


were observed. An NPV buildup following fire of 7–8 yr was projected, and
more heavily grazed lands were found to exhibit reduced NPV cover, most
notably during the summer fire season. These results demonstrate the effects
that land use and disturbance history have on fire conditions, and they support
the concept that grazed lands managed to reduce litter buildup pose a lower risk
of fire across ample geographic scales. Time series of satellite observations
with modern analysis techniques can be used with environmental data to sup-
port a regional fire-monitoring program throughout Hawaii.
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1. Introduction
Grassland wildfire exerts a strong control on the structure and functioning of
semiarid ecosystems and leads to large economic losses when fire spreads into
regions of development (Dellasala et al. 2004). Fire is a defining characteristic of
grasslands, helping to build complex mosaics of plant communities of various
stages of succession (Harrison et al. 2003). Fire conditions are influenced by
topography and weather, but fuel quantity is the principal ecosystem structural
component that is required for fire. Furthermore, fuel quantity is the only fire
component that can be modified by human land use, making it a key parameter for
measurement in managed grasslands worldwide.

Grass-fueled fires are a particular problem in systems where grasses have in-
vaded woodlands, such as in the Hawaiian Archipelago (D’Antonio and Vitousek
1992). Hawaii contains unique woodland ecosystems with a well-documented
proliferation of exotic African grasses across its drier landscapes found on the
leeward sides of the islands (Hughes et al. 1991). African grasses were introduced
to Hawaii for grazing purposes and have expanded in geographic extent during the
last century. They are now present in nearly all dry to mesic environments on
Hawaii and have expanded similarly within many other tropical regions of the
world (Parsons 1970). Following introduction, native forest conversion to grass-
land occurs when recruitment of native tree species cannot compete with invasive
grasses under grazing pressure (Hughes et al. 1991). The steady decline of forest
area and the increased dry grass biomass lead to higher fire frequency, speeding
woodland, and forest destruction at larger geographic scales than occurs with
grazing alone (D’Antonio and Vitousek 1992). In many areas of Hawaii, and on
the northwest coast of the “Big Island” of Hawaii in particular, there has been a
near total replacement of endemic forests by invasive grasses. As a result, grass-
fueled fires have become a critical issue of public safety following several large
fires near suburban and urban areas (NPS 1990).

Fire will continue to be a dominant component of these newly created Hawaiian
grasslands; however, preservation of the remaining endemic forests requires some
level of fire exclusion. Understanding the geographic distribution and phenology
(i.e., timing of fuel development) of fire-prone grasses may be key to fighting fires
and to performing precautionary treatments throughout Hawaii. Field-based tech-
niques have identified useful options for reducing fire risk, including cattle grazing
(Cabin et al. 2000) and controlled burns (NPS 1990). However, the effectiveness
of these techniques requires detailed information on where the grass fuel load is
accumulating, and its location relative to human settlements, endemic forests, and
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prevailing winds. Furthermore, no broadscale studies have investigated the rela-
tionship between grazing and fire conditions in Hawaii, yet grazing has been
identified as a possible method of fire control (Blackmore and Vitousek 2000).
Grazing can reduce the risk of fire via at least two mechanisms: it reduces standing
litter in grasslands (Heitschmidt et al. 1987; Shariff et al. 1994), and it can shift
plant community composition toward less flammable grasses (Blackmore and
Vitousek 2000).

Fire conditions vary greatly in time and space: fuels require time to accumulate,
and topography and microclimate influence the condition of fuels. Therefore, any
investigation of fire occurrence, hazard, or behavior requires observational mea-
surements over broad spatial scales and through time. Remotely sensed measure-
ments meet these requirements and are particularly useful for investigations of
wildfire history (Hicke et al. 2003), fuel load production (Roberts et al. 2003), and
the impact of land use on fuel load (Bachelet et al. 2000). Combined with other
spatial analyses and predictive modeling, remotely sensed measurements of fuel
quantity can be used to estimate fire risk (Ambrosia et al. 1998).

We compiled and tested a time series of National Aeronautics and Space Ad-
ministration (NASA) Moderate Resolution Imaging Spectroradiometer (MODIS)
satellite data for quantifying photosynthetic vegetation (PV), nonphotosynthetic
vegetation (NPV), and bare substrate fractional cover in Hawaiian dryland eco-
systems. A second objective was to uncover relationships between these satellite
measurements and existing environmental and land-use data. This latter objective
was intended to prototype an operational fire-monitoring program that must even-
tually also include fire risk assessment and modeling. Our work also provides a
more detailed understanding of how the invasive grass/fire cycle operates at re-
gional scales on the dry leeward slopes of Hawaii.

2. Site description
Hawaii is a volcanic island archipelago containing strong climatic gradients lead-
ing to a diversity of ecosystem types ranging from tropical rain forests to desert
environments (Figure 1). We focused on the dry lowland and submontane areas
located on the leeward side of the Hawaii Island. This region is roughly 700 km2

and receives between 250 and 1500 mm of precipitation annually. Most rainfall
occurs in the winter months between January and March.

Substrates in the study region are derived from one of four volcanoes: Mauna
Kea, Mauna Loa, Hulalalai, or Kohala. Flow ages range from 1.5 millions of years
ago (MYA) to less than 200 yr and are dark black basaltic lava flows, a’a and
pahoehoe. Soil development varies widely with almost no soil on young flows or
on flows located in the very low precipitation zone without substantial vegetation
cover. Well-developed soils occur on old flows where precipitation is high and
vegetation is abundant. In either case, organic matter adheres to mineral material
and forms dark, well-aggregated soils with high soil organic matter content (Sher-
man and Ikawa 1968), which is therefore often similar in color (visible light) to the
basaltic parent material. The term “substrate” will be used in this paper to refer to
both young basaltic flows (rock surfaces) and well-developed soil surfaces.

Plant communities of the arid to mesic environments on the leeward side of
Hawaii were once defined by a small number of native tree species. These include
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Metrosideros polymorpha (ohia) and Acacia Koa (koa). However, African grasses
were introduced to Hawaii for grazing purposes following European contact in
1778, and these grasses have largely replaced native vegetation. Pennisetum clan-
destinum (kikuyu grass), P. setaceum (fountain grass), and Melinus minuteflora
(molasses grass) are among the common invading species across the dry portions
of Hawaii. Since introduction, these grasses have expanded in extent and now exist
in monospecific stands in many areas (Figure 2).

3. Methods
3.1. Spectral mixture analysis

Spectral mixture analysis (SMA) (Adams et al. 1986) was used to estimate three
ecosystem structural properties: PV, NPV, and the fraction of exposed substrate.

Figure 1. Broad patterns of annual precipitation for the Big Island of Hawaii. Region
A is the Kohala Mountain rangelands; region B is Pu’uwa’awa’a Ranch, a
region where introduced grasses and grazing abuts native endemic for-
ests, and where a recent wildfire has occurred.
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