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In Amazonian tropical forests, recent studies have reported increases in aboveground biomass and in primary productivity,
as well as shifts in plant species composition favouring fast-growing species over slow-growing ones. This pervasive
alteration of mature tropical forests was attributed to global environmental change, such as an increase in atmospheric CO,
concentration, nutrient deposition, temperature, drought frequency, and/or irradiance. We used standardized, repeated
measurements of over 2 million trees in ten large (16-52 ha each) forest plots on three continents to evaluate the generality
of these findings across tropical forests. Aboveground biomass increased at seven of our ten plots, significantly so at four
plots, and showed a large decrease at a single plot. Carbon accumulation pooled across sites was significant (+0.24 MgC
ha' y ', 95% confidence intervals [0.07, 0.39] MgC ha™' y ), but lower than reported previously for Amazonia. At three
sites for which we had data for multiple census intervals, we found no concerted increase in biomass gain, in conflict with
the increased productivity hypothesis. Over all ten plots, the fastest-growing quartile of species gained biomass (+0.33
[0.09, 0.55] % y ') compared with the tree community as a whole (+0.15 % y'); however, this significant trend was due to a
single plot. Biomass of slow-growing species increased significantly when calculated over all plots (+0.21 [0.02, 0.37] %y ),
and in half of our plots when calculated individually. Our results do not support the hypothesis that fast-growing species
are consistently increasing in dominance in tropical tree communities. Instead, they suggest that our plots may be
simultaneously recovering from past disturbances and affected by changes in resource availability. More long-term studies
are necessary to clarify the contribution of global change to the functioning of tropical forests.
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Tropical rain forests play a major role in the global carbon
use, distribution, and reproduction in any medium, provided the original author

cycle: they encompass over a third of terrestrial carbon stocks
[1], and they contribute approximately 30% of terrestrial net
primary productivity [2]. Not only are many tropical forests
under direct threat from land-use changes and logging [3-5],
but it has also been suggested that pristine, apparently
undisturbed rainforests may also be undergoing widespread
shifts in carbon stocks and floristic composition as a result of
large-scale anthropogenic environmental changes. Models
suggest that plants in general, and tropical forest plants in
particular, are sensitive to environmental changes such as
increased atmospheric COgy concentration, nitrogen deposi-
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Author Summary

Recent studies have reported major changes in mature tropical
forests, with increases in both forest biomass and net primary
productivity, as well as shifts in plant species composition that
favour fast-growing species over slow-growing ones. These perva-
sive alterations were attributed to global environmental change,
and may result in dramatic shifts in the functioning of tropical forest
ecosystems. We reassessed these findings using a dataset of large
permanent forest plots on three continents. We found that tree
biomass increased at seven of our ten plots, and showed a large
decrease at a single plot. Overall, this increase was significant, albeit
lower than reported previously for Amazonian forests. At three sites
for which we had data for multiple census intervals, we found no
concerted increase in biomass gain, in conflict with the increased
productivity hypothesis. With the exception of one plot, slow-
growing species gained more biomass than either fast-growing
species or the tree community as a whole. Hence, our results do not
support the hypothesis that fast-growing species are consistently
increasing in dominance in tropical tree communities. Overall, our
results suggest that our plots may be simultaneously recovering
from past disturbances and affected by changes in resource
availability.

tion, temperature, drought frequency, and irradiance [6-11].
Such sensitivity could have profound implications for the
future of one of earth’s most critical ecosystems [12]. Field
studies have reported several patterns consistent with
hypothesized responses to global change [13]: increases in
aboveground biomass stocks [14,15], in aboveground net
primary productivity (ANPP) [16-18], in tree turnover [19],
and in the dominance of fast-growing species [20,21].

These patterns of change in tropical forest and the
mechanisms proposed to explain them have, however, been
much debated [22-25]. An alternative explanation is that the
observed changes in forest structure may be a response to
natural disturbances alone. Under this second hypothesis,
most forested areas in the tropics would be increasing in
aboveground biomass because they were slowly recovering
from past disturbances [26,27]. If this were true, this effect
would be exactly offset by the large carbon losses in areas
currently undergoing natural disturbances, and net ecosys-
tem production would equal zero at the landscape scale.
Neither increased ANPP nor an increase in dominance of
fast-growing species would be expected under this hypothesis.
Instead, the disturbance hypothesis predicts that slow-
growing species would increase in dominance following a
disturbance [28,29]. Here, we address these important
predictions using a long-term dataset on tropical forest trees
across a broad range of environmental conditions, examining
both stand-level changes in biomass and changes in domi-
nance for different guilds of tropical trees for up to 20 y of
observations.

Repeated forest inventories, including detailed taxonomic
identification, combined with information on species traits,
enable a direct evaluation of the relationship between
changes in tree species composition and aboveground carbon
stores of tropical forest ecosystems. In order to evaluate the
long-term changes in the dynamics and composition of
tropical forests, such inventories must encompass large
samples of forest, including treefall gaps [21,30]. This can
be accomplished through the use of large-scale plots [31]. We
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used datasets from ten large (16 to 52 ha) undisturbed
tropical forest dynamics plots in America (n = 3), Africa (n =
2), and Asia (n = 5) [32]. The dataset included over 5 million
stem-diameter measurements taken between 1985 and 2005
according to a standard census protocol (see Methods, Table
S1, and Text S1A). Aboveground biomass was calculated for
each free-standing stem > 1 cm diameter at breast height
(dbh; i.e., 130 cm from the ground for most trees), and wood
density. We calculated a demographic index to reflect the
relative position of each taxon on a slow-growth/low-mortal-
ity to fast-growth/high-mortality axis. For each site, species
were ranked using this demographic index and were
partitioned into four groups with an equal number of species
and roughly the same biomass. Change in biomass was
defined as the annual percent change (% y ') in aboveground
biomass, and this was calculated in the whole plot and
separately for each quartile group. For the top and the
bottom quartiles, henceforth referred to as fast-growing and
slow-growing groups, respectively, we assessed the statistical
significance of biomass changes by bootstrapping over spatial
heterogeneity.

Results

We found that four of our plots increased significantly in
aboveground biomass, three plots showed a nonsignificant
trend of increasing biomass, and three showed a trend of
decreasing biomass. A single plot, Sinharaja (Sri Lanka),
showed a large, but not statistically significant, decline in
aboveground biomass (—0.98 Mg ha™" y!; bootstrapped 95%
confidence intervals: [-2.48, 0.40] Mg ha ! y_]). This decline at
Sinharaja was caused by the high mortality of a single shade-
tolerant canopy species, Mesua nagassarium (Clusiaceae), which
dominates the topographic ridges in the plot [33]: in this
species, 42% of the trees > 70 cm dbh (n=86) and 22% of the
trees > 30 cm dbh (n = 877) died between the two censuses.
Averaging over all plots, we found a significant mean
aboveground biomass increase of +0.47 [0.14, 0.79] Mg ha™
y71 (or about +0.24 MgC ha™* yfl). Excluding the Sinharaja
plot, the other nine plots showed an average increase of
(H0.63 [0.30, 0.96] Mg ha™"' y™'). These patterns were the same
when we restricted our analysis to trees > 10 cm dbh, as has
been done in most previous studies [14,15,22,34] (Table S5
and Text S1B).

In the three plots with two or more intercensus intervals,
we found that aboveground biomass did not accumulate
consistently over the study period. At BCI (Panama), both
significant increases and significant decreases in aboveground
biomass were observed over the 20 y of study, consistent with
the response of the forest to short-term disturbances, such as
droughts (Figure 1). The two plots in Malaysia, Pasoh and
Lambir, showed significant biomass increases between 1990
and 1995, followed by decreases between 1995 and 2000. This
latter interval included a strong El Nino and regional
droughts. Aboveground biomass growth rate did not con-
sistently increase over the survey period, although it did
marginally increase at BCI (Figure 1). Aboveground biomass
mortality rate consistently increased at BCI, Pasoh, and
Lambir across the study period.

Next, we explored whether biomass changes in fast-growing
and slow-growing species diverged from those observed for
forest stands as a whole. The fast-growing species group
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Figure 1. Aboveground Biomass Changes at Three Long-Term Forest Plots, BCl (Panama), Lambir, and Pasoh (Malaysia), in Mg ha™' y

1995 2000 2005

1

Triangles: aboveground biomass growth rate; diamonds: above ground biomass mortality rate; circles: net change in above ground biomass. Vertical
lines represent the 95% confidence intervals computed using a spatial bootstrapping procedure. The dashed line represents the null hypothesis of no
biomass change in the plots. The points are placed at the mid-points of the census intervals.

doi:10.1371/journal.pbio.0060045.g001

(species in the top quartile of the demographic index)
increased significantly in biomass at only one of our plots
(Table 1), Sinharaja. The slow-growing group (bottom quartile
in demography) increased significantly in biomass in five of
our plots. Again, Sinharaja stood out: the slow-growing group
declined dramatically and significantly (—2.47 % y_]), reflect-
ing the aforementioned die-off of a dominant slow-growing
species. Averaging across the plots, both the fastest-growing

quartile of species (0.33 [0.09, 0.55] % y_l), and the slowest-
growing quartile (0.21 [0.02, 0.37] % y_l) increased signifi-
cantly in biomass. Both groups increased more than the stand-
level mean (+0.15 % yil). As for the stand-level biomass trends,
Sinharaja alone had a strong effect on the mean across plots.
When this site was excluded, fast-growing species increased in
biomass by only 0.17 [-0.08, 0.40] % yil, not significantly
different from the stand mean, whereas slow-growing species

Table 1. Stocks and Changes in Total Aboveground Biomass (AGB) and across Growth Groups for Ten Undisturbed Tropical Forest

Plots
Site AGB Growth Recruitment Loss . .
1 . . . . Fast-Growing Slow-Growing
Mg ha™ ' Rate in Rate in Rate in Net Biomass Group Change  Group Change
Mgha 'y 'Mgha 'y ' Mgha 'y ' Change P 9 P 9
inMgha'y' in%y™ in%y" in%y"
BCI 306.5 5.01 0.033 5.29 —0.25 [-1.20,0.63] —0.08 [-0.39,0.21] 0.27 [-0.39,0.88] 0.16 [-0.49,0.71]
Edoro 397.7 6.65 0.015 6.42 0.24 [-1.22,1.82] 0.06 [—0.31,046] —0.06 [—1.13,0.84] 0.12 [-0.74,0.97]
Lenda 541.6 578 0.016 436 1.44 [0.17,2.63] 0.27 [0.03,0.49] 0.53 [-0.63,1.56] 0.37 [0.10,0.63]
HKK 211.2 3.56 0.058 3.85 —0.24 [-0.71,024] —0.11 [-0.34,0.11]  —0.23 [-0.65,0.15] 0.18 [-0.55,0.69]
La Planada 177.6 4.75 0.091 3.57 1.27 [0.92,1.58] 0.72 [0.52,0.89] 0.37 [-0.18,0.92] 1.44 [1.11,1.74]
Lambir 497.2 713 0.041 6.14 1.03 [0.19,1.84] 0.21 [0.04,0.37] 0.16 [-0.25,0.51] 0.36 [0.10,0.58]
Palanan 290.1 4.80 0.102 4.69 0.21 [-1.24,1.53] 0.07 [-0.43,0.53] 0.36 [-0.48,1.14] 0.77 [0.22,1.24]
Pasoh 339.8 6.96 0.024 5.37 1.61 [0.80,2.39] 0.47 [0.24,0.70] —0.16 [—0.82,0.43] 0.91 [0.61,1.19]
Sinharaja 357.9 7.40 0.028 8.41 —0.98 [-2.48,040] —0.27 [-0.69,0.11] 1.73 [0.81,2.70] —2.44 [-3.55,—1.47]
Yasuni 2824 6.76 0.050 6.22 0.38 [-0.47,1.25] 0.13 [-0.17,0.44] 031 [-0.25,0.84] 0.20 [—0.43,0.64]
Average 340.3 5.87 0.046 5.44 0.47 [0.14,0.79] 0.15 [0.05,0.24] 0.33 [0.09,0.55] 0.21 [0.02,0.37]
Average 3384 5.70 0.050 511 0.63 [0.30,0.96] 0.19 [0.09,0.29] 0.17 [-0.08,0.40] 0.50 [0.32,0.65]
(excluding Sinharaja)
Luquillo® 276.09 6.65 0.080 10.78 —3.95 [-5.61,—2.92] —1.43 [-2.03,—1.06] —2.39 [-3.99,—0.61] 0.69 [0.17,1.26]
Mudumalai® 174.23 274 0.013 1.51 1.26 [0.97,1.49] 0.72 [0.55,0.86] 0.65 [0.40,0.90] 1.37 [0.77,1.98]

The table reports total stand aboveground biomass, aboveground biomass growth rate, recruitment rate, loss rate, and net change. The two last columns report the net aboveground
biomass change in fast-growing and in slow-growing species. Changes from plots with more than two censuses were obtained by averaging over consecutive census intervals. Bold
figures indicate changes significantly different from the null hypothesis of zero change. Confidence intervals at the 95% level (in brackets) were computed by bootstrapping over 50 X 50-

m subplots.
°Disturbed plots.

doi:10.1371/journal.pbio.0060045.t001
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Figure 2. Changes in Aboveground Biomass for Fast- and Slow-Growing Species Groups, BCl, Lambir, and Pasoh, in % y'

Triangles: net change in the fast-growing group; diamonds: net change in the slow-growing group; circles: stand-level net change. Demographic groups
were defined based on a demographic index based on the sapling relative growth rate and the sapling mortality of the species growing in the study
plots. Each point represents a separate census interval. Error bars represent the 95% confidence intervals computed using a spatial bootstrapping

procedure (Methods).
doi:10.1371/journal.pbio.0060045.9g002

increased significantly by 0.50 [0.32, 0.65] % yil. This result
implies that at all sites except Sinharaja, slow-growing species
increased at the expense of species growing at an intermediate
rate rather than at the expense of fast-growing species.
Exploring the temporal trend at the long-term plots, we found
that the change in slow-growing species was consistently above
the stand-level mean at Lambir and Pasoh (Figure 2). A
different pattern was observed at BCI, however, where fast-
growing species increased consistently more than the stand as
a whole between 1985 and 2000, and then declined at the
expense of slow-growing species between 2000 and 2005.

We next explored trends by groups based on functional traits

rather than on demographic rates (Table 2). Immediately after
disturbance, species increasing in abundance are generally
hypothesized to have alow wood density and small seed size. As
ecological succession proceeds, these species would decline at
the expense of species with, on average, high wood density and
large seed size [28,29]. Our results were not consistent with
either scenario. Species with high wood density tended to
increase in biomass at all sites except Sinharaja. Here again, this
plot alone led to an overall trend for a decrease in the high
wood density group (—0.12 [-0.30, 0.04] % yfl). At the other
nine plots (excluding Sinharaja), this group increased signifi-
cantly in biomass (+0.27 [0.12, 0.41] % y™"). In contrast, species

Table 2. Change in Aboveground Biomass Per Species Groups Defined according to Wood Density, Seed Size, and Maximum

Attainable Height (in % y™)

Site High Wood Density Low Wood Density Large Seeds Small Seeds Large Trees Understory Trees
BCI 0.18 [—0.36,0.66] 0.14 [-0.55,0.76] 0.15 [-0.55,0.75] —0.01 [-0.64,0.55] —0.08 [-0.53,0.33] —0.9 [-3.41,1.05]
Edoro 0.17 [-0.38,0.72] —0.94 [—1.80,—0.23] 0.29 [-0.21,0.77] —0.66 [—1.26,—0.12] —0.08 [—0.59,0.40] 0.67 [0.04,1.20]
Lenda 0.23 [-0.05,0.48] 0.4 [-0.17,0.89] 0.3 [0.02,0.54] 0.15 [—0.50,0.68] 0.2 [-0.04,0.45] 0.73 [0.21,1.17]
HKK 0.31 [0.04,0.57] —0.21 [-0.63,0.14] 0.16 [—0.11,0.40] 0.62 [0.31,0.91] —0.27 [-0.57,0.00] —1.33 [-2.16,—0.55]
Lambir 0.16 [—0.12,0.40] 0.22 [-0.08,0.48] 0.35 [0.06,0.62] 0.14 [-0.12,0.38] 0.09 [-0.23,0.36] 0.13 [-0.56,0.73]
La Planada 0.16 [—0.32,0.64] 0.59 [0.28,0.90] 0.51 [0.21,0.78] 0.77 [0.10,1.36] 0.8 [0.46,1.13] —1.19 [-1.68,—0.72]
Palanan 0.61 [0.14,1.04] —0.88 [—1.83,—0.03] —0.32 [-1.09,0.36] 0.8 [0.27,1.28] —0.28 [-0.99,0.36] 0.42 [—1.25,1.64]
Pasoh 0.56 [0.12,0.95] 0.07 [—0.55,0.60] 0.53 [0.03,0.96] 0.72 [0.32,1.03] 0.24 [-0.16,0.61] 0.77 [0.06,1.31]
Sinharaja —3.67 [—4.97,—2.44] 0.92 [0.56,1.29] —2.01 [—2.89,—1.16] 0.89 [0.37,1.62] —0.95 [-1.64,—0.29] 1.81 [-0.18,5.47]
Yasuni 0.03 [-0.42,0.46] 0.09 [-0.47,0.62] 0.1 [-0.28,0.45] 0.29 [-0.36,0.90] 0.13 [-0.33,0.60] 0.15 [-0.35,0.57]
Average —0.12 [-0.30,0.04] 0.04 [—0.16,0.22] 0.01 [-0.17,0.16] 0.37 [0.19,0.54] —0.02 [-0.18,0.13] 0.13 [—0.25,0.50]
Average 0.27 [0.12,0.41] —0.06 [—0.26,0.13] 0.23 [0.07,0.37] 0.31 [0.13,0.48] 0.08 [—0.06,0.22] —0.06 [—0.40,0.21]
(without Sinharaja)

Luquillo® —0.43 [-1.07,0.21] —0.08 [—1.14,1.22] 0.47 [—0.58,1.43] —2.61[-3.66,—1.64] —1.64 [-2.39,—-0.93] 2.68 [1.26,4.30]
Mudumalai® 0.60 [0.30,0.90] —2.82 [-3.98,—1.77] 0.83 [0.61,1.05] 1.49 [1.04,1.98] 0.86 [0.73,0.99] —28.77 [-40.79,—17.75]

Only the results for the top and bottom groups are reported. Bold figures indicate changes significantly different from the null hypothesis of zero change. Confidence intervals at the 95%

level (in brackets) were computed by bootstrapping over 50 X 50-m subplots.
*Disturbed plots.
doi:10.1371/journal.pbio.0060045.t002
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with low wood density showed a nonsignificant change in
biomass, both for all sites combined and when Sinharaja was
excluded (+0.04 or —0.06 % y ', respectively). Small-seeded
species increased significantly in biomass (+0.37 [0.19,
0.54] % vy "), across all plots, and this change remained sig-
nificant when Sinharaja was excluded (+0.31 [0.13, 0.48] % yil).
Overall, large-seeded species did not increase (+0.01 [-0.17,
0.16] % yﬁl), but they did increase significantly when Sinharaja
was excluded (+0.23 [0.07, 0.87] % y ). A previous study of a
tropical forest near Manaus found that all the genera that
increased in basal area were canopy species, whereas all
declining genera were confined to the forest understory [20].
When we assigned functional groups based on maximal plant
size, we found no significant changes in their dominance.

To assess the hypothesis that disturbances lead first to
decreasing biomass and increasing abundances of fast-
growing species, and then to increasing biomass and
increasing abundances of slow-growing species as succession
occurs, we performed the same analyses with plots that
experienced significant disturbances shortly before their first
censuses, Luquillo (Puerto Rico) and Mudumalai (India; Text
S1A). Luquillo experienced farming, selective logging, and
finally, a major hurricane (Hugo) immediately before its first
census [35,36]. Mudumalai underwent selective logging years
prior to plot establishment [37]. The Luquillo plot decreased
significantly in biomass (—1.43 [-2.03, —1.06] % y ') as trees
died back, damaged by Hurricane Hugo, and it also exhibited
a significant increase in the abundance of fast-growing
species; both patterns are consistent with predicted initial
responses to disturbance. The Mudumalai plot increased
significantly in biomass throughout the study period (+0.72
[0.55, 0.86] % yfl), and there was a consistent decline in the
abundance of fast-growing species, consistent with longer-
term succession following disturbance.

Discussion

Our results from old-growth forest plots are consistent
with an overall increase in aboveground biomass in tropical
forests. Such an increase was previously observed in a large
number of plots (n=59), totalling 78 ha in size in the Amazon
[15]. Here, we find the same pattern in fewer larger plots
totalling 400 ha in size and spread over a broader geo-
graphical area and diversity of forest types, including a
monodominant forest stand (Lenda, Democratic Republic of
Congo). However, the significant mean aboveground biomass
increase of +0.47 Mg ha™ y~' dry mass (or4+0.24 MgC ha' y™!,
assuming that 50% of dry biomass is carbon) in our plots was
half as large as the 4+0.98 Mg ha! yf1 dry mass previously
reported for Amazonian forests [15]. The mechanism under-
lying the observed increase in tropical forest biomass is still
unclear. The inconsistencies of biomass growth rate over time
in long-term sites do not argue strongly for a widespread
increase in primary productivity in tropical forests. The
increase in rate of biomass loss at these sites would instead
suggest that tropical trees are growing in an increasingly
unfavourable environment.

There has been some controversy in the literature about
the relative merits of long-term monitoring of tropical forests
based on many small plots versus a few large plots [38].
Although our study suggests that the two approaches yield
similar results, these approaches should be seen as comple-
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mentary, rather than competing. Our large, permanent plots
are big enough to subsume the fine-scale variation created by
treefall gap formation, and by site selection bias. However,
they may not always appropriately sample the landscape-scale
variability of the forest [22]. In contrast, existing networks of
small plots cover a larger range of environmental conditions,
but they currently gather sites created for other purposes
than environmental monitoring. A large amount of effort has
been devoted to test the possible bias related to such
heterogeneous datasets [16,19,38], but complementing these
tests with an independent network of large plots is important
to move the debate forward. Working with large plots also is
advantageous because in species-rich tropical forests, it is far
easier to develop intensive botanical programs at a few sites
than across networks of small scattered plots, despite recent
progress in documenting spatial patterns of floristic tree
diversity in the tropics [22,39].

Of our ten undisturbed plots, nine followed a dynamic
consistent with the hypothesis that tropical forests are
recovering from a past disturbance, with a significant
increase in aboveground biomass, and a faster increase in
dominance of slow-growing species relative to fast-growing
species. The only exception was the Sinharaja (Sri Lanka)
plot, in which an abundant canopy species, Mesua nagassarium,
experienced a massive die-off during the study period. The
cause of this decline is as of yet not known, although the
presence of fruiting bodies of a particular fungus on the dead
trees suggests a role for a pathogen. Although it has seldom
been reported in large canopy trees, the massive decline of a
single locally abundant species is consistent with theories of
density-dependent regulation in tropical forests plants [40]. If
this pattern is general across tropical forests, this would
explain why many tropical forests plots are locally increasing
in biomass, despite the fact that signs of large-scale past
disturbances are difficult to detect.

Our results fail to support the hypothesis that fast-growing
and canopy species are increasing in dominance across
tropical forests [20]. We found evidence for an increase in
the biomass of fast-growing species at a single site, while slow-
growing species increased significantly in dominance at half
of our sites. Although alternative scenarios cannot be ruled
out [13], one plausible explanation is that our plots are
indeed recovering from undocumented past disturbances.
Successional changes in community composition are slower
than changes in stand structure [41], and past meso-scale
disturbances are difficult to detect in temperate and tropical
forests alike [24,41,42]. For instance, careful scrutiny of the
history of temperate landscapes has revealed the complexity
of the interplay between natural and human disturbances
[43-45], and this leads to serious uncertainties about the
contribution of these environments to the global carbon cycle
[46]. Even if this explanation is correct, recovery from
disturbance alone is unlikely to be the only explanation for
our observations of the increase in biomass and composi-
tional shifts. It is likely that some physiological mechanism
that is responding to the changing environment may also
contribute. Wide-spread and long-term floristic monitoring
programs in the tropics, in combination with better large-
scale efforts to assess the stand structure of forests within
tropical landscapes [47], are thus crucial to understanding the
past, present, and future of species composition and carbon
stores in tropical forests.
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Methods

Data collection and filtering. In each plot, all trees > 1 cm in dbh
were mapped, tagged, identified botanically, and had their diameters
measured to the nearest millimetre in each census. There is no
evidence that any of the ten main plots have been disturbed by past
human activities Over 80% of the taxa, encompassing 94% of total
aboveground biomass, were reliably identified to the species level. We
assumed that trees that increased in diameter by more than 45 mmly
or shrank more than —5 mm/y were inaccurately measured in the field
[31]. For these individuals, we corrected the diameter by assuming a
mean growth rate for the individuals in the same diametric class (in
millimetres, diametric size class limits were set to 10, 15, 20, 25, 30, 40,
50, 100, 200, 300, 400, 500, 600, 700, and 10,000). The same correction
was applied to recruits of anomalously large diameters. The default
point of measurement was at 130 cm above ground following
standard forestry techniques [31]. Measurements made at different
heights due to an irregularity of the bole were marked with paint.
Changes in the point of measurement were recorded in the database,
and they were ignored in the computation of the average dbh growth
rate. However, ignoring these stems in stand-level biomass estimation
would have resulted in serious underestimates, since the dbh of many
of the large trees had to be measured at different heights. We then
filtered the dataset as in the case of inaccurate measurements
described above. Simple data corrections were performed using a
computer routine, but most of these corrections were carried out
manually. The dbh of all the large trees in our plots (dbh > 70 cm
dbh, n = 3,811) were manually checked. For the plots with more than
two censuses, we were able to correct the anomalous dbh values more
precisely, by comparing the stem dbh growth rates across census
intervals. If a tree showed a dramatic change in dbh growth rate, we
changed the one outside of the range (=5 mmly, +45 mmly) with the
likely value, and updated the dbh value accordingly. This filter was
applied using a computer routine, and then checked manually. In a
recent work, aboveground biomass results were reported for the HKK
and Pasoh sites that differ only slightly with the present figures [48].
These differences are explained by slight differences in the dataset
corrections used in reference [48] and the present work. In the
present work, all corrections in the raw data were performed by the
lead author. All analyses were performed using the R project
software, version 2.5.1 (http:/lwww.R-project.org]).

Estimation of tree biomass from inventories. Aboveground
biomass was calculated using a regression model that converts
diameter and wood density into an estimate of total oven-dry
aboveground biomass [49]. We evaluated the contribution to the
aboveground carbon cycle of trees > 1 cm in dbh, excluding
seedlings, lianas, rattans, non-woody monocots, and rapid above-
ground carbon pools (coarse woody debris, twigs, leaves, and
reproductive organs). Each plot was classified into one of the
following three tropical forest types: dry, moist, and wet [50,51].
The majority of the tropical forested area consists of moist forests
[62]. We used the following allometric regression models for
individual trees to convert the inventory data into aboveground
biomass [49]:

Dry forest stands:

(AGB),, = —pexp(—0.667 + 1.784In(D) + 0.207(In(D))* (1)

—0.0281(In(D))?).

Moist forest stands:

(AGB),, = —pexp(—1.499 + 2.148In(D) 4 0.207(In(D))*  (2)

—0.0281(In(D))%)

Wet forest stands:

(AGB),,, = —pexp(—1.239 + 1.980In(D) + 0.207(In(D))*  (3)

—0.0281(In(D))%)

where AGB is in Mg, D (in cm) is the trunk diameter at breast height
(1830 cm above the ground, or 50 cm above any buttresses or
deformities), and r is the corresponding wood speuﬁc gravity (oven-
dry weight at 0% moisture over green volume, in glem®). In the case of
multiple-stemmed trees, the allometric model was applied to each
stem and summed, to provide a tree-level aboveground biomass
estimate.

Palm species were often poorly estimated using the above method.
We excluded climbing palms (rattans) from our analysis (abundant in
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all the wet Asian plots). In addition, at Pasoh and at Lambir,
arborescent palms were excluded from the sampling protocol (they
constitute a very small fraction of the total biomass in these forests,
with the exception of Licuala in Lambir). In palms that showed
diameter increases throughout ontogeny (genera Socratea, Iriartea,
Oenocarpus, and Attalea), aboveground biomass was relatively well
estimated. For the sake of consistency, we also used this model for
understory palms (e.g., genera Geonoma, Bactris, and Prestoea), acknowl-
edging that gain in biomass was probably largely underestimated in
these genera. This is not a serious issue in most of the plots, except in
the Luquillo plot, where one palm species (Prestoea acuminata)
constitutes a large fraction of the estimated biomass (ca. 10% of
the total). Existing allometric models for this palm [53] are based on
trunk height, data that are currently unavailable for the palms in the
plot. Tree fern aboveground biomass was also poorly estimated. For
these reasons, we did not consider palms and tree ferns in
interspecific comparisons. Note that the decrease reported in the
Luquillo plot (see below) might have been exaggerated by our
inaccurate estimate of the biomass dynamics in Prestoea acuminata.
The missed gain might be on the order of 0.5-1.0 t/haly, and is
insufficient to balance the observed loss.

Statistical confidence in aboveground biomass changes. Statistical
tests within a plot were based on the computation of annual
aboveground biomass change (in Mg ha! y!) for each 0.25-ha
subplot. Bootstrap samples of these quarter-hectare subplots were
drawn 1,000 times to generate estimates of 95% confidence intervals
[30]. The quadrat bootstraps were also applied to estimates of
biomass change in species and species groups. Mean net changes
across groups were computed by assuming the independence of the
plots, and the normality of errors, described by the mean confidence
interval (CI). If n samples are available, the estimated confidence
interval on the mean is (CI) | vn — 1.

Species groupings. Demographic species groups were defined from
the demographic parameters of species with at least 20 saplings (stems
<5 cm and >1 cm dbh). Individuals of these species represented
70.5% to 95.2% of the total standing biomass (Table S3). Log-
transformed sapling relative growth rate (ISRGR) and log-transformed
sapling mortallty T ate (IsM) were positively and significantly correlated
across species (R = 0.208; Figure S1). Our demographic index is
defined as the first principal component analysis score between ISRGR
and IsM. Species were divided into quartiles based on this index; these
quartiles varied in biomass because species varied in abundance
(Table S3). Because some individual trees were excluded from the
analyses because they were not identified to species or belonged to
species that had fewer than 20 saplings, net biomass changes summed
over groups did not exactly match the total stand-level net biomass
change. We assumed that unclassified stems were evenly spread across
the groups. Under this assumption, the net biomass change summed
over groups should be equal to the net biomass change of the plot.
More precisely, if a group has a blomass stock of B; (in Mg ha™"), a net
biomass change of AB; (in Mg ha™" vy ) and the entire stand has a
biomass of B and a net biomass change of AB, the sum ) .B; is
generally smaller than B, because a number of species could not be
classified. We then corrected AB; by the following formula:
AB'; = AB; — Z m (>-,AB; — AB). With this correction, the sum of

net biomass changes across groups Z;AB/L' is equal to AB.

In addition to grouping species according to their demographic
rates at the sapling stage, we also defined groupings using functional
traits (see summary statistics in Tables S2 and S4). Wood specific
gravity (referred to as wood density in the main text, for simplicity) is
an important correlate of maximal growth rate and plant longevity,
since species with dense wood must invest more in construction costs
and are less vulnerable to stem breaks and microbial attack [54].
Wood density was estimated for the taxa based on surveys of the
forestry literature [55,56]. If species-level information was unavail-
able, a genus-level or a family-level mean was taken. For 57 taxa,
mostly in lesser-known taxonomic groups, no wood specific gravity
information could be found, and a plot-level average was assumed.
The contribution of these rare taxa to carbon pools and fluxes is
negligible.

Seed size is an important correlate of seed production and
establishment strategies [57-59]. We matched the tree taxa in the plot
to the Seed Information Database (release 6.0, Oct. 2004; http:/fwww.
kew.orgl/data/sid). Seed mass (in grams) was based on species-level
information when available (22%), otherwise on information at the
genus (68%) or family (10%) level. Seed mass was log-transformed
prior to statistical analyses [58].

We also used potential tree size as a final predictor of demographic
success. Free-standing woody plant species vary greatly in their life
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history strategies, especially in comparisons among those species that
complete their entire life cycles in the understory and those that do
not reproduce until they emerge above the canopy. Following the
precedent of recent studies [60], we estimated potential maximum
tree height as 95 percentile in dbh. Understory species were defined
as species whose upper 95 percentile of dbh (maxdbh95) does not
reach 10 cm (for species with at least 20 individuals in a plot). Canopy
species were species whose maxdbh95 > 30 cm dbh.

Supporting Information

Figure S1. Correlation between Log-Transformed Sapling Relative
Growth Rate and Log-Transformed Sapling Mortality Rate across the
12 Study Plots

Both relative growth rate and mortality rate are in % y . Each circle
represents a species-site combination, and the solid line is the first
PCA axis, which captures 20% of the variation in the two variables.

Found at doi:10.1371/journal.pbio.0060045.sg001 (178 KB PDF).
Table SI.

Study Plots
Found at doi:10.1371/journal.pbio.0060045.st001 (52 KB DOC).

Description and Environmental Characteristics of the

Table S2. Taxonomic Identification Level and Functional Traits in
the Permanent Plots

The table represents the number of taxa at three identification levels:
species, genus, and family. Also shown is the number of taxa for which
information on wood density and on seed weight is available at the
species level, at the genus level or at the family level.

Found at doi:10.1371/journal.pbio.0060045.st002 (48 KB DOC).

Table S3. Total Aboveground Biomass and Number of Individuals,
Per Stand and Per Demographic Group

Aboveground biomass is reported in Mg ha ', number of individuals
in ind. ha™'. Also reported is the total percentage of aboveground
biomass (AGB) and of the number of individuals in the three
demographic groups.

Found at doi:10.1371/journal.pbio.0060045.5t003 (50 KB DOC).

Table S4. Quantiles of Wood Density and of Log-Transformed Seed
Mass in the 12 Study Plots

Wood density is defined as oven-dry weight divided by green volume,
ingcm 7, seed mass is in grams. Median wood density varied between
0.53 and 0.63 g cm°. Median seed mass varied between 0.023 and
0.33 g.

Found at doi:10.1371/journal.pbio.0060045.st004 (54 KB DOC).
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Figure S1. Correlation between Log-Transtormed Sapling  Relative
Growth Rate and Log-Transformed Sapling  Mortality Rate across the

12 Study Plots PCA

Both relative growth rate and mortality rate are in %y1l. ath circle
represents a species-site combination, and the solid line is the first
PCA axis, which captures 20% of the variation in the two variables.
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Figure S1. Correlation between Log-Transformed Sapling Relative
Growth Rate and Log-Transformed Sapling Mortality Rate across the
12 Study Plots
Both relative growth rate and mortality rate are in % y�1. Each circle
represents a species-site combination, and the solid line is the first
PCA axis, which captures 20% of the variation in the two variables.


Table S1. Description and Environmental Characteristics of the
Study Plots
Sampling Median
period Plot area Mean no. rainfall No. dry
Site Country (ha) taxa (mm/yr)* monthst  Forest type
BCI Panama 1985-2005 50 303 2635 4 moist
Edoro DR Congo  1994-1999 20** 448 1793 3 moist
Lenda DR Congo  1994-1999 20%** 452 1721 3 moist
HKK Thailand 1994-1999 50 295 1355 6 dry
La Planada Colombia  1996-2001 25 241 ~4000 0 wet
Lambir Malaysia 1992-2003 52 1322 2921 0 moist
Luquillo Puerto Rico 1992-1995 16 142 2574 0 wet
Mudumalai India 1988-2000 50 68 1553 6 dry
Palanan Philippines  1999-2003 16 410 2607 3 wet
Pasoh Malaysia 1986-2000 50 815 1973 0 moist
Sinharaja  SrilLanka ~ 1993-1998 25 205 3379 0 wet
Yasunfi Ecuador 1995-2000 24 1125 3111 0 moist

Monthly mean of daily rainfall records over the period 1950-2000 at a 1-km? spatial resolution,

cumulated over the months to yield an annual figure; from the Worldclim project [Error! Reference
source not found.]

T Number of months with less than 100 mm of rainfall.

** The Congo sites each consist of two 10-ha plots; all other sites consist of one rectangular or square

plot.
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Table S1. Description and Environmental Characteristics of the
Study Plots


Table S2. Taxonomic ldentification Level and Functional Traits n

the Permanent Plots
The table represents the number of taxa at three identification levels:
species, genus, and family. Also shown is the number of taxa for which
information on wood density and on seed weight is available at the
species level, at the genus level or at the family level.

Identification level Wood density Seed mass
site species  genus family species genus family species genus family
BCI 311 6 0 152 134 31 160 135 21
Edoro & Ituri 429 10 4 79 193 183 35 276 130
HKK 286 17 0 130 150 21 61 196 43
Lambir 1015 175 0 446 696 48 91 859 231
La Planada 92 124 17 16 158 47 7 154 62
Lugquillo 147 1 0 75 57 15 54 80 12
Mudumalai 70 1 0 42 23 9 33 36 2
Palanan 264 75 2 97 210 32 25 249 64
Pasoh 772 50 0 438 332 49 97 544 176
Sinharaja 199 7 0 29 156 21 20 154 31
Yasuni 774 328 51 303 700 139 133 809 205
Total 4359 794 74 1807 2809 595 716 3492 977
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Table S2. Taxonomic Identification Level and Functional Traits in
the Permanent Plots
The table represents the number of taxa at three identification levels:
species, genus, and family. Also shown is the number of taxa for which
information on wood density and on seed weight is available at the
species level, at the genus level or at the family level.
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AGB Nb

Total AGB slow- intermediate- AGB fast- % AGB in Nb of Nb slow- intermediate Nb fast- 9% indiv. in
Site AGB growing growing growing groups individuals growing -growing growing groups
BCI 306.89 74.19 125.71 47.57 80.64 223974 77585 130121 12483 98.31
Edoro 400.37 44.33 196.11 88.79 82.23 154456 20643 104813 26075 98.11
Lenda 546.52  418.40 50.59 48.21 94.64 133631 27367 91294 12433 98.10
HKK 210.36 24.08 97.56 20.47 67.55 72604 15576 43128 7433 91.09
Lambir 498.20 67.75 235.74 166.52 94.34 373012 121221 172317 66517 96.53
LaPlanada 181.33 51.07 93.82 27.68 95.17 102426 24279 52736 19813 94.53
Palanan 288.29 40.71 111.59 101.11 87.90 81038 23874 33161 10469 83.30
Pasoh 344.39 72.56 154.90 90.18 92.23 324764 95184 161044 43717 92.36
Sinharaja 353.07 112.30 175.51 47.27 94.90 193353 71199 96895 23084 98.88
Yasuni 282.87 43.44 109.53 46.36 70.47 138458 38910 63172 21468 89.23

Table S3. Total Aboveground Biomass and Number of Individuals,

Per Stand and Per Demographic Group

Aboveground biomass is reported in Mg hal, number of individuals
in ind. hal. Also reported is the total percentage of aboveground
biomass (AGB) and of the number of individuals in the three
demographic  groups.
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Table S3. Total Aboveground Biomass and Number of Individuals,
Per Stand and Per Demographic Group
Aboveground biomass is reported in Mg ha�1, number of individuals
in ind. ha�1. Also reported is the total percentage of aboveground
biomass (AGB) and of the number of individuals in the three
demographic groups.


Site Wood density (g cm™) Seed mass (g, log-transformed)

0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
BCI 0.13 0.45 0.56 0.65 0.89 -11.74  -5.03 -2.76 -0.93 3.82
Edoro & Ituri 0.22 0.54 0.63 0.68 0.94 -8.65 -3.87 -1.96 -0.43 3.67
HKK 0.21 0.48 0.58 0.65 0.99 -8.95 -4.18 -2.48 -1.02 3.67
Lambir 0.21 0.51 0.59 0.66 0.93 -10.72 -2.71 -1.10 0.22 3.67
La Planada 0.16 0.47 0.53 0.62 0.84 -11.51 -7.02 -3.74 -1.04 2.93
Luquillo 0.13 0.49 0.60 0.68 0.90 -10.13  -5.40 -2.92 -1.21 2.80
Mudumalai 0.21 0.50 0.60 0.68 0.87 -9.21 -4.34 -2.64 -0.92 2.80
Palanan 0.21 0.48 0.57 0.65 0.84 -11.68 -3.83 -1.96 -0.19 3.22
Pasoh 0.23 0.52 0.59 0.68 0.92 -11.51 -2.75 -1.38 0.06 3.67
Sinharaja 0.29 0.52 0.59 0.68 0.93 -10.98 -3.11 -2.12 -0.14 2.90
Yasuni 0.13 0.51 0.60 0.68 1.08 -11.87  -3.87 -1.76 -0.51 3.57
Table S4. Quantiles of Wood Density and of Log-Transtormed Seed
Mass in the 12 Study Plots
Wood density is defined as oven-dry weight divided by green volume,
in g cm3, seed mass is in grams. Median wood density varied between

0.53 and 0.63 g cm3.

0.33 g.

Median seed mass varied

between 0.023

and
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Table S4. Quantiles of Wood Density and of Log-Transformed Seed
Mass in the 12 Study Plots
Wood density is defined as oven-dry weight divided by green volume,
in g cm�3, seed mass is in grams. Median wood density varied between
0.53 and 0.63 g cm�3. Median seed mass varied between 0.023 and
0.33 g.


AGB Gain Recruitem. Loss Net change

BCI 292.17 4.19 0.53 4.97 -0.25[-1.15,0.62]
Edoro 375.06 5.80 0.60 6.14 0.26 [-1.34,1.73]
Lenda 525.34 5.39 0.21 4.18 1.43[1.08,1.74]
HKK 202.70 2.96 0.50 3.59 -0.14 [-0.61,0.33]
LaPlanada 160.04 3.53 0.82 2.94 1.41[0.10,1.82]
Lambir 479.13 6.37 0.47 5.87 0.97 [0.13,2.61]
Palanan 276.27 3.83 0.73 4.57 -0.01 [-1.44,1.35]
Pasoh 319.98 6.03 0.63 511 1.55[0.68,2.31]
Sinharaja 336.87 6.36 0.74 8.14 -1.05 [-2.54,0.44]
Yasuni 262.93 5.61 0.80 5.93 0.47[-0.42,1.27]
Average 323.05 5.01 0.60 514 0.46 [0.13,0.78]

Table Sb5. Stocks and Changes In Total Aboveground Biomass tfor Ten
Undisturbed Tropical Forest Plots Based on Trees 10 cm dbh

This table reports total stand aboveground biomass, aboveground
biomass growth rate, recruitment rate, loss rate, and net change. Bold
figures indicate changes significantly different from the null
hypothesis of zero change. Confidence intervals at the 95% level (in
brackets) were computed by bootstrapping over 50 3 50-m subplots.
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Table S5. Stocks and Changes in Total Aboveground Biomass for Ten
Undisturbed Tropical Forest Plots Based on Trees �10 cm dbh
This table reports total stand aboveground biomass, aboveground
biomass growth rate, recruitment rate, loss rate, and net change. Bold
figures indicate changes significantly different from the null
hypothesis of zero change. Confidence intervals at the 95% level (in
brackets) were computed by bootstrapping over 50 3 50-m subplots.
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Supplementary Information

Assessing evidence for a pervasive alteration in tropical tree communities.
Jérébme Chave et al.

A. Study plots

Detailed information on the study plots is provided in Table S1. None of the 10 plots

used in the main analysis has undergone recent and massive disturbance, either due

to humans or to natural phenomena [1].

The BCI plot (Panama), part of the Barro Colorado Nature Monument (created
in 1923), has undergone a high sapling mortality due to the intense EIl Nifio of
1983. The vast majority of this plot is old growth forest and it has remained
continuously forested for well over 500 yrs, except ca. 2 ha of forest (4% of the
total area) that was cleared during the 19" century, and that is now dominated
by the tree species Gustavia superba. Because this plot was not dominated by
secondary growth forest species, we kept it in the analyses.

The Edoro and Lenda plots (RD Congo) are part of the Okapi Faunal Reserve,
created in 1992, have no record of logging, or natural disturbance within the
plots.

The HKK plot (Thailand), in the Huai Kha Khaeng Wildlife Sanctuary (created
in 1972), has never been logged, but surface fires have been reported during
the dry season in 1991 and 1998, and elephants are present in and around the
plot.

The La Planada plot (Colombia), in the La Planada Nature Reserve (created in
1982), has undergone local windthrows over small areas, and limited palmito
harvest (Prestoea acuminata) has occurred over 25 years ago (unpublished
information from: M. Achicando, T. Diaz Paz and H. Caguasango, residents of
the San Isidro path and old workers of the Buenos Aires farm, and G. Cantillo
employee of the La Planada Natural Reserve from its creation in 1982).

The Lambir plot, in the Lambir Hills National Park (established in 1975) has
had landslips (notably in 1963), and EI Nifio related droughts. Although it is
relatively close to the former Miri-Kunching truck road (now abandoned), there
is no record of human logging activities within the plot.

The Palanan plot (Philippines), in the Palanan Reserve Area, is in the typhoon

belt. It has undergone the effects of a typhoon (Imbubo) in July 2003, that
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defoliated trees on the windward side of the plot (ca. 5 ha). However, Co et al.
(2004) [2] report that ‘powerful typhoons (class three and above) strike every
few years. The exact frequency of these typhoons is not clear but the living
memory of Palanan residents suggests that typhoons destructive to the forest
occur every three years or so’. Because of the recurrent nature of this
disturbance, the forest is likely in equilibrium with these disturbances. Co et al.
(2004) also mention that ‘deep logging trails can be found in the [Palanan] plot
itself, although the amount of trees extracted from the plot appears to be low’
[2].

The Pasoh plot (peninsular Malaysia) is located in an area gazetted in 1917 as
the largest forest reserve in the Malayan system, and the core part in which
the plot lies has remained undisturbed forest since then. The plot has been
initiated in 1961 [3] extended in 1970, and established as a 50-ha permanent
plot in 1986 [4]. One of the notable local disturbances in the understorey of the
Pasoh forest is the action of wild pigs [5].

The Sinharaja plot (Sri Lanka) belongs in a forest tract protected since 1907
as a result of a Forest Ordinance. In 1978, the forest was declared an
International Man and the Biosphere Reserve. There is no evidence of human
disturbance within the plot. However, botanical evidence suggests occasional
catastrophic disturbances in this forest, presumably by wind [6].

The Yasuni plot (Ecuador) is part of Yasuni National Park and Biosphere
Reserve. It was initiatied in 1995. Archeological remains suggest a human
presence at this site 500-1000 yrs ago [7]. A 1-ha area (4% of the total area)
near the southwest corner of the plot was a heliport opened well before 1990
[7], and that is now dominated by pioneer tree species (Cecropia ficifolia,
Cecropia sciadophylla). We therefore excluded this disturbed area from our

analysis, reducing the plot size to 24 ha.

Two more plots used in the present study and included in the CTFS network, did

undergo massive disturbances in a recent past.

The Luquillo 16-ha plot is located in the Luquillo Experimental Forest
(established in 1956). Of the 16 ha in the plot, only 5.25 ha has always
remained as a closed-canopy forest, although it was selectively logged in the

1940s, and until 1953. The rest was either clear-cut or intensively logged prior
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to 1932 [8]. In addition, this plot underwent a massive disturbance just before
the first census due to Hurricane Hugo (September 1989), resulting in a
mortality of 9% of the trees, defoliation of over 50% of the trees. The Large
numbers of fast growing trees recruited after the hurricane were recorded in
the first census, and the high mortality of these trees was recorded in the
second census used in this study. The large abundance of palms at this site is
probably a result of the action of hurricanes [9].

e The Mudumalai plot, in the Mudumalai Wildlife Sanctuary (originally
established in 1940) is regenerating after several cycles of logging for the
major timber species (including teak). Logging activities opened the forest to
grasses and most likely increased the frequency of intense ground fires, which
occurred in the plot in 1989, 1991, 1992, 1994, and 1996. The plot is also

frequently disturbed by mammals, especially elephants.

B. Analyses based on large trees only

Most previous studies of tropical forest aboveground biomass changes based on tree
diameter census data have restricted their analysis to trees greater than 10 cm in dbh
[10], in effect assuming that recruiting trees had a dbh of 0 in the previous census.
However, it is most likely that trees recruiting to 10 cm were already present in the
plot five years before, and they probably already had a diameter close to 10 cm
[11,12]. Thus the contribution of recruits to overall biomass change in these earlier
may have resulted in an overestimation of aboveground biomass changes in tropical
forests [13]. To allow for comparison with these previous studies, and to evaluate
their potential bias, we repeated our analyses using only stems = 10 cm dbh. The
assumption that recruiting trees had a diameter of zero cm in the previous census
yielded results comparable to the estimation based on all trees = 1 cm dbh,
confirming the assumption made elsewhere [11]. Aboveground biomass stocks were
within 90% to 97% of the estimates reported in the main text (minimum at La
Planada, Colombia). Both total aboveground biomass gain (summing tree growth
plus recruitment), and aboveground biomass loss were consistently around 95% of
the total, except again at La Planada (89%, and 82%, respectively). The mean net
change remained significant (+0.46 [0.13,0.78] Mg ha™" yr™).

We interpret this result is as follows. Assuming that trees that just recruited to 10 cm

dbh had a zero dbh in the previous census substantially overestimates the true
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biomass gain in these individual stems. By assuming that recruiting trees have grown
from 0 cm to 10 cm during the census interval, an average biomass gain due to

recruitment compensates almost exactly the missing gain.
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