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Ground-based and remotely sensed nutrient
availability across a tropical landscape
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Tropical soils often are assumed to be highly weathered and thus
nutrient-depleted, but this prediction applies primarily to geomor-
phically stable surfaces. Topography complicates the assumption
of nutrient depletion, because erosion can enhance the supply of
nutrients to tropical ecosystems. Consequently, understanding
nutrient availability across landscapes requires a spatially explicit
assessment of the relative strength of depletion and enhancement.
We document the relationship between foliar nutrients and topo-
graphic position across a 20-km?, 4- to 5-million-year-old eroded
landscape in Kaua’'i, Hawai’i, and use this relationship to build a
bottom-up map of predicted nutrient availability across this land-
scape. Only ~17% of the landscape is nutrient-poor, mostly on
stable uplands; nutrient availability on slopes and valley bottoms
is much higher, in some cases similar to the most fertile montane
forests in the Hawaiian Islands. This pattern was corroborated by
top-down remote sensing of area-integrated canopy phosphorus
concentrations.
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Terrestrial biogeochemistry has been guided by the paradigm
that as soils age they become increasingly weathered and
nutrient-depleted (1-4). For example, Wardle et al. (5) evalu-
ated six soil age sequences and determined that productivity and
phosphorus (P) availability decline with age. However, to isolate
the effects of aging, all six chronosequences were deliberately
placed on relatively flat, geomorphically stable sites. In the only
tropical sequence, in Hawai’i, plots were located on minimally
eroded surfaces of Hawaiian shield volcanoes (6).

Most landscapes, however, are comprised of both stable and
eroding surfaces. While aging results in P depletion at the oldest
(4.1 million years old) Hawaiian site, the surrounding landscape
has experienced substantial erosion (7, 8). Erosion rejuvenates
the supply of nutrients by means of rock weathering on slopes,
where the availability of rock-derived nutrients can approach
that of younger, fertile, uneroded surfaces (9, 10). The resulting
patchwork of stable and eroding surfaces is not unique to
Hawai’i. A data set of 90-m cell digital elevation models (Shuttle
Radar Topography Mission) shows that, globally, ~10% of the
tropics (=~4.5 X 10° km?) have slopes >10°, with higher per-
centages in Central America, Asia, parts of South America, and
some Pacific Islands (11).

To understand the landscape-level interaction between de-
pletion and rejuvenation, we applied two techniques, field-based
determination of nutrient availability at different landscape
positions and a newly developed technique for remote sensing of
canopy nutrient content (12), to an upland forest landscape on
the island of Kaua’i, Hawai’i.

Kaua’i was formed ~4-5 million years ago by basaltic erup-
tions emanating from the Hawaiian hotspot (7), and the land-
scape is underlain by a single bedrock type of a single age. After
formation, Kaua’i was carried off the hotspot by movement of
the Pacific Plate, and our study area has not experienced active
volcanism for ~3.9 million years (13). Over that time, erosion has
dissected the original volcano to the point that uneroded rem-
nants of the original shield volcano make up only ~2% of the
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island’s surface (7). These shield remnants are relatively abun-
dant in the landscape we studied, where they form flat, often
boggy ridgetops that support highly weathered, deep oxisols
receiving >2 m of rain annually (4, 14). These ridges are
dissected by numerous stream valleys, and thus there are many
shield surface—slope—toe slope topographic sequences arrayed
across the landscape.

Forests in mesic to wet upland Kaua’i are dominated by the
common Hawaiian tree Metrosideros polymorpha (ohia). Foliar P
in ohia closely tracks other measures of nutrient availability in
both natural and fertilized settings (4), so we used ohia foliar P
as a proxy for soil fertility and nutrient availability across the
landscape. Across Kaua’i (and much of Hawai’i) ohia P concen-
trations range from 0.05 to 0.11 wt%, and we defined P-poor
areas as those with ohia leaf P concentrations below 0.065%
(hereafter low P), and P-rich areas as those with ohia P above
0.09% (hereafter high P) (4, 6, 15). We focused on P, rather than
nitrogen (N), because P is widely assumed to be in short supply
across old tropical soils (2, 5, 8, 16) and because a fertilization
experiment demonstrated that P, and not N, limits primary
production on uneroded surfaces in our study area (6). P enters
soils predominantly from the weathering of rocks, and the
breakdown of rocks and loss through leaching of the elements
they contain, combined with P adsorption to soil minerals, leads
to long-term declines in P availability in the absence of distur-
bance (2). In contrast, N builds up in ecosystems over time
through biological fixation and atmospheric deposition and is
relatively abundant in old tropical ecosystems (4, 17). Previous
work on one toposequence in our study found that soil-available
N and P increase downslope and that ohia in lower slope
positions responded as if fertilized with P: foliar N and P both
increased, leaves were thinner [lower specific leaf area (SLA; leaf
mass per area)] and more numerous [higher leaf area index
(LAI leaf area per meter of ground)] (9).

Methods

Mapping of Ohia Nutrient Concentrations. The youngest, fully ex-
panded, full-sun leaves of M. polymorpha (ohia) were sampled by
using a slingshot from 10 topographic transects across an ~20-
km? landscape in the Na-Pali Kona Forest Reserve on the island
of Kaua’i. Leaves were dried at 70°C, ground, and analyzed for
nutrient content by one of two methods, either Kjeldahl digest
and autoanalyzer or dissolution and analysis by inductively
coupled plasma MS. Both methods produced the same results for
standards and duplicates within analytical error. For strontium
(Sr) analysis, leaves were ashed, dissolved in distilled nitric acid,
dried, and redissolved in distilled hydrochloric acid. Sr separa-
tions were performed by using standard ion chromotography. Sr
isotope analyses were performed on a Finnigan MAT 261 solid
source thermal ionization mass spectrometer (TIMS), and values

Abbreviations: SLA, specific leaf area; LA, leaf area index; GIS, geographic information
system; AIP, area-integrated P concentration; AVIRIS, Airborne Visible and Infrared Imag-
ing Spectrometer.
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for NBS 987 averaged 0.71022 = 0.00003. In Hawaii, atmospher-
ically derived Sr (dominated by seawater) has a different isotopic
mass signature than bedrock-derived Sr, and the Sr signature of
a leaf can be interpreted as a mixture of two end members,
providing a useful tracer for nutrient provenance (4, 10, 18, 19).

Only sites on a shield—slope-toe slope toposequence were
selected for analysis to ensure that we were sampling sites with
a relatively well understood geomorphic history. At each point,
we measured relative elevation, which we define as the change
in elevation between the shield at the top of the slope and a point
on the toposequence; relative elevation was estimated by mea-
suring the distance downslope and correcting by the slope angle.
We also measured slope angle and aspect, but these variables had
no significant effect on ohia foliar nutrients. Rainfall was
estimated for each site based on available rainfall maps from the
area (14). The northeast section of our landscape receives ~5 m
of rainfall annually, and 5 km to the southwest the rainfall is ~2
m. To assign a rainfall value to a specific point, we linearly
interpolated between rainfall isohyets. The output equation
from the multiple regression was overlain on a 10-m digital
elevation model in ARCGIS 9.0 (ESRI, Redlands, CA). Each cell
was assigned a value for foliar nutrients based on its relative
elevation and rainfall. In the geographic information system
(GIS), relative elevation was determined by manually defining
the shield surfaces and then calculating the change in elevation
between a point and the nearest shield surface. Knife-edged
ridges, as well as other areas that did not fall on a shield—slope—
toe slope toposequence, were excluded from the analysis; these
areas accounted for <10% of the landscape. Occasionally
(<2%) our algorithm misclassified a point when it was geo-
graphically closer to a shield surface than to the ridge above it,
as shown in Fig. 3, point 2.

Remote Sensing of Area-Integrated P Concentrations (AIP). Airborne
remote sensing. We used a new approach for quantifying the
biophysical and chemical properties of tropical forest canopies
using a spectroscopic photon transport model and airborne
imaging spectroscopy (12, 20). Imaging spectroscopy is the
measurement of solar radiation reflected from the Earth’s
surface in contiguous, narrow spectral channels spanning the
wavelength region from 380 to 2,500 nm. The National Aero-
nautics and Space Administration Airborne Visible and Infrared
Imaging Spectrometer (AVIRIS) has been recently upgraded
with improved foreoptics and electronics and is now one of the
few very-high-fidelity sensors in existence (21). AVIRIS ac-
quires optical radiance data in 224 channels from 380 to 2,500 nm
with 10-nm full width at half maximum spectral resolution. In
October 2001, AVIRIS data were collected over Kauai from an
ER-2 aircraft, with an average image pixel size of 9.3 m.

The aircraft global positioning system provided a preliminary
geo-correction of the AVIRIS data. Further geo-rectification
was performed by using U.S. Geological Survey digital or-
thophotoquad maps and GIS coverages provided by the State of
Hawai’i. The undulating terrain introduced non-linear effects on
the geometric quality of the data. These effects were compen-
sated for by nonlinear rubber sheeting of the imagery to refer-
ence GIS layers (22). The AVIRIS data were corrected to
apparent surface reflectance to minimize the effects of water
vapor and other atmospheric constituents. This step was per-
formed by using the ACORN code (ImSpec, Palmdale, CA), which
uses MODTRAN-4 radiative transfer modeling to estimate atmo-
spheric water vapor on a pixel-by-pixel basis.

Photon transport modeling. We used a photon transport inverse
modeling approach with the airborne imaging spectrometer
measurements to AIP throughout the tropical forest. This
physically based model simulates spectroscopic reflectance sig-
natures at the pixel level based on the scale-dependent charac-
teristics of forest canopies, from molecules of water to forest
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canopy gap fraction. The basis and overall approach are de-
scribed in detail elsewhere (12, 23). In tropical forest canopies,
leaf reflectance (p) is controlled by a suite of variables:

P(M)iear = IEWTy, pigments, nitrogen, cellulose,
lignin, SLA), [1]

where leaf equivalent water thickness (EWTy) is the mass of
water per unit leaf area. EWT, dominates in the wavelength
region from 700 to 2,500 nm but with wavelength-specific
intensities (24). Pigments are dominated by chlorophyll a and b,
carotenoids, and anthocyanin. Cellulose and lignin are the two
dominant carbon constituents affecting the optical properties of
foliage. In tropical forest foliage, absorption features associated
with lignin and cellulose (25) are masked by water absorptions
throughout the 700- to 2,500-nm spectral region (26). Pigments
have variable absorptions only in the 400- to 695-nm range, and
SLA is of background importance throughout the spectrum.
Nitrogen is primarily bound in proteins and chlorophyll, which
have fundamental absorptions at 460-480 nm, 650-670 nm, and
1,510-1,600 nm. Photons in these spectral ranges are readily
absorbed by green vegetation, and thus the effective penetration
depth of the measured reflectance is in only the uppermost
portion of the canopy (1-1.5 LAI). P has no direct atomic or
molecular expression in the shortwave spectrum, but it is often
correlated with leaf N and SLA.

ATP was estimated using the visible (400- to 690-nm) and the
shortwave-infrared (1,500- to 2,400-nm) wavelength regions. We
first inverted a canopy photon transport model (12, 20) to derive
estimates of area-integrated leaf chlorophyll concentration and
SLA. With these estimates, leaf reflectance spectra were then
forward-modeled and matched to a large database of leaf spectra
collected throughout Hawai’i. The best matching spectrum
(using root mean squared error analysis) in the look-up table was
then used to select the estimated leaf P concentration based on
aregression of the leaf spectral database to total leaf P from field
measurements.

Results and Discussion

We found substantial variability in ohia foliar P across this
landscape. Measured concentrations on lower slopes and in
depositional areas are almost double those on old, weathered
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Fig. 1. Relative elevation vs. ohia (M. polymorpha) foliar P (weight %).

Relative elevation is defined as the elevation change between a point on a
toposequence and the stable shield surface upslope from that point; more
negative relative elevations are further downslope. P significantly increases at
lower slope positions (r2 = 0.42, P << 0.0001). These data are from topose-
quences in ten separate locations across the landscape.
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