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Introduction

Abstract

Questions: Is the accuracy of predictions of above-ground biomass (AGB) and
plant species richness of tropical dry forests from LIDAR data compromised dur-
ing leaf-off canopy period, when most of the vegetation is leafless, compared to
the leaf-on period? How does topographic position affect prediction accuracy of
AGB for leaf-off and leaf-on canopy conditions?

Location: Tropical dry forest, Yucatan Peninsula, Mexico.

Methods: We evaluated the accuracy of predictions using both leaf-on and leaf-
off LIDAR estimates of biomass and species richness, and assessed the adequacy
of both LIDAR data sets for characterizing these vegetation attributes in tropical
dry forests using multiple regression analysis and ANOVA. The performance of
the models was assessed by leave-one-out cross-validation. We also investigated
differences in vegetation structure between two topographic conditions using
PCA and ANOSIM. Finally, we evaluated the influence of topography on the
accuracy of biomass estimates from LIDAR using multiple regression analysis
and ANOVA.

Results: A higher overall accuracy was obtained with leaf-on vs leaf-off condi-
tions for AGB (root mean square error (RMSE) = 21.6 vs 25.7 ton-ha™'), as well
as for species richness (RMSE = 5.5 vs 5.8 species, respectively). However, no
significant differences in mean dissimilarities between biomass estimates from
LIDAR and i situ biomass estimates comparing the two canopy conditions were
found (F; 30 = 0.03, P = 0.87). In addition, no significant differences in dissimi-
larities of AGB estimation were found between flat and hilly areas (F; 5o = 1.36,
P =0.25).

Conclusions: Our results suggest that estimates of species richness and AGB
from LIDAR are not significantly influenced by canopy conditions or slope, indi-
cating that both leaf-on and leaf-off models are appropriate for these variables
regardless of topographic position in these tropical dry forests.

forest carbon stocks), and to design effective strategies for
selecting natural protected areas. Reliable maps of AGB

Information about the spatial distribution of above-ground
biomass (AGB) and species richness is critical to obtain
accurate estimates of carbon stocks and biodiversity at
broad scales. Such estimates are essential for deforestation
reduction strategies such as a REDD+ (Reducing Emissions
from Deforestation and forest Degradation plus enhancing

and species richness at the landscape level are useful tools
for many different management objectives. LIDAR (Light
Detection and Ranging) offers an advantage over most
other remote sensing technologies, thanks to its ability to
penetrate tropical forest canopies and detect three-dimen-
sional forest structure. Therefore, it is a useful tool for map-
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ping vegetation structure variables, such as height, forest
volume and biomass, since, unlike optical images, LIDAR
is free from saturation at high biomass values (Naesset &
Okland 2002; Drake et al. 2003). Yet, only a few studies
have estimated plant species richness with LIDAR (Leutner
et al. 2012; Simonson et al. 2012; Herndndez-Stefanoni
et al. 2014).

Despite the benefits of using LIDAR to estimate AGB
and species richness, there is a concern about the accu-
racy of estimations when using data from different
acquisition periods. Gaveau & Hill (2003) reported an
under-estimation of tree height under leaf-off conditions
for boreal forest. This was due to a deeper penetration
of laser pulses into the tree crowns compared to leaf-on
conditions. Additionally, leaf-off conditions result in a
larger number of laser pulses being reflected from the
ground and understorey vegetation, and a lower proba-
bility that some of them reach the actual canopy top
(Hill & Broughton 2009). However, LIDAR data from
leaf-on canopy conditions are not always available for
large geographic regions, including those where tropical
dry forests are found, since leaf-on conditions coincide
with high cloud cover associated with the rainy season.
LIDAR data can be more readily obtained during leaf-off
canopy conditions, when cloud-free atmospheric condi-
tions are common. For example, NASA has recently
acquired long strips of LIDAR during the dry season of
2013 throughout Mexico (see www.gliht.gsfc.nasa.gov).
Therefore, there is a need to assess the accuracy of
LIDAR data sets in estimating forest structure parameters
for both canopy conditions from tropical dry forests
(TDF). These forests are especially important because
they are the most extensive land-cover type in the trop-
ics and one of the most diverse and least protected ter-
restrial ecosystems (Miles et al. 2006). Over half of the
TDF are found in the Americas, and Mexico harbours
38% of the TDF in the continent. In particular, the
Yucatan Peninsula has one of the largest areas in Mex-
ico with this type of forest (Portillo-Quintero & Sanchez-
Azofeifa 2010).

Topography and soil properties can affect vegetation
attributes of tropical forests such as height, basal area, stem
density, species richness and species composition (Clark &
Clark 2000). These environmental variables also influence
soil water availability, the main factor limiting plant
growth and survival in TDF (Oliveira-Filho et al. 1998).
For example, Dupuy et al. (2012a) found a decrease in tree
height and basal area, as well as an increase in stem density
and number of species on hills compared with flat areas in
a TDF of the Yucatan Peninsula. Stem density in turn
affects the percentage of LIDAR returns reflected by the
canopy, thereby influencing LIDAR-derived estimates of
tree height, an important vegetation attribute related to
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AGB (Chave et al. 2005). Specifically, under-estimation of
tree height (and hence AGB) is expected in areas with low
stem density where openings in the canopy may be more
frequent (Brubaker et al. 2014).

Slope can also influence tree height (and AGB) esti-
mates from LIDAR data, because tree height is calculated
by subtracting the estimated ground elevation value from
the elevation value of the top vegetation layer of a canopy,
and ground elevation estimates have higher error on steep
slopes than in flat areas (Brubaker et al. 2014). Conse-
quently, a lower accuracy of LIDAR-derived elevation, and
hence also tree height estimates, is expected for areas with
steeper slopes (Hodgson et al. 2005). Indeed, higher tree
height error estimates have been found for terrains with
steep slopes compared to those on gentle slopes and flat
areas (Van Leeuwen & Nieuwenhuis 2010; Brubaker et al.
2014).

The objectives of this research were twofold: (1) to
evaluate the accuracy of predictions using leaf-on vs
leaf-off LIDAR estimates of AGB and species richness
derived from plot measurements, in order to assess
whether both LIDAR data sets are adequate for charac-
terizing these vegetation attributes of a TDF; and (2) to
determine if topographic condition affects the accuracy
of LIDAR estimates of AGB for leaf-off and leaf-on
canopy conditions in a hilly landscape. We predicted
that: (1) LIDAR estimates of AGB and species richness
would be better for leaf-on than for leaf-off canopy
conditions, and that (2) LIDAR estimates of AGB would
be better in flat areas compared to hills, especially dur-
ing leaf-off conditions.

Methods
Study area

The study area is located within a private reserve in the
centre of the Yucatan Peninsula (89°32'-89°34' W,
20°04’-20°06' N; Fig. 1). The vegetation is seasonally dry
tropical forest and the climate is tropical warm, with sum-
mer rain and a dry season from Nov to Apr. The mean
annual temperature is about 26 °C, and mean annual pre-
cipitation ranges between 1000 and 1100 mm. The land-
scape consists of low (60-160 m a.s.l.) Cenozoic limestone
hills with moderate slope, alternating with flat areas (Olm-
sted et al. 1999). The study area is dominated by seasonally
dry semi-deciduous tropical forests (50-75% of species
drop their leaves during the dry season) of different ages of
abandonment after traditional slash-and-burn agriculture,
ranging from 3 to >100 yr, although the forest in the
reserve is predominantly 50-100 yr old, and the youngest
stands are 17 yr old. The forest has a relatively low canopy
stature (9-13 m) with a few prominent trees attaining
15-18 m.
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Fig. 1. Location of the study site and field samples.

Field data

Field data were recorded from a systematic plant survey
conducted during the rainy season of 2013 in an area of
9 km?. Twenty clusters of plots were located systematically
around an eddy covariance flux tower: 12 within the cen-
tral 1 km? and the rest in the remaining 8 km? (Fig. 1).
The cluster plot design was based on Mexico’s National
Forest and Soil Inventory field data layout (Comision
Nacional Forestal 2012). Each cluster of plots consists of
three circular 400-m? plots (11.28-m radius) at fixed dis-
tances (38.6 m) and azimuths (0, 120 and 240°) from a
central 1000-m? plot (17.84-m radius) within a circular
area of 1 ha. All plots were located on the ground with a
Garmin GPS unit. The precision of x and y coordinates of
centre plots was estimated from different measurements of
the position, and the mean location errors were <3 m. In
each plot, all woody plants >7.5 cm DBH (at 1.3 m) were
sampled, and the diameter of all stems and the height of all
individuals measured. Species richness, i.e. the number of
woody plant species per sample site was used as a measure
of local or a species diversity for the cluster of four plots
(2200 m?). AGB was calculated for the 1000-m? plots from
tree diameter (and height) using three allometric equa-
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tions developed for tropical forests of Mexico: one for trees
>10 cm DBH (Cairns et al. 2003; modified by Urquiza-
Haas et al. 2007), another for trees <10 cm DBH (Hughes
et al. 1999) and the other for lianas (Chave et al. 2003).
These are the best plot designs for improving prediction
accuracy of species richness and biomass for this type of
forest (Hernandez-Stefanoni et al. 2014).

Data collection and processing of LIDAR

The airborne LIDAR data were acquired during two differ-
ent periods: Aug 2012 under leaf-on canopy conditions
and Apr 2013 under leaf-off conditions. Both data sets
were acquired using the same LIDAR sensor, an airborne
laser scanner RIEGL-QV-480, with similar sensor settings
and flight parameters (Table 1). The leaf-on data set was
obtained by a private contractor, CartoData (http:/www.
cartodata.com/), whereas the leaf-off data set was obtained
by the G-LiHT airborne imager of NASA (Cook et al.
2013). Although differences in sensor settings and flight
parameters can affect the spatial and vertical distribution
of laser return points (Magnussen et al. 2010), and hence
the accuracy of predicted forest structure parameters such
as a tree height, basal area, volume and biomass (Goodwin
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Table 1. Leaf-off and leaf-on LIDAR acquisition specifications.

Leaf-on LIDAR Leaf-off LIDAR
Flight Dates Aug 2012 Apr 2013
Sensor RIEGL VQ480 RIEGL VQ480
Scan Angle (tdegrees of nadir) 15 30
Average Flight Height (m) 396.2 335.0
Pulse Rate (Khz) 200 300
Swath Overlap (%) 50 60
Beam Divergence (mrad) 0.3 0.3
Pulse Density (m~2) 5 6
Returns per Pulse 5 7

et al. 2006), in this study, pulse density was very similar
between the two LIDAR data sets. Moreover, Jakubowski
et al. (2013) concluded that when pulse density is >1 m >
the accuracy of forest structure metrics remains relatively
high. Since both LIDAR data sets complied with this
requirement, no thinning of the leaf-on data set was per-
formed, and both data sets were used at their acquired
pulse densities.

The Fusion ‘clipdata’ routine (McGaughey 2012) was
used to extract all returns from the boundaries of the plots
in both leaf-on and leaf-off data sets. Using the x y coordi-
nates and the radius for each field plot, the point clouds
were clipped to correspond with the area of plots (400 and
1000 m?). Before applying the clipping process, the data
were normalized to the ground surface, in order to express
the returns in terms of heights above the ground instead of
elevation above sea level. We used a 1-m? resolution digi-
tal terrain model (DTM) from leaf-on canopy conditions to
normalize both data sets. We chose the leaf-on DTM
because it had a lower RMSE (0.51) than the leaf-off DTM
(0.66) when compared with nine samples of high precision
GPS measures on the ground provided by CartoData. This
is probably because the leaf-on DTM had a lower scan
angle, which is known to improve ground detection under
dense foliage (Lovell et al. 2005). Next, a set of 62 LIDAR
metrics was calculated within each of the four plots (three
400-m? plots and one 1000-m? plot) within a cluster, both
for leaf-on and for leaf-off data sets. Additionally, for spe-
cies richness analyses, the mean and SD values for a cluster
were calculated from metrics of the four plots.

Two general categories of LIDAR metrics were used as
the predictor variables in the models for estimating the
spatial distribution of species richness and biomass for both
leaf-on and leaf-off canopy conditions. The first category
was based on height statistics and included mean, maxi-
mum and minimum elevation, the variability of return
heights (variance, coefficient of variation), statistics to
quantify location (percentiles 1, 5, 10... 100 and L-mo-
ments), among others. The second category included
canopy density metrics and was used to evaluate the
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amount of vegetation cover. A threshold of 1.5 m was used
as a minimum height above the ground to reduce noise
within the near-ground cloud of returns caused by low
vegetation and uneven ground surface, and a canopy
threshold height of 4.0 m was used to compute LIDAR
canopy density metrics. For a detailed description of the
LIDAR metrics see McGaughey (2012).

Data analysis

Multiple regression analysis was used to model the rela-
tionship between the response variables (AGB and species
richness) and explanatory variables (LIDAR metrics for the
1000-m? plot for AGB and the mean and SD values of
these metrics calculated using the cluster of four plots for
species richness). The independent variables were formally
tested for normality and homoscedasticity, while the
response variables were transformed as needed with 1/x,
logl0 (x), logl0 (x + 1) and sqrt (x) to meet linearity
assumptions (Zar 1999). None of the LIDAR metrics (pre-
dictors) required transformation once the distributions of
response variables were normalized. All multiple regres-
sion analyses were carried out using forward selection.
Since multicollinearity between predictor variables can
cause problems in multivariable modelling, we verified
that the explanatory variables considered for the analysis
were either uncorrelated or expressed only small collinear-
ity (Zar 1999).

The performance of the different models was assessed
by leave-one-out cross-validation. In this procedure, one
observation is sequentially removed from the data set, and
the remaining sampling plots are used to fit the model.
Then, coefficients obtained are applied to this datum in
order to produce a predicted value. The cross-validation
yields a list of estimated values of AGB and species richness
paired to those obtained from the observed sampling plots.
Predicted values were also back-transformed to original
values as needed and corrected for bias introduced during
the back-transformation process using a method suggested
by Miller (1984). The predicted and observed values of
AGB and species richness were compared using the coetfi-
cient of determination (R?) and the root mean square error
(RMSE).

We also investigated the differences in vegetation
structure (abundance, number of species, basal area,
plant cover, average and canopy height) between two
topographic conditions (flat areas with a slope <10%
and hills with a slope >10%) using PCA and analysis of
similarities (ANOSIM; Clarke 1993). All six vegetation
structure variables were grouped, standardized and ordi-
nated using PCA to identify the major gradients and
patterns of variation in vegetation structure among
sampling sites. We further used ANOSIM to test for sig-
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nificant differences in vegetation structure between hills
and flat areas. This procedure is a non-parametric ana-
logue of multivariate  ANOVA that tests variability
within and between groups (hills and flat areas), but is
free from parametric assumptions of multivariate
normality and homogeneity of variances. PCA and
ANOSIM analysis were performed using v6 of the
PRIMER-E statistical package (Clarke & Gorley 2005).

Finally, to assess the effects of topography (hills vs flat
areas) and canopy condition (leaf-on vs leaf-off) on AGB
estimates from LIDAR, mean differences were calculated
between biomass estimates obtained after applying leave-
one-out cross validation and in situ biomass estimates for
each sampled plot, and compared using two-factor (topog-
raphy and canopy condition) ANOVA. This analysis was
not performed for species richness because this variable
was assessed for the whole cluster of four plots (2200 m?),
and most clusters contained a mixture of topographic con-
ditions. Therefore, differences between in situ counts of
species richness and LIDAR-derived estimates from cross-
validation comparing leaf-on and leaf-off conditions were
assessed using a paired ¢-test.

J.L. Herndndez-Stefanoni et al.

Results

The fitted regression models to estimate AGB and species
richness explained 88% and 84% of variability for AGB
using leaf-on and leaf-off LIDAR data, respectively, and
67% and 59% for species richness using leaf-on and leaf-
off LIDAR data, respectively. AGB was explained by point
density measures and height metrics for the 1000-m? sam-
pled area, whereas species richness was mainly explained
by the SD of the LIDAR metrics in the four plots of
2200 m? (Appendix S1).

We found a strong correspondence between observed
values of AGB and those predicted from LIDAR metrics
(Fig. 2), although leaf-on estimates were slightly more
accurate (R* = 0.84; RMSE = 21.6 Mg-ha ') than leaf-off
estimates (R* = 0.77; RMSE = 25.7 Mg-ha™ ).

Species richness showed a similar pattern to AGB,
but a moderate association with LIDAR data (Fig. 3).
The R? values increased from 0.42 to 0.49, respectively,
for leaf-off and leaf-on LIDAR data sets, whereas the
RMSE values decreased from 5.8 for leaf-off to 5.5 for
leaf-on conditions.
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Fig. 2. Results of cross-validation analyses used to compare the performance of observed and predicted values of above-ground biomass from LIDAR

using leaf-on and leaf-off canopy conditions.
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Fig. 3. Results of cross-validation analyses used to compare the performance of observed and predicted values of species richness from LIDAR using leaf-

on and leaf-off canopy conditions.
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The ANOSIM revealed significant differences in vegeta-
tion structure between hills and flat areas (R = 0.194,
P =0.017). The first two components of the PCA
accounted for 64.2% of the variation in vegetation struc-
ture (PCl: 39.6%; PC2: 22.8%) and showed that hills
tended to have higher abundance, plant cover and species
richness than flat areas (Appendix S2).

We found no significant differences between the residu-
als of LIDAR estimates and in situ biomass estimates com-
paring leaf-on and leaf-off canopy conditions (F; 30 = 0.03,
P = 0.87), nor comparing flat areas and hills (F; 50 = 1.36,
P = 0.25; Table 2). Similarly, no significant differences
were found in species richness LIDAR estimations between
leaf-on and leat-oft canopy conditions (t = —0.21, df = 19,
P =0.84).

Discussion

As predicted, we found slightly better estimates of AGB
and species richness from LIDAR data (as indicated by
higher R? values and lower RMSE values in the cross-vali-
dation procedure) for leaf-on compared to leaf-off canopy
conditions. This result was expected, considering that a
smaller proportion of the laser pulses would be reflected
from the upper canopy during leaf-off conditions due to a
decrease in leaf biomass (Gaveau & Hill 2003). In this
study, leaf-off models of AGB and species richness had
higher errors in plots, with RMSE values above
4.1 Mg-ha ! and 0.3 species, respectively. However, the
differences in mean dissimilarities between LIDAR-derived
estimates of AGB or species richness and in situ estimates
were not significant, indicating that the accuracy of predic-
tions of these variables for leaf-off canopy conditions in this
TDF are comparable with the accuracy of estimates using
leaf-on LIDAR data sets, as also found in previous studies
on AGB in mixed temperate forests (Naesset 2005; Wasser
et al. 2013). This can be attributed to laser pulse returns
reflecting from a proportion of coniferous trees in mixed
forests, or to the fact that some deciduous species in both
mixed and TDF reflect a sufficient number of returns even
during leaf-off canopy conditions (Naesset 2005). Thus,
our analysis shows that a leaf-off model may substitute a
leaf-on model with satisfactory results, especially for AGB,
for which the leaf-off accuracy (R* = 0.77) was comparable

Table 2. Differences between LIDAR estimates and in situ biomass esti-
mates comparing two topographic positions and two canopy conditions.
No significant differences were found.

Mean Differences (Mg-ha™") SE
Leaf-off, <10% Slope —6.26 6.12
Leaf-off, >10% Slope 6.40 9.41
Leaf-on, <10% Slope —1.48 8.62
Leaf-on, >10% Slope 408 591
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to other regional tropical forest models (R? = 0.56—0.80;
Asner et al. 2012). This result is relevant for LIDAR-
derived estimates of forest structure in seasonally dry tropi-
cal forests, where it is difficult to acquire LIDAR data dur-
ing leaf-on conditions, since they coincide with the rainy
season when most of the forest area is covered with clouds.
Species richness and AGB were strongly related to dif-
ferent categories of LIDAR data. Specifically, species rich-
ness was mainly related to the SD of LIDAR elevation and
canopy density metrics, whereas AGB was mainly related
to canopy density and elevation metrics. TDF have a rela-
tively simple forest structure, characterized by lower sta-
ture and fewer canopy strata than their humid
counterparts, likely reflecting harsher environmental con-
ditions, especially drought (Murphy & Lugo 1986). More-
over, resprouting is common in TDF, especially when
subjected to recurring disturbance, resulting in dominance
of a few species with high resprouting capacity and a con-
sequent decoupling of forest structure and species richness
(McLaren & McDonald 2003; Dupuy et al. 2012a). Thus,
although LIDAR is able to capture the 3-D structure of for-
ests, the relatively simple structure of the sampled forest
stand, dominated by a few species with high resprouting
capacity (Dupuy et al. 2012a), may not adequately reflect
variation in species richness. On the other hand, species
richness seems to be promoted by habitat heterogeneity, as
indicated by the positive coefficient of the SD of LIDAR
metrics. In other words, higher variation of canopy and
sub-canopy LIDAR returns reflects higher variability of
tree height (possibly linked to forest succession), topogra-
phy and forest floor conditions that provide opportunities
for different species to be present within the sample area.
This result coincides with several studies aimed at predict-
ing species richness from different remotely sensed data
(Gillespie 2005; Rocchini 2007; Herndndez-Stefanoni et al.
2012), which showed that species richness is related to the
structural and compositional complexity of habitats. This
highlights the importance of modelling ecological hetero-
geneity to estimate species diversity over space, as well as
the importance of remotely sensing signals that measure
this heterogeneity (Rocchini et al. 2015). However, the
accuracy of prediction of species richness using LIDAR data
in this study was admittedly moderate (R* = 0.42-0.49).
Higher prediction accuracy of species richness (close to
80%) has been obtained in TDF using image texture from
high-resolution satellite images, possibly because a high
spatial resolution allows analysis of the internal spatial
variation within a plot (Gallardo-Cruz et al. 2012). Accu-
racy of species richness estimates may thus be improved by
combining the internal spatial variation within a plot using
optical sensors with high spatial resolution, and habitat
heterogeneity in vegetation structure among plots using
LIDAR-derived canopy density and elevation metrics.

Doi: 10.1111/avsc.12190 © 2015 International Association for Vegetation Science 729
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In contrast to species richness, AGB was mainly related
to canopy density and elevation metrics, indicating that an
increase in the horizontal and vertical distribution of plant
AGB is strongly correlated with a higher density and eleva-
tion of LIDAR returns. The ability to predict AGB is thus
based on the structural attributes of vegetation, i.e. canopy
cover, tree diameter, basal area and tree height, which are
indicators of forest structural complexity at the stand scale
(McElhinny et al. 2005). In turn, forest structural com-
plexity is related to stand biomass, since it fosters different
biomass levels (Eaton & Lawrence 2009); for example, an
increase in vertical canopy structure and basal area in TDF
is related to an increase in biomass across forest succession
(Dupuy et al. 2012a,b).

The PCA and ANOSIM analyses revealed a clear effect of
topographic condition (flat areas with a slope <10% vs hills
with a slope >10%) on forest structure in this TDF land-
scape. This result concurs with those of Dupuy et al.
(2012a) for the same study area, where canopy height and
basal area were found to be smaller on hills than in flat
areas, whereas stem density and number of species showed
the opposite trend. This general pattern of decreasing tree
height and increasing stem density with a corresponding
increase in slope has been found in different ecosystems,
ranging from tropical to coniferous forests (Clark & Clark
2000; Saremi et al. 2014).

Because tree height is calculated from LIDAR data by
subtracting the estimated ground elevation value from the
elevation value of the top forest canopy layer, and ground
elevation estimates have higher error on steep slopes than
in flat areas (Brubaker et al. 2014), we predicted that
LIDAR estimates of AGB would be better in flat areas com-
pared to hills. This prediction was not supported since we
found no significant differences in the average error
between LIDAR-derived AGB estimates and field estimates
comparing the two topographic positions. However, the
average error between LIDAR AGB estimates and field esti-
mates tended to be negative in areas with gentle slopes
(suggesting a slight under-estimation of AGB in these con-
ditions) and positive (suggesting a slight over-estimation)
in areas with more pronounced slopes (Table 2). Since
stem density directly affects the percentage of LIDAR
returns reflected by the forest canopy (Gaveau & Hill
2003), it is reasonable to expect that variation in stem den-
sity would affect LIDAR-derived height, and hence AGB
estimates. The slight under-estimation of biomass in gentle
slopes may thus be due to an under-estimation of tree
heights, indicating that the tree tops were relatively less
likely to be hit by LIDAR beams under these conditions
where stem density is comparatively low. Conversely, in
areas with more pronounced slopes where stem density is
comparatively higher, one would expect a slight over-esti-
mation of biomass. Moreover, the downhill portion of tree

J.L. Herndndez-Stefanoni et al.

crowns and the surface area of the downhill part of the
crown are larger than their uphill counterparts (Breiden-
bach et al. 2008). Therefore, more reflections from laser
beams are expected from the downhill part of trees, result-
ing in a slight over-estimation of tree height, and conse-
quently of AGB, in areas with pronounced slopes. Although
our results were not significant, they show a trend that is
consistent with an over-estimation of tree height in areas
with high slope, as reported in previous studies (Takahashi
et al. 2005; Breidenbach et al. 2008). The fact that our
study region consists of relatively small (up to 180 m a.s.l.),
gentle hills with moderate slope (20-55%) can help explain
why the error differences we found between gentle and
more pronounced slopes were not significant.

Conclusions

We developed models to predict AGB and species richness
from LIDAR metrics. The accuracy of predictions for AGB
was comparable to other tropical forest models, whereas the
accuracy of predictions for species richness was only moder-
ate compared to tropical forest models from high spatial res-
olution imagery data. Future work should therefore
endeavour to combine high spatial resolution optical and
LIDAR data sets to improve the accuracy of species richness
estimates in this type of forest. We also showed that varia-
tion in species richness is mainly explained by habitat
heterogeneity, gauged by the SD of LIDAR metrics, whereas
variation in AGB was related to vegetation structure — rep-
resented by canopy density and elevation metrics.

The LIDAR-derived estimates of AGB and species rich-
ness did not differ between leaf-on and leaf-off canopy
conditions, indicating that the accuracy of predictions of
these variables for leaf-off canopy conditions (the best time
for data acquisition due to the prevalence of cloud-free
conditions) in this TDF are comparable with the accuracy
of estimations using leaf-on LIDAR data sets. This result
may be applicable to other seasonally dry tropical forests.

Although estimates of AGB from LIDAR were not signif-
icantly influenced by slope for either canopy condition
(possibly because our study area consists of low hills with
moderate slopes), they showed a trend that is consistent
with the previous studies documenting an over-estimation
of tree height in areas of higher slope. Since tree height is
an important parameter for biomass estimation, more
attention should be paid to the influence of topography on
tree elevation and hence AGB estimates from LIDAR data.
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