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The Amazon Basin contains almost one-half of the world's
undisturbed tropical evergreen forest as well as large areas of
tropical savanna1,2. The forests account for about 10 per cent of the
world's terrestrial primary productivity and for a similar fraction
of the carbon stored in land ecosystems2,3, and short-term ®eld
measurements4 suggest that these ecosystems are globally important carbon sinks. But tropical land ecosystems have experienced
substantial interannual climate variability owing to frequent El
NinÄo episodes in recent decades5. Of particular importance to
climate change policy is how such climate variations, coupled
with increases in atmospheric CO2 concentration, affect terrestrial carbon storage6±8. Previous model analyses have demonstrated the importance of temperature in controlling carbon
storage9,10. Here we use a transient process-based biogeochemical
model of terrestrial ecosystems3,11 to investigate interannual
variations of carbon storage in undisturbed Amazonian ecosystems in response to climate variability and increasing atmospheric CO2 concentration during the period 1980 to 1994. In El
NinÄo years, which bring hot, dry weather to much of the Amazon
region, the ecosystems act as a source of carbon to the atmosphere
(up to 0.2 petagrams of carbon in 1987 and 1992). In other years,
these ecosystems act as a carbon sink (up to 0.7 Pg C in 1981 and
664

1993). These ¯uxes are large; they compare to a 0.3 Pg C per year
source to the atmosphere associated with deforestation in the
Amazon Basin in the early 1990s12. Soil moisture, which is affected
by both precipitation and temperature, and which affects both
plant and soil processes, appears to be an important control on
carbon storage.
Carbon ¯uxes calculated using the Terrestrial Ecosystem Model
(TEM) include net primary production (NPP), microbial respiration (RH) and net ecosystem production (NEP), all of which are
in¯uenced by climate. Net primary production, the net amount of
carbon captured by plants, is also in¯uenced by atmospheric CO2
concentration. The difference between NPP and RH equals NEP,
which is equivalent to annual net carbon storage or loss for an
ecosystem.
For regional or global extrapolations with TEM, we use input
data on vegetation, elevation, soil texture, monthly mean temperature, monthly mean precipitation, and monthly mean solar radiation. The input data sets are gridded at a resolution of 0.58 latitude
by 0.58 longitude. The structure, parametrization, calibration and
performance of TEM have been documented previously3,11.
We ®rst ran TEM in equilibrium mode to generate an initial
condition for the transient runs, using the long-term mean of
monthly temperature, monthly precipitation, monthly solar radiation and the level of atmospheric CO2 concentration at the beginning of this century (296 p.p.m.y.). Then we ran TEM in transient
mode using historical input data from 1900 to 1994 including: (1)
historical mean atmospheric CO2 concentration generated from
atmospheric and ice core CO2 observations13, and (2) historical
monthly data for air temperature14 and precipitation15. The historical temperature and precipitation data were interpolated by the Max
Planck Institute for Meteorology to a 0.58 spatial resolution. Two
transient runs were made: one considering the climate and CO2
transients together, and one considering only the climate transient.
A comparison of these two runs was used to determine the effect of
CO2 `fertilization' on carbon storage. All other model analyses were
based on the combined climate and CO2 transient run. We used
the IGBP-DIS land-cover data set16 as a basis for adjusting the area of
undisturbed ecosystems in the Basin to account for land-cover
conversions such as forest to cropland. This reduces the area of
undisturbed ecosystems by 11%, which is in good agreement with
other land-cover change estimates for the Basin12,17.
For the Amazon Basin, TEM results (Table 1) show that annual
NEP varied from -0.2 Pg C (1015 g C) in 1987 and 1992, to 0.7 Pg C
in 1981 and 1993, because of the combined effects of climate
variability and increasing atmospheric CO2 concentration. A negative NEP means these ecosystems are a source of atmospheric CO2,
Table 1 Interannual variations in carbon ¯uxes in Amazonian ecosystems
Climate with CO2

Climate only

.............................................................................................................................................................................

Year

NPP
(Pg C yr-1)

RH
(Pg C yr-1)

NEP
(Pg C yr-1)

NPP
(Pg C yr-1)

RH
(Pg C yr-1)

NEP
(Pg C yr-1)

5.0
5.4
4.9
4.8
5.3
5.0
5.2
4.7
5.0
5.1
5.1
4.8
4.6
5.7
5.3
0.3

4.7
4.7
4.8
4.9
4.8
4.8
4.8
4.9
4.9
4.8
4.8
4.9
4.8
5.0
5.0
0.1

0.3
0.7
0.1
-0.1
0.5
0.2
0.4
-0.2
0.1
0.3
0.3
-0.1
-0.2
0.7
0.3
0.3

4.5
4.9
4.3
4.2
4.7
4.4
4.7
4.1
4.3
4.6
4.5
4.1
3.8
5.1
4.7
0.3

4.5
4.4
4.5
4.6
4.5
4.4
4.5
4.6
4.5
4.5
4.5
4.5
4.4
4.5
4.6
0.1

0.0
0.5
-0.2
-0.4
0.2
0.0
0.2
-0.5
-0.2
0.1
0.0
-0.4
-0.6
0.6
0.1
0.3

.............................................................................................................................................................................

1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
s.d.

.............................................................................................................................................................................
The carbon ¯uxes between the atmosphere and undisturbed Amazonian ecosystems in
response to interannual climate variability and increasing atmospheric CO2 concentration
as estimated by the Terrestrial Ecosystem Model. NPP, net primary production; RH, heterotrophic respiration; NEP, net ecosystem production; s.d., standard deviation. A negative NEP
indicates a net ¯ux of carbon from the land to the atmosphere.
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Figure 1 Relation of carbon ¯uxes to temperature and precipitation. a, Relations of
annual net primary production (NPP, thick line, circles) and annual heterotrophic
respiration (RH, thin line, triangles) to annual mean temperature in the combined
simulation of transient climate and transient atmospheric CO2. b, Relations of
annual net primary production (NPP) and annual heterotrophic respiration (RH) to
annual precipitation in the combined simulation of transient climate and transient
atmospheric CO2. Annual NPP is negatively correlated with annual mean
temperature (R  2 0:51, P , 0:05), and positively correlated with annual precipitation (R  0:73, P , 0:01). Annual RH is positively correlated with temperature
(R  0:60, P , 0:01), but not signi®cantly correlated with precipitation.

whereas a positive NEP means that these ecosystems are a sink for
atmospheric CO2.
Model results indicate that CO2 `fertilization' of the vegetation of
the Amazon increases NEP. Climate variability with CO2 fertilization generally resulted in a higher annual NEP than did climate
without CO2 fertilization (Table 1). The strength of the CO2
fertilization effect for the Amazon Basin was between 0.1 to 0.4 Pg
C yr-1 for the 15-year period 1980±1994. The CO2 effect includes
both the direct stimulation of plant growth by CO2 and the indirect
enhancement of plant water use ef®ciency6,11.
According to the TEM simulations, year-to-year variations in
carbon storage are closely related to shifts among the phases of El
NinÄo/Southern Oscillation. Undisturbed Amazonian ecosystems
acted as a source of atmospheric CO2 (that is, negative NEP)
during El NinÄo years, 1982/1983, 1987/1988 and 1991/1992. An El
NinÄo event results in drier and warmer weather conditions for the
Amazon Basin18. Both drier weather and warmer temperatures
decrease NPP, and warmer temperatures increase RH (Fig. 1). In

other years, which are wetter and cooler, terrestrial ecosystems in the
Amazon Basin acted as a sink for atmospheric CO2 (that is, positive
NEP).
For the period of this study, interannual variations of NEP are
correlated with the interannual variations of NPP. Annual NPP
shows much larger variations than annual RH (Table 1). A major
controller of NPP in the Basin appears to be soil moisture, which is a
function of precipitation and temperature. Soil moisture represents
water availability to plants; it controls, in part, the transformation of
organically bound soil nitrogen to inorganic soil nitrogen, the
nitrogen most readily available to plants19,20. Our analysis shows
that an increase in precipitation leads to increases in soil moisture
(R  0:73, P , 0:002) and net nitrogen mineralization (R  0:56,
P , 0:03). The model results, indicating a close link between soil
moisture and nitrogen mineralization, are consistent with ®eld
measurements made in the western Amazon19.
Consistency between model results and ®eld measurements is
essential for establishing the credibility of a model such as TEM. The
results of TEM are in reasonable agreement with measurementbased estimates of: (1) short-term, site-speci®c NEP; and (2) ®eldbased estimates of basin-wide carbon stocks in vegetation and soils.
At three sites in the Basin, two forests4,21 and one savanna22, the
technique of eddy covariance has been used to estimate net carbon
exchange between these ecosystems and the atmosphere. We ran
TEM in site-speci®c mode for each place, using the climate for the
period of the ®eld study. The model-derived estimate was the same
as the ®eld estimate for the forest in RondoÃnia, western Amazon;
16% lower than the ®eld estimate for the forest near Manaus in
the central Amazon, and 22% lower than the ®eld estimate for
the savanna at the Reserva EcoloÂgica de AÂguas Emendadas, Brazil
(Table 2).
For the current climate and today's atmospheric CO2 concentration, the TEM estimate of mean carbon density in the forest
vegetation of the Basin is 14 kg C m-2, which is within the range of
13.6 and 14.9 kg C m-2 estimated from ®eld surveys23,24. Likewise,
the mean Basin soil organic carbon density of 9.3 kg C m-2, estimated with TEM, is close to the estimate of 10.3 kg C m-2 based on
the RADAM Brazil ®eld survey25.
Fan et al.21 have used their short-term, site-speci®c estimates of
NEP to extrapolate to the forests of the whole Basin for 1987, and
Grace et al.4 did the same for the period July 1992 to June 1993. Both
groups4,21 estimated that the Basin's forests were acting as a major
carbon sink: 1.2 Pg C yr-1 for 1987 and 0.5 Pg C yr-1 for the July 1992
to June 1993 period. In contrast, TEM simulations show the forests
of the Basin to be a carbon source of -0.2 Pg C for 1987, and to be in
balance for the period July 1992 to June 1993. The TEM results for
the period July 1992 to June 1993 re¯ect the fact that the region was
moving out of an El NinÄo in 1992, and into a neutral year in 1993.
For the period July±December 1992, TEM indicated that the basin
functioned as a strong carbon source (-0.6 Pg C); for the period
January to June 1993, TEM showed that the Basin acted as a strong
sink (0.6 Pg C).
The difference between the Basin-wide estimates of Fan et al.21
and Grace et al.4 and the ones from TEM is at least in part because
both groups4,21 made the simplifying assumption that the vegeta-
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Table 2 Modelled and ®eld net ecosystem production estimates compared
Ecosystems/Location
Tropical rain forests/RondoÃnia
(1080.59 S, 618579 W)
Tropical rain forests/Manaus
(28569 S, 598579 W)
Savanna/Emendadas
(158339 S, 478369 W)

Time period

Field-based estimate*

TEM-based estimate²

Refs

May , June/93

0.6 g C m-2 d-1

0.6 g C m-2 d-1

4

April , May/87
March , May/95

-2

0.6 g C m d

-1

1.8 g C m-2 d-1

-2

-1

0.5 g C m d

21

1.4 g C m-2 d-1

22

...................................................................................................................................................................................................................................................................................................................................................................
The ®eld-based estimates for the two forest sites were average rates of net carbon exchange for the measurement periods. The ®eld-based estimate for the savanna site was the maximum
rate, the only rate reported by Miranda et al.22.
* The three ®eld-based estimates of net ecosystem production were measured by the eddy covariance technique.
² We used gridded historical climate data as inputs to TEM for RondoÃnia and Emendadas. For Manaus, we use climate data from the site's weather station as inputs to TEM.
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tion, soils and climate are uniform across the Basin for the period of
interest. In contrast, the TEM estimates account for spatial variability of vegetation, soils and climate that give rise to place to place
differences in NEP (Fig. 2). During El NinÄo years, annual NEP is
negative at most sites in the Amazon Basin, but it does remain
positive in some parts of the Basin, including the northwest corner.
During non-El NinÄo years, most parts of the Basin have a positive
annual NEP. Thus, site-speci®c NEP measurements made in the
10°N
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Figure 2 Net ecosystem production across the Amazon Basin. Spatial variability
in net ecosystem production (g C m-2 yr-1) in the combined simulation of transient
climate and transient atmospheric CO2 during three phases of El NinÄo/Southern
oscillation: a, an El NinÄo year (1987); b, a neutral year (1981); and c, a La NinÄa year
(1989). Regions that act as a source of atmospheric carbon (annual NEP is
negative) are designated by shades of brown, red, or yellow, and regions that act
as a sink of atmospheric carbon (annual NEP is positive) are designated by
shades of blue or green.
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®eld must be used with caution when extrapolating over space and
time to develop Basin-wide estimates.
Several global-scale analyses have been undertaken to explore the
relation between climate variability and carbon cycling. Kindermann et al.9 used a physiologically based model of the carbon
budget in terrestrial ecosystems, the Frankfurt Biosphere Model
(FBM), for the period 1980±1993; their general conclusions with
respect to the tropical regions, de®ned as the latitudinal band from
308 N to 308 S, were that annual NEP of land ecosystems in the
tropics is particularly sensitive to interannual variations in climate,
and that interannual temperature variations cause the main effects
on annual NEP, with precipitation variations being important in
some places.
Although our analysis of the TEM results also indicates that NEP
in tropical ecosystems of the Amazon Basin is sensitive to interannual climate variability, we suggest that changes in the amount
and the timing of precipitation cause the main effects on annual
NEP in this region. Our analysis further indicates that changes in
precipitation combine with changes in temperature to affect soil
moisture, the factor we have identi®ed as an important controller of
carbon storage in the Amazon Basin. This conclusion agrees well
with ®eld results from a forest near Manaus, Brazil26.
With reference to the consequences for NEP of precipitation
changes in the tropics, Kindermann et al.9 indicated that the drier
tropical systems, including the drought deciduous forests, are
affected most. Analysis of the TEM data for the major vegetation
types in the Basin indicates that whereas changes in precipitation
resulted in the largest relative changes in net carbon storage per unit
area in the dry ecosystems, the largest absolute changes in net
carbon storage per unit area occurred in the moist and wet forests of
the Basin.
Braswell et al.10 investigated how interannual temperature variability affects net carbon storage in terrestrial ecosystems at the
global scale and found a signi®cant relationship between atmospheric CO2 growth rate and temperature. Their analysis suggested
that the terrestrial response to changes in temperature results in
either enhanced plant production, reduced heterotrophic respiration, or both, such that global NEP is positive about two years after
an El NinÄo event.
Our results for the Amazon region differ from the global analysis
of Braswell et al.10. Although the TEM simulations indicate that
both NPP and NEP are signi®cantly correlated with `current' air
temperature and precipitation, our analyses indicate no signi®cant
two-year lag effect between temperature and NEP for undisturbed
ecosystems in the Amazon Basin. This result is consistent with the
fact that year-to-year temperature variations in the Basin are small.
Combining the Braswell et al. analysis10 with ours, we infer that the
two-year lag phenomenon must be occurring in the extra-tropical
areas where El NinÄo events cause large increases in temperature5.
An additional issue is the long-term effect of interannual climate
variability on regional and global carbon storage. Are carbon losses
in some years balanced by carbon gains in others? Or is there any
reason to believe that land ecosystems are on longer-term trajectories of carbon gain or loss? The TEM simulations suggest that
during the ®fteen-year period 1980±1994, the undisturbed ecosystems of the Amazon Basin accumulated a total of ,3.3 Pg C, or an
average of ,0.2 Pg C yr-1. The progressive increase in atmospheric
CO2 concentration is the factor most likely to be responsible for the
accumulation (Table 1).
An average net carbon storage of 0.2 Pg C yr-1 in the Basin has
both regional and global implications. At the regional scale, a net
storage of 0.2 Pg C yr-1 is the same order of magnitude as the
estimates of the net annual release of carbon to the atmosphere
from deforestation in this region during the period from the 1970s
to the 1990s12,27. For the 1970s, Skole27 estimated the release of
carbon from the Brazilian Amazon to be 0.1 Pg C yr-1 due to
deforestation. For the early 1990s, Fearnside12 estimated the defor-
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estation-caused release of carbon from the Brazilian Amazon rose to
0.3 Pg. Thus, the TEM simulation suggests that releases of CO2 from
tropical deforestation in the Basin were partly balanced by CO2
uptake by undisturbed ecosystems.
According to a recent IPCC analysis of the global carbon budget
for the 1980s, terrestrial ecosystems were acting as a net sink for
,1.8 Pg C per year7. The TEM simulation for the 1980s indicates
that the undisturbed ecosystems in the Amazon Basin may have
accounted for 13% of this terrestrial carbon sink. These decadal
averages, of course, mask the effects of interannual climate variability on NEP in the world's terrestrial ecosystems. One of the next
tasks is to check the results of global-scale analyses against measurements of well constrained global indexes of land±atmosphere
carbon exchanges, such as the ratio of atmospheric N2 to O2 (ref.
28). Regional- and global-scale information on the spatial and
temporal patterns of carbon uptake and release by terrestrial
ecosystems, and the biogeochemical processes responsible for
these patterns, are needed as we enter a post-Kyoto period in
which we aim to manage the global carbon cycle.
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Minerals with mixed valence states are widespread and form in
many different rock types1. They can contain, for example, Fe2+ ±
Fe3+ and Mn2+ ±Mn3+ ±Mn4+, with the ratios of oxidation states
re¯ecting the redox conditions under which the host materials
crystallized. The distribution of the ratio of iron (III) to total iron
content (Fe3+/SFe) in minerals re¯ects the oxidation states of
their host rocks and is therefore important for answering fundamental questions about the Earth's evolution and structure2±8.
Iron is the most sensitive and abundant indicator of oxidation
state, but many mineral samples are too ®ne-grained and heterogeneous to be studied by standard methods such as MoÈssbauer
spectroscopy, electron microprobe, and wet chemistry. Here we
report on the use of electron energy-loss spectroscopy with a
transmission electron microscope to determine Fe3+/SFe in
minerals at the nanometre scale. This procedure is ef®cient for
determining Fe3+/SFe ratios of minor and major amounts of iron
on a scale heretofore impossible and allows information to be
obtained not only from ultra-®ne grains but also, for example, at
reaction fronts in minerals.
Iron is abundant and occurs in oxidation states that range from
Fe0 (for example, at the core±mantle boundary) to Fe3+ (at the
Earth's surface). Estimates of the oxidation state of the Earth's upper
mantle have been controversial, at least in part because of differences in the results produced by the various methods used to
determine Fe3+/SFe values9. MoÈssbauer spectroscopy and wet
chemical methods are bulk techniques, and do not provide information on ®ne-grained minerals or ®ne-scale heterogeneity. MicroMoÈssbauer7, electron microprobe10, X-ray absorption11,12, and X-ray
photoelectron13,14 spectroscopies optimistically allow regions with
diameters from 1 to 50 mm to be analysed. However, ®ne-grained
heterogeneous samples and zoning at the sub-micrometre level
Table 1 Comparison of EELS and published Fe3+/SFe ratios
EELS
3+

FeOtot

Refs

Amphibole LC3*
Amphibole SC1*
Amphibole SC3*
Amphibole LC1*
Amphibole Kaer²

0.75
0.52
0.31
0.65
0.93

0.76
0.49
0.26
0.63
0.93

11.08
16.69
16.83
10.96
11.82

28
28
28
28
29

Augite CVF1*
Augite PX4*
Augite SC4*
Augite SC6*
Augite LC4*

0.38
0.28
0.33
0.29
0.40

0.44
0.25
0.36
0.31
0.50

8.01
6.83
8.12
13.45
6.99

28
28
28
28
28

Glass 7³
Glass 5³
Glass air³

0.17
0.33
0.82

0.12
0.25
0.70

11.46
11.46
11.46

30
30
30

Spinel KR35§

0.21

11.87
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Sample

Fe /SFe

Published data
3+

Fe /SFe

.............................................................................................................................................................................

.............................................................................................................................................................................

.............................................................................................................................................................................

.............................................................................................................................................................................

0.23 (0.29)

.............................................................................................................................................................................
* Amphiboles LC1, LC3, SC1, SC3 and augites are from megacrysts in alkali basalts; Fe3+/
SFe is from wet chemistry.
² Amphibole Kaer, Kaersutite from USNM no. 116503.0032. Fe3+/SFe is from MoÈssbauer
spectroscopy.
³ Glasses prepared from 1921 Kilauea basalt with CO/CO2 gases at log fO2 of -8, -7, -5 and in
air at 1 atm and 1,400 8C; Fe3+/SFe is estimated from the activity±composition relationships in
the system Fe±Pt.
§ Spinel from a mantle xenolith; Fe3+/SFe is from MoÈssbauer spectroscopy and, in brackets,
microprobe data using the Bence±Albee data reduction method.
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