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Abstract

The amount of carbon released to the atmosphere as a result of deforestation is
determined, in part, by the amount of carbon held in the biomass of the forests
converted to other uses. Uncertainty in forest biomass is responsible for much of
the uncertainty in current estimates of the ¯ux of carbon from land-use change. In
the present contribution several estimates of forest biomass are compared for the
Brazilian Amazon, based on spatial interpolations of direct measurements, rela-
tionships to climatic variables, and remote sensing data. Three questions were
posed: First, do the methods yield similar estimates? Second, do they yield similar
spatial patterns of distribution of biomass? And, third, what factors need most
attention if we are to predict more accurately the distribution of forest biomass
over large areas?

The answer to the ®rst two questions is that estimates of biomass for Brazil's
Amazonian forests (including dead and belowground biomass) vary by more than
a factor of two, from a low of 39 PgC to a high of 93 PgC. Furthermore, the esti-
mates disagree as to the regions of high and low biomass. The lack of agreement
among estimates con®rms the need for reliable determination of aboveground
biomass over large areas. Potential methods include direct measurement of bio-
mass through forest inventories with improved allometric regression equations,
dynamic modelling of forest recovery following observed stand-replacing disturb-
ances, and estimation of aboveground biomass from airborne or satellite-based
instruments sensitive to the vertical structure plant canopies.
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Introduction

With the use of satellite data to determine rates of

deforestation and reforestation, the largest uncertainty in

estimating ¯uxes of carbon from land-use change results

from variation in estimates of forest biomass. Variation in

estimates of biomass in the Brazilian Amazon, for

example, was responsible for 60% of the variation in

the estimated net carbon ¯ux for the region (Houghton

et al. 2000). Satellite data may eventually be developed to

determine aboveground biomass directly, but neither

optical data nor radar data have yielded consistent

results in forests with moderate to high biomass (Waring

et al. 1995; Rignot et al. 1997; Nelson et al. 2000). Until new

instruments are devised for determining reliable esti-

mates of biomass for closed forests, biomass over large

areas will have to be determined by alternative methods,

for example, through ®eld measurements, modelling, or

a combination of both.

The purpose of this paper is to compare estimates of

forest biomass over a large area, the Brazilian Amazon,

where the area of forest is approximately 400 3 106 ha.

Nonforests (for example, cerrado and water) were
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excluded from this analysis on the basis of maps.

Estimates of absolute biomass and estimates of the

spatial distribution of biomass were compared through-

out Brazil's Amazonian forests.

Methods

Altogether, seven estimates of Brazilian Amazonian

forest biomass were included in this comparison

(Table 1). Three were based on ground measurements

(forest surveys as well as destructive sampling of small

areas); two were based on relationships between above-

ground biomass and environmental parameters; and two

were based, at least in part, on satellite data. Spatial

resolutions of the original sources were retained when

constructing maps of biomass. New maps generated

herein had a resolution of 5-km.

Direct measurements of biomass and timber volumes
in the ®eld

Aboveground live biomass (AGLB). Measurements of

biomass for 44 mature forests within or near the

boundaries of the Brazilian Amazonian forest (Fig. 1)

were assembled from the literature. The 44 sites were

not obtained from 44 individual, published studies:

some studies provided information for more than one

site, and some sites were measured by more than one

study (that is, the geographical coordinates were the

same). The studies included, at one extreme, six forest

surveys carried out by the FAO covering as much as

415 ha (Heinsdijk 1957, 1958a,b,c; Glerum 1960; Glerum

& Smit 1962) and, at the other extreme, measurements

on areas as small as 0.004 ha (Table 2). At 11 of the

sites, including the six forest surveys, wood volumes,

rather than biomass, were measured, and the data were

converted to aboveground biomass using equations

from Brown & Lugo (1992) (see next method). For each

site a record was made of latitude and longitude, the

vegetation type, aboveground live biomass (AGLB),

size of plot, and area sampled (plot size times number

of plots). Total aboveground biomass (TAGB) was also

recorded, which includes standing and fallen dead

material, along with belowground biomass (BGB), and

basal area if these characteristics were reported. The

minimum stem diameter measured varied among

studies. No attempt was made to adjust the estimates

for smaller stems, and thus some of the estimates may

be low.

Components in addition to aboveground live biomass. Most

studies reported AGLB, although in some cases it was

dif®cult to tell whether the aboveground biomass

Table 1 Summary of biomass estimation methods

Method

Spatial

resolution

Secondary

forests

Potential or

actual forest cover

Field measurements

1 Interpolation of 44 independent measurements 5 km avoided potential

2 RADAMBRASIL (Brown & Lugo 1992) 1 km some potential

3 RADAMBRASIL (Fearnside 1997) 1 km some potential

Methods based on environmental gradients

4 Brown 5 km avoided potential

5 Olson 1° 3 1° included actual

Methods using remote sensing

6 Potter 1° 3 1° some actual

7 DeFries 1 km some actual

Fig. 1 Locations (black dots) of 44 measurements of living

aboveground forest biomass in and around Amazonia. Grey

areas represent forests with > 40% tree cover (DeFries et al.

2000).
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included dead material as well as live. Thirteen of the

sites reported TAGB as well as AGLB, and in these 13

studies dead aboveground biomass averaged 9% of

AGLB (range 2% ± 17%) (Table 3). Six sites reported

direct measurement of BGB (live and dead not

generally distinguished), and from these sites BGB

averaged 21% of AGLB (range 13% ± 26%). The

estimate is intermediate between means reported by

Brown & Lugo (1992) (17%) and Cairns et al. (1997)

(24%), and there is a suggestion that the percentage is

inversely related to AGLB (or that belowground

biomass is relatively constant over a broad range of

aboveground biomass values). This ®nding contrasts

with the study by Cairns et al. (1997) that reported a

direct relationship between AGLB and BGB on the

basis of 85 studies of forests from around the world.

Many more than six of the 44 sites used herein had

estimates of BGB, but the additional estimates were

based on root/shoot ratios derived from the literature.

For the percentages calculated here, only those sites

where BGB was directly measured were used. Total

biomass was converted to carbon assuming a carbon

content of 50%.

Using these mean ratios, estimates of AGLB were

increased by 9%, 21%, or 30% to account for dead

biomass, belowground biomass, or both for those sites

where either or both of the components were not

measured directly. The full range found here (22% ±

42% for individual sites) is smaller than the range

reported for dead and belowground biomass on 23 forest

plots in ®ve life zones in Venezuela (20±58%) (Delaney

et al. 1998).

Spatial extrapolation of site data. The geographical

distribution of the sites is shown in Fig. 1. The initial

approach was to overlay the 44 sites on a map of

vegetation types. However, there are no vegetation

maps for the region that distinguish subcategories

within the category of moist tropical forests. Several

maps were considered: the global vegetation map of

Olson et al. (1983), a satellite-based map (Stone et al.

1994), and the IBGE map from Brazil (IBGE 1988).

These maps distinguish agriculture, cerrado, open

forest, and dense forest, but the latter (a single class)

covers most of Amazonia. The exception is the

RADAMBRASIL study (see below), which identi®ed

and mapped more than 100 classes of vegetation.

However, the stem volumes are more variable within

RADAMBRASIL classes than between them, suggesting

that the classes are not useful for distinguishing

biomass. As interpolating biomass on the basis of a

vegetation map was unlikely to capture the diversity of

cover types (let alone classes of biomass), an

interpolation among all 44 sites was constructed using

the `interpolate grid function' from ArcViewã. The

interpolation had a spatial resolution of 5 km.

Nonforest areas were deleted from the map and not

considered further.

Wood volumes from RADAMBRASIL converted to
biomass with equations from Brown & Lugo (1992)

The RADAMBRASIL Project (DNPM 1973±83) made an

inventory of stemwood volumes on thousands of 1-ha

plots distributed over the Brazilian Amazon between

1973 and 1983, and produced a map of forest classes

where each class was assigned an average stemwood

volume. These wood volumes were converted to total

aboveground biomass (TAGB) using two approaches.

The ®rst approach used the following equation (Brown &

Lugo 1992):

TAGB = Volume (m3 ha ± 1) ´ VEF ´ WD ´ BEF, (1)

where volumes were obtained from RADAMBRASIL,

VEF (volume expansion factor to account for trees

smaller than the minimum diameter measured) was

1.25 for dense forests and 1.5 for other-than-dense forests

(trees with smaller diameters), WD was wood density

(0.69 Mg m±3 as a weighted average for Amazonia)

(Brown & Lugo 1992), and BEF (biomass expansion

factor to account for biomass in addition to stemwood

biomass) varied as a function of stemwood biomass (SB)

as follows (Brown & Lugo 1992):

for SB < 190 Mg ha ± 1, BEF = e[3.213 ± 0.506ln(SB)]

for SB > 190 Mg ha ± 1, BEF = 1.74.

The variable BEF takes into account the observation

that large trees have relatively more biomass in stems

than small trees do. Stemwood biomass was determined

from the product of volume, VEF and WD. As described

above, the calculated aboveground biomass was

increased by 9% to account for dead biomass and by an

additional 21% to account for belowground biomass. The

spatial resolution of the map thus generated was 1 km.

Wood volumes from RADAMBRASIL converted to
biomass using data from Fearnside (1997)

The second approach for converting RADAMBRASIL

stemwood volumes to biomass was Fearnside's

(Fearnside 1997). His conversion yielded an Amazonia-

wide estimate 60% higher than the estimate, above, based

on equations from Brown & Lugo (1992). Fearnside

assumed a belowground biomass that was 33.6% of

aboveground biomass (rather than 21%) and increased

aboveground biomass for components not included

in FAO (1993) estimates as follows: + 5.3% for
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vines, + 0.2% for nontree components, + 12% for trees

< 10 cm d.b.h., + 15.6% for form factor, + 3.6% for trees

30.0±31.8 cm d.b.h., ± 6.6% for hollow trees, ± 0.9% for

bark, and + 2.4% for palms (Fearnside 1992; 2000). In

addition, Fearnside (2000) added another 31% of AGLB

to account for aboveground dead biomass (rather than

the 9% found here). It was assumed here that the larger

estimate for the entire region (from Fearnside 1997)

applied to each cell. Thus, the spatial distribution of

biomass was equivalent to the ®rst estimate, but each cell

was 60% higher.

Biomass from Olson et al. (1983)

A classic study by Olson et al. (1983) estimated total living

biomass (above- and belowground) for 44 terrestrial

ecosystems within seven broad groups [Carbon Dioxide

Information and Analysis Center (CDIAC) website

(http://cdiac.ESD.ORNL.GOV/ftp/ndp017)]. The distri-

bution of ecosystems was determined from patterns of

preagricultural vegetation, modern aerial surveys, and

biomass measured at research sites. Olson's estimate in

each cell was increased by 9% to account for dead

biomass. Spatial resolution was 1° 3 1°, coarser than

most of the other sets of data considered in this analysis.

Biomass from S. Brown (unpubl. data)

Brown and colleagues have advanced a method for

estimating potential biomass of tropical forest lands

(Brown et al. 1993; Iverson et al. 1994; Brown & Gaston

1995; Gaston et al. 1998). The method uses a rule-based

model based on four scaled input layers: soil depth and

texture, precipitation, elevation and slope, and a modi-

®ed Weck's climatic index (an index that includes a

measure of seasonality based on water availability and

temperature). Each cell in one of these spatial layers

ranges between 0 and 25, depending on the relationship

between the environmental parameter and biomass, and

the sum of the four layers determines an index of

biomass (100% is maximum) (details of the scaling are

given in Iverson et al. 1994). The method has been

applied in tropical Asia (Brown et al. 1993; Iverson et al.

1994) and tropical Africa (Brown & Gaston 1995; Gaston

et al. 1998). For this application to the Brazilian Amazon,

the spatial resolution was 5 km.

The index of biomass was calibrated with data from

the site measurements described above. Calibration

requires ®nding an average maximum biomass against

which to apply the index of each pixel. Three calibrations

were used. The ®rst was based on only 39 of the 44 of the

sites because ®ve sites fell outside of the Amazonian

forest boundary on Brown's map. Each site where

biomass was measured was compared with its index

value on the map (0±100%), and a theoretical maximum

biomass was calculated, assuming a linear relationship.

This average maximum was used to convert the index

value for each pixel to potential biomass. For example, if

the measured biomass was 200 MgC ha±1 at a site that

corresponded to an index value of 75%, then the

Table 3 Sites where total aboveground biomass (including live and dead) and belowground biomass were measured. Units are

either Mg dry weight/ha or percentage

AGLB TAGB

Dead biomass

as % AGLB

Belowground

biomass (BGB)

BGB

as % AGLB Reference

413.4 425.2 2.8 104 25.2 Russell (1983)

406.3 67 16.5 Klinge & Rodrigues (1973)

358 396.2 9.6 Delaney et al. (1997)

347.7 371.2 6.3 56.5 16.2 Grimm & Fassbender (1981)

346 395 12.4 Delaney et al. (1997)

343 351 2.3 Overman et al. (1994)

314 353.8 11.2 Delaney et al. (1997)

306.2 348 12.0 Uhl et al. (1988)

296 308 3.9 Delaney et al. (1997)

285 325 12.3 Brown et al. (1995)

267 320 16.6 68 25.5 Salomao et al. (1996)

264 35.4 13.4 Nepstad (1989)

221 247.3 11.9 58.2 26.3 Saldarriaga et al. (1988)

242.2 264.6 8.5 46 19.0 Fearnside et al. (1993)

140 155.2 9.8 Delaney et al. (1997)

Mean 9.1 20.5

SD 4.2 5.2

Coeff. variation 0.46 0.26

Number of sites 13 7
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theoretical maximum biomass for that point was (200/

0.75 =) 267 MgC ha±1. This calculated maximum does not

represent expected or potential biomass. Rather, it

provides a way of standardizing the 39 measurements

to one average maximum. In this example, the applica-

tion of the average maximum to the index for this

location on the map would yield a potential biomass

presumably close to 200 MgC ha±1.

A second calibration was based on the six inventories

of stemwood volume conducted by the FAO (1956±60)

(Heinsdijk 1957, 1958a,b,c; Glerum 1960; Glerum & Smit

1962), each of which covered between 100 and 415 ha

(Table 2). Stemwood volumes were converted to bio-

mass, as described above (Brown & Lugo 1992). In this

case, however, species-speci®c wood densities (from the

surveys) were used unless the species was not identi®ed

in the inventory, in which case an average wood density

(0.7369 Mg m±3)(from the surveys) was employed. For

this calibration six values were used to calculate a

maximum biomass. Individual cells were then converted

from the index to values of biomass, as above. The third

calibration used data from the 16 sites where the area

sampled was between 0.5 ha and 5 ha (Table 2).

Biomass from NASA-CASA (Potter 1999)

The NASA-CASA model has been used to simulate net

primary production (NPP) and biomass in the Brazilian

Amazon (Potter et al. 1998; Potter 1999). The spatial

resolution is 1° latitude by 1° longitude. Biomass is

determined as the difference between net primary

production (NPP) and mortality (Potter 1999), where

NPP is driven by the Normalized Difference Vegetation

Index (NDVI) obtained from NOAA's Advanced Very

High Resolution Radiometer (AVHRR) data, and mor-

tality is estimated from the mean residence time of

carbon in standing woody material. Thus, biomass is an

equilibrium value that is obtained by running the model

for several centuries. Monthly NPP is decreased by

departures of temperature from the temperature opti-

mum for growth and by soil water de®cits. Allocation of

NPP to leaves, roots, and wood is based on ratios

determined from the literature, and the proportion

allocated to roots may be modi®ed by soil fertility.

Percentage tree cover from satellite (DeFries et al.
2000)

The global map of percent tree cover recently developed

by DeFries et al. (1999, 2000) is not an estimate of biomass

or carbon. Nevertheless, the spatial distribution of tree

cover has the potential to serve as a surrogate for the

spatial distribution of biomass. In areas where herb-

aceous cover or bare soil is present, percentage tree cover

should be positively correlated with biomass. Within

forests with a high percentage of tree cover, however,

biomass may vary as a function of tree height, tree

architecture, wood density, and basal area, none of which

is sensed with optical data, and thus variations in

biomass at high percentage tree cover may be missed.

Percentage tree cover was determined with a linear

mixture model using metrics from NOAA's 1 km

AVHRR data acquired in 1992±93 and processed under

the guidance of the International Geosphere Biosphere

Programme (Eidenshink & Faudeen 1994). Because of the

dif®culty of ®nding homogeneous end-members over

areas as large as 1 km2, the mixture model was calibrated

with LANDSAT MSS data from 156 scenes distributed

globally (DeFries et al. 1999). Dif®culties at very high and

very low tree cover led to reported values that range

between 10% and 80%, with 80% tree cover representing

greater than or equal to 80% cover, and 10% representing

tree cover equal to or less than 10%. The spatial

resolution of the data was 1 km.

DeFries' map was calibrated with the map interpolated

from the 44 sites (above). Sixty percent of DeFries' pixels

had a tree cover of > 80%. The biomass values from the

interpolated map were used for these pixels because the

sites for that interpolation were in undisturbed forests.

The mean of these pixels was used to calculate the

biomass values for the rest of DeFries' pixels, assuming

that the range of 10±80% in DeFries' map corresponded,

linearly, to a range 0±X, where X was the mean of pixels

where tree cover was > 80%.

The seven methods are summarized in Table 1.

Spatial distribution of Amazonian biomass

The present study not only compared the estimates of

total forest biomass but also investigated the relative

Fig. 2 Means (6 1.96 3 SE) of aboveground live biomass for

sites grouped by area sampled
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distribution of high-, medium-, and low-biomass

forests generated by each approach. This comparison

was to determine whether the approaches were con-

sistent in showing forests with the highest biomass to be

in the centre of the Amazon, for example, or in the

northwestern region. Each estimate was standardized

so that biomass classes were divided into high,

medium, and low relative to each study. Each of the

three classes was represented by approximately a third of

the pixels.

Results

Plot data

Components of biomass. As presented in the methods

section, dead biomass averaged 9% of aboveground

live biomass (AGLB) (range 2±17%) (Table 3), and

belowground biomass (BGB) averaged 21% of AGLB

(range 13% ± 26%). Thus AGLB accounts for

approximately 70% of total biomass.

Variation related to area sampled. AGLB of Amazonian

forests varied from 95 to 413 Mg (dwt) ha±1 (48±206

MgC ha±1) in the 41 terra ®rme locations where it was

measured (Table 2). Including dead and belowground

components yielded a mean (unweighted by area) of

271 Mg (dwt) ha±1 (136 MgC ha±1). The areas sampled

varied from 0.04 ha to 415 ha. Three of the 44 sites

were in non terra ®rme forests, and seven of the terra

®rme sites did not report the area sampled. The

remaining 34 terra ®rme sites were divided into three

groups, depending on the area sampled (< 0.5 ha,

between 0.5 and 5 ha, > 5 ha). The area sampled was

determined by plot size times number of plots. There

was a tendency for smaller sampled areas to yield

larger estimates of biomass, as noted previously

(Brown & Lugo 1992), but the tendency was not

signi®cant (Fig. 2).

Total Amazonian biomass

Estimates of the total amount of carbon (0.5 3 biomass)

in the biomass of forests in the Brazilian Amazon

(including dead material as well as live, and below-

ground biomass, but not including soil) ranged over

more than a factor of two, from 39 to 93 PgC (Table 4).

The mean (6 SE) of seven estimates (taking the 39-site

calibration of Brown) was 70 (6 7) PgC. Over the 400 3

106 ha of Amazonian forest, the average biomass in the

region was 177 (6 17) MgC ha±1.

The highest estimate (93.1 PgC) was Fearnside's (1997);

the lowest estimate was based on the work of Olson et al.

(1983) (38.9 PgC, increased by 9% to include dead

biomass). Not surprisingly, the estimates from Brown's

model (73.0±78.8 PgC) were close to the estimate based

on the 44 points (76.5 PgC), for Brown's indices were

calibrated with subsamples of those same points.

The estimates from Brown's approach varied little

when different sites were used to calibrate the index.

When 39 sites were used, the total biomass for the

Brazilian Amazon was 73.0 PgC. When only the six FAO

forest inventories were used, the total biomass was 78.0

PgC; if the plots > 0.5 and < 5 ha were used, the estimate

was 78.8 PgC. The differences are small, but they are in

the opposite direction of what would be expected from

the means of the three different groups (Fig. 2). The

difference suggests that the spatial distribution of sites

used for calibration is also important in determining the

mapped biomass. As noted above, the biomass deter-

mined from forest surveys was not signi®cantly different

Table 4 Estimates of the total carbon in biomass and mean biomass of tropical moist forests in the Brazilian Amazon

Total carbon

in biomass

(PgC)

Mean biomass

(MgC ha±1)

Mean biomass of deforested areas

(MgC ha±1)

(rel. to mean biomass

for all Amazonian forests)

1 Independent measurements 76.5 192 131 0.68

2 RADAMBRASIL (Brown et al. 1992) 62.5 156 150 0.96

3 RADAMBRASIL (Fearnside 1997) 93.1 232 223 0.96

4 Brown (calibrated with 39 of 44 points) 73.0 183 176 0.96

Brown (calibrated with forest surveys) 78.0* 196* 244* 1.25

Brown (calibrated with areas > 0.5 ha) 78.8* 197* 247* 1.25

5 Olson 38.9 100 110 1.10

6 Potter 78.2 196 149 0.76

7 DeFries 69.2 178 154 0.87

Mean 70 177 156

SE 8 17 15

*These estimates not included in the means and SE.
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Fig. 3 Seven estimates of the storage of carbon in forest biomass
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from the biomass determined from destructive sampling

on small plots.

Spatial distribution of Amazonian biomass

The distribution of biomass in the Brazilian Amazon,

according to different estimates, is shown in Fig. 3.

The low estimate of Olson et al. (1983) stands out, as

does the high estimate attributed to Fearnside (1997).

Despite similar estimates of total biomass for the ®ve

other maps, their distributions of biomass show little

agreement. For example, the location of forests with

high biomass runs E±W through central Amazonia in

the `interpolation of 44 sites' and in the

RADAMBRASIL maps, is in the north-west in

Brown's map, and is largely in the south in Potter's

map. The maps by Brown and Potter are almost the

reverses of each other with respect to the placement of

high- and low-biomass forests. The distribution of

biomass in DeFries' map is a function of the openness

of the canopy. At least some of the variation results

from human disturbance of the landscape.

As described in the methods, each map was divided

into three classes of approximately equal area: high-,

medium-, and low-biomass forests. Four of these maps

were overlaid and examined for broad agreement on the

spatial distribution of biomass. One of the maps based on

the RADAMBRASIL survey was excluded because the

spatial distribution (although not the absolute biomass)

of the two estimates was identical. The maps of Olson

et al. (1983) and Defries et al. 2000) were also excluded

because biomass could not be divided into three equal-

area classes. Olson et al. provide only two classes, and,

according to DeFries et al. 60% of the basin has > 80%

tree cover. For Brown's analysis, index values were used,

rather than the estimate of biomass calibrated with ®eld

measurements. For the four maps compared, estimates of

the total carbon in biomass range from 62.5 to 78.2 PgC.

This range is more than three times smaller than the

range for all seven estimates (22%, as opposed to 77%, of

the mean) (Table 3).

The spatial comparison shows that all four maps

agree over less than 5% of the Brazilian Amazon

(Fig. 4). By chance, a three-sided `coin' (high, medium,

or low) tossed four times will yield the same side in

about 3.7% of the trials, so the observed agreement is

only slightly better than random. Three maps agree in

30.6% of the Amazon, again slightly better than

expected by chance (25.9%). Two maps agree in

64.6% of the region, compared with a 70.4% agree-

ment by chance. Thus, despite reasonable agreement

in total carbon storage among these four estimates,

estimates of the spatial distribution of this storage

show little agreement.

Discussion

Implications

One of the arguments for acquiring spatially detailed

data to calculate sources and sinks of carbon is that the

areas affected by land-use change may not be represen-

tative of the average biomass for the region. There may

be systematic differences between the ecosystems pre-

sent and the ecosystems actually cleared. If so, calculated

¯uxes of carbon based on larger-area averages would be

biased.

This argument was tested by comparing the overall

mean forest biomass with the mean biomass of forests

that had been deforested. Deforested pixels (including

areas identi®ed as secondary forests) were obtained from

a 1986 Landsat-based map of deforestation (Houghton

et al. 2000). Most of the studies showed the biomass of

deforested forests to have been systematically lower than

the mean biomass of Amazonian forests. Exceptions

included Olson's estimate and those calibrations of

Brain's index that were based on large sampled areas.

The mean was 12% lower, and the range was from 32%

lower (interpolation of 44 sites) to 25% higher (Table 4).

The argument that greater geographical detail will

increase the accuracy of ¯ux estimates obviously

depends on how well biomass is known. For the forests

Fig. 4 Areas in the Brazilian Amazon where estimates of high,

low or intermediate biomass agree among analyses
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of the Brazilian Amazon spatial variations in biomass are

too uncertain at present for accurate calculations of ¯ux.

Similarities and dissimilarities of approaches

Some of the differences among estimates may result

from differences between actual and potential biomass.

This distinction has two overlapping components: ®rst,

distinguishing secondary from primary (undisturbed)

forests, and, second, distinguishing forests from non-

forests (for example, agricultural lands). Secondary

forests were largely ignored in Brown's estimate and

the interpolation based on 44 sites. The 44 sites were

generally limited to mature, or primary, forests (to the

extent that such a designation is possible in the ®eld),

although the volume data from forest inventories may

have included secondary forests (Brown & Lugo 1992).

It is likely that the RADAMBRASIL survey also

included some secondary forests, for the intent of

the survey was to characterize the forests in existence

rather than potential forests. Because the two estimates

based on the RADAMBRASIL study account for a

large part of the range in estimates, the difference

attributable to different treatments of secondary forests

in these approaches must be minor. Nevertheless, the

RADAMBRASIL study, Brown's estimate, and the

estimate based on 44 sites, may have overestimated

current biomass in the region because of their avoid-

ance of secondary forests. The two studies based on

remote sensing and Olson's estimate, on the other

hand, explicitly account for secondary and degraded

forests, although Olson's approach may have overesti-

mated their importance in the Amazon. Olson et al.

(1983) used one estimate of biomass to apply to

tropical moist forests worldwide, yet logging and

other forms of use have historically been less in

Amazonia than in the old world tropics.

The extent to which nonforested lands were con-

sidered in the approaches also accounts for some of the

variability. Clearings or openings within forested regions

were generally not recognized in the ground-based

approaches (the 44 sites and RADAMBRASIL) or in

Brown's maps of potential biomass. On the other hand,

the maps of DeFries, Olson, and Potter did account for

cleared areas, although only Olson's estimate of biomass

is qualitatively consistent with this accounting.

Although optical data (the AVHRR data used in

DeFries' and Potter's approaches) may not be useful for

distinguishing between different classes of biomass

within intact, closed forests, they do distinguish

openings and clearings in the forest. According to

DeFries' map of tree cover, 40% of the Amazonian forest

is open or disturbed to some extent. By comparison, the

area classi®ed as deforested using LandsatÔ data (30 m

resolution) accounted for approximately 14% of the

region (Houghton et al. 2000). Calibrating DeFries' map

with the map interpolated from 44 sites yields a total

biomass of 69 PgC, 10% less than the estimate based on

44 sites. The estimate of 10% is crude but gives an

indication of the difference between potential and actual

forest biomass (including cleared and open forests) for

the region.

Fig. 5 Correspondence between ground measurements of biomass and mapped estimates
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Accuracy

With the exception of Olson's map (which has only two

categories of biomass) and DeFries' map of percentage

forest cover, neither of which appears useful for estimat-

ing variations in biomass within closed forests, it is not

possible to assess which of the methods included in this

analysis is the most accurate. If it is assumed that the 44

ground measurements re¯ect biomass accurately in their

respective locations, then each map can be evaluated on

how well it corresponds to these measurements. The

answer is: not very well. The map based on a spatial

interpolation of the 44 points showed, not surprisingly,

the best agreement, with a correlation coef®cient of 0.99

(Fig. 5). The correlation coef®cients for the other esti-

mates, based on pairwise comparison with the ground

studies, ranged between 0.05 and 0.35. The correlation is

poor. However, the lack of correlation does not neces-

sarily invalidate the estimates because only six of the 44

ground points are of a spatial scale (> 100 ha) appropri-

ate for comparison with map pixels. Most of the ground

measurements were made on areas of less than 1 ha,

while the estimates obtained from modelling, satellite, or

interpolations were for areas no less than 1 km2 and, in

Olson's and Potter's cases, for areas as large as 1° 3 1°.

The small test sites are not a fair test of the accuracy of

estimates that are spatially much more coarse.

Which (if any) of the seven estimates of biomass in

Fig. 3 best re¯ects the true distribution of biomass? It is

suggested that neither Olson's estimate nor those based

on AVHRR (Potter's and DeFries¢) are sensitive to spatial

variations in the biomass of closed forests. However,

determining which of the remaining four estimates

presented here is best will have to await a comparison

with data not available for the present analysis or with

data from a future measurement campaign with widely

distributed sites.

Next steps

If the accuracy of large-area estimates of biomass is to

be improved, what are the most critical limitations? Are

more plots needed? Larger plots? Repeated measure-

ments of the same plots? More measurements of below-

ground biomass or dead biomass? Better ways of

extrapolating from plots to large areas? Several recom-

mendations are suggested by the results of this analysis.

First, a major fraction of the uncertainty of Amazonian

forest biomass results from incomplete measurements at

single plots; that is, from the amount of carbon held in

components other than living aboveground biomass of

trees greater than some arbitrary minimum. In addition

to dead biomass and belowground biomass, uncertain-

ties result from the amount of carbon held in small trees,

hollow trees, lianas, and other nontree vegetation, as well

as from the density of wood for individual species

(Brown & Lugo 1992; Fearnside 1992; 2000). Additional

®eld measurements would help to resolve these uncer-

tainties only if they include additional components as a

part of the measurements, and only if they are based on

replicated plots of a suf®cient size, distributed in a

suf®ciently unbiased design.

In addition, the biomass of trees is often not measured

directly but, instead, based on measurements of diameter

and allometric regression equations. The present suite of

regression equations is relatively small and, despite

recent work in Amazonia (ArauÂ jo et al. 1999; Nelson

et al. 1999), includes few trees with large diameters Ð the

trees that have a marked in¯uence on the shape and error

of the regression. Clearly more data from destructively

harvested large diameter trees are needed. Allometric

regression equations also need to be developed for

estimating root biomass, which is exceedingly dif®cult

and impractical to measure directly over large areas.

Additional, isolated ®eld measurements are unlikely to

add to our understanding of the spatial patterns of

biomass in Amazonia, however. For a better understand-

ing of the spatial patterns a systematic assessment of

variation at ®ne spatial scales is needed Ð 10s to 100s of

metres if the spatial information on biomass is to match

the spatial information on deforestation. From the coarse

resolutions evaluated in this study, it is not clear that the

variation in biomass within a forest stand is less than the

variation across the entire Amazon basin. In Fig. 5, the

low variation in biomass within each map (y-axis)

relative to its variation in ground points (x-axis) suggests

that most of the variability is at scales smaller than the

resolution of map pixels. Attempts herein to use kriging

to extrapolate the 44 site measurements across the region

were unsuccessful because the variation in biomass was

as large between closely spaced plots as it was between

more distant plots. Kriging is useful in interpolating

points in space, (i) when some of the points are close

enough in space to include ®ne-scale variability and (ii)

when the ®ne-scale variability is less than coarse-scale

variability. The ®ne-scale variability in forests is large

and probably related to time since last tree fall or to

microscale variations in soil properties or hydrology

(Laurance et al. 1999). The distribution of samples used

herein did not include ®ne-scale data, but such data may

be available from limited inventories (Brown et al. 2000;

Clark et al. unpubl. data; Higuchi et al. unpubl. data; Uhl

et al. unpubl. data). They might also exist in the form of

measurements of basal area and canopy heights over

larger regions of Amazonia. An analysis of such data

might help de®ne the appropriate sample size, distribu-

tion, and density needed for a large-scale inventory of

biomass (Brown et al. 1995). As shown above, there is a
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slight negative correlation (of questionable signi®cance)

between area sampled and reported biomass. The

correlation does not explain the differences between

estimates compared here, however (Table 4 or, e.g.,

Brown & Lugo 1992 vs. Fearnside 1992).

Third, there is a need for understanding not only the

patterns of biomass distribution over large regions, but

also changes in biomass. All of the approaches compared

in this analysis treat biomass as a static, rather than a

dynamic, property of ecosystems. In fact, biomass is

continually changing as a result of disturbances and

recovery, and perhaps as of result of regional and global

changes in climate, atmospheric concentrations of CO2,

or other factors. Even if biomass were directly measured

today, in most places it would be different a year from

now because of either natural or human-induced dis-

turbances. A more accurate conception of biomass is to

consider its dynamic nature. The need for direct meas-

urements of change in tropical regions is critical for

understanding the global carbon cycle, because estimates

of the source/sink are not as well constrained for the

tropics as they are in temperate and boreal regions.

Inversion analyses based on atmospheric measurements

and models do not have CO2 sampling stations near

tropical forests and, furthermore, atmospheric transport

over tropical regions is poorly understood. Similarly, the

forest inventories routinely carried out in most northern

mid-latitude nations (Birdsey & Heath 1995; Nabuurs

et al. 1997; Shvidenko & Nilsson 1998; Kurz & Apps 1999)

are lacking in tropical forests.

Both intensive and extensive measurements of biomass

are appropriate. Intensive measurements should include

repeated monitoring at permanent plots. How old are

`mature' forests? When were they last disturbed? How

long do they accumulate carbon? At what rates? What

are the rates of tree mortality and how variable are they?

Extensive studies should be used to address broad

spatial patterns of change. Possible methods include

statistically designed ground measurements (forest sur-

veys) and satellite-based measurements in combination

with models. Natural disturbances at small spatial scales

(for example, tree falls) are reasonably well documented.

In contrast, natural disturbances at larger temporal and

spatial scales are poorly understood. They might be

studied in at least three ways.

Ground-based inventories. Continuous forest inventories,

carried out routinely in the forests of most northern

mid-latitude countries, provide a wealth of data on

growth rates, mortality rates, and growing stocks that

can be used to estimate biomass (e.g. Brown et al. 1999;

Brown & Schroeder 1999; Caspersen et al. 2000), but

they are expensive. They might be prohibitively

expensive for the large area of the Amazon, although

there is much to be learned from repetitive sampling of

a limited number of plots (Phillips et al. 1998). A

combination of satellite and ground data is more

ef®cient. For example, the percentage tree cover from

satellite (DeFries et al. 2000), together with comple-

mentary data on tree density, basal area and height,

would provide a good indicator of aboveground

biomass, especially in closed-canopy forests.

Monitoring and modelling disturbance. Another approach

would link remotely sensed disturbances with a

dynamic ecosystem model. Biomass could be

approximated by documenting disturbances in time

and space and simulating recovery following

disturbance. MODIS offers the opportunity to monitor

disturbance of plant cover around the world at 1±2-day

intervals, although monthly to seasonal coverage is

likely to capture most disturbances. Spatially speci®c

biomass could be calculated using ecosystem models

that simulate the loss of biomass following disturbance

and its accumulation during recovery. Such models are

not trivial to develop, but they would provide a good

alternative to existing static methods. The advantage of

addressing dynamics is, of course, that it yields an

estimate of change and thus spatially explicit sources

and sinks of carbon.

More direct measurement of aboveground biomass with

satellite. A more direct assessment of biomass and its

changes might also be possible from airborne or

satellite data. Optical and microwave (radar) data have

not yet been successful in measuring forest biomass;

they saturate with canopy closure or at relatively low

levels of biomass, respectively (Waring et al. 1995;

Rignot et al. 1997; Nelson et al. 2000). Different

polarizations of synthetic aperture radar (SAR) have

helped distinguish more structure in the canopy, but

interpretations are dif®cult. Radar is sensitive to water

content and branch architecture, neither of which is

clearly related to biomass. Longer wavelength radars

are not as likely to saturate even at high levels of

biomass, but long-wave radars have been limited to

airborne platforms. They have not been deployed in

space.

A promising new approach is the use of lidar, which

yields a measure of tree height (Magnussen & Boudewyn

1998) and is related to biomass (Means et al. 1999). Recent

3D models with lidar data suggest that the data are

highly correlated with aboveground biomass in conifer-

ous forests of northwestern USA (Lefsky et al. 1999a;

Means et al. 1999) as well as in deciduous forests of

eastern USA (Lefsky et al. 1999b). A NASA satellite

equipped with a lidar designed to measure tree heights,

biomass, and topography, the Vegetation Canopy Lidar
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(VCL), was scheduled for launch in 2000, but as a

consequence of funding and technical issues is currently

expected to launch in 2002.

Given the Kyoto Protocol and the imminent need to

determine sources and sinks of carbon resulting from

land-use change (and, perhaps, from natural processes as

well), methods that can determine biomass accurately,

repeatedly, and inexpensively are desperately needed. If

available, such methods would be used routinely by the

world's nations.
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