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Abstract

Uncertainty in biomass estimates is one of the greatest limitations to models of carbon

flux in tropical forests. Previous comparisons of field-based estimates of the above-

ground biomass (AGB) of trees greater than 10 cm diameter within Amazonia have been

limited by the paucity of data for western Amazon forests, and the use of site-specific

methods to estimate biomass from inventory data. In addition, the role of regional

variation in stand-level wood specific gravity has not previously been considered. Using

data from 56 mature forest plots across Amazonia, we consider the relative roles of

species composition (wood specific gravity) and forest structure (basal area) in

determining variation in AGB.

Mean stand-level wood specific gravity, on a per stem basis, is 15.8% higher in forests

in central and eastern, compared with northwestern Amazonia. This pattern is due to the

higher diversity and abundance of taxa with high specific gravity values in central and

eastern Amazonia, and the greater diversity and abundance of taxa with low specific

gravity values in western Amazonia. For two estimates of AGB derived using different

allometric equations, basal area explains 51.7% and 63.4%, and stand-level specific

gravity 45.4% and 29.7%, of the total variation in AGB. The variation in specific gravity is

important because it determines the regional scale, spatial pattern of AGB. When

weighting by specific gravity is included, central and eastern Amazon forests have

significantly higher AGB than stands in northwest or southwest Amazonia. The

regional-scale pattern of species composition therefore defines a broad gradient of AGB

across Amazonia.
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Introduction

Accurately quantifying the role of tropical forests in the

global carbon cycle is one of the key requirements to

improve our understanding of current patterns of
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terrestrial carbon exchange (Prentice et al., 2001). In

particular, in models of carbon flux in tropical regions,

the estimates of forest biomass are an important source

of uncertainty (Houghton et al., 2000). For the Brazilian

Amazon, for example, different approaches have

yielded widely varying estimates of aboveground

biomass (AGB) (Brown & Lugo, 1992; Fearnside, 1992,

1997a). As a result, estimates of total carbon storage

vary between 39 and 93 Pg C, and different models also

disagree on the spatial distribution of biomass (Hought-

on et al., 2001). Improved estimates on a basinwide scale

will therefore rely on extended studies of regional-scale

variation of below and aboveground forest biomass. In

this paper, we examine regional variation across

Amazonia of one of the most important components

of ecosystem carbon density: the AGB of trees greater

than 10 cm diameter.

In studies of Amazon forests, trees greater than 10 cm

diameter typically comprise more than 80% of total AGB

(Brown et al., 1995; Nascimento & Laurance, 2002). The

biomass of such trees is usually calculated by applying

an equation that relates nondestructive measurements

of tree structure to tree dry weight. Such equations are

typically developed from allometric relationships de-

termined from measurements of the dimensions and

mass of only a few selectively harvested trees. Many

biomass equations have been developed, variously

including tree diameter, height, wood density, and tree

form factor as explanatory variables (e.g. Brown et al.,

1989, 1995). The choice in any particular study is

important, as different equations can give rise to very

different AGB estimates when applied to the same

forest inventory data (Araújo et al., 1999). Equation

choice therefore poses a significant problem for

regional-scale comparisons of AGB estimates, because

variation caused by environmental, structural, and

compositional gradients (e.g. ter Steege et al., 2000;

Malhi et al., 2002), may be confounded with variation

resulting from the use of different regression equations.

Ideally, therefore, comparisons of AGB estimates over

large spatial scales need to be based on a consistent

regression approach.

In equations developed at a single site, diameter can

usually explain the majority of variation in the AGB of

individual trees (Chave et al., 2001). However, for

regionally comparable estimates of AGB, an equation

that incorporates terms for those aspects of forest

structure that vary significantly at regional scales is

required. For this type of comparison other factors, in

addition to tree diameter, may also be important. In this

study, the importance of including variation in wood

specific gravity is considered. Wood specific gravity

varies widely between tropical forest tree species, and

is closely related to differences in diameter growth rates

and life history strategies (Whitmore, 1998; Suzuki,

1999). In addition, wood specific gravity is recognized

as an important determinant of differences in AGB over

successional gradients (Ketterings et al., 2001; Nebel

et al., 2001). Given the existence of large variation in

species composition and dynamics in tropical forests

(Phillips et al., 1994, in press; ter Steege et al., 2000), this

study evaluates the importance of including specific

gravity in regional-scale comparisons of AGB within

mature Amazonian forests.

Using inventory data from forest plots across

Amazonia and a consistent regression approach to

estimate AGB, this paper therefore addresses the

following questions:

1. Are there significant gradients in stand-level wood

specific gravity across mature forest sites in Amazo-

nia?

2. How much of the variation in AGB between plots is

due to variation in forest structure (basal area) and

how much to differences in forest composition

(wood specific gravity)?

3. What are the relative roles of basal area and wood

specific gravity in determining spatial variation in

AGB across Amazonia?

Methods

Inventory data

This study used data collected and collated by the

RAINFOR project (Malhi et al., 2002). Fifty-six forest

plots were used from across the range of local and

regional environmental gradients that occur in Amazo-

nia, including terra firme forest on both clay-rich and

white-sand substrates, and seasonally flooded forest

(Fig. 1, Table 1). All plots examined were in lowland

sites (o500 m a.m.s.l.) consisting of an apparently

mature forest with a canopy dominated by nonpioneer

species. None of the plots are believed to have

experienced any recent, major, direct human impact.

The plots range in size from 0.4 to 9.0 ha (median 1.0 ha,

mean 1.2 ha), contain 40 077 stems greater than 10 cm

diameter, and in total encompass 67.9 ha of forest (Table

1). To attempt to control for any systematic, long-term

changes in forest structure (Phillips et al., 1998),

variation in census dates was minimized and encom-

passes less than 7 years for all 56 plots (Table 1). To

allow regional comparisons of forest structure and

biomass estimates, these plots were divided into three

geographical categories: southwestern Amazonia

(south of 101S; Bolivia and southern Peru), north-

western Amazonia (north of 101S, west of 701W;

northern Peru and Ecuador), and central and eastern
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Amazonia (north of 101S, east of 701W; Brazil). These

three regions are represented by 19, 20, and 17 plots,

respectively (Fig. 1, Table 1).

A key objective of the RAINFOR project is to employ

standard measurement and data management protocols

at every site (details available at http://www.geog.

leeds/projects/rainfor). In summary, the diameters of

all trees greater than 10 cm at 1.3 m (5diameter at

breast height, dbh) are measured, with buttressed trees

being measured 50 cm above the top of the buttress.

Forty-one of the plots forming the basis of this study

were remeasured during RAINFOR field campaigns in

2000–2003. For the other 15 plots, the principal investi-

gators have ensured that all diameter measurements

were made above buttresses.

Comparable species identifications at all sites are

required for calculating stand-level wood specific

gravity values. For most plots, all trees were identified

to species, where possible, either in the field, or by

collecting voucher specimens, usually leaves, for

comparison with herbarium samples. At Jari and

Tapajos, field identifications of common species were

made using local names, which were later converted to

their botanical equivalent. Detailed studies of the

species composition of some of these plots have been

published elsewhere (BDF, Rankin de Mérona et al.,

1992; ALP, Martinez & Phillips, 2000; BOG & TIP,

Pitman et al., 2001). In this study, in order to standardize

nomenclature across all the plots, order- and family-

level taxonomy follows the Angiosperm Phylogeny

Group (1998). For example, Bombacaceae, Tiliaceae,

and Sterculiaceae are treated as Malvaceae, Fabaceae

are treated as a single family, Cecropiaceae is split from

Moraceae, and Memecylaceae is treated separately from

Melastomataceae. Spelling of generic- and species-level

names has been standardized using the Missouri

Botanical Garden VAST database (http://mobot.mobot.

org/W3TSearch/vast.html). In addition, an attempt has

been made to resolve generic-level synonyms (e.g.

Pithecellobium/Zygia, Greuter et al., 2000). Identifications

with any degree of uncertainty (cf., aff. etc) and

morphospecies are treated as indeterminate in these

analyses, and subspecies are not distinguished. Overall,

for the current compilation, positive species-level

identifications have been made for 74.3% of stems, a

further 14.1% have been identified to genus, and 9.7%

solely to family. 1.9% of stems are unidentified. Plots

where local names were initially used for the identifica-

tion of common species have similar levels of resolu-

tion. For the Jari and Tapajos plots, 2.3% of stems are

unidentified, 10.0% are identified to family, 10.0% to

genus, and 77.7% to species.

Wood specific gravity

Wood specific gravity data for 583 South American

forest tree taxa were compiled from published sources

(Rich, 1987; data from Détienne et al., 1982, cited in

Fig. 1 Location of forest sites in northwest (black), southwest (hatched) and central and eastern (grey) Amazonia. 1. Jatun Sacha, 2.

Bogi, Tiputini, 3. Allpahuayo, 4. Yanamono, 5. Sucusari, 6. Tambopata, 7. Cusco Amazonico, 8. Huanchaca, Las Londras, Chore, Cerro

Pelao, Los Fierros, 9. BDFFP, 10. Tapajos, 11. Jari, 12. Caxuiana.
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Favrichon, 1994; Fearnside, 1997b; ter Steege, 2000

(additional taxa not included in Favrichon, 1994);

Woodcock, 2000) and a search of local publications in

Peru (Appendix). Difficulties can arise in combining

data from a range of sources due to differences in

sampling methods. Here, wood specific gravity is

defined as the oven dry weight divided by the fresh

volume (Fearnside, 1997b). Therefore, values calculated

at 12% moisture content (Favrichon, 1994; ter Steege,

2000) were corrected using a calibration equation

(Reyes et al., 1992; cited by Brown, 1997). In addition,

field protocols also vary: Woodcock (2000) used cores

from the outer sapwood, whereas the other studies

obtained samples from the trunks of harvested trees.

Radial gradients in wood specific gravity are related to

successional status, with increasing specific gravity

towards the stem periphery in early successional

species, and decreases in late successional taxa (Wood-

cock & Shier, 2002). Ideally, this trend needs to be

quantified by developing calibration equations that

relate inner to outer wood specific gravity. In this study,

where values were available for species sampled using

both methods (32% of all species measured by Wood-

cock, 2000), there was a significant relationship between

inner (I) and outer (O) wood specific gravity (O5 a1 bI,

coefficients � SE a5 0.24 � 0.14, b5 0.63 � 0.26, r25

24.7%, Po0.05). However, as this regression is not

significantly different from a 1 : 1 relationship passing

through the origin, the data in Woodcock (2000) was

included without any alteration. Wood specific gravity

values for palms are problematic due to very large

radial and longitudinal gradients in tissue density

(Rich, 1987). Here, mean values for six species were

calculated from minimum and maximum values

extracted from Rich (1987). The mean palm species

specific gravity (0.31 g cm�3) was also used for stems of

Strelitziaceae. Taxonomic consistency was achieved

within the entire wood density dataset as described

for the inventory data above.

An exploratory analysis showed that wood specific

gravity is closely dependent on phylogeny, with

differences between genera accounting for the largest

proportion of the total variation (Fig. 2). Therefore, in

the absence of species-level data for individual stems,

specific gravity values were allocated generic- or

family-level mean values. The overall species-level

mean (0.62 g cm�3) was used for stems with no

taxonomic information and for families where no

specific gravity information was available. From the

total of 40 077 stems making up the dataset examined

here, 23.0% have corresponding specific gravity values

at the species level, and a further 46.8% and 24.0%

match at the generic and family levels, respectively. The

average wood specific gravity of each plot was

calculated by averaging values on a per species, per

stem, and basal area weighted basis.

AGB estimation

AGB was estimated from the inventory data using two

different equations that are derived from two indepen-

dent datasets (Chambers et al., 2001; Chave et al., 2001).

The equation in Chambers et al. (2001) was obtained

from data for 315 trees harvested as part of the BIONTE

project, near Manaus, Brazil. In contrast, Chave et al.

(2001) compiled previously published, pan-tropical,

diameter, and mass data for 378 trees, principally from

Araújo et al. (1999) and Brown (1997). The Chave et al.

(2001) equation has the same form as the moist forest

equation described in Brown (1997, Eqn (3.2.4), p. 11).

Although the parameter estimates are slightly different,

the equations are very similar, as much of the under-

lying tree mass data (197 trees) is the same.

Both equations express AGB as a function of tree

diameter. Here, variation in wood specific gravity (r) is

incorporated as a simple multiplication factor, r/rm,

where rm is the mean wood specific gravity of the trees

harvested to create the biomass equation. For the

equation in Chambers et al. (2001), rm was estimated

as 0.67, the mean stand-level value (stems basis) for the

central Amazon plots in this study (plots BDF-01–BDF-

13, Table 1). For the equation in Chave et al. (2001), rm

was estimated as the pan-tropical, species-level mean of

0.58 g cm�3 (Brown, 1997), which reflects the wide

geographic range of the sources of data used to create

the Chave model.

Fig. 2 Percentage of variation in wood density contributed by

successive taxonomic levels. Nested ANOVA, with reduced

dataset (n5 229) to ensure replication within each order, family

and genus: order and family, not significant, genus, F5 7.27,

df5 36, Po0.001.
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For each tree greater than 10 cm diameter, of diameter

D (cm), including palms, AGB (kg DW), was calculated

as:

(1) based on the Chambers et al. (2001) equation:

AGB ¼ ri

0:67
expð0:33½lnD� þ 0:933½lnD�2

�0:122½lnD�3 � 0:37Þ;

(2) based on the Chave et al. (2001) equation:

AGB ¼ ri

0:58
exp 2:42½lnD� � 2:00ð Þ:

Results

Basal area shows a weakly significant difference

between regions (ANOVA, n5 56, F5 3.22, Po0.05, Fig.

3a). This pattern is caused by particularly low basal

area values for a number of plots in southwestern

Amazonia, whereas the range of basal area in north-

western, and central and eastern Amazonia is almost

identical (Fig. 3a, Table 1).

Mean stand-level wood density differs significantly

between forest plots in different regions of Amazonia

when calculated on a species, stem or basal area basis

(ANOVA, n5 56, species basis, F5 61.5, Po0.001, stems

basis, F5 45.3, Po0.001; basal area basis, F5 50.0,

Po0.001, Fig. 3b). This regional difference in wood

density is not a result of including varying proportions

of different landscape units within each region, as the

significance is enhanced if only terra firme forests on

clay-rich soils are considered (ANOVA, n5 56, species

basis, F5 100.6, Po0.001, stems basis, F5 65.4,

Po0.001; basal area basis, F5 82.6, Po0.001). Although

stand-level means calculated using all three methods

are closely correlated (r25 91.4–95.1%), regional differ-

ences are greatest on a basal area basis. For example,

mean stand-level wood density is 9.1% (species basis),

15.8% (stems basis), and 19.7% (basal area basis) higher

in central and eastern, compared with northwestern

Amazonia. Stand-level means calculated using only

generic-level, or family-level, specific wood gravity

data are highly correlated with the overall mean values

(r25 93.5%, Po0.001 and r25 91.5%, Po0.001).

A similar overall range of wood specific gravity values

is found within each region (Fig. 4). The difference

between western and eastern Amazonia arises because

of the high relative abundance of stems with a specific

gravity of 0.2–0.5 g cm�3 in western Amazonia and of

stems 0.7–0.9 g cm�3 in central and eastern Amazon

(Fig. 4). These patterns are also reflected in the trends in

relative diversity in different specific gravity classes.

For example, 22.6% of species in northwestern Amazo-

nia have a specific wood gravity between 0.2 and

0.5 g cm�3 compared with only 16.7% of central and

eastern Amazon species. In contrast, in northwestern

Fig. 3 (a) Basal area (m2 ha�1) and (b) stand-level wood specific

gravity, on a per stems basis (g cm�3) for forest plots in

northwest, central and southeastern Amazonia. Box plots show

25% quartile, median and 75% quartile of the distributions

(horizontal lines); vertical lines extend a further 1.5 times the

interquartile (25–75%) range; asterisks denote outliers.

Fig. 4 Percentage of stems in successive wood specific gravity

classes in forest plots in (a) northwest Amazonia, (b) southwest

Amazonia, and (c) central and eastern Amazonia.
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Amazonia 20.6% species have a wood specific gravity

between 0.7 and 0.9 g cm�3, compared with 33.6% in

central and eastern Amazonia. Taxa that contribute to

these regional-scale patterns include Virola (mean

0.43 g cm�3), which comprises 3.7% of stems in north-

west Amazonia, but only 1.1% in central and eastern

Amazonia, palms (mean 0.31 g cm�3), 6.8% and 1.3%,

respectively, and Eschweilera (mean 0.84 g cm�3), which

is very common in central and eastern Amazonia

(11.1% of stems), but less abundant in northwest

Amazonia (3.2% of stems). There is no significant trend

in wood specific gravity with tree size within any

region, when mean wood specific gravity is calculated

for successive 10 cm dbh classes (up to 70 cm dbh, and

combining all trees 470 cm).

Together, the two stand-level parameters, basal area

and wood specific gravity (calculated on a basal area

basis) account for a large proportion of the variation in

AGB estimates derived using both regression models

(Tables 2 and 3, Fig. 5). Across Amazonia, basal area

accounts for 51.7% and 63.4%, and wood specific

gravity an additional 45.4% and 29.7% of the variation

in AGB estimates derived from the Chambers and

Chave models, respectively. Within regions, variation in

wood specific gravity is generally less important than at

the basinwide scale, and for AGB estimates derived

using the Chave model, wood specific gravity is not

significant for plots in central and eastern Amazonia

(Table 3). Variation in the basal area of the largest trees

is particularly important for determining variation in

AGB between plots (Fig. 5). The basal area of trees

greater than 40 cm diameter independently explains

36.3% and 50.1% of the variation in AGB estimates in all

plots for the two different regression models (Fig. 5),

respectively.

Although the models give similar results regarding

the relative importance of the factors determining

variation in biomass, they differ significantly in their

predictions of the absolute magnitudes (Tables 4 and

5, Fig. 6); the Chambers model consistently predicts

AGB values 50–100 Mg ha�1 greater than the Chave

model. The two models do, however, exhibit similar

spatial patterns, because regional differences in AGB

are largely a consequence of variations in specific

gravity rather than basal area (Table 5, Fig. 6). When

specific gravity is excluded, the only regional difference

in AGB is between central and eastern, and south-

western Amazonia, using the Chambers model esti-

mates (Fig. 6a). By contrast, when wood specific gravity

is included in the regression models, both approaches

show significantly higher AGB in the central and

eastern Amazon, compared with the other two regions

(Fig. 6b).

Discussion

This study demonstrates significant differences in

stand-level wood specific gravity for mature forests

within Amazonia – the forests of eastern Amazonia

typically contain trees that have higher values than

their western counterparts (Fig. 3). This pattern is

important to incorporate in regional-scale comparisons

of AGB estimates. Although differences in forest basal

area explain much of the site-to-site variation in AGB,

Table 2 Multiple regression of aboveground biomass (AGB) estimates on basal area and wood specific gravity; n5 56

Chambers et al. (2001) model Chave et al. (2001) model

Coefficient t P Coefficient t P

Basal area 10.0 33.3 o0.001 10.1 23.2 o0.001

Wood density 546 29.2 o0.001 410.7 15.1 o0.001

Overall r2 values are 97.2% (Chambers model) and 93.1% (Chave model).

Table 3 Coefficients from stepwise multiple regression of aboveground biomass (AGB) estimates on basal area and wood specific

gravity for each region, using backward elimination with a threshold significance of Po0.05

Chambers et al. (2001) model Chave et al. (2001) model

C&E NW SW C&E NW SW

n 17 20 19 17 20 19

Basal area 11.10 9.48 9.42 14.30 8.69 10.22

Specific gravity 551 523 510 ns 399 325

r2 (%) 96.9 93.5 93.4 92.9 82.4 96.1
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the changes in species composition and relative

abundance determine the regional-scale spatial patterns

(Fig. 6).

Although some genera contain substantial variation

in wood specific gravity (e.g. Ocotea, ter Steege &

Hammond, 2001), variation principally occurs between,

rather than within, genera. The same phylogenetic

pattern has previously been shown for dehiscence

strategy, dispersal syndrome and seed size across 577

species of forest tree in Guyana (Casper et al., 1992).

Together, despite a likely underestimation of variation

below the genus level as intraspecific variation was

excluded from the phylogenetic analyses, these studies

suggest a degree of ecological similarity within some of

the species-rich genera of Amazonian forests. Wood

specific gravity, for example, varies remarkably little

within large, common genera such as Pouteria (n5 20,

mean � SE, 0.77 � 0.03 g cm�3), Eschweilera (n5 10,

0.84 � 0.01 g cm�3), and Virola (n5 4, 0.44 � 0.01

g cm�3). This phylogenetic pattern explains in part

why mean values calculated using generic- or family-

level data have such a high degree of correlation with

the overall values. However, it is important to note that

these relationships are also caused by the lack of

Fig. 5 Proportion of variation independently explained by wood density and the basal area of successive diameter classes, in estimates

of aboveground biomass (AGB )derived using (a) Chambers et al. (2001) model, and (b) Chave et al. (2001) model. All terms are

significant (Po0.05) in multiple regression. Variation explained by two or more variables indicates the proportion that cannot be solely

attributed to a single factor.

Table 4 Significance table of two-way ANOVA of variation in aboveground biomass (AGB) estimates between regions, and

equations, using methods that both exclude and include weighting for wood specific gravity.

df

Excluding wood specific

gravity

Including wood specific

gravity

F P F P

Equation 1 133.0 o0.001 55.9 o0.001

Region 2 6.5 o0.005 46.5 o0.001

Interaction 2 0.63 NS 0.96 NS
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species-level wood specific gravity data for many

stems. On-going compilations of wood specific gravity

data for a wider range of taxa (J. Chave et al.,

unpublished data) will provide greater resolution and

understanding of species-level variability. Increasing

the proportion of species-level identifications within

the plots will also enable more accurate determination

of stand-level specific gravity values. However, as more

than 70% of stems are already identified to species, the

wood specific gravity database is a greater limitation to

current stand-level estimates.

Even with the limitations of the current wood specific

gravity data, the finding that stand-level values

calculated using family-level data capture the regio-

nal-scale variability is important, because it coincides

with the level of detail in current studies of regional-

scale floristic composition (ter Steege et al., 2000).

Forests in eastern and central Amazonia, for example,

are rich in families such as Lecythidaceae (mean

wood specific gravity 0.70 g cm�3) and Sapotaceae

(0.76 g cm�3), while western Amazon forests are richer

in Arecaceae (0.31 g cm�3), Moraceae (0.61 g cm�3) and

Myristicaceae (0.51 g cm�3). As these patterns of family-

level forest composition have been determined from a

far larger number of plots than studied here, it suggests

that the regional-scale patterns in specific gravity

derived in the current study will prove to be spatially

consistent and robust. In contrast, the lack of a

relationship between tree diameter and specific gravity

indicates that this gradient will not be greatly influ-

enced by the variation in mean tree size that occurs

across Amazonia (Malhi et al., 2002). Overall, the

regional-scale patterns of species composition and

abundance appear to determine the regional-scale

gradient in wood specific gravity.

Just as simple parameters such as diameter can

explain variation in biomass at the level of individual

trees, simple parameters describing forest structure and

composition can be used to predict the stand biomass of

all trees greater than 10 cm diameter. Stand basal area,

and specifically, variation in the basal area of trees

greater than 40 cm dbh, is important, in comparisons

both within and between regions (Table 4, Fig. 5). The

importance of large trees for estimates of total stand

biomass has previously been shown for the Brazilian

Amazon, where the relative abundance of tree stems

greater than 70 cm diameter correlated positively with

total AGB estimates across six studies (Brown & Lugo,

1992). This pattern is not surprising given that trees

greater than 70 cm diameter contribute up to 30% of

biomass of trees 410 cm dbh in some tropical forests

(Brown & Lugo, 1992; Clark & Clark, 2000). However,

variation in the biomass of medium-sized trees is also

important (Fig. 5). Although individually smaller, their

typically far greater abundance means that trees 35–

45 cm diameter may contribute the greatest biomass of

any 10 cm diameter class (Keller et al., 2001).

In contrast to the regional pattern in specific gravity,

basal area varies little across Amazonia (Fig. 2). The

lower basal area in southwestern Amazonia is caused

by one plot (CHO-01) in evergreen liana forest (Killeen,

1998). Liana forest is common in Parque Nacional Noel

Kempff in northeast Bolivia, and its formation may be

related to periodic fire, or an interaction between low

soil fertility and seasonal drought (Killeen, 1998). When

this site is removed, there is no significant difference in

basal area between regions. As a result, the gradient in

specific gravity is more important for regional-scale

AGB estimates, and the highest AGB values are found

in central and eastern Amazon forests (Fig. 6b).

Previous estimates of AGB in western Amazonia are

sparse, making it difficult to compare the regional

contrasts shown here with other studies. However,

Houghton et al. (2001) compiled biomass estimates for

44 neotropical sites, of which 27 comprise lowland

Amazonian terra firme forest. Using the regional

demarcation followed here, these data show no

difference in AGB estimates between central and eas-

tern, and southwestern Amazon forests, and the single

site from northwestern Amazonia has comparatively

Fig. 6 Biomass estimates for three regions of Amazonia, using

two regression equations (a) excluding, and (b) including

weighting for wood density. Different letters indicate significantly

different values, using Tukey’s multiple comparison procedure,

following two-way ANOVA. Error bars are � 95% CIs.
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high biomass (C&E Amazonia, n5 22, mean AGB5

289.6 � 15.9 Mg ha�1; SW Amazonia, n5 4, AGB5

260.5 � 45.3 Mg ha�1; NW Amazonia, n5 1, AGB5

343 Mg ha�1). The lack of agreement between these

data and the spatial patterns reported in this study are a

result of such little previous information on the biomass

of western Amazon forests, and the frequent omission

of wood specific gravity from AGB estimates. However,

the lower AGB of aseasonal, northwestern Amazon

forests compared with central and eastern sites in this

study is consistent with the different results given by

biomass equations developed using trees from different

climatic zones (Brown, 1997). Equations developed for

moist forest based solely on tree diameter, give higher

AGB estimates than equivalent equations developed in

wet forest, when they are applied to the same inventory

data (Clark & Clark, 2000; Chambers et al., 2001). This

pattern may reflect the small number of trees used to

develop the equations, or their different mathematical

forms (a power-law vs. quadratic model). Alternatively,

there may be factors, such as lower wood specific

gravity, that result in lower AGB for a given tree

diameter in wet forests. However, the difference in AGB

between southwestern, and central and eastern forests,

which share a broadly similar, seasonal, climate,

indicates that even within a given climatic zone, there

may be substantial variation in the life history

characteristics of the species.

The different regression equations give rather differ-

ent AGB values, despite the agreement between

methods on the patterns of spatial variation, as the

Chambers model consistently gives the highest predic-

tions of AGB (Fig. 6). Also, trees 480 cm dbh are far

less important in determining variation in overall

biomass in estimates derived using the Chambers

equation (Fig. 5). This difference may be because the

Chambers equation is based on randomly selected

trees, and incorporates terms that empirically model

tree damage, preventing overestimation of AGB of the

largest individuals. In addition, this equation has the

advantage for estimating AGB in Amazonian forests

that it is based solely on Amazonian trees that may be

more likely to reflect the architecture and height/

diameter relationships of the region.

It is important to note that the methods used to

estimate AGB in this study have a number of potential

limitations. Firstly, the Chambers et al. (2001) equation

used in this study was constructed using stems greater

than 5 cm diameter, but applied here to stems

410 cm dbh. However, Chambers et al. (2001) also

provide a similar equation based solely on trees greater

than 10 cm dbh, and results obtained using this equa-

tion are almost identical. AGB estimates are marginally

higher (1.4 � 0.31%), but highly correlated with the

values reported here (r25 99.6%). Secondly, a small

number of trees were larger than the maximum size of

tree used to create the biomass equations. For the

Chambers et al. (2001) and Chave et al. (2001) equations,

the largest trees were 120 and 148 cm. In this study, a

small number of trees, 27 and nine stems, respectively,

exceeded these values, and we assume that the

allometric equations can be extrapolated to larger sizes

for these trees. However, clearly, tree mass data for

more large diameter trees is required to extend the

range of the allometric equations. Overall, improve-

ments to the methods for estimating AGB will come

from constructing regression equations involving all

available tree mass data and incorporating the greatest

number of key structural variables, including wood

specific gravity. Such efforts are currently underway

(J. Chave et al., unpublished manuscript).

Variation in wood specific gravity is closely related to

variation in species’ light demand: fast growing, light-

demanding species typically have lower specific gravity

than more shade tolerant species (Whitmore, 1998).

Therefore, the regional-scale pattern described in this

study represents an east–west gradient in the types of

species that dominate Amazonian forests. Similar varia-

tion in the functional composition of tropical forests has

been described at a range of scales in other regions and

has been related to variation in diversity and forest

dynamics (e.g. Condit et al., 1999; ter Steege &

Hammond, 2001; Baker et al., 2003). What are the

ecological processes that control these patterns? For

Amazonia, the similar range of wood specific gravity

across regions suggests that the differences in stand-

level specific gravity are caused by ecological factors that

regulate the abundance of groups of taxa that share

similar values. One possibility is that the higher specific

gravity in central and eastern Amazon forests is related

to the regular seasonal water shortage, or the more

severe El Niño related droughts that occur in this region

(Malhi & Wright, in press). For example, amongst 36

North American temperate angiosperm species, encom-

passing a wide range of life forms including desert

shrubs, higher wood specific gravity is related to greater

resistance to cavitation (Hacke et al., 2001). In addition,

in dry forest in Costa Rica, high wood specific gravity is

associated with a group of deciduous species that grow

on well-drained hilltops and develop very low dry

season leaf and stem water potentials (Borchert, 1994).

However, it is unclear whether these results can be

extrapolated to Amazonia, which is much wetter than

many of the habitats in these studies. For example,

southwestern Amazonia has a seasonal climate similar

to central and eastern Amazonia, but stand-level wood

specific gravity similar to the aseasonal forests in

northwest Amazonia. In addition, some semi-deciduous
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tropical forests that experience strong seasonal, and

severe El Niño droughts, such as in Panama (Chave

et al., in press) and Ghana (Hawthorne, 1996), have a

comparatively light-demanding species composition,

with low stand-level wood specific gravity. Therefore,

water shortage is unlikely to be the primary selective

pressure determining the functional composition of

moist and wet tropical forests in relation to wood

specific gravity.

Given the relationship between specific gravity and

species light demand, variation in disturbance may be

more important. For example, regions associated with

lighter wooded species in Guyana, and increased

pioneer abundance in Ghana have historically higher

rates of human activity (Hawthorne, 1996; ter Steege &

Hammond, 2001). In addition, across Amazonia, the

lower stand-level values in western Amazon forests are

associated with higher mortality and recruitment rates

(Phillips et al., in press), which may be driven by higher

abiotic disturbance rates by wind and storms in these

forests. Variation in soil fertility may also be an impor-

tant factor (Muller-Landau, in press), as light-demand-

ing species show greater increases in growth rate to

increased soil fertility than more shade tolerant species

(Baker et al., 2003). However, it is difficult to distinguish

the effects of soil fertility on growth rates from the effects

of variation in abiotic disturbance rates. In both Guyana

and Ghana, for example, the areas with the highest rates

of anthropogenic disturbance also have the richest soils

(Fairhead and Leach, 1998; ter Steege & Hammond,

2001). Equally, western Amazonian forests tend to be

associated with more fertile soils than the oxisols that

characterize the central and eastern Amazon plots in this

study (Sombroek, 2000). Further studies aimed at eluci-

dating the relationships between the functional compo-

sition, structure, and dynamics of these forests and the

environmental factors that correlate with these patterns

are needed to improve our understanding of the

patterns and dynamics of forest biomass in Amazonia.
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Appendix

Wood specific gravity values are given in Table A1.

Table A1 Wood specific gravity values from a variety of studies in western Amazonia

Family Genus Species A 82 M 91 AS 86 AV 86 PADT Bol PADT Ec PADT Ven PADT Col I 87

Anacardiaceae Anacardium excelsum 0.35 0.34

Anacardiaceae Campnosperma panamensis 0.37

Anacardiaceae Mauria indet 0.31

Anacardiaceae Spondias mombin 0.35 0.31

Annonaceae Guatteria decurrens 0.52

Annonaceae Xylopia indet 0.5

Apocynaceae Aspidosperma macrocarpon 0.67 0.67

Araliaceae Schefflera morototoni 0.36

Bignoniaceae Tabebuia rosea 0.54

Bignoniaceae Tabebuia serratifolia 0.92

Burseraceae Protium indet 0.55

Caryocaraceae Caryocar glabrum 0.65

Celastraceae Goupia glabra 0.68

Chrysobalanaceae Licania indet 0.56 0.59

Chrysobalanaceae Licania unguiculata 0.88

Clusiaceae Calophyllum brasiliense 0.51 0.55

Clusiaceae Calophyllum indet 0.46

Clusiaceae Rheedia indet 0.6

Clusiaceae Symphonia globulifera 0.58

Combretaceae Buchenavia indet 0.77

Combretaceae Buchenavia viridiflora 0.88

Combretaceae Terminalia amazonia 0.65 0.61 0.65

Combretaceae Terminalia indet 0.64

Combretaceae Terminalia oblonga 0.73

Ebenaceae Diospyros indet 0.47

Euphorbiaceae Hevea indet 0.53

Euphorbiaceae Hieronyma chocoensis 0.59 0.62

Euphorbiaceae Hieronyma laxiflora 0.55

Euphorbiaceae Hura crepitans 0.41 0.42

Euphorbiaceae Nealchornea yapurensis 0.61

Euphorbiaceae Pausandra trianae 0.59

Euphorbiaceae Sapium marmieri 0.4

Fabaceae Albizia indet 0.45

Fabaceae Amburana cearensis 0.43

Fabaceae Apuleia leiocarpa 0.7

Fabaceae Bocoa indet 0.42

(continued)
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Table A1 (Contd.)

Family Genus Species A 82 M 91 AS 86 AV 86 PADT Bol PADT Ec PADT Ven PADT Col I 87

Fabaceae Cedrelinga cateniformis 0.45 0.45 0.37

Fabaceae Copaifera indet 0.48

Fabaceae Copaifera officinalis 0.61

Fabaceae Copaifera pubiflora 0.56

Fabaceae Diplotropis martiusii 0.74

Fabaceae Hymenaea courbaril 0.77

Fabaceae Hymenaea oblongifolia 0.62

Fabaceae Inga edulis 0.51

Fabaceae Mora gonggrijpii 0.78

Fabaceae Mora megistosperma 0.63

Fabaceae Myroxylon balsamum 0.78

Fabaceae Myroxylon peruiferum 0.78

Fabaceae Ormosia coccinea 0.61

Fabaceae Ormosia schunkei 0.57

Fabaceae Parkia indet 0.33

Fabaceae Peltogyne porphyrocardia 0.89

Fabaceae Pentaclethra macroloba 0.43

Fabaceae Piptadenia grata 0.86

Fabaceae Pithecellobium latifolium 0.36

Fabaceae Pithecellobium saman 0.49

Fabaceae Pterocarpus indet 0.703

Fabaceae Pterocarpus vernalis 0.57

Fabaceae Schizolobium parahyba 0.4

Fabaceae Sclerolobium indet 0.39

Fabaceae Swartzia laevicarpa 0.61

Fabaceae Taralea oppositifolia 0.8

Flacourtiaceae Laetia procera 0.63

Humiriaceae Humiria balsamifera 0.82 0.68

Humiriaceae Humiriastrum procerum 0.66 0.69

Lauraceae Aniba amazonica 0.56 0.52

Lauraceae Endlicheria indet 0.5

Lauraceae Nectandra indet 0.42

Lauraceae Ocotea indet 0.53

Lauraceae Persea caerulea 0.42

Lecythidaceae Cariniana decandra 0.51

Lecythidaceae Cariniana domestica 0.59

Lecythidaceae Cariniana estrellensis 0.57

Lecythidaceae Eschweilera indet 0.72

Lecythidaceae Gustavia speciosa 0.34

Malvaceae Apeiba aspera 0.28

Malvaceae Bombacopsis quinata 0.39

Malvaceae Bombax paraense 0.39

Malvaceae Catostemma commune 0.5

Malvaceae Ceiba pentandra 0.52 0.21

Malvaceae Ceiba samauma 0.57

Malvaceae Chorisia integrifolia 0.28

Malvaceae Huberodendron patinoi 0.5

Malvaceae Pterygota indet 0.62

Malvaceae Quararibea asterolepis 0.45

Malvaceae Quararibea bicolor 0.52 0.53

Malvaceae Quararibea cordata 0.43

Meliaceae Carapa guianensis 0.55 0.49

Meliaceae Cedrela odorata 0.42

Meliaceae Guarea indet 0.43

(continued)
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Table A1 (Contd.)

Family Genus Species A 82 M 91 AS 86 AV 86 PADT Bol PADT Ec PADT Ven PADT Col I 87

Meliaceae Guarea kunthiana 0.6

Meliaceae Swietenia macrophylla 0.43

Meliaceae Trichilia indet 0.69

Memecylaceae Mouriri barinensis 0.78

Moraceae Brosimum alicastrum 0.68 0.65

Moraceae Brosimum indet 0.68

Moraceae Brosimum lactescens 0.7

Moraceae Brosimum parinarioides 0.42

Moraceae Brosimum potabile 0.49

Moraceae Brosimum utile 0.49 0.4 0.42

Moraceae Clarisia racemosa 0.59 0.62 0.51 0.46 0.46

Moraceae Ficus insipida 0.5

Moraceae Maclura tinctoria 0.71

Moraceae Poulsenia armata 0.44 0.37

Moraceae Pseudolmedia laevigata 0.62 0.63

Moraceae Pseudolmedia laevis 0.71

Moraceae Trophis indet 0.44

Myristicaceae Otoba gracilipes 0.32

Myristicaceae Virola indet 0.45

Myristicaceae Virola reidii 0.35

Myristicaceae Virola sebifera 0.37

Myrsinaceae Ardisia cubana 0.62

Ochnaceae Cespedesia spathulata 0.54

Olacaceae Heisteria indet 0.71

Olacaceae Minquartia guianensis 0.76 0.76

Phytolaccaceae Gallesia integrifolia 0.51

Podocarpaceae Podocarpus indet 0.53

Podocarpaceae Podocarpus oleifolius 0.44

Podocarpaceae Podocarpus rospigliosii 0.57

Polygonaceae Triplaris cumingiana 0.53

Rubiaceae Calycophyllum spruceanum 0.74

Rubiaceae Simira indet 0.65

Rutaceae Zanthoxylum indet 0.47

Sapotaceae Chrysophyllum cainito 0.74

Sapotaceae Manilkara bidentata 0.87 0.87

Sapotaceae Pouteria indet 0.635 0.74 0.68

Sapotaceae Pouteria anibifolia 0.66

Simaroubaceae Simarouba amara 0.36 0.36

Ulmaceae Celtis schippii 0.59

Vochysiaceae Erisma uncinatum 0.47

Vochysiaceae Vochysia densiflora 0.29

Vochysiaceae Vochysia ferruginea 0.37

Vochysiaceae Vochysia lanceolata 0.49

Vochysiaceae Vochysia macrophylla 0.36

All values are for heartwood, and are calculated as oven dry weight, divided by fresh volume (g cm�3). References are A 82,

Aróstegui (1982), M 91, Mallque et al. (1991), AS 86, Aróstegui & Sobral Filho (1986), AV 86, Aróstegui & Valderrama (1986), PADT

(Bol, Ec, Ven, & Col), Proyectos Andinos de Desarrollo Technologico en el area de los recursos forestales tropicales (PADT–REFORT)

(1981), I 87, Inga and Castillo (1987).
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