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Invasive Species Mapping in Hawaiian Rainforests
Using Multi-Temporal Hyperion Spaceborne

Imaging Spectroscopy
Ben Somers and Gregory P. Asner

Abstract—We evaluated the potential of multi-temporal Mul-
tiple Endmember Spectral Mixture Analysis (MESMA) of Earth
Observing-1 Hyperion data for detection of invasive tree species
in the montane rainforest area of the Hawaii Volcanoes National
Park, Island of Hawaii. We observed a clear seasonal trend in
invasive species detection success when unmixing results were
cross-referenced to ground observations; with Kappa coefficients
(indicating detection success, 0–1) ranging between 0.66 (summer)
and 0.69 (winter) and 0.51–0.53 during seasonal transition periods.
An increase of Kappa to 0.80 was observed when spectral features
extracted from September, August and January were integrated
into MESMA. Multi-temporal unmixing improved the detection
success of invasive species because spectral information acquired
over different portions of the growing season allowed us to capture
species-specific phenology, thereby reducing spectral similarity
among species.

Index Terms—EarthObserving-1, Hawaii, Hyperion, InStability
Index, MESMA,Morella Faya, phenology, temporal unmixing.

I. INTRODUCTION

B OOSTED by human activities and movements across the
planet, biological invasions are now viewed as a signifi-

cant component of global change [1]. Remote sensing of inva-
sive species is a critical component of conservation andmanage-
ment efforts, but reliable methods for the detection of invaders
over large areas have not been widely established. Recently, air-
borne hyperspectral sensors have demonstrated potential for in-
vasive species mapping across different types of communities
and ecosystems (review by [2]), yet their relatively high cost
and consequent lack of year-round monitoring are known lim-
itations for setting up a continuous monitoring program over
large areas (review by [3]).
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The deployment of satellite-based hyperspectral sensors such
as the Earth Observing-1 Hyperion might provide a powerful
alternative. Although the frequent revisits and high spectral res-
olution are very promising, Hyperion’s ground sampling dis-
tance of 30 m results in image pixels composed of mixtures
of different ground components (e.g. invasive species, native
species, soil, shadow), limiting the sensor’s potential for inva-
sive species detection [3], [30]. Many spectral unmixing ap-
proaches or sub-pixel classification techniques have been pre-
sented, but their accuracy remains moderate when dealing with
mixtures composed of highly similar endmembers (reviewed by
[4]). Because of this within-pixel spectral mixing, the utility
of high spectral resolution satellite imagery for detecting and
mapping invasive species seems limited [2]. Yet Hyperion has
the capability to cover large areas multiple times throughout a
growing season. This temporal repeatability allows us to cap-
ture the phenological differences among plant species, which in
turn, can aid in determining the best time to discriminate be-
tween targeted species and co-occurring native vegetation [5].
Imagery acquired during key phenological events may reduce
spectral similarity issues and consequently improve overall de-
tection and mapping accuracy. While this hypothesis has been
acknowledged bymany, very few studies of spectral separability
using seasonal data have been published. Dennison and Roberts
[6] studied the effects of vegetation phenology on species map-
ping in chaparral, while recently Hesketh and Sanchez-Azofeifa
[7] evaluated how season impacts leaf level spectral separability
in Costa Rican seasonally dry forests.
Here we explore the potential of Multiple Endmember

Spectral Mixture Analysis (MESMA, [8])—a commonly used
sub-pixel classification technique—for detecting patches of
the invasive nitrogen (N)-fixing Morella faya tree in the mon-
tane rainforests of Hawaii Volcanoes National Park, Island of
Hawaii. A Hyperion time series composed of 18 cloud-free
images spanning a period of four years was prepared. The main
objective was to evaluate whether the invasive species can be
detected more effectively when spectral information acquired
over different spectral regions (visible, VIS; near-infrared, NIR;
and shortwave infrared, SWIR) and different segments of the
growing season are assimilated into MESMA. This is a novel
approach—to build a single, composite image representing
the entire year, drawing upon the spectral wavelength ranges
most useful per season for species differentiation, from a time
series developed from images collected over several years. The
hypothesis is that spectral similarity problems between species
can be overcome by taking advantage of seasonal variation in
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their spectroscopic reflectance signatures, resulting in more
effective detection of the invaders. Finally, we investigated
whether a seasonal trend in the accuracy of invasive species
detection could be developed for Morella faya in Hawaii. This
aspect of the study is key to identifying the best time to monitor
changes in invasive species extent over time, which would
enable us to target aircraft assets more cost effectively.

II. MATERIALS AND METHODS

A. Study Area

Although being a global threat, the destructive effects
of invasive species are perhaps most pronounced in island
ecosystems [9], [10]. This study was therefore conducted in
the Hawaii Volcanoes National Park on the Island of Hawaii
(Fig. 1, top panel). The study focused on a 300 ha rainforest
ecosystem characterized by a
patchy mosaic of two dominant overstory species—the highly
invasive N-fixing Morella faya (Ait.) and common native
Hawaiian Metrosideros polymorpha (Gaud.) (Fig. 1, bottom
panel). Ground-based measurements show that Metrosideros
forests in this area have an understory dominated by tree ferns
(especially Cibotium glaucum); the trees are approximately
15–20 m tall with high leaf area index (LAI, 3–6) but low leaf
N (0.7–0.85%) and low water content (45–55%, mass basis). In
contrast, the invasive Morella stands contain almost no under-
story plants due to dense shading from very high LAI (5–10)
[11], and trees have high leaf N (1.5–1.9%) and moderate water
content (50–65%) [12].Morella faya causes enormous changes
in the nutrient balance and structure of the native Metrosideros
forests, and is therefore seen as one of the main threats to the
native fauna and flora [13].

B. Hyperion Time Series

The EO-1 Hyperion instrument collects spectra in 220 wave-
bands ranging from 400 to 2500 nm at a spatial resolution of 30
m. Beginning in July 2004 and running through December 2007
(with an interruption for the second half of 2006), Hyperion was
tasked for data collections on approximately a weekly basis over
the study area. The resulting data set was subsequently limited
to 18 cloud-free scenes covering the study area (Table I). Most
cloud-free images acquired over the study area were obtained in
winter (January–February) or summer (July–October) months,
corresponding to the two drier times of year [14]. The time series
data were geo-referenced and radiometrically preprocessed at
the Carnegie Institution for Science, Stanford, California. Each
Hyperion image was processed to apparent surface reflectance
using the ACORN-5LiBatch (Imspec LLC, Palmdale, CA) at-
mospheric correction model. The visibility was set to 50 km and
water vapor was retrieved using the 940 and 1060 nm water
absorption bands as per the ACORN method. No ground cal-
ibration was used. A destriping algorithm was then applied to
compensate for miscalibration between cross-track detectors. A
cubic spline curve was fitted to the water bands at 940 and 1140
nm in each pixel to reduce effects of miscalibration and mod-
eling errors introduced by atmospheric correction. Full details
on the preprocessing chain can be found in [15]. Due to the low

Fig. 1. (Top) Overview of the Hawaii Volcanoes National Park on the
Island of Hawaii (imagery from the Carnegie Airborne Observatory; [29]);
(Bottom) Detail of the native ohia (Metrosideros) forests. Although most of this
area is under protection by the U.S. National Park Service, it has experienced a
number of biological invasions, predominantly by Morella faya.

TABLE I
EO-1 HYPERION IMAGERY COMPILED INTO TIME SERIES FOR THIS STUDY

signal to noise ratio (SNR), the spectral information in the wave-
lengths between 1800–2500 nm was not considered in further
analysis.

C. Ground Control Points

A set of 60 field observations of tree species locations (27 for
Morella faya and 33 forMetrosideros polymorpha; average un-
certainty of 2 m) is available for this study. These field data
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were acquired in January 2005 and were used as the valida-
tion set for evaluating the invasive species detection success of
MESMA.

D. Morella Versus Metrosideros

Exploring the potential of Hyperion time series to aid the
detection and mapping of Morella infestations first requires
identification of the best times in the growing season to differen-
tiate both species. Characteristic spectral endmember libraries
were collected for both Morella and Metrosideros. Through
a combination of field observations and an airborne, very
high-resolution image dataset [12], patches with approximately
100% Morella cover or Metrosideros were identified. Pixels
within these patches were selected to extract species-specific
spectral information from the Hyperion time series. These time
series then allowed for an evaluation of the typical phenolog-
ical changes between the two species throughout the growing
season, as was already presented by [5] for a shorter Hyperion
time series.
For each time step, the spectral separability between both

species’ libraries was quantified using the InStability Index (ISI,
[16], [17]), defined as the ratio of the within-class variability and
the between-class variability:

(1)

where and are the mean reflectance values
at wavelength for endmember class 1 and endmember class 2,
respectively, whereas and are the standard deviations
of class 1 and 2, respectively. Lower ISI values indicate better
separability of the species in the specified waveband.

E. Invasive Species Detection

The validation set of tree locations described in Section II-C
was acquired in January 2005. We therefore only used the im-
ages from August 2004 through July 2005 to cross-reference
classification results to the ground observations. This resulted in
a time series of six images acquired in August/September/Oc-
tober 2004 and January/March/July 2005 that were used in fur-
ther analysis.
Each Hyperion reflectance image was translated into sub-

pixel cover fraction maps of Metrosideros and Morella using
the MESMA approach [8]. MESMA models a mixed spectrum
as a combination of its constituent spectral components or end-
members (e.g., native and invasive tree species) weighted by
their fractional cover in the pixel:

(2)

where is a matrix of which each column corresponds
to the spectral signal of a specific endmember or ground cover
class and each row corresponds to a specific waveband. is a
column vector that denotes the sub-pixel cover
fractions occupied by each of the endmembers in the pixel.
The portion of the spectrum that cannot be modeled is expressed

as a residual term, . Sub-pixel endmember fractions are ob-
tained by solving for the corresponding vector such that the
following equation is minimized within the constraints of (2):

(3)

Unlike most of the traditional unmixing approaches, MESMA
allows the endmember matrix to vary on a per pixel basis.
This enables modeling of the inherent spectral variability within
an image scene [4], [8]. For each run, different endmember com-
binations, randomly selected from a spectral library, are used
to decompose each pixel. The model with the best fit, i.e. with
the lowest root mean square error (RMSE) in the reconstruc-
tion of the original pixel, is adopted. The species-specific spec-
tral libraries forMorella faya andMetrosideros polymorpha de-
scribed in Section II-D were used as input for ourMESMA runs.
Note that we did not use a separate shade endmember in the un-
mixing process, but rather treated it as an integral part of the
spectral properties of each species [18].

F. Multi-Temporal Unmixing

The Hyperion time series provided a means to capture the
phenological differences among the native and invasive tree
species. Therefore, by assimilating spectral information from
different spectral regions that were acquired over different pe-
riods of the growing season, the spectral separability between
both endmember classes could bemaximized. Such amulti-tem-
poral and synthetic spectral construction using the MESMA ap-
proach should result in a more effective detection of invasive
species.
First, the ISI spectrum was calculated for each image of

the time series. Second, for each typical spectral region, the
image that provided the best separability betweenMetrosideros
and Morella, as indicated by the lowest ISI per spectral region
among all images, was selected. The spectral regions were
the VIS (400–700 nm), the NIR1 (710–1030 nm), the NIR2
(1043–1250 nm), and SWIR1 (1450–1800 nm; SWIR2 was
discarded, 1800–2500 nm).
As such, an image cube was built that was composed of spec-

tral information originating from different individual images.
In other words, a new image was created for which the spec-
tral profiles were now composed of reflectance values of dif-
ferent periods of the growing season but for which the spec-
tral separability between the endmembers was maximized. This
image captured the seasonal phenology per spectral region in
the most responsive months, and represents a new way to inte-
grate time-series spectral imagery for ecological study. Finally,
the composited image was used as input into MESMA.

III. RESULTS AND DISCUSSION

A. Morella Versus Metrosideros

A monthly comparison of endmember libraries for Met-
rosideros andMorella is shown in Fig. 2, compiled from the 18
cloud-free images (see Section II-D.) which show the monthly
means and 95% confidence intervals of the spectral libraries.
A clear seasonal effect, with reflectance values progressively
increasing towards the summer months, could be observed.
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Fig. 2. Top panel: Temporal evolution of the mean and 95% confidence interval of the nativeMetrosideros (darker line and shading) and invaderMorella (lighter
line and shading) endmember libraries (see Section II-D.). Spectra are shown for eight months, each of which display the VIS, NIR, and SWIR1 wavelengths
(400–1800 nm). Bottom panel: Composite spectral profile showing maximum separability between both endmember classes. The composite spectrum is composed
of spectral information from September (VIS), August (NIR1, NIR2) and January (SWIR1), all of which had the lowest InStability Index (ISI) per spectral region
and month.

Fig. 3. Temporal evolution of ISI for VIS, NIR and SWIR1. Results are compiled from the time series of species specific endmember libraries as extracted from
the 18 cloud-free images (see Section II-D.). While the top panels show the wavelength specific monthly means and 95% confidence interval, the bottom panels
show the overall monthly means for the entire VIS (left), NIR (middle) and SWIR1 (right) domains. The months having the lowest InStability Index (ISI) (i.e.,
best discrimination) are circled.

The higher NIR reflectance for the invasive species is apparent,
whereas the VIS and SWIR1 reflectance is higher for the
native species, throughout the year. This effect was previously
observed with a shorter Hyperion time series [5]. In this study,
however, we are mainly interested in the evolution of the spec-
tral separability between both species over time, as determined
using ISI (Fig. 3).
In the VIS, we observed that both species are most similar

with high ISI in summer months while they are most dissimilar
(with low ISI) during seasonal transitions, e.g., February and
September. In the NIR, the separability between species pro-

gressively increases towards the summer period while declining
again in autumn and winter. This confirms the earlier results
[5] which showed a similar trend in LAI over a shorter time
series. For the SWIR1, we observed the opposite trend, with
poor separability in summer and greater separability in winter.
This can be explained by the fact that in the summer months,
Morella faya produces more photosynthetically active leaves.
Meanwhile, Metrosideros is a slow-growing hardwood native
with a relatively stable canopy all year long, with only some
minor increases in LAI in the summer ( 1/2 LAI unit) [5]. This
can also be observed in Fig. 2 where the intra-class variability of
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Fig. 4. The seasonal trend in the success of detecting Morella invasions. The
sub-pixel maps ofMorella cover as provided byMESMAwere cross-referenced
to the field observations of known tree positions (see Section II-C) through a
hard classification approach. In the hard classification all sub-pixel cover frac-
tion values exceeding a predefined threshold were assigned toMorella, all frac-
tion values below this threshold were assigned to Metrosideros. Results show
the detection success expressed as the Cohen’s Kappa coefficient. Top panel:
The highest Kappa per month obtained in all available images is shown. Middle
Panel: The optimal classification accuracy for July/August/September/October
images using a MESMA threshold of 25% is shown. Bottom Panel: The optimal
classification accuracy for January/March images using a MESMA threshold of
45% is shown.

Metrosideros is much lower than that ofMorella. The enhanced
separability in the winter for both the SWIR1, and to a lesser ex-
tent the VIS (Fig. 2), is related to yellowing of Morella leaves
due to unfavorable low sun conditions (Fig. 2) at a time when
precipitation is high (G. Asner, unpub. data).
This analysis reveals a clear seasonal trend in the separability

of Morella and Metrosideros. It should, however, be noted that
not all months were equally represented in the analysis and that
inter-seasonal changes might result in small shifts in phenology,
and consequently in spectral separability among years.

B. Invasive Species Detection

The seasonal trend in the success of detecting Morella inva-
sions was studied based on a time series of six images acquired
in August/September/October 2004 and January/March/July
2005. The sub-pixel cover maps of Morella provided by
MESMA were cross-referenced to the field observations of
known tree positions (see Section II-C) through a “hard”

Fig. 5. Seasonal trend in the average InStability Index (ISI). The best discrim-
ination between species was obtained in July and August (circled).

classification approach [18], i.e. all sub-pixel cover fraction
values exceeding a predefined threshold were assigned to
Morella, all fraction values below this threshold were assigned
to Metrosideros. Results are summarized in Figs. 4 and 6,
showing a distinct seasonal trend in detection success, with
highest Kappa coefficients in summer and winter months and
clearly lower values in March and October. The best accuracies

were observed in July and September (Figs. 4
and 6). The decrease in accuracy for March and October can
be attributed to increased spectral similarity between the two
species as demonstrated in Fig. 5, as an increase in average ISI.
Fig. 6 shows that optimal Kappa values for the summer period
(July–October) were obtained for a MESMA threshold around
25% (i.e., in the hard classification, all cover fraction values
exceeding this threshold were assigned to Morella, all fraction
values below this threshold were assigned to Metrosideros),
while a shift towards 45% was observed for March and January.
Although these results were compiled to obtain a single, av-

erage growing season spectrum, the analysis indicates that the
seasonal transition periods (from summer to winter and vice
versa) are not favorable for detection ofMorella faya. In Hawaii,
these correspond to periods when cloud-free images are rarely
available from EO-1 (see Table I) or from other optical sensors
such as Landsat [19].

C. Multi-Temporal Unmixing

Subsequently, we evaluated whether a multi-temporal un-
mixing approach can increase the detection success ofMorella.
Instead of evaluating ISI over time per spectral region, as in
Fig. 3, we next evaluated ISI trends as a function of wavelength
in each month (Fig. 7), with separate analysis per spectral
region (VIS, NIR1, NIR2, SWIR1). Based on these ISI spectra,
we selected the image providing the best separability between
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TABLE II
KAPPA COEFFICIENTS FOR THE SINGLE DATE (KAPPA) AND MULTI-TEMPORAL MESMA CLASSIFICATIONS . FOR RESULTS ARE SHOWN
FOR THE OPTIMAL OR MAXIMAL KAPPA , AND FOR THE MESMA HARD CLASSIFICATION THRESHOLDS 25% , 30%

AND 45% . INDICATES THE THRESHOLD FOR WHICH IS ACHIEVED. IN THE
COLUMNS, THE OPTIMAL KAPPA COEFFICIENT THAT COULD BE OBTAINED BY THE SINGLE DATE MESMA IS GIVEN AS A SUBSCRIPT IN PARENTHESES. THIS
ALLOWS A FAST COMPARISON BETWEEN BOTH MESMA APPROACHES. FOR EACH SCENARIO, THE AVAILABLE IMAGES ARE INDICATED WITH AN ‘ ’ AND
FOR EACH SPECTRAL REGION (VIS, NIR1, NIR2, SWIR1) THE IMAGES THAT DEMONSTRATED THE BEST SEPARABILITY (LOWEST INSTABILITY INDEX,

FIG. 7) BETWEEN Morella AND Metrosideros ARE SPECIFIED

Fig. 6. The seasonal trends in the success of detecting Morella invasion,
expressed as the Cohen’s Kappa coefficient, as a function of the MESMA
classification threshold, are shown for each month, as well as for the com-
posite image from September (VIS), August (NIR1, NIR2) and January
(SWIR1). The vertical dotted lines indicate the maximum Kappa values
for thresholds of 45% (obtained in January/March) and 25% (obtained in
July/August/September/October).

Metrosideros and Morella per spectral region, i.e., that image
with the lowest average ISI per spectral region from the dataset.
As such, an image cube as well as spectral endmember libraries
of the spectral information from September (VIS), August
(NIR1, NIR2) and January (SWIR1) were built and imple-
mented in MESMA. The final, annual composite spectra for

Metrosideros and Morella are shown in the bottom panel of
Fig. 2.
Overall, the success of detecting Morella invasions was

higher for the multi-temporal unmixing analysis compared to
the single date approach. The optimal accuracies (the % pixels
classified correctly, ; %false positive observa-
tions, ; %false negative observations, ;

) achieved at thresholds ranging between 41%
to 46%, were clearly higher than the maximum accuracy
that were achieved by the single date approach (e.g., for July
and September, ; ; ;

; Fig. 6). Also at a threshold of 25%, repre-
senting the optimal Kappa observed for single date approaches
in July/August/September/October (Fig. 6), the multi-temporal
MESMA achieved a slightly higher Kappa ( 0.71) compared
to the single date approaches (Fig. 6).
In an operational setting, the set of available images can

change from year to year, because of variable weather con-
ditions (Table I). Therefore we tested the multi-temporal
MESMA approach for 10 different (randomly selected) sce-
narios, drawing upon a different set of available images. This
yielded a systematic increase of Kappa compared to the single
date approaches (Table II) where the maximal Kappa for
multi-temporal MESMA was higher than that achieved by a
single date approach. This observation confirms the potential
of multi-temporal unmixing for invasive species detection. Yet,
the threshold associated with the maximal Kappa is strongly
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Fig. 7. InStability Index (ISI) spectra for the VIS, NIR1, NIR2, and SWIR1.

dependent upon the specific scenario. Generally, the optimum
threshold ranges between 25% and 45%, similar to the optimal
thresholds of the single date approaches (Fig. 6). For a threshold
of 25% such as for the single data approaches of July-October
(Fig. 6), the multiple unmixing approach for 6 of the 10 sce-
narios produced a Kappa equal to or higher than the single date
approaches (Table II). For a threshold of 45% this success ratio
dropped to 30% (with only one scenario showing an increase in
Kappa for the multi-temporal approach; Table II). Overall, the
best results were obtained for a threshold of 30% (Table II), for
which the multi-temporal MESMA provided an improvement
over the single date classifications in 80% of the cases.

IV. CONCLUSIONS

Here we tested the potential of the EO-1 Hyperion data for
detection of patches of the invasive N-fixing Morella faya tree
species in a montane rainforest area of the Hawaii Volcanoes

National Park, Island of Hawaii. We developed a novel multi-
step method that resulted in a composite image built from the
four spectral regions (VIS, NIR1, NIR2, SWIR1), each taken
from different months. First, implementation of MESMA on a
time series of Hyperion images revealed a seasonal trend in the
invasive species detection success. Summer and winter were the
best time to discriminate between the invasive species versus the
co-occurring native vegetation, while a clear decrease in classi-
fication accuracy was observed during the seasonal transition
periods (from summer to winter and vice versa).
These seasonal dynamics provided opportunities for

multi-temporal classification, which were successfully im-
plemented using a multi-temporal MESMA approach. At this
point, the separability of the two species in each month was
assessed using the ISI for each spectral region. Then, the
ISI values were used to discern the most favorable month
per spectral range for differentiating the species, where low
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ISI values indicated successful separation. The most useful
combination of months and spectral regions for achieving this
species separation were: VIS (September), NIR1 and NIR2
(August) and SWIR1 (January). These spectral/month sets
were extracted from the full dataset and combined into a single
composite image whereby a full spectrum was constructed
from multi-seasonal data sources. This composite image was
used to replace the time series and was ingested by MESMA.
This approach assimilates in MESMA spectral information

from the different spectral regions acquired during different
periods of the growing season. As such, species specific phe-
nology was captured and spectral similarity problems were
overcome, resulting in more effective detection of invasive
species. It should be acknowledged that MESMA is driven
by the availability of spectral endmember libraries. In our
approach these libraries are used in an analysis of the temporal
spectral separability of endmembers, which in turn, is used
to build temporal spectral composites for implementation in
MESMA. The approach is thus strongly dependent upon the
availability and quality of the spectral endmember libraries.
Ideally, the libraries should cover the spectral variability present
in the image, which is not always feasible in highly heteroge-
neous scenes with strong environmental gradients or in cases
where the number of available endmember spectra is limited.
A potential solution is to automatically extract the endmembers
from the image data using techniques such as those presented
in [20], [21]. Current research is exploring the potential of these
approaches for application in tropical rainforests [22].
We anticipate that themulti-temporal unmixing approach pre-

sented here will improve our ability to monitor the dynamics of
target species in a heterogeneous ormixed canopy.Management
practices in agricultural fields, forest and other natural ecosys-
tems can benefit from this approach. Specific examples are: de-
lineation of weed patches or crop canopies in agricultural fields
for the site-specific application of farm inputs [23], the moni-
toring of understory vegetation dynamics and forest species dis-
tributions for forest health assessment [24], biodiversity man-
agement and conservation [25], mapping and characterization
of grassland patches in mixed grassland ecosystems (savannas,
woodlands, etc.) used to implement fire risk and fire severity
control measures and grazing capacity/carrying capacity man-
agement [26]. Even in other research areas, like mineralogical
studies or urban environments, the conceptual approaches to si-
multaneously reduce spectral similarity and mixing problems
will have benefits [27], [28]. This hypothesis should, however,
be tested through additional research. Ongoing research will
evaluate the robustness of the approach for invasive species de-
tection in other Hawaiian ecosystems including more complex
sites dominated by more than two species.
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