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Forest canopy height is a fundamental ecosystem property—influencing patterns of
forest carbon storage and forest ecosystem responses to climate variability and change.
Previous studies have analyzed environmental drivers influencing spatial variation in
canopy height at landscape-to-regional scales; however, far less is known about the
environmental determinants underlying regional and global scale variation in forest
canopy height. Using the canopy height metrics products from Global Ecosystem
Dynamics Investigation (GEDI), a space-borne Light Detection and Ranging (LiDAR)
instrument specifically designed to characterize forest structure, we analyze the envi-
ronmental correlates of spatial variation of global tropical forest canopy height. Our
study demonstrates that climate, topography, and soil properties account for 75% of
the variation in tropical forest canopy height. Elevation, dry season length, and solar
radiation are the most important drivers in determining canopy height both locally
and regionally. These results emphasize the vulnerability of tropical forest structure
to ongoing changes in the earth’s climate and provide a valuable empirical baseline
for tropical forest management.

tropical forest | GEDI | canopy height

Canopy height is a key attribute of forest ecosystems influencing their above-ground
biomass (1, 2), forest resilience to drought (3), and tree mortality (4, 5). Canopy height
also correlates with plant and animal diversity (6, 7). Accordingly, canopy height infor-
mation has been used as an important source of measurements informing initiatives for
carbon accounting, climate change mitigation via natural carbon sinks (2, 8, 9), constrain-
ing and improving terrestrial ecosystem and biosphere model predictions (10, 11), and
guiding conservation priorities (12, 13).

Ground-based forest inventories have been traditionally used to measure and quantify
the structural attributes of forest canopies, such as canopy height, stem density, and stem
basal area. Such inventories collect detailed tree-level information from a series of plots
across a given landscape; however, the plots are typically small (in some cases 0.1 to 0.5
km®, but frequently less than 0.01 km?), and widely spaced across the landscape.
Consequently, plot networks may often be unrepresentative of the wider landscape, par-
ticularly in tropical regions. For example, a network of 413 field inventory plots, covering
less than 0.01% of the Amazon Basin, has been widely used to represent Amazonian
forests. The high costs of field data collection also poses significant challenges leading
efforts to prioritize representativeness over coverage (14).

Remote sensing is revolutionizing our understanding of forest ecosystems by providing
spatially comprehensive and consistent measurements of forest biophysical attributes.
LiDAR measurements can provide detailed, three-dimensional information of forest can-
opy structure. Other active remote sensing instruments can provide complementary infor-
mation about forest canopies: Synthetic aperture radar (SAR) can provide information
about their surface roughness, moisture content, and above-ground biomass, and optical
remote sensing measurements can provide information about land-cover and forest canopy
characteristics, including measures of canopy greenness, moisture content, and leaf prop-
erties (15, 16). Airborne and unmanned aerial vehicle small footprint and waveform
LiDAR are also increasingly being used to measure forest canopy height across landscapes
at high spatial resolution, especially in tropical ecosystems where the regional-scale forest
inventories are less available (17-21).

Local and regional scale studies have shown that forest canopy height exhibits strong
spatial variation that is linked to a number of environmental drivers, including precipi-
tation, temperature, solar radiation, soil texture, soil moisture content, and soil nutrient,
and natural and human disturbance history, and biogeographical history (22, 23). At
global scales, an analysis of tree heights using 7,042 tree height records from 5,784 tree
species distributed across 222 locations (24), found that precipitation in the wettest month
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of the year was the single strongest predictor of plant height, but
other explanatory drivers, such as minimum temperature in the
coldest month and elevation explained surprisingly little of the
observed variation in plant height. In addition, measurements
from the Geoscience Laser Altimeter System (GLAS) waveform
lidar aboard the Ice, Cloud, and land Elevation Satellite (ICESat)
have been used in conjunction with spatial variation in environ-
mental drivers to map global forest canopy height (25), and several
studies have sought to understand the global-scale patterns of
forest canopy height using height estimates derived from ICESat
observations (26, 27). However, due to the relatively low sampling
density of ICESat measurements, particularly in tropical forests
(28), the canopy height estimates used in these studies were not
direct measurements, but rather outputs from a statistical model
that spatially interpolated ICESat LiDAR retrievals using climatic
drivers, rather than direct LIDAR observations.

The Global Ecosystem Dynamics Investigation (GEDI) on the
International Space Station is the first spaceborne LiDAR specif-
ically designed to characterize the three-dimensional forest struc-
ture at large scales (51.6°S to 51.6°N) (29). The GEDI mission
is a full waveform LiDAR instrument operating at 1,064 nm,
which samples forest structure with footprints of 25 m in diam-
eter, every 60 m along its ascending and descending orbital paths
(29). In comparison, the GLAS-ICESat produces 1,064 nm
pulses estimates canopy height within 30 to 70 m diameter foot-
print approximately every 170 m (30). More recently, the IceSat-2
ATLAS mission operates at 532 nm, offering improved spatial
resolution with 14 m diameter footprints and along-track spacing
of 0.7 m. Various mapping efforts have successfully combined
GEDI and/or IceSat-2 sampling with optical imagery to enhance
forest structure assessments (31-33). For example, Potapov et al.
(31) integrates GEDI lidar and Landsat data to create a global
30 m resolution forest canopy height map for 2019. Validated
against GEDI and airborne lidar data, the map enables monitor-
ing of forest height, aiding carbon emission estimates and forest
management efforts. The GEDI mission represents a significant
advancement over these previous LiIDAR missions by providing
higher resolution and more comprehensive data and therefore
provides a unique opportunity to understand the spatial distri-
bution of canopy height across the tropical forest biomes.

In this study, we analyze the level 2A GEDI geolocated elevation
and height metrics product (version 2) to understand how envi-
ronmental drivers shape the spatial distribution of tropical forest
canopy height. Specifically, we focus on tropical moist forest eco-
systems because of their critical role in the global carbon cycle,
accounting for one-third of terrestrial primary production and
25% of stored terrestrial carbon (34). We performed analyses
relating climatic drivers, topography, and soil properties to the
spatial variation in forest canopy height as measured by GEDI
Level 2A height measurements. The specific goals of the analyses
were to: 1) identify which key environmental drivers control forest
canopy height across the earth’s tropical forest regions, and 2)
determine how the key drivers affecting local forest canopy height
vary spatially across the tropics.

Prior to the analysis, multiple data sources were used to mini-
mize the effects of human disturbance on study’s findings. Starting
from the map of intact tropical humid forests in 2001 (35), a
dataset of forest extent and height changes was used to exclude
areas that have experienced forest loss or significant disturbances
between 2000 and 2020 (36) (see the Methods Summary section).
Additionally, GEDI shots classified as nonforest based on the
MODIS-derived GEDI L2A supplementary data fields were
excluded. Further details on the methods employed can be found
in the Methods Summary section.

https://doi.org/10.1073/pnas.2401755122

Results

Analysis of the spatial distribution of GEDI canopy heights across
the tropics shows that the tallest tropical forest canopies are primarily
located in the Eastern Amazon Basin, Gabon, and Borneo (Fig. 1A4).
Although the Amazon, Africa, and Southeast Asian tropical regions
have relatively similar average canopy height (means of 27.0 m, 29.6
m, and 33.0 m for Amazon, African, and Southeast Asian tropical
forests respectively), Southeast Asia has a higher proportion of tall
tropical trees, as indicated by the more right-skewed histogram forest
canopy heights (Fig. 1B). For example, the percentage of forest can-
opy heights greater than 40 m in Southeast Asia is 15.6.8%, com-
pared to 8.5% in Africa and 4.2% in the Amazon.

A correlation analysis was first conducted to investigate the
simple univariate relationships between canopy height and a
series of environmental drivers across all tropical regions. Canopy
height exhibits notable significant positive correlations with ele-
vation and cloudiness, and negative correlations with wind
speed, dry season length (DSL), and soil sand fraction (Fig. 1C).
In contrast, canopy height exhibits weak correlations with pre-
cipitation, temperature seasonality, solar radiation, lightning
frequency, and soil organic matter content (Fig. 1C).

Less than 0.05% of the canopy height measurements in the
GEDI shots analyzed here are extremely tall [greater than 70m
(19)]; however, our analysis shows that extremely tall trees are
strongly clustered toward the center of a Principal Components
ordination of the environmental conditions associated with the
GEDI canopy height measurements (87 Appendix, Fig. S6), indi-
cating that their occurrence peaks in areas with combination of
moderate environmental conditions (e.g., precipitation, dry season
length, and temperature seasonality) rather than in locations with
particularly high or low values of specific environmental drivers.
However, the center of the very tall tree distribution is noticeably
negatively offset with respect to wind, lightning, and incoming
solar radiation vectors, indicating that extremely tall trees tend to
be associated with low values of these environmental drivers.

To further explore the combined influences and importance of
the different environmental drivers in determining spatial variation
in canopy height across the tropics, we employed a random-forest
(RF) machine learning algorithm (37). In contrast to correlation,
RF can capture complex relationships that are often missed in
simple pairwise analysis, making it a more powerful tool for pre-
diction. In terms of overall goodness-of-fit, the RF model captures
75% of the observed variation in tropical forest canopy height (R?
= 0.75, Fig. 24). More detailed examination of the model’s
goodness-of-fit shows that the model captures the observed pattern
of variation in tree heights below a height of 45 m well; however,
it tends to underestimate canopy height above this value (Fig. 24),
in large part due to the relatively smaller number (~810,000,
accounting for only 1.44% of the filtered GEDI shots, see Method
Summary) of tall forest canopies within the GEDI dataset (Fig. 1B).
The three most important explanatory environmental drivers in
the random forest model at the continental scale are elevation, dry
season length, and solar radiation (feature importance values of
0.165, 0.152, and 0.128 respectively, see Fig. 2B).

While the RF model effectively ranks feature importance across
the entire study area, it offers limited insights into how these
features influence predictions at local scale. We therefore employed
a Local Interpretable Model-Agnostic Explanations (LIME)
framework to determine the most important environmental driv-
ers in governing canopy height in each grid cell across the three
continents (Methods Summary).

As seen in Fig. 34, the most important predictors of canopy
height vary across different regions. In South America, DSL is the
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Fig. 1. (A) Distribution of canopy height derived from quality-filtered GEDI L2A shots. (B) Histogram of canopy heights for the Amazon, Africa, Southeast Asia
and Pantropical regions. (C) The linear relationship between canopy height and the environmental drivers across the pantropical region.

dominant predictor of canopy height in the western and southern
Amazon while elevation is the dominant predictor in the Amazon
floodplain. In Africa, elevation is the dominant predictor of canopy
height across much of the continent; however, in parts of Madagascar
and west Africa, DSL and other climate drivers are more important.
Finally, in Southeast Asia, elevation is the dominant predictor for
most regions except for parts of Northern Myanmar, Laos, Borneo
and Papua New Guinea where DSL dominates (Fig. 34). Solar
radiation is rarely the first (most important) predictor identified by
the RF-based LIME analysis (Fig. 34); however, it is the third-most
frequent second predictor (Fig. 3B), and it is the most frequent third
predictor (Fig. 3C). Further details on the environmental drivers by
the RF-based LIME analysis as key predictors of canopy height can
be found in S7 Appendix, Table S1.

We conducted a marginal analysis on the fitted RF model to
further explore how the different environmental drivers may affect
spatial variation of canopy height across the tropics. While the
feature importance of the RF model provides a broad overview of
the relative importance of the different environmental drivers

PNAS 2025 Vol.122 No.10 2401755122

influencing canopy height, the marginal analysis enables us to
explore and visualize how variation in a particular driver—such
as precipitation or temperature—affects forest canopy height.
Fig. 4 A-F shows marginal plots of the six most important explan-
atory drivers from Fig. 2B. Between elevations of 0 m to 200 m,
average canopy height increases from 24 m to 32 m and then
declines slightly above 600 m (Fig. 44). In contrast, DSL exhibits
a nonlinear, threshold-type relationship, with minor changes in
average canopy height below 4 mo DSL followed by a marked, 8
m decline in average canopy height when DSL exceeds this value
(Fig. 4B). The effect of solar radiation on average canopy height
is also nonlinear relationship with minimal effect on canopy height
when the solar radiation is below 14,000 k] m™ d™', followed by
a decline of 4 m when radiation increases above 15,000 k] m™d™!
and then an increase of 3 m when radiation is above 17,000 kJ
m™ d" (Fig. 4C). The effects of temperature seasonality on canopy
height are negative, with canopy height declining an average of
7 m when the temperature seasonality increases from 0 °C to above
2 °C (Fig. 4D). Wind speed and cloudiness are also significant

https://doi.org/10.1073/pnas.2401755122 3 of 8
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environmental factors.

drivers in determining canopy height variation. Increases in aver-
age wind speed from 1.5 m s to 2.5 m 5™ are associated with a
~4 m decline in average canopy height from ~30 m to ~26 m, but
above 2.5 m s, the relationship is relatively flac (Fig. 4E).
Cloudiness generally has a positive effect on canopy height:
Increasing cloudiness from 60 to 80% is associated with an
approximately 6 m increase in average canopy height from 26 m
to 32 m (Fig. 4F).

Since the marginal analysis above does not account for inter-
actions among environmental drivers on canopy height, we con-
ducted an additional analysis that reveals significant two-way
interactions between elevation, DSL, and solar radiation on trop-
ical forest canopy height (87 Appendix, Fig. S2). Regarding the
interactions between DSL and elevation, canopy height is nega-
tively related to DSL for elevations above 50 m, but below this
value, the relationship becomes relatively flat (S Appendix,
Fig. S24). Regarding the interactions between solar radiation and
DSL, canopy height increases with solar radiation when DSL is
shorter than 2 mo; however, when DSL is longer than 4.5 mo,
the effect of solar radiation becomes negative (SIAppendix,
Fig. S2B). Finally, regarding the interactions between solar radia-
tion and elevation, when incoming solar radiation is above 17,000
k] m? d", canopy height is positively related to elevation.
However, below this value, canopy height increases with elevation
at intermediate altitudes (around 700 m) but then either plateaus
or declines slightly as elevation increases further (SI Appendix,
Fig. S2C). Another notable finding is that the combined effects
of variation in solar radiation and dry season length (S Appendix,
Fig. S2B) and the combined effects of variation in solar radiation
and elevation on canopy height (87 Appendix, Fig. S2C). are asso-
ciated with canopy height variability of approximately 6 m, which
is not captured in the marginal analysis Fig. 4C.

Discussion

The spaceborne GEDI lidar instrument provides full lidar wave-
form retrievals specifically designed for measuring vegetation
structure at global scales (29). Our analysis identifies significant
correlations between tropical forest canopy height and a suite of
environmental drivers (Fig. 1C), which together explain 75% of

https://doi.org/10.1073/pnas.2401755122

variation in canopy height (Fig. 24). As seen in Figs. 2B and 3,
elevation and DSL are the two most important predictors both
regionally and locally.

Previous studies have shown that climatic gradients along with
historical events have been found to mediate canopy height at
large spatial scales, with water availability playing a pivotal role
(24, 26, 27, 38). However, canopy height estimates in these earlier
studies were derived from either sparse global field measurements
or modeled values produced by combining satellite LIDAR data,
rather than direct LIDAR observations and as a consequence, may
have underestimated canopy height (25). S/ Appendix, Fig. S9
shows that spatial averaged canopy height over the pantropical
region from Simard et al. (25) has comparable values with GEDI
L2A data, but is lower in Southeast Asia (average difference: -6
m) (Fig. 10).

Elevation is known to strongly influence a number of environ-
mentally relevant drivers including spatial variation in soil prop-
erties, hydrological conditions, and microclimate. Previous studies
have documented the influence of elevation on forest canopy
heights at local (39-42), regional (18, 21), and continental scales
(26). However, the trends in how canopy height changes along
elevational gradients varied across the studies: the pattern of
increasing canopy height with elevation observed in this study
(Fig. 1C) accords with findings from two previous studies (21,
41). However, other studies have found unimodal (40) and mono-
tonically decreasing (39) patterns of canopy height across eleva-
tional gradients. One reason for these differing relationships is
likely to be the differing elevation ranges examined in these stud-
ies. In this analysis, the canopy height dataset excluded measure-
ments from elevations greater than 1,500 m (see Methods Summary
section), while other local or regional measurements were con-
ducted in montane elevation transects spanning elevations 200 to
3,100 m (39, 40). Consistent with these studies, although the
correlation analysis shows that elevation generally has a positive
effect on tropical forest canopy height (Fig. 2C), the marginal
analysis reveals that the relationship becomes negative when ele-
vation is greater than 600 m (Fig. 44). A common explanation
for the positive effects of elevation on canopy height in low ele-
vation areas is the reduced frequency of inundation as elevation
increases (43). Regarding the negative effects of elevation on
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Table 1. Final drivers used to estimate canopy height in the random forest model

Name Definition Unit Source Resolution
Elev Ground elevation m SRTM 30m
DSL Dry season length month Princeton 0.25°
Radiation Incoming solar radiation W/m? WorldClim 1 km
Temp_sea Temperature seasonality °C WorldClim 1 km
wind Wind speed m/s WorldClim 1 km
Cloud_freq Cloud frequency % EarthEnv 1 km
Sand Soil sand percentage % OpendLand 250m
Prec Precipitation mm/month WorldClim 1 km
SOC Soil organic matter g/kg OpenLand 250 m
Lightning Lightning strikes flashes/month TRMM 0.25°

canopy height found at higher elevations, a number of mecha-
nisms have been proposed, including periodic wind disturbances
(39), constrained leaf expansion by lower temperatures (40), and/
or limited solar radiation (42).

'The second-most important environmental predictor of forest
canopy height was DSL (Fig. 2B), which exhibits a threshold type
relationship with minimal effects on canopy height when DSL is
less than 4 mo followed by a significant drop in canopy height
when DSL exceeds 4 mo (Fig. 4B). This nonmonotonic effect of
DSL is likely due in part to the interacting effects of other envi-
ronmental drivers. In particular, low DSL values tend to be asso-
ciated with lower solar radiation in areas such as the Western
Amazon (SI Appendix, Fig. S3 B and C)—both of which tend to
increase canopy height. The two other water availability-related
drivers included in the analysis, precipitation and soil sand frac-
tion, also exhibited significant univariate relationships with trop-
ical forest canopy height (Fig. 1C); however, their effects were
relatively weak after accounting for the influence of other explan-
atory drivers (Fig. 2B). The influence of DSL found in this study
is consistent with findings of Klein et al. (27), who found that
precipitation minus potential evapotranspiration (a measure of
water availability) was a strong predictor of forest canopy height
variation. The primary mechanism by which DSL, precipitation,
and sand fraction influence forest canopy height is via soil mois-
ture: Long dry seasons, low precipitation, and high sand fractions
all tend to increase water stress, increasing the likelihood of
hydraulic failure and tree mortality, particularl?r for tall trees (44).
However, high rainfall events (3,000 mm y™), which are often
associated with strong winds and nutrient leaching, can result in
negative effects on tree growth (21).

SI Appendix, Fig. S2 illustrates the interactions between the
three dominant drivers of canopy height variation (elevation, DSL,
and radiation). Regarding interactions between the effects of DSL
and elevation (87 Appendix, Fig. S2A), canopy height decreases
with increasing DSL across most elevation bands, however, the
negative effects of DSL on canopy height are largely absent in
low-elevation areas (<50 m). As discussed above, the negative
effects of DSL on canopy height seen across most elevation classes
likely reflect reductions in soil moisture as DSL increases (27).
One potential explanation for the absence of negative DSL effects
at very low elevations (<50 m) may be access to groundwater or
greater moisture availability, due to proximity to rivers and flood-
plains (e.g., Amazon floodplains), which mitigates the declines in
soil moisture that would otherwise occur with increasing DSL
(45, 46). There are no noticeable interactions between the effects
of DSL and radiation (87 Appendix, Fig. S2B): Across all DSL
values, the canopy height increases with higher radiation, and
across all values of incoming radiation, canopy height declines

PNAS 2025 Vol.122 No.10 2401755122

with longer DSL. Regarding interactions between effects of solar
radiation and elevation on canopy height (S/ Appendix, Fig. S20),
when solar radiation is below 17,000 k] m2d7, canopy height
follows the characteristic nonmonotonic pattern seen in Fig. 44,
i.e., increasing with elevation up to an altitude of approximately
700 m and then declining slightly as elevation increases further.
As discussed earlier, a number of mechanisms have been proposed
for this pattern. However, when solar radiation is high (greater
than 17,000 kJ m?d?), canopy height increases monotonically
with increasing elevation (up to 1,200 m). As seen in ST Appendix,
Fig. S3C, these areas of high radiation are predominantly found
in Central Africa, the Guiana Shield forests, and parts of Southeast
Asia. The reason for this weaker canopy—height—elevation rela-
tionship is, at present, unclear. One potential explanation may be
that the higher radiation levels alleviate the effects of cooler tem-
peratures on tropical forest productivity that are typically found
high elevations. Consistent with this hypothesis, a recent study
has shown that African tropical montane forests share some similar
structural properties with lowland forests, including an abundance
of large trees, and aboveground biomass values comparable to that
of African lowland forests (47). Another potential factor is differ-
ences in phylogenetic composition in these regions. For example,
the study of African above-ground biomass (47) suggested that
the presence of conifers (Podocarpaceae), which generally have
relatively high light-use efficiencies, may account for the high
similarity in the structural properties of lowland and montane
forests in Africa documented in their study. Along similar lines,
studies of forests in the Guianan Shield have noted dominatece
by caesalpinoids, a subfamily of legumes, known for their higher
nitrogen and light use efficiency, and that similar dominance by
closely related genera also occurs in Central Tropical Africa (48).
More generally, the two-way interactions seen in S/ Appendix,
Fig. S2 indicate that tropical forest canopy height depends on a
complex interplay of multiple environmental drivers, with each
factor exerting varying levels of influence depending on location
and on its interactions with others environmental drivers.

The LIME methodology enabled identification of the impor-
tance of different explanatory drivers and how they vary spatially
across the pantropical region: Across all three continents, the most
dominant feature influencing canopy height was elevation
(Fig. 34 and SI Appendix, Fig. S1). In the Amazon floodplain,
surface flooding pulses act as a disturbance, profoundly affecting
trees in the seedling stage and biological productivity (49). In
addition, constant soil saturation, combined with lower concen-
trations of light capture and growth chemicals in leaves, further
constrain tree growth in the floodplain (50). Studies in the central
Amazon floodplain reported that the forest structure in a central
Amazonian floodplain becomes more diverse and tree height can
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Fig. 3. The spatial variation of the first (A), second (B), and third (C) predictors in controlling local canopy height for Pantropical region derived from the LIME
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“Other” are colored separately to indicate the relevant specific environmental driver within the “Other” category is shown in S/ Appendix, Fig. S4.

increase from 15 m to 45 m with decreasing flooding height,
indicating that in low-lying areas, the absence or reduced fre-
quency of flooding at higher elevations has a generally positive
impact on canopy height (43). The negative effects of inundation
on canopy height are also likely to apply in other low elevation
sites in parts of Africa and Southeast Asia. In other areas, such as
the Andes (51, 52), Central Africa (53), and Southeast Asia (39),
tropical forest canopy height decreases along elevation gradients
in higher elevation areas due to a combination of drivers, includ-
ing periodic disturbances by strong winds, constrained leaf expan-
sion by lower temperature, or limited solar radiation (e.g., west
Gabon see ST Appendix, Fig. S3C).

Dry season length was the second dominant explanatory driver
of canopy height over 25% of Amazon and Southeast Asia, but
less than 10% of Africa (SI Appendix, Fig. S1). In the southern
Amazon and northern Southeast Asia, forests are exposed to rel-
atively long dry season (DSL > 5 mo, ST Appendix, Fig. S4C) and
many trees may drop a significant portion of their leaves and
reduce stomatal conductance to minimize water loss during the
dry season. However, in the western Amazon and parts of Borneo
where DSL is less than 2 mo, the concurrent low solar radiation
and high precipitation may colimit vegetation productivity and
growth rates (54).

In summary, we have assessed the spatial variation of forest
canopy height in tropical regions using the first spaceborne
LiDAR specifically designed to characterize 3D forest structure.
Our results show that elevation and dry season length were the
most important drivers in determining tropical forest canopy
height both regionally and locally. Our findings have several
important implications. First, understanding the environmental
determinants of spatial variation in canopy height is crucial for
improving forest growth and global carbon cycle models.
Elevation, dry season length, and solar radiation play important
roles in determining canopy height, impacting carbon storage
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estimates and therefore allowing more precise carbon accounting
in ecosystem and biosphere models (55, 56). Second, the fitted
relationship between canopy height and climate drivers can be
used to estimate the canopy height potential and consequently,
carbon sequestration potential of tropical forests (57). Regions
that are optimal for long-term carbon storage can potentially
provide low-cost, high-yield carbon mitigation opportunities;
however, careful consideration is needed to ensure that these
objectives align with conservation and restoration goals (58, 59).
Finally, our findings regarding the environmental drivers of forest
canopy height also highlight the vulnerability of tropical forest
canopy structure to climate change, such as the recent increases
in dry season length observed in the southern Amazon (60, 61).
These insights regarding the environmental drivers of forest can-
opy height can inform that effective forest management practices
avoid potentially catastrophic tipping points in ecosystem func-
tion (62, 63).

One limitation of our analysis concerns the environmental cor-
relates of extremely tall trees. While relatively rare globally, there
is considerable interest in the occurrence extremely tall trees
because of their disproportionately high biomass and their roles
in influencing forest ecosystem processes and diversity (64).
Interestingly, the LIME analysis also identifies wind as the most
dominant explanatory driver of forest canopy height in the region
the northeastern portion of the Brazilian Amazon (S/ Appendix,
Fig. S4). This accords with the results of a recent study using
airborne lidar data, which found that the environmental drivers
influencing the occurrence of extremely tall trees (>70 m) in the
Brazilian Amazon were different from the general canopy height
variation across the region, with low wind speed in northeastern
portion of the Brazilian Amazon being most important predictor
of their occurrence (19).

In addition, the identification of primary forest regions may have
failed to consider the edge effect on forest structure. Tropical forests
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near edges generally show reduced canopy height and density com-
pared to interior forests, as trees are more exposed to environmental
stressors and are more susceptible to natural disturbances (65).
These conditions often result in higher tree mortality, lower bio-
mass, and accelerated degradation in edge areas (66). Recent work
suggests that the extent of forest affected by edges is greater than
previously estimated (67), indicating that a significant portion of
tropical primary forests may be at increased risk of degradation.

Furthermore, our study excluded tropical forest islands such as
Hawaii, tropical dry forests, and secondary forests. Future inves-
tigations of the environmental determinants of forest canopy
height in these forests are also needed. These analyses will be more
challenging however because of the need for knowledge about the
nature, magnitude, and timing of human disturbance impacts and
fire disturbances that act alonggside the effects of underlying envi-
ronmental conditions in these areas. Finally, one additional chal-
lenge in analyzing global-scale variation in tropical forest height
is the lack of spatially comprehensive measurements of tropical
forest composition. Forest composition influences canopy height
through a variety of mechanisms, including species-specific growth
patterns, competitive interactions, niche differentiation, and
responses to environmental drivers and disturbances (68-70).
Integrating GEDI data with information on forest structure
derived from forthcoming SAR mission such as NISAR (71) and
BIOMASS (72) and information on forest composition from
imaging spectrometry measurements (73) has the potential to
further enhance our understanding of the underlying drivers of
tropical forest canopy height variation.

Methods Summary

This study examines tropical primary forests in the Amazon Basin,
Africa, and Southeast Asia to understand how environmental fac-
tors influence tree canopy height. After applying rigorous quality
filters to GEDI L2A data from 2019 to 2023, a Random Forest

PNAS 2025 Vol.122 No.10 2401755122

model was used to identify the key drivers of tree height. Feature
importance was assessed through permutation tests, while the
LIME framework provided insights into local sensitivity. Marginal
analysis further explored how individual environmental factors
impact canopy height, offering a detailed view of what shapes
tropical forest structures.

Data, Materials, and Software Availability. All figures were produced using
Python v.3.6 (https://www.python.org/downloads/release/python-360/) (74).
All code needed to reproduce the main figures are available at https://zenodo.
org/records/14807700 (75). The Global Ecosystem Dynamics Investigation
(GEDI) L2A data was accessed through a NASA Earthdata Search (76). Tropical
climate data was obtained from WorldClim (https://www.worldclim.org/) (77).
Elevation from the Shuttle Radar Topography Mission (SRTM) was downloaded
from the EarthExplorer (https://earthexplorer.usgs.gov/) (78). Soils information
was downloaded from the OpenLand platform (https://opengeohub.org/) (79).
Cloud frequency was obtained from EarthEnv (https://www.earthenv.org/cloud)
(80). Dry season length was calculated from the Princeton global meteorological
forcing dataset (https://rda.ucar.edu/datasets/d314000/4#) (81). Lightning data
was downloaded from the Tropical Rainfall Measuring Mission (TRMM) satellite
(https:/Ighrc.nsstc.nasa.gov/lightning/data/data_lis_trmm.html) (82).
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