
Abstract Decomposition rate constants were measured
for boles of 155 large dead trees (>10 cm diameter) in
central Amazon forests. Mortality data from 21 ha of
permanent inventory plots, monitored for 10–15 years,
were used to select dead trees for sampling. Measured
rate constants varied by over 1.5 orders of magnitude
(0.015–0.67 year–1), averaging 0.19 year–1 with predict-
ed error of 0.026 year. Wood density and bole diameter
were significantly and inversely correlated with rate con-
stants. A tree of average biomass was predicted to de-
compose at 0.17 year–1. Based on mortality data, an av-
erage of 7.0 trees ha–1 year–1 died producing 3.6 Mg ha–1

year–1 of coarse litter (>10 cm diameter). Mean coarse
litter standing-stocks were predicted to be 21 Mg ha–1,
with a mean residence time of 5.9 years, and a maximum
mean carbon flux to the atmosphere of 1.8 Mg C ha–1

year–1. Total litter is estimated to be partitioned into 16%
fine wood, 30% coarse wood, and 54% non-woody litter
(e.g., leaves, fruits, flowers). Decomposition rate con-
stants for coarse litter were compiled from 20 globally
distributed studies. Rates were highly correlated with
mean annual temperature, giving a respiration quotient
(Q10) of 2.4 (10°C–1).

Key words Wood decomposition · Coarse surface litter ·
Tree mortality · Carbon cycling models · Global 
biogeochemistry

Introduction

Dead trees play a number of important roles in the struc-
ture and function of ecosystems (Franklin et al. 1987).
They provide habitat for a large variety of organisms
(Harmon et al. 1986), influence the potential for wild-
fires (Uhl and Kauffman 1990; Kaufmann et al. 1998),
and play important roles in carbon and nutrient cycles
(Lambert et al. 1980; Fahey 1983; Krankina and Harmon
1995). Because dead trees decompose relatively slowly,
and tree mortality is episodic, few studies have focused
on the biogeochemistry of coarse surface litter, and stud-
ies are especially lacking in the tropics.

The forests of the world contain about 80% of terres-
trial above-ground biomass, and about 40% of all forests
are in the Neotropics (Dixon et al. 1994). Tropical for-
ests account for about 35% of global net primary produc-
tion (Melillo et al. 1993; Potter et al. 1993). Malhi et al.
(1998) estimate that Amazon forests process (via gross
primary production) an amount equal to all atmospheric
CO2 every 25 years. Tropical forests may also play an
important role as a net sink for atmospheric CO2 (Grace
et al. 1995; Malhi et al. 1998; Phillips et al. 1998). To
predict how global changes will affect carbon cycling in
tropical forests, understanding the behavior of individual
components is important. For the coarse litter, basic pa-
rameters such as standing stocks, decomposition rates,
and factors controlling rates have not been characterized.

Decomposition studies in the tropics generally focus
on fine surface litter (e.g., leaves and twigs). Tropical
coarse litter decomposition studies include rate estimates
of 0.11 year–1 for stumps of five tree species in Puerto
Rico (Odum 1970), 0.76–1.23 year–1 for logs of one spe-
cies from West Malaysia (Yoneda et. al 1977), 0.57
year–1 for logs of one species from West Sumatra
(Yoneda et. al 1990), and 0.46 year–1 for trees that died
and completely decomposed over a 10-year interval in
Panama (Lang and Knight 1979). None of these studies
sampled from a representative population of dead trees.

Global and regional carbon cycling models are being
employed to predict the behavior of tropical forests un-
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der various global change scenarios (Cao and Woodward
1998; Pan et al. 1998; Tian et al. 1998). An important
part of model development is predicting carbon pools
and fluxes associated with undisturbed forest. The moti-
vation for this study was to provide carbon cycling mod-
els with useful paramaterization and validation informa-
tion for coarse litter. The specific goals were (1) to mea-
sure decomposition rate constants for boles (the trunk
from base to first major branch) of dead trees, (2) to
quantify factors controlling decomposition rate con-
stants, (3) to predict standing stocks, production rates,
and the mean residence time of coarse litter, and (4) to
investigate controls over coarse litter decomposition at
the global scale.

Materials and methods

Study sites and dead tree selection

The measurements were carried out over a 2-year period
(1996–1997) on permanent plots monitored by the Biological Dy-
namics of Forest Fragments Project (BDFFP) of the Smithsonian
Institution (Lovejoy and Bierregaard 1990; Rankin-De Merona et
al. 1992) and the Biomass and Nutrient Experiment (BIONTE) of
the National Institute for Amazon Research (Instituto Nacional de
Pesquisas da Amazônia-INPA). Data from permanent plots includ-
ed dates when trees died, their diameter and breast height (DBH,
i.e., at 1.3 m) and taxonomic information. Plots spanned a 50×
40 km area (~2°30’ S, 60° W) approximately 70 km north of
Manaus in the Brazilian Amazon with an elevation of 100–150 m.
The vegetation is old-growth dense tropical evergreen forest (terra
firme, or not seasonally inundated) with some trees living up to
1400 years (Chambers et al. 1998). Mean annual rainfall is about
2200 mm and mean average temperature is 26.7°C, with a distinct
dry season from June to September. Soil type varies gradually
with elevation comprising Oxisols on plateaus (about 80% clay),
Utisols on slopes, and Spodosols (2–5% clay) in valleys (Bravard
and Righi 1989). Nearly 2000 species of vascular plants have been
identified in this region (Ribeiro et al. 1994). A survey of BDFFP
plots identified about 700 species of trees >10 cm DBH, most of
which have abundances of less than 1 individual ha–1 (Rankin-
De Merona et al. 1992).

Hectare-sized permanent plots were established in the central
Amazon during the 1980s to study the effects of various logging
practices (BIONTE) and fragmentation (BDFFP) on forest ecolo-
gy. All trees larger than 10 cm DBH were tagged, measured and,
when possible, identified, and during subsequent inventories, re-
cruitment, growth of surviving trees, and mortality were docu-
mented. Mortality records from 21-ha-sized plots that were estab-
lished as controls (at least 100 m from forest edges) in the primary
forest were used to select dead trees for sampling. Census inter-
vals allowed establishing the time of mortality to within an aver-
age of ±1.2 years.

A total of about 880 trees died in the 21 ha of permanent plots
during inventories up to 1992. This population of dead trees was
stratified to test for controls over decomposition rates. Wood den-
sity and diameter have been shown to control wood decomposition
rates in tropical forests (Bultman and Southwell 1976; Harmon et
al. 1995), but large trees, and trees representing the extremes of
density are relatively rare. In Amazon forests, the largest trees
contain a disproportionately large fraction of the forest biomass
(Brown et al. 1995). To obtain adequate samples for a number of
density and size classes, mortality records were sorted and dead
trees were selected randomly. Size classes were large trees
(>50 cm DBH), mid-sized trees (20–50 cm DBH), and small trees
(10–20 cm DBH). Density classes were <0.45 g cm–3 for light-,
and >0.85 g cm–3 for heavy-wooded species. Mortality was also

stratified by agent and mode of death to test for additional controls
over decomposition rates.

Bole sampling

Three cross-sections were cut from each selected dead tree to de-
termine mass loss rate. First, the length of the bole from the base
to the first major branch point was measured. The bole was then
divided into three equal-length segments and cross-sections (5–
10 cm thick) were cut from the center of each section using a
chainsaw or, for friable wood, a machete. Cross-sections were
weighed on a portable electronic balance and the average thick-
ness was measured. Wedges from each cross-section were re-
moved with a machete, weighed, and returned to the laboratory.
Moisture content was determined by drying wood to constant
weight at ~70°C in a drying oven.

Estimating decomposition rates

Decomposition rate constants were calculated using a single expo-
nential model that assumes that a constant fraction of the mass is
lost per unit time (Olson 1963) given by:

kd=–ln(Mt/Mo)/t (1)

where Mt is the mass at time t and Mo is the original mass of a
cross-section, and decomposition rates are given as fractional
mass lost per year (year–1). Mt was measured by weighing cross-
sections in the field and subtracting moisture content. To estimate
Mo, permanent-plot data were used to predict the original mass of
an intact cross-section from:

Mo=πr2hρ (2)

where r is the original radius, h is the thickness of the cross-sec-
tion, and ρ is the oven dry-weight wood density for the species be-
ing sampled.

Taxonomic identifications of dead trees enabled us to use
wood density values from literature sources in Eq. 2. This present-
ed some difficulties because the availability and quality of botani-
cal data in these species-rich forests varies. Of the potential sam-
ple population of dead trees from BDFFP, 73% had been identified
to genus and 55% to species. For the BIONTE sites, species iden-
tifications were determined by field-workers who often have com-
prehensive knowledge of forest tree species. When common
names were unambiguous to genus, they were cross-referenced to
scientific names using Silva et al. (1977) and Higuchi et al.
(1985).

Using taxonomic information, wood density values were ob-
tained from literature sources (Le Cointe 1934; IPT 1989; Reyes
et al. 1992; Fearnside 1997). However, in most cases, even when
species identifications were available, wood density data for a par-
ticular species was rarely available. Of all dead trees identified,
6% had wood density values for the species, and 40% for the ge-
nus. Despite this limitation, wood densities for dead trees ranged
from 0.33 to 0.92 g cm–3. This range captures a large portion of
the variability in wood density found in these forests. Because
many species are rare, and sampling high-density species is diffi-
cult, it was not logistically feasible to gather additional data on
wood density for the species not found in the literature.

Fragmentation often made estimating original diameters diffi-
cult or impossible. To estimate the original radius for use in Eq. 2,
a function describing change in diameter with height (i.e., taper)
was developed. A tape was placed on boles of recently uprooted
trees (without buttresses or irregular stem geometries), and diame-
ters at known distances were measured with tree calipers. Since
taper is more extreme at the base of a bole, diameter was mea-
sured a number of times up to 1.3 m (DBH), and every meter
thereafter.

Errors estimating wood density and original cross-section di-
ameters for use in Eq. 2 had a large effect on estimated rates over
short decomposition intervals. For boles that had been decompos-
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ing for only a few years, errors estimating the original mass were
large compared to mass lost via decomposition. Using estimated
error in cross-section diameter and wood density, and a decompo-
sition rate of 0.20 year–1, errors exceeded 25% for decomposition
intervals <3 years. Thus, only trees that had been dead for more
than 3 years were included in the analyses.

Error in estimating decomposition rate constants was investi-
gated using a simple model. It was assumed that error in bole di-
ameter and wood density were normally distributed, and error in
estimating the time of mortality was uniformly distributed within
the census interval. Random deviates were drawn from these dis-
tributions and decomposition rate constants were recalculated for
each bole sampled. Differences between these rates were used to
calculate maximum, minimum, and average error in estimating de-
composition rate constants.

In some cases, dead trees could not be found in the field. In
most instances, we determined that these boles had completely de-
composed using inventory maps. If these completely decomposed
dead trees were not included in the sampling population, results
would have been biased against fast-decomposing wood. To pre-
vent large overestimates when estimating rate constants using the
single-exponential model, we assumed that 5% of the original
mass remained for completely decomposed boles.

Tests for controls on decomposition rates

The rate of decomposition depends on a number of substrate qual-
ity factors including the size and shape of the material, wood den-
sity, relative proportions of cellulose, hemicellulose, and lignin,
the presence or absence of polyphenolic extractives (e.g., tannins),
and other factors. Studies have also shown that a single-exponen-
tial model is often an oversimplification, and that the rate of de-
composition can vary over time (Mindermann 1968; Harmon et al.
1995). For this study, we used regression analysis to test for size,
wood density, and time as controls over decomposition rate con-
stants. We hypothesized that rate constants would be negatively
correlated with size and density, and if rates followed first-order
kinetics, independent of time. Statistical analyses were done using
SAS (version 6.12).

The effect of time was tested by regressing rate constants
against the decomposition time interval. Mass loss fraction is an-
other important variable because variability in decomposition rates
may be more dependent on the extent of decomposition than on
the absolute time decomposing. However, because decomposition
time was limited to 3 and ~12 years, the fraction of mass lost was
not independent of wood density. Fast-decomposing wood with
little mass loss, and slow-decomposing wood with substantial
mass loss were not adequately represented in the sampled popula-
tion. For this reason, fractional mass loss effects could not be in-
vestigated.

One of the assumptions of standard linear regression is that the
independent variable is measured without error. Error in the inde-
pendent variable (xe) always acts to flatten the slope of the regres-
sion. Because wood density was often estimated using the average
from the genus, the regression of decomposition rate constant
against wood density was biased. The extent of this bias was esti-
mated using the pooled variance of the error in the independent
variable (s2

e) and the variance of the independent variable (s2
x) to

calculate a “reliability ratio” (κ) as: κ=s2
x/(s2

x+s2
e) (Snedecor and

Cochran 1989, p. 173). To estimate s2
e, the variances of wood den-

sity were pooled (Zar 1996) for 99 genera of Neotropical trees
(Reyes et al. 1992; Fearnside 1997) where at least two species per
genus were represented. Wood density regression coefficients
were corrected using κ.

Preliminary analysis showed a large amount of unexplained
variability in decomposition rates. Since mortality is not necessari-
ly coincident with the onset of decomposition, using the death of a
tree as time zero could have biased results. Some trees die slowly
and may already be in an advanced state of decomposition at the
time of death, whereas others are relatively intact. To account for
this, mortality was stratified by trees that were downed by other

treefalls, with the expectation that trees that died suddenly would,
on average, be more intact than trees that died from other causes
(e.g., windthrow, died standing). The spatial orientation of mortal-
ity (e.g., standing vs downed) can also affect decomposition activ-
ity (Harmon et al. 1986). In some cases, forest inventory data also
provided information on the orientation of the tree when it died.

Results

Taper function

A total of 33 trees (DBH 10–60 cm) were sampled for
taper. An exponential model provided the best fit for re-
gressions of taper against height (r2 0.87–0.99) giving
the function:

dh=1.59DBH(h–0.091) (3)

where dh is the diameter at height h for a bole of given
DBH. Variability in the exponential parameter resulted in
errors estimating cross-sectional diameters that averaged
5.0% (SE 0.2%). To test model generality, we compared
Eqn. (3) with a taper model based on a sample of over
335 trees (Ribeiro 1996). Differences between model
predictions averaged ~4%, indicating that our simple
taper model was robust.

Controls over decomposition rates

Decomposition rate constants for 155 boles decomposing
>3 years were quantified (38 had completely decom-
posed). All sampled dead trees were identified to genus
(54 genera from 23 families), and 106 were identified to
69 species. Sample sizes for DBH classes were 67 for
small trees (10–20 cm), 73 for mid-sized trees (20–
50 cm), and 15 for large trees (>50 cm). Sample sizes for
density classes were 11 for low (<0.45 g cm–3), 133 for
mid-range (0.45–0.85 g cm–3), and 11 for high (>0.85 g
cm–3) wood density. Decomposition rate constants varied
by over 1.5 orders of magnitude (0.015–0.67 year–1). A
square-root transformation of rate constants significantly
increased the probability of a normal distribution, with a
transformed mean of 0.19 year–1. Error analysis showed
that combined error from wood density, taper, and the
decomposition time interval introduced potential error in
rate constant estimates from 0.000 to 0.397 year–1, and
averaged 0.026 year–1 (SE 0.004 year–1).

A square-root transformation of decomposition rate
constants resulted in evenly distributed residuals about
the regression lines. Of the factors tested, wood density
exerted the strongest control over decomposition rates
(Fig. 1a). The correlation between wood density and de-
composition rates for the known-to-species group was
considerably higher than for the known-to-genus group
(compare slopes in Fig. 1a). The reliability ratio correc-
tion for known-to-genus wood density samples increased
the slope by 71% (κ=0.585). Log-transfomed DBH was
significantly correlated with decomposition rate con-
stants, although the amount of variability accounted for
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was small (Fig. 1b). The slope of the relationship be-
tween the decomposition time interval and decomposi-
tion rate constants was not significantly different from
zero (Fig. 1c). However, since error was dependent on
the time decomposing, and rate constants for completely
decomposed boles were probably underestimated, the
variance was non-constant. Both wood density and log-
DBH terms were significant in the multiple-regression
analysis. Interaction of the predictor variables was not
significant (P=0.18). Predicted and measured decompo-
sition rate constants were moderately correlated (Fig.
1d). Importantly, analysis of residuals showed that pre-

dicted decomposition rate constants were unbiased, and
the slope of measured versus predicted rates (0.76; Fig.
1d) demonstrates that the multiple regression accounted
for most of the range in measured decomposition rates
(Fig. 1d).

Of the 155 boles sampled, reliable information on the
mode of death was available for 65 dead trees (40 up-
rooted and 25 died standing). A one-way ANOVA
showed that the mode-of-death effect did not have a sig-
nificant effect on decomposition rate constants (P=0.91).
For agent of death, a one-way ANOVA comparing rate
constants for trees that were killed by falling trees
(n=68), and by other means (n=41) were significantly
different (P<0.05). Unexpectedly, decomposition rate
constants for trees killed by other falling trees were high-
er. This occurred because trees killed by treefalls were
on average smaller than trees that died from other causes
(Fig. 2), and smaller boles decay faster (Fig. 1c). After
statistically adjusting for size differences among groups
(ANCOVA), rates were not significantly different.

Discussion

As expected, both wood density and DBH were signifi-
cantly correlated with decomposition rate constants.
However, the amount of total variability explained by
these two factors was relatively small (Fig. 1d). Part of

Fig. 1 a Decomposition rate as a function of wood density for
boles of dead trees known to species (thin solid line)
[kd=(0.871–0.676ρ)2, r2

adj=0.43, n=32, P<0.0001], and to genus
(broken line) [kd=(0.728–0.441ρ)2, r2

adj=0.14, n=32, P<0.0001].
Error in wood density introduced by using the average for the ge-
nus caused a downward bias in the slope that was corrected as de-
scribed in the text [thick solid line; kd=(0.918–0.738ρ)2, n=155].
b Bole decomposition rate as a function of diameter
[kd=(0.711–0.204logDBH)2, r2

adj=0.10, n=155, P<0.0001]. c There
was no correlation between time decomposing and decomposition
rate constants (n=155, P=0.96), although the variance was non-
constant. d The relationship between estimated bole decomposi-
tion rates and those predicted from a multiple regression with
wood density and diameter as the predictor variables
(y=0.0565+0.757x, r2

adj=0.25, n=155, P<0.0001). The slope for
wood density was corrected for bias as described in the text
[kd=(1.104–0.670ρ–0.163logDBH)2]



suggests that secondary compounds are not abundant.
Conversely, white-rot is common in these forests (J.
Chambers, personal observation), suggesting that in
many cases, chemical barriers to decomposition are not
effective. Because substrate quality is complex in these
species-rich forests, wood density alone fails to incorpo-
rate all of the components determining substrate quality.
Nevertheless, we believe that decomposition models
based on easily obtained parameters (e.g., diameter,
wood density) are more pragmatic for describing large-
scale carbon cycling dynamics than models based on de-
tailed characterizations of wood chemistry.

Wood decomposition and carbon cycling

Wood density of the taxa sampled for this study varied
from 0.33 g cm–3 for Jacaranda copaia (Leguminosae)
to 0.92 g cm–3 for Brosimum rubescens (Moraceae).
Wood density for 268 Amazon tree species varied from
0.14 to 1.21 g cm–3 (Fearnside 1997), and the extremes
in wood density are rare. DBH in this study varied from
10 to 110 cm compared to 10–160 cm of over 10,000
trees measured on 18 ha distributed across a 60-km tran-
sect at BDFFP, and trees over 100 cm DBH are rare
(about 0.5 individuals ha–1). Sampled tree mortality was
reasonably representative of large-scale forest structure,
and the models developed here are appropriate for ex-
ploring the role of coarse litter in large-scale carbon cy-
cling.

The average wood density in tropical forests of Ama-
zonia is about 0.69 g cm–3 (Fearnside 1997). Using DBH
data from ~800 tree deaths, and an allometric equation
based on over 300 destructively sampled trees (bio-
mass=0.135DBH2.546; Santos 1996), the average dry-
weight mass of a dying tree is about 600 kg. Solving the
allometric equation for diameter, a 600-kg tree has an
equivalent DBH of 27.1 cm. This is larger than the aver-
age DBH of trees >10 cm DBH (21.1 cm) because bio-
mass scales to the radius squared. Employing the regres-
sion equation from Fig. 1d, the average dead tree decom-
poses at 0.17 year–1, and 95% of its mass is lost in
18 years. This estimate compares with the average de-
composition rate of all the dead trees sampled (n=155,
0.19 year–1).

From the mortality data used in this study, 7.0 trees
ha–1 year–1 died, producing an average of 4.2 Mg ha–1

year–1 of wood litter. Based on the destructive sampling
of 29 trees (N. Higuchi, unpublished data) about 85% of
the mass of a tree is >10 cm in diameter, resulting in a
coarse litter production rate of 3.6 Mg ha–1 year–1. As-
suming a large-scale steady-state of coarse-litter dynam-
ics, the standing stock is given by production divided by
the decomposition rate constant (Olson 1963), or 21 Mg
ha–1, with a mean residence time of 5.9 years. Since
wood is about 50% carbon, coarse litter releases a maxi-
mum of 1.8 Mg C ha–1 year–1 to the atmosphere. An in-
dividual-based simulation model tracking the fate of live
and dead trees predicted that stocks are probably higher

384

this weak correlation is attributed to errors estimating
wood density. The slope bias introduced by this error
was corrected by calculating a reliability ratio. A correla-
tion coefficient could not be calculated for the corrected
regression equations. However, using only the samples
where wood density was known to species suggests that
the amount of decomposition rate variability accounted
for by wood density and DBH was probably higher than
that shown in Fig. 1d [for known-to-species samples:
kd=(1.130–0.601ρ–0.220logDBH)2, r2

adj=0.48, n=32,
P<0.0001].

Time was not significantly correlated with decompo-
sition rate constants. However, because decomposition
rates vary considerably, time spent decomposing is not a
good indicator of the extent of decomposition. The frac-
tion of the initial mass remaining is probably a better in-
dicator of decomposition state. However, because the de-
composition time was limited to between 3 and ~12
years, fractional mass loss was not independent of wood
density, and changes in decomposition rate with decom-
position state (e.g., fraction mass lost) could not be test-
ed. To examine if decomposition rates are dependent on
time, or the extent of decomposition, require “chronose-
quence” studies that track individual boles over time.

Both mode and agent of mortality were not signifi-
cantly correlated with decomposition rate constants. This
suggests that other factors are more important in deter-
mining mass loss rates than simple correlates with the
decomposition environment (e.g., downed vs standing),
and the onset of decomposition processes (e.g., how rap-
idly a tree died). For example, the relationship between
wood density and chemical constituents (e.g., lignin and
polyphenolics) is not straightforward. Swartzia reticul-
ata, has dense wood (0.91 g cm–3) that decomposed
quickly (0.36 year–1, n=2), and the light-colored wood

Fig. 2 Mode and agent of mortality for 707 trees that died at the
BDFFP sites for the inventories considered. The average DBH of
all mortality (21.1 cm) is not significantly different from the aver-
age living tree (20.8 cm, n >10,000, P=0.41), indicating no size-
specific differences in mortality. However, the average DBH for
the wind (n=384) and standing (n=93) categories are significantly
higher (**), and for treefall (n=230) significantly lower (*), than
for live trees (P<0.0001)
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(~30 Mg ha–1) than estimated here using averaging as-
sumptions (J.Q. Chambers, unpublished data). Support-
ing the higher estimate, a recent exhaustive study at the
BIONTE sites measured 29.7±12.2 Mg ha–1 in 3 ha of
undisturbed forest (Summers 1998). Coarse-litter stand-
ing stocks provide an important ecosystem attribute for
validating carbon cycling models.

Other estimates of coarse-litter standing stocks for
terra firme forests include 42.3 Mg ha–1 for the eastern
Amazon (Uhl and Kauffman 1990) and 7.6 Mg ha–1

for the Venezuelan Amazon (Kauffman et al. 1988). 
Delaney et al. (1998) estimated standing stocks for trop-
ical evergreen forests in Venezuela of 33.3 Mg ha–1. The
range in estimates for standing stocks compiled from
dense terra firme forests from the central Amazon is
10.5–21.2 Mg ha–1 (Martius 1997). These estimates are
broadly consistent with our result. Because tree mortali-
ty exhibits a large degree of spatial and temporal vari-
ability, and the substrate quality of wood varies greatly,
calculating the appropriate spatial scale to estimate 
average coarse-litter standing stocks is difficult. J. Q.
Chambers (unpublished data) estimated that a plot of at
least 10 ha is required to representatively sample local
variability in tree mortality.

Based on four separate studies in dense terra firme
forests in the central Amazon, fine-surface-litter produc-
tion averages 7.8 Mg ha–1year–1, and 1.3 Mg ha–1year–1

(17%) of this litter is fine wood litter (Klinge and Rod-
rigues 1968; Franken et al. 1979; Luizão and Schubart
1987; Luizão 1995). Using the calculations above for
wood litter production from tree mortality, surface litter
production consists of about 16% fine wood, 30% coarse
wood, and 54% non-woody litter (e.g., leaves, fruits,
flowers). Because only a small fraction of above-ground
biomass is non-woody (1–2%), annual variation in the
quality of surface litter production is primarily due to

differences in tree mortality rates. This potential variabil-
ity in surface litter production is important for models
that aim to predict changes in annual carbon fluxes to the
atmosphere. Large-scale models that aggregate all soil
carbon into a single pool (e.g., Tian et al. 1998) cannot
account for annual variability in litter quality. Given that
net fluxes on the order of 1 Mg ha–1 year–1 are globally
important when extrapolated across the entire Amazon
(e.g., Grace et al. 1995), the details, not just the aggre-
gate behavior, of carbon cycling models need to be vali-
dated.

Comparisons with other studies

Awareness of the importance of coarse litter has in-
creased in recent years and decomposition studies have
been carried out in a variety of ecosystems (Table 1).
These studies sought to quantify large-scale decomposi-
tion dynamics, and employed roughly comparable meth-
ods. Studies in tropical evergreen forests, however, were
lacking from this global summary. A literature search,
however, discovered two tropical studies where rates of
coarse-litter production and standing stocks allowed esti-
mates of steady-state turnover rates of 0.19 year–1 (Kira
1976) and 0.20 year–1 (Yoneda et al. 1990). Turnover
rates are comparable to an average decomposition rate
constant.

With rate data on coarse-litter decomposition span-
ning the major global forested ecosystems, we tested for
controls using mean annual precipitation and tempera-
ture. Precipitation was not correlated with rate constants
(P=0.49). Mean annual temperature, however, was high-
ly correlated with rate constants (Fig. 3). More complex
multiple-regression models, including transformations of
precipitation and interaction effects, were not significant.

Table 1 Large wood decomposition studies from a number of globally distributed ecosystems. Decomposition rate constants (k, year–1)
were characterized in each study using comparable methods (MAT mean annual temperature in °C)

Ecosystem Location MAT k Source

Southern taiga Northwestern Russia 3.7 0.040 Krankina and Harmon (1995)
Temperate coniferous Canadian Rocky Mountains 1.9 0.011 Johnson and Greene (1991)
Temperate coniferous Central Oregon, near LaPine 11.4 0.027 Busse (1994)
Temperate coniferous Olympic National Park 10.5 0.011 Graham and Cromack (1982)
Temperate coniferous Sequoia National Park 8.9 0.050 Harmon et al. (1987)
Temperate coniferous Pacific northwest 11.7 0.028 Sollins (1981)
Temperate coniferous Cascade Head, Oregon 10.1 0.012 Grier (1978)
Temperate coniferous H.J. Andrews Forest 6.5 0.006 Means et al. (1985)
Temperate coniferous Wyoming, near Laramie 5.9 0.016 Fahey (1983)
Temperate coniferous New Hamshire, Mt Moosilauke 3.4 0.030 Lambert et al. (1980)
Temperate coniferous New Hampshire, White Mountains 3.4 0.030 Foster and Lang (1982)
Temperate mixed Northern Wisconsin and Michigan 5.7 0.021 Tyrell and Crow (1994)
Temperate mixed North central Minnesota 2.0 0.062 Alban and Pastor (1993)
Temperate mixed Southern Appalachians 12.6 0.080 Mattson et al. (1987)
Temperate deciduous Hubbard Brook, New Hampshire 3.4 0.096 Arthur et al. (1992)
Temperate deciduous Lawrence County, Indiana 11.8 0.024 MacMillan (1988)
Temperate deciduous Nashville, Tenn.; Radnor Lake 15.6 0.086 Onega and Eikmeier (1991)
Mediterranean Western Australia 16.2 0.132 Brown et al. (1996)
Dry tropical Yucatan peninsula, Mexico 25.0 0.197 Harmon et al. (1995)
Tropical evergreen Manaus, Brazil 26.7 0.167 This study



386

The presence of forests requires adequate moisture; how-
ever, forests occur over a broad range of temperatures.
This probably explains why temperature alone, and not
precipitation, is a good predictor of differences in de-
composition rates. Interestingly, the lowest decomposi-
tion rate constant measured for this study (0.015 year–1),
is comparable to the lowest global rates from Table 1.

The temperature dependence of biological processes
is often expressed as an exponential Q10 function that de-
scribes how metabolic rates respond to a 10°C increase
in temperature (Kirschbaum 1993). An exponential mod-
el provided the best fit of wood decomposition rate ver-
sus mean annual temperature (Fig. 3), resulting in a
global-scale coarse-litter decomposition Q10 estimate of
2.4 (10°C–1). Given global warming scenarios indicating
a 3–5°C rise in mean annual temperature (Kattenberg et
al. 1996), this relationship predicts an increase in aver-
age wood decomposition rates at the global scale of
about 70–120%, with much of this organic matter lost as
CO2 to the atmosphere (J.Q. Chambers, J.P. Schimel,
A.D. Nobre, unpublished data). There are probably more
complicated phenomenon associated with global warm-
ing that can influence litter decomposition rates includ-
ing changes in litter production rates, leaf area, and soil
temperature. However, these effects have not been well
characterized, especially for tropical forests.

Coarse litter and global changes

Additional research is needed to determine the role of
coarse litter in response to local and global environmen-
tal changes. Variation in tree mortality, for example, can
affect the quantity and quality of inputs, and the spatial
and temporal variation in decomposition dynamics. Nel-
son et al. (1994) have identified large blow-downs in the

Amazon basin that can raze >1000 ha of primary forest.
Smaller treefall gaps are associated with large quantities
of coarse litter at <1000 m2. The Amazon basin is also
subject to droughts associated with El Niño events, and
droughts can increase tree mortality rates (Condit et al.
1995). Given reports of Amazon forests potentially act-
ing as a large carbon sink (Grace et al. 1995; Malhi et al.
1998), perhaps in response to CO2 fertilization, short-
term variability must be distinguished from long-term
trends (Keller et al. 1996; Malhi et al. 1998). Site distur-
bance history, and the decomposition dynamics of coarse
litter, can play an important role in determining whether
a given tract of forest acts as a net source or sink for at-
mospheric carbon.

Carbon cycling of coarse litter is also important for
understanding ecosystem response to land use. Amazon
forests are being converted to other purposes at a rate of
about 1.5×106 ha–1 year–1 (Skole and Tucker 1993). In
secondary and logged forests, species compositions, size
class structures, and mortality rates differ from the pri-
mary forest. In logged forests, for example, standing
stocks of coarse litter are much larger than in primary
forests (Uhl and Kauffman 1990). Along the edges of
forest fragments, tree mortality rates are two to four
times as high as in primary forests, resulting in a large
shift of carbon from live trees to coarse litter (Laurance
et al. 1997, 1998). In pastures, a large fraction of the
above-ground carbon remains as coarse litter (Kauffman
et al. 1998). In each of these environments, wood de-
composition rates may vary, and can influence the mag-
nitude and timing of carbon released to the atmosphere.
However, no studies have considered the details of
coarse-litter decomposition and the release of carbon in
contrasting land use categories for tropical forests. Given
the importance of ecosystem response to land use in de-
termining net fluxes of carbon to the atmosphere
(Houghton 1994; Kaufmann et al. 1995; Trumbore et al.
1995; Fearnside and Guimaraes 1996), additional studies
on the dynamics of coarse litter in disturbed ecosystems
are needed to assess regional and global-scale carbon
budgets.
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