major groups of species were demonstratec
previous findingg2] were based on a single January 2005 image acquisition. Seasonal asebisted
variation in canopy spectral properties wégaored yet ghenological differences throughout and
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between growing seasons caiifiect the spectral separabilityf specieq6,7]. A temporal analysis of
the spectral separability isus importantot only tobroaden our understanding of how to translate the
biochemical and structural properties of the vegetation to species compoisiiioalsoto place
previous results in the proper temparahtext Intensive monitoring of plant species dynanatiews

us to capture the phenological differences am@amg which in turn, can aid in determining the best
time to discriminate between targeted spef@sWhereas such an intensive temporal spectral analysis
is not generally feasible using airborneampaigns,the advent of spacebornmaging spectrometer
missions €.g., Hyperion, EnMap, Prisma} increasingthe availability of hyperspectral time series
enablingtemporal analysis of vegetation dynamics.

Herewe focus on anontanerainforest in Hawa usingan Earth Observing. Hyperion time series
composed o022 cloud-free imagesaptured ovea period of four yeardlative forests in the study area
are dominated by the keystone Hawaiian tree spddiesosideros polymorphand the native
N-fixing speciesAcacia koa However, theséorests have beemeavilyinvaded byseveralintroduced
treespecieq9, 10]. Two of the mostevere threats are thefiXing Morella fayaand the nosfixing
Psidium cattleianumree speciesOur Hyperion datasetprovided a unique wayto evaluate the
spectretemporal separabilitpf these four major upper canopy tree specieach ofwhich falls into a
different plant group: (i) nonfixing native (ii) N-fixing native (iii)) non-fixing invasive and
(iv) N-fixing invasive. We addressedhe following research questionare the spectral differences
betweenthe species groupsriginally observed by Asneet al. [2] consistent over time? Or does
phenology plays a significant role a@eterminingthe spectral separabilityf thesetree speciesWhich
time of yearis best suitedor discriminatingdifferent species groupsan weintegratespectral
information from differentimes of yeato optimize spectradeparability or is there a specifitme of
yearthat allowsfor systematic sepaiah of species groups®nsweringthese questions requisiteto
advancing nvasi ve species mapping and monitoring e

2. Materials and Methods
2.1.Study Area and Remote Sensing

This study focused on 3500 harainfores in Hawad Volcanoes National Par&n the Island of
Hawaid (Figurel). The island is located at approximately’ 2@rth latitude, which creates a seasonal
sunlight cycle[11] that affects forest chemical phenology and leaf area index ([#d). The area
islocated at approximately,200 m above sea level, and characterized by a mean annual rainfall
of 2,500mm [13,14] and an annual temperature fluctuating betw&érC in winter and17 € in
summeil[1]. The young volcanic soils are poor in N.[The dominant native Hawaiian overstory tree
species ar®letrosideros polymorphand the Nfixing Acacia kod5,15]. Yet, infestations of two highly
invasive tree speciedl-fixing Morella fayaand the no#ixing Psidium cattleianumare widespread
Psidiumwasintroduced from Brazil in 182&8ndisa mong t he most hi ghl[df]. I nva
Morella was introduced from the Azores about fifty years, aga is also considered highly invasive

Different life strategies results in structural and physiaaldifferences between species and over
time. Metrosiderosforestsin the area are approximateBO m tall and have BAI of about3 [5]. Its
foliage is low in N (0.70.8%) and water concentrations {85%; [12]). The nativeAcaciahas a
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comparabldeaf water content, but much higher leaf N content (2(@.9%) than Metrosideros The
invasiveMorella is characterized by a LA+ 5, and a moderate leaf water content rangih§0i 65%.

Due to its Nfixing capacity, the leaf N concentrationredatively high (1.51.9%).Psidiumtrees have

an LAI of around 4, a leaf canopy water content of approximately 60%, and an average leaf N content
of 1.2% [2]. Currently, about 35% of the montane rainforest canopy is coverdtebpsideros 20%

by Acacig 25% byMorella and 20% byPsidium

Figure 1.Overview of t he Hawai 06i Vol canoes Nati
(19.#N, 155.2W; imagery from the Carnegie Airborne Observatoiy]).

Hawaii Volcanoes National Park

Ohia (Metrosideros) Forest

Kilauea lki
Crater Lava Flows

Hawaiian Archipelaq

No cloudfree images could be acquired in April and May. Bfirother monthsat least one
cloud-free Hyperion image covering the study area a@guired Most images with little to no cloud
cover were obtained in winter (Decemideebruary) or summer (Jubaugust), corresponding tthe
two drier times of year [13
The Hyperion data werprocessed to apparent surface reflectance using the ACSDE3dtch
(Imspec LLC, Palmdale, CAUSA) atmospheric correction mod&ubsequently, destriping algorithm
was applied to compensate for miscalibration between-traslsdetectors. A cubic spline curve was
fit to the water bands at 940 andl40 nm in each pixel to reduce effects of miscalibration and
modeling errors introduced by atmospheric correction. Full details on the preprocessing chain can be
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found in[18]. The pectral information in ;BOG' 2,500 nm was not considered in further analygkie
to its low signaito-noise (SNR) ratio.

Based on our knowledge of the study area, and spatially guided by data from an airborne, very high
resolution image dataset [19], eamhthe targeted species patches with approximately 100% canopy
cover were selected for analyses of the Hyperion images. Approximately 400 spectra (or image pixels)
were selected for each species and used to build sfspaesic database3.hese time sés were
thenusedto evaluatespectralphenological changes among spetigsughout the year.

2.2. Spectral Separability

For eachimagein the time serigsthe spectral sepability of the different species was quantified
using a SeparabilityIndex (S) [20,21], defined as the ratio of tHeetweerclass variability and the
within-class variability:

_ Dbetweem |RmeanL,i ) RmearQ,i‘

Sl = = 1)
D 1963 (s, +5,;)

whereRmean 1,,aNd Ryean 2 jare the mean reflectance values at wavelenfsihendmembeclass 1 and
endmember class 2, respectivend 0;; and (,; are the standard deviations of class 1 and 2,
respectively. Théigherthe Sl value,the moreseparablare the two species the givenwaveband.

The Sl was not only calculated for the caited reflectance spectra but we also worked with she 1
derivative spectra. A Savitzk@olay smoothing filter (filter size = 50 nm) was applied prior to
derivative analysis [223]. Due to its increased sensitivity to noise, higher order derivativesnotre
included in the separability analysis [24]. Further, we also analyzed the Sl of the temporal spectral
displacement or the temporal spectral derivatfhemporal displacement spectvare calculated as the
perwavebanddifference in reflectance betwedwo consecutive time steps or imagasthe time
series. This transformation of the image data is intended to highlight spectral changes due to
differences in phenology between species.

withini

3. Resultsand Discussion
3.1.SpecieComparisons

Figures 2 and 3 provide the speetemporal S| charts for the different pairwise species
comparisons of the original reflectance and derivatgflectance spectra, respectively. Similar charts
for the temporal displacement spectra are presented in Eigued 5. The X and Y axes of the charts
represent the spectral bands and the time scale, respectively. Thenehartompiled from the 22
cloud free images (seBection2.1), and the color coding shows the monthly SI valBes month all
endmember sptra (of different years, Table 1) were included in the Sl calculaBhaware that the
color coding key is specifito each panehs not to discard subtle differences in the temporal dynamics
of Sl. Figures 4 and Show the SI charts for the temposglectral displacement spectia., the
change in reflectance between consecutive time sigéascharts should be interpreted as an indicator
for species differences in the change in reflectance between two consecutive months, keeping in minc
thatno images were available in April and May.
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Table 1.EO-1 Hyperion imagery compileidto time series for this study.

2004 2005 2006 2007

January X X
February X

March X

April

May

June X X

July X X
August XX X X X
September | XX

October XX

November X X
December X X X

Next we will systematically discuss the spectral differences between the different species groups.
Recall thatMetrosideros polymorph& a proxy for a Hawaiian nefixing tree (H); Acacia Koaa
typical example of a Hawaiian-fiker (HN); Morella fayaa representative invasive-fiking tree (IN);
andPsidium cattleianunan invasive notixer (l).

Figure 2. Reflectance andstd reflectance spectii@mporal Separability Index charts for
the pairwse species comparisans
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Figure 2. Cont.

Reflectance Derivative Reflectance
S L y "
° 1.2 1.2
1.0 1.0
0
I 08 0.8
& 8
HN vs £ L H
e L} :
| 0.6 0.6
- 0.4 0.4
0.2 0.2
o~
0.0 0.0
it 1
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
wavelength (nm) wavelength (nm)
L 14 14
° 1.2 12
1.0 1.0
- I
0.8 0.8
5 2
Hvs € H
g i g
| N 0.6 0.6
< 04 0.4
0.2 0.2
o~
0.0 0.0
600 800 1000 1200 1400 1600 1000 1200 1400 1600
wavelength (nm) wavelength (nm)
=l
14 14
o
- 1.2 1.2
" 1.0 1.0
HNvs  _ _
£ 0.8 £ 0.8
o o
| N E o £
0.6 06
< 04 04
. 0.2 0.2
o~
0.0 0.0
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600

wavelength (nm) wavelength (nm)



Remog Sens2012 4 2517

Figure 3. Reflectance and®id reflectance specttemporal Separability Index chart for
the pairwise comparison @f invasivesand (i) natives
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With Sl values exceeding 1.5, the spectral reflectance differences between H and | were highest in
the nearinfrared1l domain between 680 and 1080 nifirigure 2) Although consistently high
throughouthe yeaythe highest Sl values (>1.9), and therefore best separability between H and |, were
observed in December and January, particularly for thé 8710 nm spectral rang@rigure 2)
Corroboratinghe findings ofAsneret al. [2], we found thathe nonfixing invader () hadsignificantly
higher reflectance in theearinfraredascompared to H. Thiss illustrated inFigure 6 presenting the
mean and standard deviation spectra for H and | in December and August. Tneuypeastrong
separability in ths spectral domaircould be attributed to a highelLAl for the invaler [2].
Metrosideross a slowgrowing hardwood nativepecieswith a relatively stable canogstructure and
chemistry throughout the yept2]. Compared to thaearinfrared1, Sl values fothe neainfrared2
(1,090' 1,270 nm) were systematically lowéFigure 2) Yet the highest values~1.3) wereagain
observed in winterlLittle to no differences between speciegre observed in theshortwaveinfrared
(SI<0.3 Figure 2.
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Figure 4. Spectroatemporal Sl charts for theairwisespecies comparisons of the temporal
displacement spectra €., temporal derivatives or the change in reflectance between two
consecutive time steps/months)
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In our densely foliated canopies thearinfrared2 and the shortwavenfrared reflectance we
foremost dominated by variations in canopy water content, but to varying canopy [ptAs
described by12] the shortwaveinfraredr e f | ect ance has a | ower A
(EPPD) compared toearinfrared2 reflectance. Consequoly, while theshortwaveinfraredreflects

ef f e

mainly the upper canopy water content, the amount of foliage that contributes to the Hyperion

reflectance spectrum is maximal in thelZ25 1,300 nmregion This explaied the difference in
separability between speal domains as well as the slight increasaéarinfrared2 reflectance in

winter which could be attributed taelative changes in LAl During these winter months the green

bands centered around 550 nm also sthavslight increase in separability (S0=8) compared to the
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rest of the year (Figure 2). In December | showiggher reflectance in this spectral domain compared
to H (Figure 6) because of yellowing dPsidiumleaves due to unfavorable low sun conditions at a
time when precipitation is higiAéner,unpuldisheddatg.

Figure 5. The spectrgemporal Sl charts for thgairwisecomparison ofi) invasives and
(ii) natives of the temporal displacement spedteg {emporal derivatives)
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Figure 6. Mean and 95% confidence interval fdecember and August reflectance of native

and invasive species for the visible, nedrared and shortwavefrared. Approximately
400 spectra (or image pixels) were selettecdach species¢eSection2.1).
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