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Abstract: RC-1645
Objectives: This study used remote sensing and field-based experiments to provide basic
scientific information and practical tools for managing and restoring tropical dry forest
landscapes on military lands in the Pacific. Results have and will continue to directly benefit the
military mission in the Pacific by increasing capacity to restore native forests, thereby reducing
wildfire and enhancing habitat for threatened and endangered species.

Technical Approach: Project objectives were addressed and tested in dry forest regions on the
Island of Hawaii. Remote sensing methods included: (1) analysis of historical and current
conditions, (2) high-resolution ecosystem mapping, (3) field validation of remotely sensed data,
and (4) web-based satellite monitoring. Field-based methods addressed the potential for
restoration of native species to alter ecosystem structure in a manner that will reduce fine fuels
and fire danger. This field-based effort addressed the major barriers to restoration in a sequential
manner across remnant native community types, and it developed and tested the effectiveness of
a firebreak design that incorporates traditional fuel breaks (i.e. strips with fuels removed
mechanically) grading into “greenstrips” planted with fire resistant native species.

Results: Through remote sensing the project team assessed the historical and current condition of
the two major dry forest landscapes on the Island of Hawaii and provided information to assess
their restoration potential. In addition to analyses of historical aerial photography, soil surveys
were conducted on old Mauna Kea substrates to determine whether contemporary dominance of
the native C3 shrub Dodonaea viscosa is a recent phenomenon that could be facilitated by a
natural grass fire cycle. Radiocarbon dating of charcoal collected from these older substrates
indicates that fires have occurred on this landscape for at least 7,380 years radiocarbon age
(RCA) thereby predating the arrival of European and Polynesian settlers to the Hawaiian
archipelago, and it demonstrates that non-anthropogenic fires occurred in Hawaiian drylands
prior to human settlement and the introduction of nonnative fire-adapted grasses.

Remotely sensed products include historical maps of dry forest cover change and state-of-the-art
high resolution maps of vegetation cover, topography, species dominance, and fire fuel cover for
purposes of setting a clear baseline for potential restoration efforts. Using this approach, areas
deemed high priority for restoration can be more intensively managed, thereby releasing low
priority areas for recreation and military training. In addition, areas with high risk of fire can be
targeted for appropriate fire reduction activities.

One of the most successful products was the development of a habitat suitability model (HSM)
used to identify areas of the landscape where stakeholder activities can be prioritized based on
biophysical and geomorphic characteristics. Using data from the Pohakuloa Training Area (PTA)
staff on known locations of threatened and endangered plant species, as well as data derived
from the Carnegie Airborne Observatory (CAQ), habitat features (i.e. slope, leeward facing etc.)
were identified that are associated with extant plant populations and suitable microclimate.

Additional uses of the remotely sensed data included the use of Global Positioning System-
(GPS) collared feral goats to understand the movement ecology of these animals within these
dryland systems. Although these animals follow green-up events, they also spend a
disproportionate amount of their time in highly suitable sites for plants. The last remotely sensed



tool developed used a Fuel Curing Index algorithm applied to MODIS satellite data scaled
between 0 and one, with high values corresponding to a historically low fraction of live cover
(i.e. high fire potential). The Index provides general information about the quality and quantity
of fuel in any given area throughout the year, and it can be based retrospectively on the MODIS
record from 2000 to current and projecting in near real time via the web.

The experimental design of the field-based component of the project allowed an assessment of
the effects of restoration on fuels in two ways. First, by comparing initial differences in fuel and
microclimate conditions between plots with degraded and suitable habitat, the effects of canopy
trees, and topographic position on fuels could be quantified. Second, restoration effects could be
assessed by monitoring changes that occur as native cover was increased in the forest understory.
This approach allowed not only determining ecosystem specific restoration prescriptions, but it
also helped effectively guide resources towards breaking the grass/fire cycle. Our sites span a
productivity gradient, and our results are consistent with previous work suggesting that active
restoration is needed at both high and low levels of resource availability due to high competition
with invasive species at high resource levels and low establishment at low resource levels.

During the experimental phase, a stand-replacing fire occurred in subalpine dry forests on Mauna
Kea in Hawaii, within the PTA. A broadcast seed experiment was conducted that included
species that are known to be adapted to fire and some that are not to examine their responses to
restoration in these conditions. The experimental design also allowed an investigation of the role
that non-native ungulates play in the restoration of this ecosystem. Overall, seed availability had
the greatest impact on the recruitment of native and non-native species and the presence of
herbivores had a negative effect on the recruitment of native species. Initial recruitment and plant
biomass were higher in the burned site than elsewhere and may be the result of a pulse of
increased nitrogen (N) that was made available following the fire; however, significant erosion
of the surface soil occurred following the fire. Therefore, the plant response to the initial pulse of
N may be temporary and the chronic loss of topsoil could have longer-term impacts on the
development of the plant community.

A replicated field experiment was established with grass removal, shading out-planting, and
seeding to determine what site preparation and planting strategies are most successful for
establishing greenstrip plantings in areas dominated by grasses and devoid of tree cover. The
purpose of the greenstrip study was to identify species for restoration that will reduce the
incidence of invasive grasses and thus fire in dryland ecosystems. Control treatments with no
plants had the highest rates of invasion, and native species addition plots significantly reduced
grass re-invasion compared to the controls. Overall, greenstrips appear be a favorable technique
to reduce fuel loads in degraded habitats.

Benefits: The outcomes associated with this project jointly benefit a number of land management
agencies in Hawaii and the Pacific including the U.S. Department of Defense and the State of
Hawaii Department of Land and Natural Resources. Specifically, direct work with the PTA
environmental crew (from the Center for Environmental Management of Military Lands)
supported their mission towards a commitment to preserve, protect, and enhance natural
resources while improving the Army’s ability to conduct training and maintain military
readiness.



1. Objectives

We combined newly developed remotely sensed information with field based studies to: 1)
define the current condition and historical changes to tropical dry forest ecosystems in Hawaii, 2)
develop technology for regional restoration planning and ecosystem monitoring, 3) quantify
restoration potential and develop restoration prescriptions for remnant Hawaiian dry forests and
shrublands, and 4) develop effective fuel and fire risk reduction measures that protect dry forest
fragments and initiate succession of degraded grasslands into native woody communities. This
combined synergistic approach has improved the capacity of military lands to sustain training
activities by providing effective and sustainable fire risk reduction strategies.

1.1 Current condition and historical changes to tropical dry forest composition and
structure in Hawaii

Our first remote sensing effort was to develop a historical map and associated publication of dry
forest cover change from 1954 to present for a major dry forest landscapes on the island of
Hawaii. To assess forest decline on military lands is a critical first step to developing effective
management and restoration efforts. Tropical dry forests in Hawaii are threatened with
extinction. The restoration of dry forest is a major focus of conservation research and
management. To set dry forest restoration targets managers need to understand the historical
baselines and human modifications to the landscape. We are addressed the following questions:

a. How has woody cover changed throughout dryland communities over the past 50-60
years?

b. What does this suggest about ecologically viable areas for woodland restoration?

c. What is the trajectory of vegetation composition in the Dodonaea shrub-land for the
purposes of restoration planning in Pohakuloa Training Area, Hawaii — a regionally
significant habitat for threatened and endangered dry forest species?

1.2 Developing technology for regional restoration planning and ecosystem monitoring

Our second and largest remote sensing activity was to develop a state-of-the-art high resolution
map of vegetation cover, species dominance, and fire fuel cover for purposes of setting a clear
baseline for potential local and regional restoration efforts. The goal with this segment of the
study was to develop a set of regional restoration goals — mainly in terms of aboveground carbon
storage, canopy diversity, and fire resistance — that can be used by resource managers to track the
progress of the restoration experiments through time. The third remote sensing component takes
advantage of high temporal frequency satellite imagery to aid in the near real-time monitoring of
fire fuel conditions. We addressed the following questions:

a. What is the relationship between vegetation, topography, and fire fuel loading?
b. How do the fire fuel conditions vary with woodland community type on both a
seasonal and interannual basis?



1.3 Developing restoration prescriptions that alter fuel conditions and fire risk within
remnant tropical dry forests

We established a field experiment simultaneously provided baseline data on small-scale fuel
conditions and potential fire behavior within a range of dry forest community types. To do this
we developed strategies for establishing sustainable populations of native species, and then
tested the effectiveness of restoration of native woody cover as a tool to reduce fine fuel loads
and potential fire danger. To achieve these goals we applied treatments to address the major
barriers to restoration (i.e. invasion of non-native grasses; lack of native species seed and/or
propagules; and absence of suitable microhabitat for native species) in a replicated manner
across community types. We then tested the potential for these restoration treatments to reduce
fire danger. We addressed the following questions:

a. How do effective restoration prescriptions change across dryland community type and
from degraded to more intact habitats?

b. Can native species restoration be used as a tool to reduce fine fuel loads, increase fuel
moisture, and thereby break the fire/grass cycle in dry forests?

c. What are the seasonal movement patterns of feral goats? What plant communities do
feral goats prefer, and do these preferences vary seasonally? How do feral goats
respond to intra-seasonal vegetation dynamics on small temporal scales (e.g., in
response to changes in plant photosynthetic activity following pulse precipitation
events)?

1.4 Testing methods to reduce fire spread within highly degraded grass-dominated former
dry forest

A second component of our field study was the design of effective fire reduction measures to
protect remaining dry forest fragments and stop the spread of large fires across grass-dominated
landscapes. Within large areas that have been completely converted to grasslands, restoration-
based approaches should be targeted to enhance other fire and fuel reduction measures that are in
place. Our experimental design included traditional fuel breaks (i.e. strips with fuels removed
mechanically) in areas prone to ignition as well as “greenstrips” planted with fire resistant native
species. To assess the potential feasibility and effectiveness of greenstripping in Hawaii, we
addressed the following questions:

a. What native species are suitable candidates for use in greenstrips?

b. What site preparation and planting strategies are best to maximize success of
greenstrip plantings?

c. Do greenstrip plantings reduce available fuels and alter fuel continuity in such a way
as to reduce fire spread and intensity?

d. Do greenstrip plantings reduce the spread of invasive species?



2. Background

Altered fire regimes are one of the most immediate threats to remnant dry forests and shrublands
in the tropics. In Hawaii for example, fires were generally infrequent and limited in size prior to
human induced changes in native ecosystems
(Loope 1998). Over the past century, however,
wildfire frequency and size have increased
dramatically as a result of invasion by fire-
promoting non-native invasive grasses (Smith and
Tunison 1992). These grasses increase fine fuel
loads and alter fuel structure in ways that increase
the likelihood of fire ignition and spread. Fire-
promoting characteristics of non-native invasive
grasses include: rapid biomass accumulation, high
surface area/volume ratio, high dead/live biomass
ratio, and ignition at high moisture levels (Fujioka
and Fujii 1980, Hughes et al. 1991). Furthermore,
fire effects and post-fire environmental conditions
promote recruitment of these grasses and inhibit .
recruitment of native woody species. These AN
changes in community structure and composition
result in fuel and microclimate conditions that )
increase the likelihood of subsequent fire
(Freifelder et al. 1998). In this way, non-native
grass invasion initiates a grass/fire cycle (See
Figure 1) that converts native forest to non-native
invasive dominated grassland (D'Antonio and
Vitousek 1992). This cycle is now considered the )

; TP Figure 1.
primary agent of forest to grassland conversion in . .

. e . Conceptual model of native forest degradation
dry and mgsw plant c_ommunltles In Hawail f’md resulting in a grass/wildfire cycle maintained by
elsewhere in the tropics (Mack and D'Antonio 1998,  fuel/microclimate feedback.

Goldammer 2012, Angelo and Daehler 2013, Loope
et al. 2013, Bowman et al. 2014).

=]

-

=high fuel load
-low C stocks

Grass/Fire
Cycle

While the total area burned annually in Hawaii may be small relative to that of fire-prone areas
of the US mainland, the potential damage to natural resources posed by fires in Hawaii is
profound. There are more endangered species per square mile on these islands than any other
place in the US, and most of these species - and the ecosystems in which they live - are found
nowhere else in the world. Hawaii is home to nearly 1/3 of all federally listed threatened and
endangered species and almost 1/2 of all listed plants. The total number of listed plant species in
Hawaii has increased by 40% over the last six years, and over 100 of these have fewer than 20
known individuals (Loope 1998). Over 90% of the original Hawaiian dry forests have been
destroyed (Mehrhoff 1993, Bruegmann 1996), and over 25% of the officially listed endangered
plant taxa in the Hawaiian flora are from dry forest or dry-scrub ecosystems (A. K. Sakai and W.
L. Wagner, unpublished data).



Disrupting this cycle of fire and forest loss is of utmost importance to the Department of
Defense, because training induced wildfire has very large detrimental effects on military mission
in tropical dry forest ecosystems. We propose that on military lands in Hawaii and throughout
the Pacific, native forest rehabilitation and restoration may be the most cost-effective
management tool to reduce fuel loads, fire danger, and fire impacts while also controlling
invasive species establishment and spread.

Restoration of woody canopy cover is likely to reduce fire risk by altering fuel and microclimate
conditions in ways that reduce the likelihood of fire ignition and spread. Since many fire-
promoting non-native invasive grasses employ a Cs photosynthetic pathway, canopy shade is
likely to decrease their productivity (Knapp and Medina 1999). Our previous work in Hawaiian
lowland dry forest supports this hypothesis, suggesting that increasing canopy density can reduce
grass fuel biomass and flammability. Furthermore, low grass biomass produces moist
microhabitat conditions that may be more suitable for less flammable species. Microclimate
variables such as wind speed, generally one of the most important for predicting fire spread, can
be twice as high in open grasslands as in open-canopy woodlands in Hawaii (Freifelder et al.
1998). Other studies in Hawaii and elsewhere have indicated canopy effects on temperature
(Scowcroft and Jeffrey 1999) and vapor pressure deficit (Uhl and Kauffman 1990) consistent
with decreased flammability.

Restoration is an attractive option for fine fuel control, because other fuel reduction methods (i.e.
prescribed burning, controlled grazing, and large-scale herbicide applications) are not likely to be
ecologically or economically feasible in Hawaii. While natural fires historically did occur in
some Hawaiian plant communities (Mueller-Dombois 1981), most native species recover slowly,
if at all, after fire and are not capable of surviving repeated fires (Smith and Tunison 1992). For
these reasons, prescribed burning is likely to only temporarily reduce fuels while exacerbating
problems with loss of native species and invasion of non-natives. Although intense grazing can
reduce fuel loads locally (Blackmore and Vitousek 2000), grazing causes substantial damage to
native vegetation (Scowcroft and Giffin 1983), contributes to loss of forest cover (Blackmore
and Vitousek 2000) and has been shown to be ineffective at reducing fire frequency and severity
at landscape scales. Finally, large-scale herbicide application is expensive and likely to be
difficult to implement safely in landscapes containing substantial numbers of endangered native
species. Thus reforestation with native species may be one of the best approaches to
simultaneously accomplishing the goals of reducing fire risk from invasive grasses and
reestablishing functioning native plant communities on converted sites.



3. Materials and Methods
3.0 Study Sites

Pohakuloa Training Area (PTA): Pohakuloa Training Area is located on the Big Island of Hawaii
(Fig. 2) and encompasses 44,045 ha in the saddle between Mauna Loa and Mauna Kea
volcanoes. It is the Army’s largest and best training area in the Pacific. Most of PTA is
composed of relatively young substrate from Mauna Loa. Vegetative cover varies from barren
lava to dense shrub and forest ecosystems but is collectively classified as Subalpine Dryland
(Bern 1995). The vegetation found in a given area is largely a function of the age of the lava flow
on which it grows. Because of PTA’s position largely above the inversion layer, its rainfall is
considerably lower than the rain forest zone at lower elevations. The average annual precipitation
across the installation is 37 cm with the highest rainfall accruing in the winter months. The
annual mean temperature is about 16°C. PTA is biologically rich encompassing 24 vegetation
communities. Twenty two rare plant species have been documented with 11 of those listed as
federally endangered and nine as species of concern. Numerous rare and endangered fauna are
also found at PTA. Critical habitat and areas of special concern in terms of their botanical
composition and or habitat value for rare species have been recently designated at PTA (Stout
and Associates 2002).

Puu Waawaa (PWW): The land division or ahupua‘a of Puu Waawaa is located on the western or
leeward side of the Island of Hawaii (Fig. 2) on the northern flank of Hualalai volcano. Lavas of
Hualalai are primarily Holocene in age, but some deposits date to late Pleistocene (Moore and
Clague 1992). The study site is at approximately 600 m elevation with a mean annual
temperature around 20°C and receives approximately 60 cm annual precipitation. Botanical
records for Puu Waawaa date back almost 100 years. Joseph Rock, a famous Hawaiian Botanist,
conducted extensive surveys of vegetation on Puu Waawaa Ranch in 1909. At that time, he
claimed that Puu Waawaa was "...the richest
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ohe makai (Reynoldsia sandwicensis), and kauila (Colubrina oppositifolia). The rare lama and
lama/kauila plant communities are restricted to this zone at Puu Waawaa.

3.1 Remote Sensing Methods
3.1.1 Historical Aerial Photography

Black and white aerial photos were acquired in October of 1954 by the United States Navy from
a fixed-wing aircraft at approximately 1:52,000 and 1:42,000 scale. Original photographs were
digitized at 1,000 and 1,200 dots per inch respectively. We resampled these images to 1.5 m
resolution, and the study area encompassed 23 individual photographs. Due to variable solar
illumination among photographs, we processed each digitized photo using Adobe Photoshop
Elements version 3.1 to improve the consistency of visual interpretation and image analysis. We
eliminated areas near edges with strong geometric distortion and darkening and manually
adjusted image brightness and contrast to improve apparent visual consistency. We processed all
images to generate a single image mosaic, which we georeferenced using ENVI 4.3anda 2.2 m
LiDAR digital terrain model (DTM, see below). Overall root mean squared error (RMSE) was
5.5m.

Contemporary high resolution surface cover mapping
The Carnegie Airborne Observatory (CAO, Fig. 3) is an integrated airborne remote sensing and
analysis system developed to acquire spatially detailed and extensive measurements of structural
and biochemical properties of vegetation (Asner et al. 2007). In this analysis, it combined the
airborne visible and infrared imaging spectrometer (AVIRIS) with a LIDAR sensor and 3-D
navigation technology (i.e. the CAO Beta
System (Asner et al. 2007). We used height
measurements from LiDAR to quantify
vertical and horizontal vegetation structure,
and reflectance observations from the
imaging spectrometer to estimate the
fractional cover of photosynthetic vegetation,
nonphotosynthetic vegetation, and barren
volcanic substrate using methods detailed by
(Asner and Heidebrecht 2002) and (Andrews
et al. 2005). Airborne data were collected on
January 7, 2008, which is 53 years after
collection of aerial photography. The LiDAR
e gystem was configured to record the
Figure 3. Carnegie Airborne Observatory aircraft used to  |gcations of up to four reflecting surfaces for
collect remotely sensed data throughout PTA and PWW. every emitted laser pulse at 1.1 m laser spot
spacing. Horizontal and vertical accuracy of
the LIDAR system is discussed in detail in Asner et al. (2007). Laser ranges were combined with
navigation information to determine the vertical and horizontal locations of reflecting surfaces.
To estimate canopy height aboveground, LIiDAR elevation measurements were processed to
identify which laser pulses were likely to have penetrated vegetation and reached the ground
surface. These points were then used to interpolate a raster digital terrain model (DTM) for the




ground surface. The remaining points were used to interpolate a digital surface model (DSM) for
the vegetation canopy. Subtraction of the DTM from the DSM produced a model of canopy
height aboveground (digital canopy model, DCM). The elevation models were generated at 2.2
m resolution, and all subsequent analyses were performed directly on the elevation models.

Classification of land-cover types using historical photography

We used object-based classification to distinguish four land-cover types: grasses and forbs, tall-
stature woody vegetation, short-stature woody vegetation, and lava and exposed soil (Table 1).
We applied a multiresolution segmentation using Definiens eCognition version 5.0. The
segmentation parameters were 20, 0.8 and 0.7 for the scale factor, color and compactness
respectively. We then aggregated these objects and classified image segments using a nearest-
neighbor classification. Training sites were identified that described each class using field
surveys and a contemporary vegetation map (Table 1).

Table 1. Land-cover classifications applied to historical aerial photography.

Grass/forb Short-stature herbaceous vegetation cover representing grasses and forbs

Tall woody Tall-stature woody vegetation typically exclusively M. polymorpha, but
occasionally S. chrysophylla and M. sandwicense

Short woody Short-stature woody vegetation dominated by S. chrysophylla and M.
sandwicense

Barren Barren volcanic substrate

Evaluation of land-cover classifications

We evaluated land-cover classifications from historical photography by comparing results to
contemporary airborne remote sensing, field surveys, and vegetation maps (Shaw and Castillo
1997). We classified contemporary airborne remote sensing data into the same four land-cover
classes (Table 1) by using a DCM and fractions of photosynthetic vegetation, nonphotosynthetic
vegetation, and barren substrate. We also conducted field studies to determine whether
classifications using historical photography and contemporary remotely sensed data accurately
identified features on the ground. We visited sites in the field that were well distributed
throughout the western side of the PTA landscape in November and December 2008. At each
site, we traveled by four-wheel-drive and compared classification results with conditions on the
ground using a hand-held tablet PC with GPS. We used features that were identifiable in the field
and within imagery (such as individual trees or shrubs) to ensure that we were in the correct
location in the field before determining whether classifications were accurate.

Historical change in woody vegetation

Assessment of land-cover classifications in the field using historical aerial photography indicated
that they did not accurately distinguish the four land-cover classes. The only features that were
consistently represented in digitized historical photos were shadows cast by large isolated objects
(trees and shrubs). We therefore processed imagery from historical photos and contemporary
LiDAR to generate binary classifications of tree presence and absence based on apparent
shadows, and used these classifications to determine the extent and change in woody vegetation
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cover. Binary images for each historical photo were created by identifying a threshold that
distinguished shadows from non-shadow objects. Visual examination indicated that the threshold
was 90. Therefore, we assigned all pixels <90 a value of 0 and all pixels > 90 a value of 1.
Although these analyses were performed on the 1.5 m images, we aggregated pixels to
summarize woody vegetation cover within units of 20 x 20 m. This aggregation was selected to
produce a size that would minimize small geometric offsets between images while retaining
spatial detail. We then subtracted the 2008 from 1954 aggregations to produce a map of woody
vegetation change.

3.1.2 Natural and Anthropogenic Fire History

In addition to analyses of historical aerial photography, we conducted soil surveys on old Mauna
Kea substrates to determine whether contemporary dominance of the native C3 shrub Dodonaea
viscosa is a recent phenomenon that could be facilitated by a grass fire cycle. Soil samples were
collected in 8 pits up to 1.5 m deep (Fig. 4) using standard methods (Chadwick et al. 2007). The
study sites were selected using a high-resolution digital elevation model and airborne imaging
spectroscopy from the Carnegie Airborne Observatory (CAQO). Sites were identified that
supported > 90% vegetation cover with
descending local topography (i.e. localized areas
where soil and water are likely to accumulate).
These areas provide ideal sampling conditions in
which we can characterize patterns in soil through
time, because they represent the relatively rare
places on this dryland landscape where soil
accumulation occurs. We then selected 8 sites for
additional sampling using a stratified random
design. Because our objective was to characterize
changes in the abundance of §*3C isotopes as a
function of soil depth, four positive control sites
were those known to be dominated by
contemporary C3 vegetation. Four negative
control sites were dominated by contemporary C4 vegetation, which mainly consists of native
and introduced grasses (e.g., Pennisetum setaceum and Eragrostis atropoides). Inclusion of
positive and negative control areas allowed us to determine relationships between contemporary
vegetation cover and of §'3C, and helps to interpret patterns as a function of soil depth.

Figure 4. Excavating a soil pit to collect charcoal
samples for isotope and radiocarbon analysis.

In general, the soil organic matter (SOM) at the soil surface represents the isotopic signature of
inputs of organic material from contemporary vegetation but is often slightly enriched due to 3C
fractionation during secondary metabolism and foliage senescence (i.e. lipids and lignins are
generally depleted by 3-6 % relative to sugar and starch) (Ehleringer et al. 2000). Furthermore,
observed changes in **C SOM values over time and with soil depth can reflect microbial
incorporation (i.e. soil *C becomes more enriched (positive) over time as it is metabolized by
microbes) as a progressively more significant component of the residual SOM. (Ehleringer et al.
2000). Microbial incorporation can account for up to 1.5 %o enrichment of *3C values.
Estimating soil age accurately is further challenged by potential downward mixing of new
organic matter (through biotubation, percolation, and deep deposition by roots) (Wang et al.
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1996). Other likely influences include the “Suess effect” — that SOM in deeper soils originated at
a time when 3C values of atmospheric CO2 were more positive and thus heavier relative to
values found at the soil surface (Ehleringer et al. 2000).

Despite these assumptions, accurate interpretation of depth profiles can be greatly improved with
additional data and correlations. These include; 1) analysis of % soil carbon — since grasslands,
woody vegetation, and disturbance regimes such as fire differ in carbon biomass inputs in the
soil — correlation of %C with $3C should verify distinct patterns — i.e. Bird et al. (2000) found a
significant relationship of decreased % soil C following fire (also see our data in figure 1); 2)
radiocarbon dating of soil/charcoal/wood to verify age estimations; 3) phytolith identification —
mixing of phytoliths into deeper soil depths is less likely than SOM due to their larger size. In
addition, phytoliths of C3 and C4 species are very distinct — particularly with grasses as they are
uniquely shaped (Kelly et al. 1991, McClaran and Umlauf 2000). Phytoliths form when silica or
calcium precipitates in intracellular, intercellular or cell wall spaces, regularly occluding organic
matter within the phytolith (Piperno 1988). The §!3C values of C4 grass and C3 plant phytoliths
are around -21%o and -28%o respectively (Kelly et al. 1991).

In Hawaii Chadwick et al. (2007) relate *C to pre and post human contact vegetation across
nutrient and precipitation gradients. In the driest sites (but wetter than our PTA sites) the carbon
contribution of the top 40 cm is derived from recent grass invasion — but these roots do not
penetrate below 40 cm in depth (Kelly et al. 1991). Their data from SOM collected below 40cm
were correlated with *4C dates of 4130 and 8030 years BP and further indicate that little recent
carbon has been incorporated into the SOM and that deep SOM predates Hawaiian habitation.
By quantifying the relative abundance of §*3C isotopes in wood, charcoal, and soil organic
matter among depth profiles and between sites with different contemporary abundance of C3 and
C4 vegetation, we may be able to determine whether the ratio of C3/C4 composition of the
vegetation community has changed through time, infer the influence of anthropogenic versus
natural factors shaping historic changes in plant communities, and radiocarbon date the
approximate timing of these changes.

3.1.3 High-resolution Ecosystem Mapping

Today, digital airborne remote sensing plays a key role in Earth science, land management, and
conservation because neither ground-based nor satellite measurements can fully capture the
spatial heterogeneity of ecosystem structural and functional changes that occur over large
geographic areas. However, the information provided by airborne remote sensing depends upon
the technology and algorithms employed. In recent years, two advanced remote sensing
technologies and sciences have matured to a point in which ecosystem structure and chemistry
can now be quantified in ways that are useful to conservation and management. Each technology
provides unique data that are sufficiently rich in information to allow for highly automated
analysis technigues, including accuracy and uncertainty reporting. One technology — imaging
spectroscopy (also called hyperspectral imaging) — can provide detailed information on the
cover, abundance and concentration of biological materials and biochemicals (Ustin et al. 2004).
The other technology — waveform light detection and ranging (WLiDAR) — can provide detailed
information on the cover, height, shape, and architecture of vegetation, as well as ground
topography (Lefsky et al. 2002). When combined, hyperspectral imaging and wLiDAR may
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provide one of the most powerful, and ultimately practical, set of ecosystem observations
available from the airborne vantage point.

Carnegie undertook the first known effort to develop and fully integrate imaging spectroscopy
and WLIDAR technologies in a new system called the Carnegie Airborne Observatory (CAO;
http://cao.stanford.edu). Through in-flight fusion of these technologies on board aircraft, along
with new automated algorithms for precise co-location and geo-ortho-rectification of the
hyperspectral and wLiDAR data, the CAO provides an observational suite that simultaneously
probes the biochemical and structural properties of ecosystems. We have tested and applied the
CAO observations to Hawaiian forest ecosystems, yielding a data product suite that include
underlying terrain, vegetation canopy height, 3-D canopy structure, and species dominance.
Recently, Carnegie deployed the CAO to map the Puu Waawaa area in hopes of acquiring funds
to analyze it at a later date. We have flown the CAO over PTA, and have analyzed the data from
both PTA and PWW to deliver digital maps of topography, vegetation height, species
dominance, and fire fuel load at 1.0-1.2 m spatial resolution. Topography and vegetation height
are derived from the LIiDAR sub-system of the CAQO, whereas species dominance and fire fuel
load are derived from analyses of the combined hyperspectral and LiDAR data (Asner et al.
2005). The LiDAR fires at 100 kHz, with an average laser spot size of 1.0 m from 2000 m a.g.l.
An Applanix 510 inertial motion unit (IMU) and multiple GPS units are used to solve for LIDAR
spot locations as projected onto the ground from the aircraft. LIDAR waveforms are
geometrically corrected and subset to exclude zenith angles greater than 20 degrees from nadir.
The data are then gridded at 1.0 m resolution, and a crown-finding algorithm (Knapp and Asner,
unpub.) is applied to estimate the location of crown centers and edges. Canopy height is derived
from LiDAR returns taken 25% inward from each crown edge, thus avoiding spurious LiDAR
returns that do not penetrate to ground level. An estimated ground (bald Earth) map also will be
derived using three-dimensional, terrain-sensitive algorithms and filters. The result is spatially
matched top-of-canopy and ground elevation maps.

We have estimated species dominance and canopy water content from the CAO hyperspectral
imagery using physically-based methods originally developed by Asner (2000), then improved
and tested by Asner and Vitousek (2005), Carlson et al. (2007), and Asner et al. (2007). First, the
ACORNS-5 atmospheric radiative transfer model (ImSpec LLC, Palmdale, CA) was used to
convert hyperspectral radiance measurements from the aircraft to apparent surface reflectance.
The fractional cover of photosynthetic vegetation, non-photosynthetic vegetation, and bare
substrate was then quantified in each image pixel using a fully automated spectral unmixing
algorithm designed for high-fidelity imaging spectrometer observations (Asner and Heidebrecht
2002). We then ran a canopy photon transport model constrained by the fractional cover
estimates (Asner and Vitousek 2005). In brief, the approach utilizes the full spectroscopic
signature provided by AVIRIS to solve a 3-dimensional canopy reflectance model for canopy
leaf area index (LAI), leaf spectral reflectance and transmittance properties, and leaf inclination
distribution. During the radiative transfer model inversion, canopy LAI and leaf spectral
properties were allowed to “float”, whereas leaf inclination was fixed to an ellipsoidal
distribution (Myneni et al. 1989). The model inversion adjusts the floating parameters to best
match a simulated spectrum to the actual spectrum of each CAO image pixel; these best-fit
parameters are then considered the best estimate of the canopy properties. A look-up table was
then used to match the estimated leaf reflectance and transmittance spectra to leaf and canopy
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water content (Asner and Vitousek 2005). These canopy biochemical maps were then combined
with canopy structural maps from the LIDAR to estimate species dominance based on a database
of species collected throughout Hawai'i (Asner et al. 2007).

3.1.4 Topographic Analysis of Endangered Species

The budget for managing endangered plant species on military land in Hawaii exceeds $10
million per year. We have the opportunity to use the high resolution data from the CAO to help
guide the management and restoration of these species. Because drought stress is one of the
primary limits to plant growth and reproduction in these dry ecosystems, we used elevation data
from the CAO to model topographic variables associated with the evaporative stress imposed on
plants by the landscape. We developed ecologically relevant criteria based on the DTM in order
to define areas of suitable topography for plant restoration. Our approach differs from other
approaches using species distribution modeling (e.g., MAXENT) to determine habitat suitability
for specific species (e.g., Gogol-Prokurat 2011). This approach relies on existing plants that
occupy patches of suitable habitat, and using the attributes of those locations to predict other
suitable locations in the landscape. We do not think the assumptions 