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ABSTRACT

Previous studies have shown that canopy metrics from lidar data are highly correlated with aboveground biomass in a variety of closed-
canopy forests, however the generality of these site-specific relationships has remained untested. In this study, we compare relationships
between lidar canopy metrics and forest structural summaries from a tropical wet forest site in Costa Rica and across a series of tropical
moist forest field sites in Panama. We found that in both regions lidar metrics were strongly correlated with forest structural summaries
including mean stem diameter, basal area and aboveground biomass. We also showed that the relationships differed between these regions
unless deciduousness of canopy trees in Panama was considered. Adjusting for leaf-drop removed statistically significant differences
between the two regions in the relationships between a lidar metric and both mean stem diameter and basal area. The relationships between
lidar metrics and aboveground biomass, however, remained significantly different between the two study areas because of different general
allometric relationships used to estimate aboveground biomass in tropical wet forests and tropical moist forests. Future efforts should
continue to examine climatic factors that may influence the generality of the relationships between lidar metrics and forest structural
characteristics, and address the dearth of allometric data on the very large trees that can dominate the biomass of primary tropical forests.

1 INTRODUCTION aboveground biomass (Aber, 1979; Bormann and Likens, 1979;
Oliver and Larson, 1990; Richards, 1996). Additionally,

Aboveground biomass (the total amount of oven-dried variability in environmental conditions (e.g., climatic, edaphic)

biological material present above the soil surface in a specified
area) estimates in forest ecosystems are critical for carbon
dynamics studies at multiple scales. These estimates provide
initial conditions for ecosystem and biogeochemical models
(e.g., Foley et al., 1996; Friend et al., 1997; Hurtt et al., 1998;
Potter, 1999) that simulate the exchange of carbon and energy
between the atmosphere and forest canopies through time. In
addition, knowledge of forest carbon stocks are necessary for
carbon flux estimates from deforestation, land cover change,
and other disturbances (e.g., Houghton, 1991).

Changes in vertical canopy structure typically accompany
changes in aboveground biomass in forest ecosystems. For
example, as forests recover from past disturbance events, there
are often changes in both the horizontal and vertical distribution
of forest structure that are associated with an overall increase in
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and disturbance regimes may result in differences in the spatial
distribution of aboveground biomass and vertical canopy
structure (e.g., Clark and Clark, 2000; Laurance et al., 1999;
Lieberman et al., 1996; Yamakura et al., 1996). For example, in
nutrient poor areas, forests typically are lower-stature and
contain less aboveground biomass than in nutrient rich areas
(Kimmins, 1997; Oliver and Larson, 1990).

Lidar (light detecting and ranging) remote sensing has proven
to be an efficient tool for the characterization of forest structure
in a variety of forest environments (Drake et al., In press;
Magnussen et al., 1999; Means et al., 1999; Nelson et al., 1988).
Because lidar instruments sample the vertical distribution of
canopy (e.g., leaves and branches) and ground surfaces (Blair
and Hofton, 1999; Dubayah and Drake, 2000; Dubayah et al.,
2000; Harding et al., 2001) and because of ecological and
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biomechanical links between biomass and vertical structure
(Franco and Kelly, 1998; Givnish, 1986; King and Loucks,
1978; O'Neill and DeAngelis, 1981; Oohata and Shinozaki,
1979), recent studies have found a strong correlation between
lidar metrics and aboveground biomass (Drake et al., In press;
Lefsky et al., 1999; Means et al., 1999; Nelson et al., 1988).

However, the relationships that have been developed between
lidar metrics and aboveground biomass (e.g., Means et al. 1999,
Drake et al. In press) are site specific and there have been no
attempts to compare relationships developed in areas with
different environmental conditions. Global terrestrial biomass
estimates from future spaceborne lidar instruments such as the
Vegetation Canopy Lidar (Dubayah et al., 1997) and the Ice,
Cloud, and Land Elevation Satellite (Schutz, 1998) depend on
an examination of the generality of these relationships in
different regions and biomes.

In this study we examine the relationship between lidar metrics
and aboveground biomass in closed-canopy Neotropical forest
areas with different environmental conditions. We focus on a
tropical wet forest (sensu Holdridge et al., 1971) area in Costa
Rica, and on a tropical moist forest area in Panama that receives
50-75% less rainfall on average. First we test for differences in
the relationships between lidar metrics and forest structural
characteristics such as basal area and aboveground biomass at
the two study areas. We also explored other factors (e.g.,
environmental characteristics) that could help explain any
differences in the relationships at the two study areas.

2. METHODS
Field data

Data collected as a part of different ongoing field studies at two
Central American study area was used in this study. The first
study area is the La Selva Biological Station in the Atlantic
lowlands of northeastern Costa Rica (McDade et al., 1994). La
Selva is a 1540 ha research facility that is comprised of a
mixture of primary and secondary tropical forest, agroforesty,
and current or abandoned pasture areas. This area receives
approximately 4200 mm rainfall per year (OTS, 2001; Sanford
Jr. et al., 1994) and is classified as “tropical wet forest”
according to the Holdridge classification method (Holdridge et
al., 1971).

The second study area is centered on the Isthmus of Panama
along the Panama Canal. This area spans a precipitation
gradient ranging from approximately 2000 mm rainfall per year
on the Pacific coast of Panama to 3000 mm rainfall per year on
the Atlantic side (Condit et al., 2000; Pyke et al., In press) and is
classified as lowland “tropical moist forest” (Holdridge et al.,
1971). Within this broad area, we focus on a series of 1 ha plots
distributed throughout this precipitation gradient (Pyke et al., In
press), and on the 50 ha research site on Barro Colorado Island
(Condit, 1998).
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In the Costa Rica study area, field data were collected in
eighteen 0.5 ha primary forest plots (Clark and Clark, 2000),
and 3 secondary forest areas of 14, 22 (Guariguata et al., 1997;
Nicotra et al., 1999) and 31 (Pierce, 1992) years since
abandonment as of March 1998. In addition, published data for
6 agroforestry plots (Menalled et al., 1998) were included.

At the Panama study area, field data from nineteen 1 ha research
plots near the Panama Canal (Pyke et al., In press) were used in
this study. Four of these sites are mature secondary forests, and
the rest are primary forest (Table 1). The remaining field data in
Panama were from the 50 ha plot on Barro Colorado Island
(BCI, Condit 1998). The 50 ha plot was first divided into 50 1
ha square plots. Next, the spatial correlation length of the lidar
metrics used in this study (metrics discussed below) was
determined to be approximately 90 m so every other 1 ha plot
was discarded to maintain relative independence of the
independent variable in the regression analysis. This left a total
of 25 1 ha plots from BCI in a checkerboard pattern.

Table 1. Forest structural summaries for all field data
used in this study.

Study Site Land Cover Number Mean Mean Mean
Type of Sites QMSD Basal Area Estimated
(em) (m2ha-1) AGBM
(Mghat)
BCI, Panama | Primary 25 28.16 2627 286.77*
Forest
Primary 15 26.69 2523 25773 %
Forest
P a‘“’fl““l Secondary 4 2435 26.89 27791%*
CanalPlots Forest
Primary 18 20.76 23.6 160.5%*
Forest
3lyr 1 2224 26.71 147.7%*
La Selva Secondary
iologi Forest
Is{‘j"‘“""' osa | )y 1 12.85 22,05 129.4%%
ca Secondary
Forest
14yr 1 10.46 1428 78.5%%
Secondary
Forest
Agroforesty 6 9.03 14.48 343

* Estimated abovegrowd biomass (Mg/ha) using general equation for tropical moist forests (Brown 1997)
** Egimated aboveground biomass (Mg/ha) using general equation for tropical wet forests (Brown 1997)

In all forest plots at both study areas, stem diameters were
measured in a marked location either at breast height or, when
necessary, above buttressing (see methods in Clark and Clark,
2000; Condit, 1998). Stem diameter measurements were used to
estimate aboveground biomass values for each measured tree
using general allometric equations (Brown, 1997) for tropical
wet forests (Equation 1) at the Costa Rica study area, and for
tropical moist forests (Equation 2) at the Panama study area.
Stem diameters were also used to calculate quadratic stem
diameter and basal area for each plot.

Equation 1. AGBM,= 21.297-6.953(D)+0.740(D?)
Where D is the stem diameter in cm, and AGBMs is
the estimated oven-dried AGBM for the stem in kg
Equation 2. AGBMy= exp(-2.134+2.530*In(D))
Where D is the stem diameter in cm, and AGBMs is
the estimated oven-dried AGBM for the stem in kg
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Plot-level values of estimated aboveground biomass were then
calculated by summing all estimated stem-level aboveground
biomass values and converting to standard units (Mg/ha).
Sixteen plots at the Panama study area contained stems whose
diameters were larger than the maximum diameter used to
develop the original allometric equation (Equation 2), therefore,
only plots that contained stems within this regression range
(<150 cm) were used in the regression analysis comparing lidar
metrics with EAGB. However, all plots were used in the
regression analysis involving lidar metrics and QMSD or basal
area.

Lidar data

Lidar data were collected over both study areas in March 1998
using the Laser Vegetation Imaging Sensor (LVIS, Blair et al.,
1999; Dubayah et al., 2000). LVIS is an airborne scanning laser
altimeter that measures the roundtrip time for pulses of near-
infrared laser energy to travel to the surface and back. The
incident energy pulse interacts with canopy (e.g., leaves and
branches) and ground features and is reflected back to a
telescope on the instrument. Unlike most other laser altimeters,
LVIS digitizes the entire time-varying amplitude of the
backscattered energy (in 30 cm vertical bins). This yields a
“waveform” or profile related to the vertical distribution of
intercepted surfaces from the top of canopy to the ground within
each 25 m footprint (Blair et al., 1999; Dubayah and Drake,
2000; Dubayah et al., 2000). LVIS scanned across a swath of
approximately 1 km with a 50% overlap of footprints across
swath, and contiguous along-track footprint spacing. At both
study areas, only LVIS footprints that were entirely coincident
with field plots were included.

The lidar metric that is used in this study is the height of median
energy (HOME). HOME is calculated by first identifying the
location of the median of the entire signal (i.e. above the noise
level), including the energy from both canopy and ground
surfaces (Drake et al., In press). This location is then referenced
to the ground (the center of the last Gaussian pulse) to derive a
height. Plot-level means for HOME were then calculated for all
shots that fell within each plot.

Adjustment of lidar HOME for deciduousness in Panama

When the lidar flights occurred in late March 1998, the Panama
study area was at the end of its dry season and leaf loss from
canopy-forming trees was extensive in some areas. As a result,
more of the lidar energy was able to penetrate through the upper
canopy, thereby reducing the lidar HOME metric relative to the
Costa Rica study area. To compensate for this effect, a
proportional adjustment to the HOME metric was made based
on the estimated fraction of crown area that was deciduous
(FCAD).

The first step was to linearly interpolate between data points for
precipitation and the fraction of crown area deciduous as listed
in Condit et al. (2000). The relationship (Equation 3) was then
used to interpolate FCAD from average precipitation values for
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all Panama field plots. Lidar HOME was then proportionally
adjusted in these Panama plots by the fraction of crown area
deciduous using the relationship in Equation 4.

Equation 3. FCAD=-0.02 *Rainfall + 60.27
where Rainfall=mm/yr and FCAD= fraction of
crown area deciduous (developed from Condit et al.
2000)

Equation 4. HOME' = HOME/(1-FCAD)
where HOME= lidar height of median energy (m)
and FCAD-= fraction of crown area deciduous

Data analysis

A linear regression analysis was used to develop relationships
between plot-level averages of lidar HOME and field-derived
QMSD, basal area and EAGB for each study area. For each
forest structural characteristic (e.g., QMSD), an analysis of
covariance (ANCOVA) was then performed to test for
significant differences in the slope and intercept of the
relationships (Zar, 1996) developed for each site. This process
was used for both the normal and deciduous adjusted HOME
metrics.

3. RESULTS AND DISCUSSION
Lidar HOME vs. estimated aboveground biomass

The lidar metric HOME is highly correlated with estimated
aboveground biomass (EAGB) in both study areas (Figure 1). In
the Panama study area, the R? value is 0.66 for plots whose tree
diameters are all within the range of the general allometric
equation (Equation 2), and 0.82 for all Panama plots, with
RMSE values of 31.52 Mg/ha and 39.10 Mg/ha respectively.
For the Costa Rica relationship, the R* value is 0.89 and the
RMSE is 22.54 Mg/ha.
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Fig 1.  Regression analysis for lidar height of median energy (m)
vs. plot-level allometrically-estimated aboveground
biomass (Mg/ha) for study areas in Panama (circles,
dashed line, upper left R?) and Costa Rica (triangles,
dotted line, lower right R?). The open circles in the
Panama regression relationship indicate plots that
contain stems whose diameters are larger than the
original distribution sampled to develop the allometric
equation (equation 2) and were not included in the
regression analysis.
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However, there is a great deal of divergence between the
relationships for the two study areas (Figure 1). The slope is
much greater in the Panama relationship (22.33) compared to
the Costa Rica relationship (6.33). The Panama regression
equation also has a negative intercept, probably the result of
only sampling within relatively high biomass areas. An analysis
of covariance (ANCOVA) shows that the slopes and intercepts
of these two equations are significantly different (p<0.01).

Lidar HOME vs. basal area and QMSD

Lidar HOME is strongly correlated with quadratic mean stem
diameter (QMSD) in both study areas (Figure 2a). The level of
variation in QMSD explained by the HOME metric (i.e., the R?
value) is approximately 92% in the Costa Rica study area
compared to 66% in the Panama study area. However, the
RMSE in Panama (1.89 cm) is somewhat lower than the value
from the Costa Rica relationship (2.09 cm). HOME is also
strongly correlated with basal area in both areas (Figure 2b). In
this case the level of variation explained is approximately equal
for both areas (~70%).
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Fig 2.  Regression analysis for lidar height of median energy (m)
vs. a) plot-level quadratic mean stem diameter (cm)
and b) plot-level basal area (m*/ha) for study areas in
Panama (circles, dashed line, upper left R?) and Costa
Rica (triangles, dotted line, lower right R?).

The relationships between lidar HOME and QMSD (Figure 2a)
and between HOME and basal area (Figure 2b) are not as
divergent at the two study areas as were the relationships
between HOME and EAGB (Figure 1). The slopes of the
relationships between HOME and QMSD are similar at both

150

sites, and were not found to be significantly different (p=0.55)
in an ANCOVA analysis. Intercepts for the HOME-QMSD
relationships, however, were found to be significantly different
(p<0.01), indicating that the relationships are not equivalent
between study sites. Similarly, both the slopes and the intercepts
of the HOME-basal area relationships were found to be
significantly different between the two study areas, however the
y-intercept term in the Panama linear regression relationship
was not significantly different from zero (p=0.19).

There are two possible reasons for differences in the HOME-
basal area and HOME-QMSD relationships between study
areas. First, tree diameters could be larger for a given tree height
on average at Panama. An analysis of the relationship between
stem diameter and stem height from both Panama (based on
allometry from BCI in Bohlman et al., In review) and La Selva
supports this trend (Drake et al., In review). It is possible that
this individual-level relationship could influence the plot-level
relationships between lidar HOME and either basal area or
QMSD. A second possible explanation is that the drier
conditions at Panama resulted in more leaf loss, which in turn
lowered lidar HOME values. The HOME metric is determined
by the vertical distribution of canopy elements (e.g., leaves and
branches), therefore a reduction in leaf abundance of canopy-
forming trees in drought-deciduous areas (Condit et al., 2000)
would allow more energy to penetrate further into the canopy,
thereby lowering the HOME value. We therefore next examine
the effect of this deciduousness on the relationship between
HOME and forest structural summaries.

Deciduous-adjusted HOME vs. basal area and QMSD

The relationships are much more similar between the two study
areas after the proportional adjustment of HOME for the effect
of leaf loss of canopy trees (Figure 3a and b). The slope and the
intercept from both HOME'-QMSD relationships are not
significantly different using an ANCOVA test (p=0.85 and 0.21
respectively). Similarly, the difference in slope from the
HOME'-basal area relationships in the two study areas is
smaller and not significantly different (p=0.06). The intercepts
in the HOME'-basal area relationships were found to be
significantly different (p<0.01) however where the data cover
the same range of HOME' and basal areas, the two point clouds
now overlap more completely and appear similar (Figure 3b).

Thus, proportional adjustment of lidar HOME metrics by simple
fraction of crown area deciduous values eliminated much of the
difference between HOME-basal area and HOME-QMSD
relationships at both Costa Rica and Panama plots. The minor
remaining differences may be the result of small differences in
diameter vs. height relationships in both study areas (discussed
above) or a difference in the ranges of conditions studied
combined with a modest nonlinearity in the underlying causal
relationship. In either case, leaf loss in canopy trees at the end
of the dry season in Panama was responsible for much of the
difference between relationships in these two tropical regions
that we found with unadjusted lidar data.
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Fig 3. Regression analysis for deciduous-adjusted lidar height
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dashed line, upper left R% and Costa Rica
(triangles, dotted line, lower right R?).

Deciduous-adjusted HOME vs. estimated aboveground
biomass

The proportional adjustment of lidar HOME did not affect the
strength of the relationship between HOME and EAGB at both
study areas (Figure 4). The R? and the RMSE stayed
approximately the same (66% and ~31Mg/ha respectively) after
HOME values were adjusted. However, although the adjustment
did slightly reduce the slope of the Panama relationship (from
22.33 to 21.46), the relationships from the two study areas were
still significantly different in both slope and the intercept
(p<0.01, from ANCOVA).

The differences in relationships between HOME' and EAGB for
the two study areas are most likely the result of using different
allometric equations to estimate aboveground biomass from
stem diameter in each area. At nearly the same total basal area,
Panama sites are calculated to have much larger biomass than
nearly all similar sites in Costa Rica (Table 1). This is despite
having only minor differences in HOME'-QMSD (Figure 3a)
and HOME'-basal area (Figure 3b) relationships after
adjustment for leaf loss. As a result, sites at Panama and Costa
Rica with nearly identical basal areas and HOME' values may
have very different EAGB values.
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Figure 4. Regression analysis for deciduous-adjusted lidar height
of median energy (m) vs. plot-level allometrically-
estimated aboveground biomass (Mg/ha) for study
areas in Panama (circles, dashed line, upper left R?) and
Costa Rica (triangles, dotted line, lower right R?). The
open circles in the Panama regression relationship
indicate plots that contain stems whose diameters are
larger than the original distribution sampled to develop
the allometric equation (equation 2) and were not
included in the regression analysis.

4. CONCLUSIONS

Our results show that relationships between a simple lidar
metric (height of median energy) and directly measured forest
structural characteristics, such as basal area and QMSD, are
nearly identical at both Costa Rica and Panama study areas after
accounting for the extensive leaf loss of canopy-forming trees in
Panama during the study period (Figure 3a and b). There is still
a subtle difference in the HOME'-basal area relationships from
the two study areas that could be attributable to differences in
the individual-level diameter vs. height allometric relationships
for the two sites. Nevertheless, these results illustrate that the
same lidar metric, HOME, is strongly correlated with basal area
and QMSD. In addition, the relationships appear to be general
across both tropical wet and tropical moist forest life zones.

The relationships between lidar metrics and allometrically
estimated aboveground biomass are significantly different,
however, for these two study areas. Although adjustment for
leaf loss slightly improved the agreement between the two site-
specific relationships, the two different allometric equations
(Equations 1 and 2) used to estimate aboveground biomass lead
to significant differences at both study areas.

An assessment of the applicability of these general allometric
equations vs. locally-derived allometric equations (cf. Keller et
al., In Press) would be beneficial because remotely sensed
estimates of biomass (and carbon) are ultimately dependent on
allometric relationships. We therefore join with other authors
(Brown et al., 1995; Clark and Clark, 2000) who have called for
more destructive sampling, especially of sparsely sampled large
trees, in different tropical life zones to more rigorously assess
the robustness of general allometric equations. Ultimately, this
will allow for better broad-scale, remotely sensed aboveground
biomass estimates.
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Assuming that the general allometric equations used in this
study are reasonably accurate, these results have significant
implications for how global observations from future
spaceborne lidar instruments (e.g., VCL) should be used to
produce global estimates of terrestrial aboveground biomass.
Our results show that it will likely be necessary to develop
unique relationships between lidar metrics and aboveground

biomass in different bioclimatic life zones.

Future work in other tropical and extra-tropical forest
environments may reveal that it is possible to develop a
relatively simple algorithm or model to estimate terrestrial
aboveground biomass globally from a suite of lidar and climatic
metrics. In more open tropical woodlands, it is likely that
additional lidar metrics such as canopy top height and a canopy
cover index will be necessary to estimate aboveground biomass
accurately. We also expect that the fusion of lidar data with high
spatial and temporal satellite imagery will further extend the
utility of these data.
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