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Abstract

Elevation gradients provide opportunities to explore environmental controls on forest
structure and functioning, but plot-based studies have proven highly variable due to
limited geographic scope. We used airborne imaging spectroscopy and LiDAR (light
detection and ranging) to quantify changes in three-dimensional forest structure and5

canopy functional traits in a series of 25 ha landscapes distributed along a 3300 m
elevation gradient from lowland Amazonia to treeline in the Peruvian Andes. Canopy
greenness, photosynthetic fractional cover and exposed non-photosynthetic vegeta-
tion varied as much across lowland forests (100–200 m) as they did from the lowlands
to the Andean treeline (3400 m). Elevation was positively correlated with canopy gap10

density and understory vegetation cover, and negatively related to canopy height and
vertical profile. Increases in gap density were tightly linked to increases in understory
plant cover, and larger gaps (20–200 m2) produced 25–30 times the response in un-
derstory cover than did smaller gaps (< 5 m2). Scaling of gap size to gap frequency
was, however, relatively constant along the elevation gradient, which when combined15

with other canopy structural information, indicates equilibrium turnover patterns from
the lowlands to treeline. Our results provide a first landscape-scale quantification of
forest structure and canopy functional traits with changing elevation, thereby improv-
ing our understanding of disturbance, demography and ecosystem processes in the
Andes-to-Amazon corridor.20

1 Introduction

Tropical elevation gradients offer natural laboratories for studies of environmental con-
trols on forest composition, structural habitats, functional processes, and ecosystem
development (Vitousek et al., 1992). To date, most studies have employed field-based
observations to quantify elevation-related changes in nutrient cycling, productivity and25

a variety of plant traits (e.g., Alves et al., 2010). Results from such studies have shown
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that species composition often changes markedly with increasing elevation in the trop-
ics (Silman, 2006; Lieberman et al., 1996), yet patterns of canopy functional traits
and productivity have proven much more variable (e.g., Vitousek et al., 1988; Raich
et al., 1997; Girardin et al., 2010). Indeed field-based elevation studies report wide-
ranging results that have proven challenging to synthesize into generalizable patterns5

and emergent principles (Tanner et al., 1998; Hodkinson, 2005).
While reports on elevation-based changes in functional processes vary widely in the

tropics, patterns of forest structural traits such as volume, canopy layering and gap
dynamics remain even less understood. Yet structure expresses the outcome of, and
mediates the future of, functional processes such as light use, canopy turnover and10

NPP (Asner et al., 1998; Brokaw, 1985b). Structure also creates the habitat for all other
forest-dwelling species (Terborgh, 1992), so developing a quantitative understanding
of forest structural change with elevation is requisite to conservation and management
planning.

A significant and persisting problem limiting our understanding of elevational patterns15

in forest functional and structural properties rests in accessing remote field sites and
the canopies that occupy those sites. In most cases, sub-montane to montane forests
have proven the most difficult to study, owing to rough terrain, poor road and river
access, and arduous overland distances. Another problem centers on ecological scale;
nearly every study thus far published on elevation-related changes in tropical forest20

properties has focused either on individual species or in plots no larger than a hectare.
Yet habitats can change very quickly at a given elevation, simply based on slope, aspect
and disturbance. This challenges efforts to determine average effects of elevation on
canopy structural properties and functional processes.

Remote sensing offers a means to address these challenges by providing observa-25

tions and measurements of forests at larger geographic scales. However, persistent
cloud cover common to tropical elevation gradients has limited the utility of satellite-
based observations (Ticehurst et al., 2004). Airborne platforms offer a solution because
the measurements can be planned around local cloud cover dynamics. From the air,
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remote measurement of canopy functional and structural properties has become in-
creasingly common. Forest functional traits, including light interception, foliar cover
and canopy chemistry, are often reported using spectral data collected with imaging
spectrometers (Kokaly et al., 2009; Ustin et al., 2004). Forest canopy structure is in-
creasingly being explored using airborne Light Detection and Ranging (LiDAR) systems5

(Lefsky et al., 2002; Drake et al., 2002). Combined, imaging spectroscopy and LiDAR
represent a uniquely powerful approach, providing demonstrably high data dimension-
ality, for probing the composition, structure and functioning of ecosystems (Asner et al.,
2012b). However, these newer technologies have rarely, if ever, been applied to tropical
elevation gradients.10

The Andes-to-Amazon corridor stretches 2000 km from Colombia to Bolivia, and
from elevations of ∼100 m in the Amazon lowlands to nearly 4000 m at the Andean
treeline. The forest canopy is comprised of thousands of plant species arranged in
communities associated with changing elevation, geology, soils and hydrological con-
ditions (Gentry, 1988). To date, most studies of forest functional and structural pat-15

terns have focused on the Amazon lowlands, demonstrating that forest canopy height,
aboveground biomass and foliar nutrient concentrations vary by community, soil type
and geologic substrate (Quesada et al., 2009; Baker et al., 2004; Fyllas et al., 2009).
A recent study found that canopy gap-size frequency distributions – a quantitative ex-
pression of turnover patterns – are surprisingly constant throughout the southwestern20

Amazonian lowlands (Asner et al., 2013a).
In comparison to the lowlands, we have little knowledge of canopy structural and

functional variation on elevation gradients up to Andean treeline. Recent 1 ha plot stud-
ies on an Andes-Amazon elevation gradient suggest that aboveground biomass de-
creases with increasing altitude (Girardin et al., 2010). However, the landscape-scale25

biomass patterns remain unknown, and are likely to vary widely based on the pro-
nounced floristic, topographic, geologic, and soil variability found throughout the re-
gion (INGEMMET, 2000; Hoorn et al., 2010). Plot studies also indicate that biomass
turnover rates do not systematically change with increasing elevation, despite declines
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in plot-level biomass stocks from the lowlands to treeline (Girardin et al., 2013). In
addition, leaf area index (LAI) and photosynthetic capacity (Amax) remain nearly con-
stant along the elevation gradient (Y. Malhi, unpub. data), corresponding to consis-
tently high concentrations of leaf nitrogen (Asner et al., 2013b). However, both NPP
and GPP do decline at higher elevations, above 1500 m a.s.l., and this is associated5

with increased cloud cover and decreased irradiance at higher elevations (Girardin et
al., 2010; Huaraca Huasco et al., 2013). If plot-scale biomass and productivity indeed
decline at higher elevations, how does biomass turnover remain fairly constant? The
answer likely rests in relative changes in canopy gap formation and regrowth, neither
of which has been nor likely could be measured at landscape scales on the ground.10

To address these unknowns, we quantified landscape-scale changes in forest
canopy structural and functional properties from lowland Amazonia to the Andean tree-
line in Peru. Our assessment was carried out at an ecological scale thus far unachieved
in the field – 25 ha forest landscapes in 20 unique abiotic settings described by vary-
ing elevation, climate and soils. We used the Carnegie Airborne Observatory (CAO)15

Airborne Taxonomic Mapping System (AToMS) to collect multi-dimensional measure-
ments of vegetation (Asner et al., 2012b), and to answer these questions about West-
ern Amazonian ecosystems: (i) How does local terrain below the forest canopy change
with elevation? (ii) How do canopy height and the vertical partitioning of the vegetation
change with elevation? (iii) Do canopy gaps co-vary with changes in canopy structure20

along an elevation gradient? (iv) How do canopy functional traits such as light intercep-
tion, photosynthetic and non-photosynthetic vegetation cover, and greenness change
with elevation? (v) Do structural and functional traits co-vary with one another, and if
so, how does elevation affect relationships between traits? (vi) Do remotely sensed
canopy functional and structural traits support and extend plot-based suggestions of25

nearly constant biomass turnover despite decreasing biomass stocks along an Andes-
to-Amazon elevation gradient?
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2 Methods

2.1 Study landscapes

Twenty study landscapes, each of 25 ha in size, were selected for mapping across
northern, central and southern Peru (Table 1), centered mainly around 1 ha plots that
have been the focus of forest inventories (Peacock et al., 2007), and/or intensive carbon5

budget analysis (Malhi et al., 2010). In these landscapes, mean annual precipitation
ranges from 1705 to 5020 mm yr−1. Mean annual temperature varies from 12.5 ◦C at
the highest elevation sites in the Andes to 26.6 ◦C in the warmest lowland site. Soils
in the lowland landscapes vary among three broad classes: Ultisols on terra firme
clay substrates, Inceptisols on inactive high-fertility floodplains of late Holocene age,10

and Entisols in two locales in northern Peru. These Entisols are the well-known white
sand substrates associated with very low nutrient availability (Fine et al., 2004). In
the Andean landscapes, soils are classified as Inceptisols or well-developed Entisols
(Quesada et al., 2009).

2.2 Airborne data collection15

The airborne data were collected in August–September 2011. CAO AToMS includes a
Visible-to-shortwave Infrared (VSWIR) imaging spectrometer and a dual laser, wave-
form LiDAR (Asner et al., 2012b). These sub-systems are hardware and digitally bore-
sight aligned onboard a Dornier 228–202 aircraft. We collected AToMS data over each
study landscape from an altitude of 2000 m a.g.l. at an average flight speed of 55–20

60 m s−1 and a mapping swath of 1200 m.
The VSWIR spectrometer collects data in 481 contiguous spectral channels span-

ning the 252–2648 nm wavelength range with 5 nm (full-width at half-maximum) band-
width. It has a 34 ◦, field-of-view and an instantaneous field-of-view of 1 mrad. At 2000 m
a.g.l., the VSWIR data collection provided 2 m ground sampling distance, or pixel size,25

throughout each study landscape. The LiDAR has a beam divergence set to 0.5 mrad,
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and was operated at 200 kHz with 17◦ scan half-angle from nadir, providing swath cov-
erage similar to the VSWIR spectrometer. Because the CAO AToMS data were col-
lected from adjacent flightlines with 50 % overlap, the LiDAR point density achieved
was 2 shots m−2, or 8 shots per VSWIR pixel.

2.3 Data processing5

Laser ranges from the LiDAR were combined with the embedded high resolution Global
Positioning System-Inertial Measurement Unit (GPS-IMU) data to determine the 3-D lo-
cations of laser returns, producing a “cloud” of LiDAR data. The LiDAR data cloud con-
sists of a very large number of georeferenced point elevation estimates (cm), where
elevation is relative to a reference ellipsoid (WGS 1984). To estimate canopy height10

above ground, LiDAR data points were processed to identify which laser pulses pen-
etrated the canopy volume and reached the ground surface. We used these points
to interpolate a raster digital terrain model (DTM) for the ground surface. This was
achieved using a 10 m×10 m kernel passed over each flight block; the lowest elevation
estimate in each kernel was assumed to be ground. Subsequent points were evaluated15

by fitting a horizontal plane to each of the ground seed points. If the closest unclassified
point was < 5.5◦ and < 1.5 m higher in elevation, it was classified as ground. This pro-
cess was repeated until all points within the block were evaluated. The digital surface
model (DSM) was based on interpolations of all first-return points. Measurement of the
vertical difference between the DTM and DSM yielded a model of canopy height above20

ground (digital canopy model, DCM).
The vertical distribution of LiDAR points was processed by binning the data into

volumetric pixels (voxels) at 5×5 m spatial and 1 m vertical resolution (Asner et al.,
2008). The DTM was used to standardize the vertical datum of each voxel. Therefore,
the heights of each vertical “slice” of a vegetation canopy were defined relative to the25

ground at the horizontal center of each voxel. After all LiDAR points were binned in
the volume cube, each vertical column of the cube was divided by the total number of
LiDAR points in that column, yielding the percentage of LiDAR points that occurred in
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each voxel. This approach has the advantage of decreasing our sensitivity to localized
variations in canopy leaf density or tree branch characteristics, which can result in a
different number of LiDAR returns from voxel to voxel.

The VSWIR data were radiometrically corrected from raw DN values to radiance
(W sr−1 m−2) using a flat-field correction, radiometric calibration coefficients and spec-5

tral calibration data collected in the laboratory. The standardized GPS pulse-per-
second measurement was used to precisely co-locate VSWIR spectral imagery to the
LiDAR data collection. We created a camera model to precisely describe the three-
dimensional location and field-of-view of each sensor and, combined with standardized
timing information, for high-precision data co-registration. A smoothed best estimate of10

trajectory (SBET), LiDAR DTM, and camera model were then used to produce an im-
age geometry model and observational data containing information on exact solar and
viewing geometry for each image pixel. These inputs were used to atmospherically
correct the radiance imagery using the ACORN-5 model (Imspec LLC, Glendale, CA
USA). To improve aerosol corrections in ACORN-5, we iteratively ran the model with15

different visibilities until the reflectance at 420 nm (which is relatively constant for veg-
etated pixels) was 1 %. Reflectance imagery was then corrected for cross-track bright-
ness gradients using a bidirectional reflectance distribution function (BRDF) model de-
scribed by Colgan et al. (2012). The imagery was then geo-orthorectified to the LIDAR
DCM. In addition, the precise positioning of the LiDAR-to-VSWIR data allowed for au-20

tomated masking of pixels shaded by neighboring canopies and branches, as well as
water bodies (Fig. A1) (Asner et al., 2007).

2.4 Analysis

Descriptive statistics were generated from the LiDAR-derived DCM and DTM for each
study landscape. In addition, topographic slope and aspect were computed using a25

5 m×5 m moving kernel on the DTM. The vertical canopy profile data were averaged,
plotted and compared among landscapes. From the vertical canopy profile maps, we
analyzed elevation-dependent variation in understory (below upper canopy) vegetation
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cover in 1–3 m, 3–5 m, and 5–10 m slices above ground level. In addition, we computed
a canopy shape parameter for each landscape – the ratio of the height above ground
where maximum canopy volume occurs (P) to the 99th percentile of total canopy height
(H). The P : H ratio reduces a large amount of LiDAR vertical profile information into
a simple metric depicting the overall architecture of the canopy. A high P : H ratio in-5

dicates that the majority of foliage is positioned high in the canopy; a low P : H ratio
indicates a groundward tendency of foliar distribution.

We mapped and analyzed gaps in the forest canopy by applying a definition similar
to Brokaw’s (1982) definition to the DCM results whereby all gaps down to 2 m above
ground level were mapped and their areas quantified. We also quantified the gap-size10

frequency distribution using the Zeta distribution, which is a discrete power-law prob-
ability density as described in detail by Asner et al. (2013a). For the Zeta distribution
with parameter λ, the probability that gap size takes the integer value k is:

f (k ) =
k−λ

ζ (λ)
(1)

where the denominator is the Riemann zeta function, and is undefined for λ = 1. This15

distribution is sometimes called the “discrete Pareto distribution”, and is appropriate for
modeling the size-frequency of canopy gaps (Clauset et al., 2007; Fisher et al., 2008;
White et al., 2008).

CAO VSWIR spectrometer images were used to generate a series of remotely
sensed metrics of canopy functional traits. The results were compared at the land-20

scape level following the application of a water and shade mask (Fig. A1), which was
derived from the co-aligned LiDAR data. The normalized difference vegetation index
(NDVI) was calculated as (NIR-VIS)/(NIR+VIS), where NIR and VIS were reflectances
at 800 and 680 nm, respectively. The fraction of intercepted photosynthetically active
radiation (fIPAR) was mapped by subtracting the canopy reflectance in the 400–700 nm25

PAR range, band by band from 100 % reflectance, and then taking the mean of the dif-
ference among PAR spectral bands (Wessman et al., 1998).
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We mapped the fractional lateral cover of photosynthetic vegetation (PV), non-
photosynthetic vegetation (NPV), and bare substrate (S) surfaces in each 2 m VSWIR
pixel using the AutoMCU algorithm (Asner and Heidebrecht, 2002). The AutoMCU is
a linear spectral mixture model that incorporates spectral endmember libraries for PV,
NPV and S derived from multiple data sources described by Asner (2008). Briefly, the5

PV spectral library was derived from airborne imaging spectrometer measurements of
tropical canopy trees; NPV and S were derived from field spectrometer measurements
across a wide range of tropical forest non-photosynthetic materials and soils. Criti-
cally, the PV and NPV fractional cover outputs isolate the lateral percentage cover of
exposed live and dead/senescent tissues; this is not equivalent to LAI or other volume-10

integrating properties of canopy foliage content (Asner et al., 2005).

3 Results

3.1 Terrain

LiDAR DTMs indicated eleven landscapes with mean elevations ≤223.3 m a.s.l., four
from 496.2–1712.9 m a.s.l., and five from 1831.5–3379.3 m a.s.l. (Table 2). Hereafter15

for convenience, we refer to these three groups as lowland, sub-montane and mon-
tane landscapes. Among the lowland landscapes, the variance in elevation was very
low, with a maximum-recorded standard deviation (SD) of just 6.7 m on the ALP-30
landscape (Fig. 1). Coefficients of variation (CV) in elevation averaged 1.1 % among
lowland landscapes. Slope on a 5×5 m kernel basis ranged from a mean (+ SD) of20

2.4◦ (2.2◦) to 9.7◦ (5.2◦). Throughout the lowlands, topographic aspect was oriented
mostly in the North-South direction (∼154–192◦true N).

In the sub-montane zone, we found that two landscapes – PJL-01 at 496.2 m and
PJL-02 at 884.1 m – straddled a transition in topographic relief along the elevation gra-
dient (Fig. 1). PJL-01 contained relief more similar to the other lowland landscapes,25

with a narrow elevation SD = 5.6 m, shallow slopes (6.7◦ ±5.6◦, and North-South ori-
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ented aspects (182.3◦ ±111.3◦ (Table 2). In contrast, PJL-02 harbored much greater
elevational variation with a CV = 7 % compared to 1 % at PJL-01. Topographic slope
increased to 31.8◦ ±9.6◦ at PJL-02, and aspect shifted to 143.5◦ ±80.8◦. This transi-
tion marked a fundamental change in terrain in terms of relief, slope and aspect that
persisted into the montane landscapes. Throughout the montane forests under study,5

mean topographic slope ranged from 28.6–41.8◦. Mean aspect varied from 121.4◦ to
189.8◦, with the exception of ESP-01 with a mean aspect of 246.4◦.

3.2 Remotely measured canopy structure

Along the elevation gradient, forest canopy height decreased from 24.5±SD 7.3 m in
the lowest lying landscape (SUC-01) to 8.9±5.6 m in our highest landscape (TRU-01)10

(Fig. 2, Table 2). Note that we masked out the river in TAM-06 in all of our vegeta-
tion analyses (Fig. A1). Elevation accounted for 72 % of the regional variation in mean
canopy height (p<0.001; RMSE = 2.75 m). This occurred despite the fact that two low-
land landscapes on dystrophic white sands (JEN-12, ALP-40) harbored vegetation with
locally suppressed canopy height (15.1–16.5 m).15

As we crossed the terrain transition from PJL-01 and PJL-02, the canopy opened
up with increased prevalence of landslides at PJL-02 as well as in landscapes SPD-
01 and SPD-02 further upslope (Fig. 2). Coefficients of variation in canopy height in-
creased from an average of 33.7 % for all lowland landscapes, to 43.4 % for these three
sites harboring increased landslide activity. At the highest elevations, the landscapes20

contained a sparse array of tall (> 25 m) trees embedded in a matrix of shorter-statured
(3–6 m) vegetation. This resulted in high variance of canopy height while halving of the
mean canopy height (Table 2).

We measured the canopy gaps reaching 2 m above ground level on a per-hectare
basis in each 25-ha landscape (Fig. 3a). The number of gaps ha−1 increased linearly25

with elevation (p<0.05). For example, smaller gaps of < 5 m2 size were 50 % more
frequent in the montane than in the lowland landscapes. This was true for most other
gap-size classes as well. In addition, independent of elevation, smaller gaps of < 5 m2
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were about ten times more common than gaps of 5–10 m2, which in turn, were about
ten times more common than gaps of 50–200 m2. The gap-size frequency exponent
λ varied in the lowlands from about 1.75 (large gaps) to 2.25 (small gaps) (Fig. 3b).
However, we found a weak linear decrease in λ with elevation (R2 = 0.09, p<0.05)
among sub-montane and montane landscapes (dotted circles in Fig. 3b).5

Using the vertical canopy profile data from the LiDAR, we discovered systematic
changes in canopy architecture with increasing elevation as well as by lowland soil
type (Fig. 4). In lowland landscapes, canopies often reached heights of 40–44 m, with
the bulk of the canopy volume situated 20–25 m above ground level (Fig. 4a). We
note that the TAM-09 landscape also contained a vegetation layer about 2–3 m above10

ground, associated with swamp and riparian vegetation found along the Tambopata
River. In contrast, the lowland landscapes on the white sands (JEN-12, ALP-40) con-
tained canopies reaching lower maximum heights of 32–37 m, and with leaves more
evenly distributed throughout the vertical profile (Fig. 4b).

The canopy P : H shape ratio was strongly and negatively correlated with eleva-15

tion (R2 = 0.68; P<0.001; RMSE=0.11) (Table 2). P : H was 0.56±0.04 for lowland
canopies on non-sand substrates. For sands, P : H declined to 0.35±0.08, indicating
a ground-ward shift in the vertical distribution of foliage. Canopies in the four sub-
montane sites contained trees that often exceeded 40 m in height, but the vertical par-
titioning of the foliage shifted ground-ward in comparison to the lowland, non-sand20

landscapes (Fig. 4c). P : H for these sites was 0.50±0.05 (Table 2). We also found a
pronounced understory layer in the 1–5 m height range. Low-statured vegetation cover
further increased in the montane landscapes, with nearly all vegetation dominating
classes < 10 m in height (Fig. 4d). We note, however, that even the montane forests
contained some trees approaching and exceeding 30 m in height. P : H ratios for the25

montane landscapes were 0.12±0.05, indicating a strong ground-ward shift in the ver-
tical partitioning of the vegetation in the highest Andean Amazon forests.

We further investigated the vertical layering of the vegetation by mapping three dis-
crete height classes or layers (1–3 m, 3–5 m, and 5–10 m) in each 25 ha landscape
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(Fig. 5). Note that these maps do not simply present canopy height data; instead, they
are maps of canopy cover within specific vertical strata either beneath the overstory
canopy or as low-stature vegetation in gaps (Asner et al., 2012b). In the lowland land-
scapes, these maps revealed a spatial match between canopy gaps (Fig. 2) and veg-
etation in these short height classes. For example, the two white sand landscapes5

contained large patches of 1–3 m and 3–5 m tall vegetation (yellow colors, Fig. 5).
Among the sub-montane landscapes, particularly the three with obvious signs of land-
slides, vegetation in the slide areas was 1–3 m in height (red colors, Fig. 5). Additional
increases in elevation up to the montane sites resulted in large areas of each land-
scape dominated by lower-statured vegetation in the 1–10 m height classes. Our field10

observations indicate that this lower stature vegetation in montane landscapes is dom-
inated by gap-colonizing Chusquea bamboos and ferns. Regression analyses of these
three vertical canopy layers indicated consistent linear increases in the percentage of
understory and low-statured vegetation cover with elevation (Fig. 6).

We also discovered consistent relationships between the number of gaps per hectare15

and the percentage cover of low-statured vegetation (Fig. 7). Specifically, we found
monotonically increasing understory cover with increasing gaps ha−1, but at different
rates depending upon gap size classes of 0–5 m2 to ≥200 m2. The larger the gap
class, the steeper the slope between understory vegetation cover and elevation. These
patterns were consistent in the 1–3 m, 3–5 m, and 5–10 m understory vegetation height20

classes. Increases in the number of gaps ha−1 in the 0–5 m2 gap-size classes resulted
in the slowest increase in understory plant cover. The opposite was true for the largest
(≥200 m2) gap class.

3.3 Remotely measured canopy function

With the CAO VSWIR spectrometer, we mapped canopy spectral characteristics25

throughout each 25 ha landscape. Sites ESP-01 and TRU-01 were not imaged due to
poor atmospheric conditions during overflight (Fig. 8). Inspection of the color-infrared
images, each of which is histogram-matched for comparison, indicated that lowland
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sites contain a mix of canopies with high near-infrared (NIR) reflectance values shown
in red, and lower values in blue. The two landscapes containing the highly dystrophic
white sand soils (JEN-12, ALP-40) showed larger, semi-contiguous patches of sup-
pressed NIR reflectance. Among three of the sub-montane landscapes, the presence
of landslides was also obvious as blue linearly-shaped patches (Fig. 8). Otherwise, in-5

tact canopies in these sub-montane areas showed generally high NIR reflectances.
The pattern changed substantially again in the montane landscapes, which show
widespread decreases in NIR reflectance.

Plotting the VSWIR-derived canopy functional properties against elevation revealed
two contrasting patterns (Fig. 9). First, among lowland landscapes, the site-level mean10

NDVI spanned a range of 0.87 to nearly 0.90 (Fig. 9a). Canopies on Entisols (white
sands) and Inceptisols (floodplains) in the lowlands had a slightly suppressed aver-
age NDVI as compared to canopies on terra firme Ultisols. Second, the widely varying
NDVI in the lowlands gave way to a systematic decrease in NDVI with increasing el-
evation among sub-montane and montane sites (adj-R2 = 0.80; t = −4.97; p<0.005).15

This lowland versus sub-montane/montane NDVI pattern was repeated in the measure-
ment of lateral fractional cover of photosynthetic vegetation (PV) among the landscapes
(Fig. 9b). In fact, the range of PV in the lowlands exceeded the monotonic decrease
among sub-montane to montane sites spanning nearly 3000 m of elevation gain. Both
the lowland and upland PV patterns were mirrored by changes in non-photosynthetic20

vegetation (NPV) and bare soil fractions (Fig. 9c–d). NPV increased monotonically,
while bare soil decreases with elevation.

These changes in NDVI, PV, NPV and bare soil fractions occurred despite a lack of
elevation trend in the fraction of photosynthetically active radiation intercepted by the
vegetation (fIPAR). In fact, fIPAR remained nearly constant and highly saturated at 0.9825

(s.d.=0.01) among sites, and there was no relationship with elevation (adj-R2 = 0.17;
p = 0.10).
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3.4 Structural-functional relationships

We computed Pearson Product Moment correlations relating the measured canopy
structural and functional traits (Table 3). Any relationships described here were signif-
icant at the p ≥ 0.05 level. The NDVI was inversely correlated with the fractional cover
of non-photosynthetic vegetation (NPV) and bare substrate (S), and positively corre-5

lated with structural properties including canopy height (r = 0.83) and shape (P : H;
r = 0.86). NDVI was consistently negatively correlated with the number of gaps ha−1 in
all gap-size classes except for the very largest gaps (r = −0.58 to −0.82), and there-
fore was also negatively correlated with percentage cover of vegetation 1–10 m above
ground level. Although canopy fIPAR was high and nearly saturated throughout the el-10

evation gradient, it was negatively correlated with the number of canopy gaps ha−1 as
well as vegetation cover in the 1–5 m height classes.

Among the canopy structural properties, height was positively correlated with shape
(P : H) and negatively associated with gaps ha−1 and low-statured vegetation in all size
and height classes, respectively (Table 3). The gap-size frequency parameter λ was15

also negatively correlated with gaps ha−1 and vegetation in the 1–3 m height class.
Finally, many of the gap-size classes were inter-correlated, while canopy height was
not related to the gap size-frequency λ.

4 Discussion

Very few regions of the world offer 3200 m of elevation change while maintaining hu-20

mid tropical forest conditions. The gradient considered in this study provided this rare
setting to assess the role that elevation plays in determining vegetation structure, func-
tional traits, and their interactions. Although elevation was the primary independent
factor of interest here, we also found a relationship between elevation and slope (Pear-
son Product Moment r = 0.78; p<0.05). Moreover, we found that the terrain hidden be-25

neath the forest canopy changed in non-systematic ways: (i) landscapes below 500 m
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a.s.l. harbored mostly flat terrain; (ii) a transition occurred between 500 m and 880 m
elevation from lowland to montane terrain conditions; and (iii) landscapes above 880
m to treeline bore steep terrain (Fig. 1). Higher elevations are usually associated with
steeper slopes in tectonically active areas, consistent with coarser resolution data from
across the region (e.g., Regard et al., 2009).5

These threshold changes in topography were, to some extent, expressed in non-
systematic changes in canopy functional traits. For example, we found very wide-
ranging values of NDVI, PV, NPV and bare substrate throughout the lowlands, which
then gave way to monotonic changes in these functional metrics above 400 m elevation
(Fig. 9). Because NDVI, PV and NPV are well known correlates of canopy greenness,10

leaf cover, and exposed non-photosynthetic vegetation, respectively (Roberts et al.,
1997; Asner et al., 2005; Gamon et al., 1995), we conclude here that the western
Amazon lowlands harbor variation in canopy functional traits often exceeding that pro-
duced by 3200 m of elevation change to Andean treeline. This highlights the degree to
which lowland canopies respond to regional patterns of geologic, hydrologic, and soil15

fertility variation (Tuomisto et al., 2003; Carvalho et al., 2013), also expressed in shift-
ing community composition, productivity, and carbon storage (Quesada et al., 2009;
Asner et al., 2012a; Higgins et al., 2012; Aragão et al., 2009; Girardin et al., 2013).

In contrast to the dominant pattern of functional variation in the lowlands, most
canopy structural properties were very closely tied to changes in elevation alone. For20

example, the number of gaps ha−1 (Fig. 3) and the percentage cover of understory veg-
etation (Fig. 6) were consistent in the lowlands and then linearly increased to treeline.
Canopy height and the canopy P : H ratio also declined linearly with elevation (Ta-
ble 2). Moreover, we discovered systematic changes in the vertical distribution of plant
tissues in lowland to sub-montane, and to montane forest environments (Fig. 4). Ex-25

ceptions to these rules were found in the two highly dystrophic, white sand landscapes
in northern Peru (JEN-12, ALP-40), which harbored locally suppressed canopy height
and a ground-ward shift in canopy vertical profiles. So while elevation is the regionally
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dominant control on canopy structural characteristics, soil fertility also plays a role in
creating structural diversity among a subset of lowland forest types (Fig. 10).

Although we discovered a number of elevation-dependent trends in canopy char-
acteristics, we also found coordinated variation among many of the properties. For
example, canopy height and shape were highly correlated, and both of these proper-5

ties were negatively related to gap density (Table 3). Moreover, (Fig. 3), while canopy
height decreased with elevation (Table 2). In Peruvian forests, canopy height (CH) is
highly correlated with aboveground biomass (0.4356*CH1.7551; R2 = 0.89; p<0.001),
whereas stand-level wood density is not (R2 = 0.08; p = 0.16) (Asner et al., 2012c).
Therefore, canopy height is an excellent surrogate for aboveground biomass along10

our elevation gradient. Our 25 ha landscape scale decreases in aboveground biomass
greatly extend the 1 ha plot-scale estimates of the same (Girardin et al., 2010, 2013).

Since aboveground biomass decreases with elevation, concurrent with increases in
canopy gap density, then biomass turnover must be relatively constant when ascending
from the lowlands into the montane. This finding is well supported by our near-constant15

gap-size scaling parameter λ (Fig. 3), which is a quantitative index often used to com-
pare and contrast biomass turnover rates in tropical forests (Gloor et al., 2009; Asner
et al., 2013a; Chambers et al., 2013). If any trend does exist for λ, it suggests a slight
decrease with increasing elevation indicative of larger gaps, likely related to landslides.
Recently, Malhi et al. (unpub. data) found that biomass turnover is fairly constant with20

increasing elevation in 1 ha plots spread across the elevation gradient. Not only does
our work corroborate these plot-based studies, it suggests that we can use airborne re-
mote sensing of gap-size frequency and canopy height to infer relative rates of turnover
over millions of hectares of forests from lowland to treeline. Doing so will improve our
understanding of the spatial distribution of growth and mortality at much larger ecolog-25

ical scales than can be achieved in plot studies.
Given that biomass turnover remains relatively constant with elevation, what causes

the steep decline in the NDVI with increasing elevation (Fig. 9a)? Traditionally, NDVI
has been associated with light interception, leaf area index (LAI), and canopy nitro-
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gen content, among other parameters (Hatfield, 1984; Goward and Huemmrich, 1992;
Sellers et al., 1995; Myneni et al., 1997). However, we found that fractional intercepted
PAR, or fIPAR, was saturated and nearly constant among the twenty 25 ha landscapes
throughout our elevation and soils gradient, so there is very little chance that the NDVI is
related to light interception or LAI. By definition, this decouples the NDVI from gross and5

net primary production in the direct light-absorption sense of the relationship (Nemani
and Running, 1989). Instead, we found the NDVI to be negatively correlated with gap
density (Table 3), but not with the fractional cover of photosynthetic vegetation (PV).
This suggests that the NDVI might be inappropriate for use in modeling primary pro-
duction in Amazonian forests, especially within the sub-montane to montane reaches10

of the Andes. Instead, the NDVI is more sensitive to turnover, which as we described,
appears to be an indirect proxy for production at steady state. The precise connection
between changing NDVI and gap density likely rests in increased greenness associ-
ated with regrowing vegetation in large canopy gaps (Riano et al., 2002), which are
found in increasing density with elevation on our gradient.15

Our results provide insight into the relationship between disturbance and understory
plant cover. Understory cover increases with elevation (Fig. 10). This trend is driven by
increases in gap density, but at differential rates depending upon gap size and vegeta-
tion height (Fig. 7). It takes about 25–30 times the number of 0–5 m2 gaps to produce
understory responses created in a single 20–200 m2 gap. These results suggest a20

strong limiting role of low light availability on understory plant cover in forests span-
ning the lowland Amazon to the Andean treeline. Although this issue is already well
appreciated in the tropical forest literature (Denslow, 1987; Lawton, 1990), quantifica-
tion of light response thresholds have remained elusive due to the impracticalities of
field measurements in highly heterogeneous understory light environments (Chazdon,25

1988). Here we show that, for western Amazonian forests, gaps larger �5 m2 result
in the largest understory plant cover increases. Yet independent of gap size or density,
the percentage cover of understory plants never exceeds 8 % per hectare for 1–3 m or
3–5 m tall plants, while it often reaches but does not exceed 14 % per hectare for plants
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of 5–10 m in height. These quantitative estimates provide new input for and constraints
on models of disturbance, demography and ecosystem processes in tropical forests of
widely varying structure and composition.

Tropical elevation studies have traditionally relied upon field plots that are most of-
ten, and necessarily, distributed in sparse patterns on high variable terrain. Interpre-5

tation of results from these plots is, of course, central to building our understanding
of the abiotic and biotic controls over ecosystem processes such as productivity, mor-
tality, and biogeochemical fluxes. Yet field-based measurements of canopy structural
and functional traits are extremely hard to acquire, resulting in surprisingly little quan-
titative understanding in the scientific literature. Airborne remote sensing can provide10

a new perspective on canopy functional and structural traits along tropical elevation
gradients, allowing for interpretations that have not been achieved from the ground
vantage point, such as height distributions, gap densities, and leaf cover and light
interception over heterogeneous canopy environments. Here we developed the first
analysis of landscape-scale canopy functional and structural traits along an Andes-15

to-Amazon elevation gradient. Our integrated spectral and LiDAR measurements al-
lowed us to draw inferences on the way elevation, terrain and soils affect the three-
dimensional forest habitat and its dynamics. It also provided strong evidence based
on gap-frequency, canopy height, and gap density data, supporting recent field-based
estimates of high and nearly constant productivity high up into the Andes. In this con-20

text, airborne imaging spectroscopy and LiDAR provided a novel assessment totally
independent of ground-based data.

The Andes-to-Amazon corridor remains virtually unexplored scientifically. With thou-
sands of valleys, extremely diverse terrain conditions, and variable soils, there exists
a vast frontier still waiting to be discussed. Airborne imaging spectroscopy and LiDAR25

provide new tools for quantifying an array of canopy and terrain properties on a de-
tailed, regional scale never achieved in the field or from Earth orbit. Airborne mapping
also provides geospatial information to greatly improve site selection for field plots. Our
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results represent a step toward to unravelling structural and functional composition of
one of the most biologically diverse regions of our planet.
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Table 1. Description of 25 ha landscapes mapped and analyzed in the Andes-to-Amazon cor-
ridor. Soil orders follow the US Department of Agriculture (USDA) soil taxonomy system. Sites
labeled with an asterisk (*) are those considered to be higher in soil fertility, as reported in the
literature.

Center Center
Site Name Latitude Longitude MAP (mm) MAT (C) Soil Order

Sucusari; SUC-01 −3.2519 −72.9078 2754 26.2 Ultisol
Allpahuayo; ALP-01∗ −3.9491 −73.4346 2760 26.3 Inceptisol
Jenaro Herrera; JEN-11 −4.8781 −73.6295 2700 26.6 Ultisol
Sucusari; SUC-05 −3.2558 −72.8942 2754 26.2 Ultisol
Jenaro Herrera; JEN-12 −4.8990 −73.6276 2700 26.6 Entisol
Allpahuayo; ALP-40 −3.9410 −73.4400 2760 26.3 Entisol
Allpahuayo; ALP-30 −3.9543 −73.4267 2760 26.3 Ultisol
Cuzco Amazonico; CUZ-03∗ −12.5344 −69.0539 2600 24.7 Inceptisol
Tambopata; TAM-06∗ −12.8385 −69.2960 2600 24.0 Inceptisol
Tambopata; TAM-09∗ −12.8309 −69.2843 2600 24.0 Inceptisol
Tambopata; TAM-05 −12.8303 −69.2705 2600 24.0 Ultisol
Paujil; PJL-01 −10.3250 −75.2622 5020 23.1 Ultisol
Paujil; PJL-02 −10.3300 −75.2613 5020 23.1 Ultisol
San Pedro; SPD-02∗ −13.0491 −71.5365 4628 18.5 Inceptisol
San Pedro; SPD-01∗ −13.0475 −71.5423 4341 18.5 Inceptisol
Mirador; TRU-08∗ −13.0702 −71.5559 4341 18.5 Entisol
Trocha Union; TRU-04∗ −13.1055 −71.5893 2678 13.0 Inceptisol
Esperanza; ESP-01∗ −13.1751 −71.5948 1705 12.5 Inceptisol
Trocha Union; TRU-03∗ −13.1097 −71.5995 2678 13.0 Inceptisol
Trocha Union; TRU-01∗ −13.1136 −71.6069 2448 13.0 Inceptisol
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Table 2. Topographic variables for 25 ha Andes-to-Amazon landscapes measured with the CAO
LiDAR. Mean values for ground elevation, slope, aspect, and canopy height are provided with
standard deviations in parentheses. The canopy shape ratio is the height of peak canopy vol-
ume (P) divided by the 99th percentile total canopy height (H). The canopy gap size parameter
(λ) is the negative slope of the power-law relationship between gap size and frequency.

Site Elevation (m) Slope (deg) Aspect (deg) Canopy Canopy Gap Size
Height* (m) Shape** (P : H) Param*** (λ)

SUC-01 116.6 (6.2) 9.7 (5.2) 187.9 (106.8) 24.5 (7.3) 0.558 1.84
ALP-01 131.0 (5.7) 8.1 (6.9) 176.4 (107.8) 22.5 (6.8) 0.629 1.96
JEN-11 131.2 (2.4) 9.4 (7.3) 192.9 (102.7) 23.7 (6.3) 0.600 1.93
SUC-05 131.8 (4.9) 2.1 (1.3) 173.8 (101.9) 24.9 (6.9) 0.595 1.81
JEN-12 134.9 (0.6) 4.6 (2.9) 175.3 (109.8) 16.5 (6.5) 0.417 2.03
ALP-40 141.5 (1.3) 5.0 (3.7) 153.8 (95.0) 15.1 (6.5) 0.290 2.21
ALP-30 142.4 (6.7) 2.4 (2.2) 179.1 (102.6) 21.9 (7.0) 0.564 1.84
CUZ-03 204.9 (1.2) 3.0 (2.2) 177.7 (105.0) 24.0 (9.9) 0.609 1.88
TAM-06 214.8 (4.3) 4.0 (5.7) 169.4 (109.1) 18.2 (9.5) 0.500 1.78
TAM-09 219.2 (1.8) 4.4 (4.1) 192.9 (100.8) 21.1 (7.7) 0.548 1.80
TAM-05 223.3 (2.4) 6.9 (8.4) 186.2 (104.9) 21.0 (6.2) 0.526 1.91
PJL-01 496.2 (5.6) 6.7 (5.6) 182.3 (111.3) 21.2 (6.1) 0.568 1.87
PJL-02 884.1 (64.8) 31.8 (9.6) 121.4 (110.8) 20.8 (7.7) 0.512 1.85
SPD-02 1493.9 (58.6) 39.0 (10.1) 143.5 (80.8) 18.4 (8.4) 0.442 1.77
SPD-01 1712.9 (58.8) 40.1 (9.8) 141.9 (92.3) 16.9 (8.0) 0.462 1.88
TRU-08 1831.5 (83.0) 41.8 (10.7) 137.0 (111.2) 12.1 (6.0) 0.200 1.74
TRU-04 2719.1 (56.5) 28.6 (12.0) 189.8 (119.9) 14.1 (6.7) 0.091 1.73
ESP-01 2868.3 (73.3) 29.5 (10.2) 246.4 (122.9) 9.0 (6.0) 0.115 1.79
TRU-03 2989.5 (67.1) 37.6 (11.8) 129.3 (100.1) 12.9 (6.4) 0.125 1.79
TRU-01 3379.3 (67.0) 34.3 (11.1) 144.3 (120.8) 8.9 (5.6) 0.077 1.86
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Table 3. Inter-relationships of landscape-scale canopy functional and structural traits along the
elevation gradient. Values are Pearson Product Moment correlation coefficients (r ) with bold
font indicating p values ≤0.05.

Number of gaps in a size class (m2) per ha % cover in height class (m)

NDVI PV NPV S fIPAR Height P : H Gap-size λ ≤5 5–10 10–20 20–50 50–100 100–200 ≥200 1–3 3–5 5–10

NDVI – 0.42 −0.58 −0.63 −0.66 0.83 0.86 0.18 −0.77 −0.79 −0.74 −0.82 −0.58 −0.73 −0.21 −0.68 −0.82 −0.70
PV – −0.97 0.75 −0.21 0.45 0.53 −0.42 −0.06 −0.10 −0.06 −0.09 0.04 −0.10 0.17 −0.13 −0.38 −0.62
NPV – −0.87 0.10 −0.58 −0.66 0.23 0.28 0.31 0.28 0.31 0.17 0.32 −0.05 0.31 0.53 0.67
S – 0.04 0.61 0.63 0.11 −0.55 −0.49 −0.55 −0.48 −0.52 −0.61 −0.29 −0.52 −0.59 −0.57
fIPAR – 0.35 0.38 0.16 −0.64 −0.50 −0.55 −0.54 −0.50 −0.47 −0.47 −0.55 −0.55 −0.48
Height – 0.94 0.04 −0.82 −0.82 −0.71 −0.75 −0.68 −0.63 −0.35 −0.71 −0.87 −0.94
P : H – 0.13 −0.76 −0.85 −0.71 −0.79 −0.65 −0.65 −0.17 −0.66 −0.86 −0.90
Gap-size λ – −0.41 −0.52 −0.60 −0.55 −0.53 −0.53 −0.26 −0.48 −0.25 0.16
Gap ≤5 m2 – 0.92 0.89 0.87 0.90 0.87 0.68 0.89 0.81 0.63
Gap 5–10 m2 – 0.90 0.96 0.80 0.80 0.37 0.86 0.87 0.67
Gap 10–20 m2 – 0.92 0.86 0.86 0.55 0.94 0.86 0.56
Gap 20–50 m2 – 0.75 0.86 0.37 0.90 0.90 0.62
Gap 50–100 m2 – 0.87 0.76 0.82 0.69 0.48
Gap 100–200 m2 – 0.62 0.85 0.75 0.46
Gap ≥200 m2 – 0.64 0.38 0.18
1–3 m Cover – 0.90 0.58
3–5 m Cover – 0.85
5–10 m Cover –
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Fig. 1. Shaded relief maps showing the terrain underlying forests along an Andes-to-Amazon
elevation gradient of 116 m to 3379 m a.s.l. Sites names are provided in parentheses, matching
those listed in Table 1. These maps are 1.1 m spatial resolution.
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Fig. 2. Vegetation canopy height after removing variation in terrain (see Fig. 1) at 1.1 m spatial
resolution throughout forests along the elevation gradient. Sites names are provided in paren-
theses, matching those listed in Table 1.
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Fig. 3. (A) Changes in mean canopy gap density with increasing elevation for each 25 ha forest
landscape. Gaps are computed to 2 m above ground level (Brokaw, 1985a) in seven gap-size
classes from < 5 m2 to > 200 m2 per gap. (B) Changes in the gap-size frequency scaling coef-
ficient λ for each landscape along the elevation gradient. Symbols are colored by USDA soil
order; and dots within circle indicate sites included in elevation-based regression of main text.
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Fig. 4. Mean canopy vertical profile for (a) lowland, (b) lowland on white sand soils, (c) sub-
montane, and (d) montane forest landscapes. Site names match those provided in Table 1.
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Fig. 5. Images showing understory plant cover (presence vs. absence) in 1–3 m (red), 3–5 m
(green), and 5–10 m (blue) height classes. Images are arranged by elevation to match Figs. 1
and 2. Site names match those listed in Table 1.
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Fig. 6. Changes in mean understory canopy cover along the elevation gradient at (a) 1–3 m,
(b) 3–5 m, and (c) 5–10 m height classes from Fig 5. Error bars indicate standard deviation of
canopy cover in each 25 ha forest landscape. Symbols are colored by USDA soil order.
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Figure	  7	  
Fig. 7. Relationships between mean canopy gap density (see Fig. 3a) and percentage under-
story canopy cover (see Fig. 6) in seven gap-size classes from < 5 m2 to > 200 m2 per gap.
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Fig. 8. Changes in narrowband, near-infrared reflectance spectroscopy of forests along the
elevation gradient. Images are a combination of near-infrared (800–809 nm), red (650–659 nm),
and green (550–559 nm) reflectance. Black areas are image edges, cloud shadows (ALP-01),
and/or topographic shade (SPD-01/02).
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Fig. 9. Elevation-based changes in (a) NDVI, (b) PV fraction, (c) NPV fraction, and (a) soil
fraction derived from imaging spectroscopy. Data are means for each 25 ha landscape. Symbols
are colored by USDA soil order; and dots within circle indicate sites included in elevation-based
regression of main text.
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Fig. 10. Diagrammatic summary of all results developed throughout the study. As elevation in-
creases from the Amazon lowlands to Andean treeline, the forest canopy undergoes increases
in canopy gap density and understory plant cover, while canopy height and shape ratio (P : H)
decrease. The gap-scaling coefficient λ decreases slightly as well. In contrast, functional trait
metrics of NDVI and PV increase, while NPV decreases, from montane systems down to the
low-fertility sites in the lowlands. A similar trend occurs from high to low fertility lowland sites.
Additionally, canopy height and the shape ratio decrease from high to low fertility sites within
the lowlands.
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Fig. A1. Shade, ground and water mask (black areas) developed from airborne LiDAR and
applied to all imaging spectrometer analyses (see Fig. 8).
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