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Supporting Information Text

ForestGEO site-specific acknowledgments

Amacayacu. The 25-ha Long-Term Ecological Research Project of Amacayacu is a collaborative
project of the Instituto Amazónico de Investigaciones Científicas Sinchi and the Universidad
Nacional de Colombia Sede Medellín, in partnership with the Unidad de Manejo Especial de
Parques Naturales Nacionales and the Forest Global Earth Observatory of the Smithsonian
Tropical Research Institute (ForestGEO). Special acknowledgment to Dr. Dairon Cardenas
(1957-2022), one of the two ecologists that envisioned and designed this project and whose
legacy remains among Colombian forest ecologists. This project is possible thanks to the
commitment of S. Sua, A. Barona, and the administrative crew at Sinchi. We also thank A.F.
Jimenez, L. Gómez, and hundreds of technicians and students of forest engineering at
Universidad Nacional de Colombia that have worked on data collection and cleaning. We
acknowledge the Director and staff of the Amacayacu National Park for supporting and
maintaining the project in this National Park, as well as coworkers from the Palmeras Indigenous
Community for their assistance in fieldwork.

Barro Colorado Island (BCI). The BCI forest dynamics research project was made possible by
National Science Foundation grants to Stephen P. Hubbell: DEB-0640386, DEB-0425651,
DEB0346488, DEB-0129874, DEB-00753102, DEB-9909347, DEB-9615226, DEB-9615226,
DEB9405933, DEB-9221033, DEB-9100058, DEB-8906869, DEB-8605042, DEB-8206992,
DEB7922197, support from the Forest Global Earth Observatory (ForestGEO), the Smithsonian
Tropical Research Institute, the John D. and Catherine T. MacArthur Foundation, the Mellon
Foundation, the Small World Institute Fund, numerous private individuals, and through the hard
work of over 100 people from 10 countries over the past two decades.

Fushan. The Fushan Forest Dynamics plot (FDP) is supported by the Taiwan Forestry Bureau,
the Taiwan Forestry Research Institute and the Ministry of Science and Technology of Taiwan. We
would like to express our gratitude to all field technicians and students who helped with the
implementation and recensus of the Fushan FDP. We also thank the Fushan Research Center
staff for providing logistic support.

Huai Kha Khaeng (HKK). We thank the many people who helped to create the permanent
research plot in Huai Kha Khaeng. The administrative staff of Huai Kha Khaeng Wildlife
Sanctuary helped with logistical problems of the plots on many occasions. The Huai Kha Khaeng
50-hectare plot project has been financially and administratively supported by many institutions
and agencies. Direct financial support for the plot has been provided by the Royal Thai Forest
Department and the National Parks Wildlife and Plant Conservation Department, the Arnold
Arboretum of Harvard University (under NSF award #DEB-0075334, and grants from USAID and
the Rockefeller Foundation), the Smithsonian Tropical Research Institute, and the National
Institute for Environmental Studies, Japan. We acknowledge the Royal Thai Forest Department
and the Department of National Parks, Wildlife and Plant Conservation for supporting and
maintaining the project in Huai Kha Khaeng Wildlife Sanctuary, Thailand.

Khao Chong (KC). We thank the many people who helped to create the permanent research plot
in Khao Chong. The administrative staff of Khao Chong Botanical Garden helped with logistical
problems of the plots on many occasions. Direct financial support for the plot has been provided
by the people of Thailand through the Royal Forest Department (1991-2003) and the National
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Parks Wildlife and Plant Conservation Department since 2003, the Arnold Arboretum of Harvard
University, the Smithsonian Tropical Research Institute, and the National Institute for
Environmental Studies, Japan, as well as grants from the US National Science Foundation (grant
#DEB-0075334 to P.S. Ashton and S.J. Davies), US-AID (with the administrative assistance of
WWF-USA), and the Rockefeller Foundation. Administrative support has been provided by the
Arnold Arboretum, the Harvard Institute for International Development, the Royal Forest
Department, and the National Parks Wildlife and Plant Conservation Department. In addition,
general support for the ForestGEO program has come from the Arnold Arboretum of Harvard
University, the Smithsonian Tropical Research Institute, the John D. and Catherine T. MacArthur
Foundation, Conservation, Food and Health, Inc., and the Merck Foundation. All of these
organizations are gratefully acknowledged for their support.

Pasoh. The 50-ha forest plot at Pasoh FR is an ongoing project of the Malaysian Government,
directed by the Forest Research Institute Malaysia through its Director-General, Dr Ismail bin
Parlan. The plot is located in Pasoh Research Forest under the conservation of Negeri Sembilan
State Forestry Department.
The project was initiated under the leadership of Drs. N. Manokaran, P. S. Ashton and S. P.
Hubbell. The project is now a collaboration of the Forest Research Institute Malaysia and
ForestGEO of the Smithsonian Tropical Research Institute. The late Dr. K. M. Kochummen, while
on a fellowship at STRI, supervised the species identification and personally examined all trees
over 100 mm dbh. Funds for the project are gratefully acknowledged from: the National Science
Foundation, USA (BSR Grant No. INT-84-12201 to Harvard University through Drs. P. S. Ashton
and S. Hubbell), Conservation, Food and Health Foundation, Inc., USA, the United Nations,
through the Man and the Biosphere program (UNESCO-MAB grant Nos. 217.651.5, 217.652.5,
243.027.6, 213.164.4, and also UNESCO-ROSTSEA grant No. 243.170.6), the Center for
Tropical Forest Science-Arnold Arboretum Asia Program at Harvard University, USA, and the
National Institute for Environmental Studies, Japan.

Yasuní. We gratefully acknowledge the professional help of numerous biologists and field
collaborators of the Yasuní forest dynamics plot, particularly Álvaro Pérez, Pablo Alvia and Milton
Zambrano, who provided invaluable expertise on plant taxonomy. Consuelo Hernández organized
the data and improved its quality. Pontificia Universidad Católica del Ecuador (PUCE) and STRI
co-financed the first two censuses of the plot. The third census was financed with funds of the
Government of Ecuador and PUCE. Seed traps and seedling plots are monitored for over 10
years thanks to STRI and two awards from the NSF program LTREB (DBI 0614525 and
1122634). STRI also sponsored the Carbon Dynamics Initiative. This study was endorsed by the
Ministerio de Ambiente del Ecuador permits MAE: No 004-2012-IC-FLO-MAE-DPO,
09-FLOMA-DPO-PNY and 06-2011-FAU-DPAP.
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Fig. S1. Annual aboveground biomass (AGB) losses using different ‘maximum allowed increases
in AGB’ values across seven tropical forests (see Methods). Solid points and squares show the
average AGB loss rates (Mg ha-1 yr-1); vertical bars show the 95% confidence limits based on
bootstrapping over trees in each period. Results presented in the main text correspond to a value
of 0.2.
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Fig. S2. (a) Aboveground (AGB) estimates considering field-based damage estimates
(AGBconsidering-damage) vs. AGB estimated using high-resolution 3D terrestrial laser scanning (AGBTLS)
for 159 trees in BCI. (b) Relative error (estimated minus observed AGB, divided by observed
AGB, in%) assuming AGBTLS as the observed AGB. The dashed line indicates the 1:1 line in (a).
  TLS data were collected from 25 subplots of 40 m × 40 m (total 60 m × 60 m to account for edge
effects) within the 50-ha plot on BCI between January and March 2019 using a commercial
scanner (RIEGL VZ-400 with a narrow infrared laser beam of wavelength 1550 nm and a beam
divergence of 0.35 mrad). In each subplot, TLS data were collected from locations spaced 15 m
apart (25 scans per subplot). We registered the point clouds from these 25 locations into a single
high-resolution point cloud per subplot using the RISCAN Pro software (version 2.5.3, RIEGL
Laser Measurement Systems GmbH, Horn, Austria). We manually segmented the individual trees
from the plot-level point clouds using the open-source CloudCompare software (version 2.10.2)
(CloudCompare 2021). The total wood volume of each tree was estimated by fitting Quantitative
Structure Models (QSMs) using the TreeQSM algorithm (Raumonen et al. 2013; Krishna Moorthy
et al. 2020).
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Fig. S3. Estimated forest-wide annual mortality rates (a,b) and percentage of trees that get
damaged (c) across seven tropical forests. Solid points in (a) and (b) show the annual mortality
rate (% yr-1) with points centered in the mid-dates of each period; vertical bars show the 95%
confidence limits based on bootstrapping over trees in each period for sites in the Neotropics and
Asia, respectively. The distribution of living trees in the forests across 10 aboveground biomass
(AGB) loss classes is shown in (c), with means (bars) and SE (whiskers) calculated over 22 sites
by census interval combinations. All values are based on extrapolating from the observed sample
to all trees ≥ 10 mm diameter at the point of measurement (dbh) in the forest as a whole, with
extrapolation based on weighting factors accounting for differences in abundances across
classes defined by combinations of dbh and taxonomic group. Amac.: Amacayacu; BCI: Barro
Colorado Island; HKK: Huai Kha Khaeng; KC: Khao Chong.
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Fig. S4. AGB stock comparisons with and without considering damage in seven tropical forests.
Black line indicates the 1:1 line. Amac.: Amacayacu; BCI: Barro Colorado Island; HKK: Huai Kha
Khaeng; KC: Khao Chong.
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Fig. S5. Damage- and mortality-related AGB loss rates are uncorrelated (P=0.247 all sites,
P=0.699 excluding Fushan and Pasoh in linear mixed-effect models for damage rates as a
function of mortality rates with site random intercepts). Bars show the 95% confidence limits
based on bootstrapping over trees in each period. Amac.: Amacayacu; BCI: Barro Colorado
Island; HKK: Huai Kha Khaeng; KC: Khao Chong.
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Table S1. ForestGEO site-level characteristics and estimates. AMS: Annual Mortality and damage Surveys. Mostly based on Anderson-Teixeira, et al. (2015) and
Davies et al. (2021).

Site,
Country

Lati
tud
e

Lon
gitu
de

Area
(ha);
dime
nsion
s (m)

Elevati
on
range
(m
a.s.l.)

Domina
nt soil
order(s)

Mea
n
ann
ual
tem
pera
ture

Mean
annu
al
preci
pitati
on

 Koppen-
Geiger
climate
zone

Domina
nt
PFT(s)

Major
Natural
Disturb
ance
Types

Ste
ms
in
AMS
sam
plin
g

Tree
indiv
idual
s in
AMS
sam
pling

Spe
cies
in
AMS
sam
plin
g

Gen
era
in
AM
S
sa
mpl
ing

Fa
mi
lie
s
in
A
M
S
sa
m
pli
ng

Tree
stems
in
forest
plot

Tree
individ
uals in
forest
plot

Spec
ies
in
fores
t plot

Repr
esen
tatio
n of
AMS
spec
ies
in
the
fore
st
(%)

Nu
m
be
r
of
A
M
Ss

Ma
xi
mu
m
tre
e
hei
ght
(m)

References
for plot
description

Start
date
of
the
mort
ality
surv
eys

Amacay
acu,
Colombi
a

-3.8
091

-70.
267
8

25;
500 x

500 89-108 Ultisol

25.8 3215

Tropical
rainforest

Broadlea
f
evergree
n

Local
wind
storm

4771 4669 728 287 80 115581 111171 1259 93.9 6 50

Duque et al.
(2017),

Zuleta et al
(2017,
2020)

Nov,
2016

Barro
Colorad
o Island
(BCI),
Panamá

9.1
543

-79.
846
1

50;
1000
x 500

120-16
0 Oxisol

27.1 2551

Tropical
monsoon

Broadlea
f
evergree
n;
Broadlea
f drought
deciduou
s

Drought
; Local
wind
storm

8447 7688 221 153 56 278100 276419 301 98.3 5 40

Hubbell
(1979),
Condit
(1998)

Nov,
2016

Fushan,
Taiwan

24.
761
4

121.
555

25,
500 x

500
600-73
3

Ultisol;
Inseptis
ol

18.2 4271 Subtropic
al
rainforest

Broadlea
f
evergree
n

Cyclone

5492 4168 68 48 29 162557 115651 109 96.9 5 23
蘇聲欣, et

al.
(2007)

Jul,
2017

9



Huai
Kha
Khaeng
(HKK),
Thailand

15.
632
4

99.2
17

50;
1000
x 500

549-63
8 Alfisol

23.5 1473

Tropical
wet and
dry

Broadlea
f
evergree
n;
Broadlea
f drought
deciduou
s

Fire;
Drought 5353 5005 201 142 52 257158 193894 327 93.0 4 45

Bunyavejch
ewin et
al.
(2012)

Jun,
2017

Khao
Chong
(KC),
Thailand

7.5
434
7

99.7
98

24;
600 x

400 110-36
0

Ultisol;
Inceptis
ol

27.1 2870

Tropical
monsoon

Broadlea
f
evergree
n

Local
wind
storm,
Landsli
des

4464 4319 382 213 73 126431 98172 639 96.8 4 45
 Bunyavejch

ewin et al.
(2019)

Jan,
2017

Pasoh,
Malaysia

2.9
82

102.
313

50;
1000
x 500 70-90 Ultisol

27.9 1788
Tropical
rainforest

Broadlea
f
evergree
n

Local
wind
storm

5344 5294 554 225 74 304888 295122 897 74.9 3 60 Manokaran
(1990)

Jun,
2017

Yasuni,
Ecuador

-0.6
859

-76.
397

25;
500 x

500
218-24
8 Ultisol

28.3 3081
Tropical
rainforest

Broadlea
f
evergree
n

Local
wind
storm

5653 5368 741 288 78 164084 150631 1082 94.1 2 50
Valencia et

al.
(2004)

Nov,
2019

10



References

蘇聲欣, et al., Fushan Subtropical Forest Dynamics Plot : Tree Species Characteristics and Distribution Patterns
(2007).

Anderson-Teixeira, K. et al., CTFS-ForestGEO: A worldwide network monitoring forests in an era of global
change. Glob. Chang. Biol. 21, 528–549 (2015).

Bunyavejchewin, P. J. Baker, J. V. LaFrankie, P. S. Ashton (August 12, 2022).
Bunyavejchewin, A. Sinbumroong, B. L. Turner, S. J. Davies, Natural disturbance and soils drive diversity and

dynamics of seasonal dipterocarp forest in Southern Thailand. J. Trop. Ecol. 35, 95–107 (2019).
CloudCompare. (2021). CloudCompare (version 2.10.2) [GPL software].
Condit, Tropical forest census plots (Springer, 1998).
Davies, S.J. et al., ForestGEO: Understanding forest diversity and dynamics through a global observatory

network. Biol. Conserv. 253 (2021).
Duque, et al., Insights into regional patterns of Amazonian forest structure, diversity, and dominance from three

large terra-firme forest dynamics plots. Biodivers. Conserv. 26, 669–686 (2017).
Hubbell, Tree dispersion, abundance, and diversity in a tropical dry forest. Science 203, 1299–1309 (1979).
Krishna Moorthy, S.M., Calders, K., Vicari, M.B. & Verbeeck, H. (2020). Improved Supervised Learning-Based

Approach for Leaf and Wood Classification From LiDAR Point Clouds of Forests. IEEE Transactions on
Geoscience and Remote Sensing, 58, 3057–3070.

Manokaran, Methodology for the fifty hectare research plot at Pasoh forest reserve. research pamphlet 104,
1–69 (1990).

Raumonen, P., Kaasalainen, M., Åkerblom, M., Kaasalainen, S., Kaartinen, H., Vastaranta, M., et al. (2013).
Fast Automatic Precision Tree Models from Terrestrial Laser Scanner Data. Remote Sensing, 5, 491–520.

Valencia, et al., Yasuni forest dynamics plot, Ecuador. Tropical forest diversity and dynamism: findings from a
large-scale plot network 609, 620 (2004).

Zuleta, D. et al., Importance of topography for tree species habitat distributions in a terra firme forest in the
Colombian Amazon. Plant Soil 450, 133–149 (2020).

Zuleta, D., A. Duque, D. Cardenas, H. C. Muller-Landau, S. Davies, Drought-induced mortality patterns and
rapid biomass recovery in a terra firme forest in the Colombian Amazon. Ecology 0, 1–9 (2017).

11

https://www.zotero.org/google-docs/?HOrBhR

