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The response of terrestrial vegetation to a globally changing environ-
ment is central to predictions of future levels of atmospheric carbon
dioxide'*. The role of tropical forests is critical because they are
carbon-dense and highly productive®’. Inventory plots across
Amazonia show that old-growth forests have increased in carbon
storage over recent decades’”, but the response of one-third of the
world’s tropical forests in Africa® is largely unknown owing to an
absence of spatially extensive observation networks>'’. Here we
report data from a ten-country network of long-term monitoring
plots in African tropical forests. We find that across 79 plots
(163 ha) above-ground carbon storage in live trees increased by
0.63 Mg Cha™"yr~! between 1968 and 2007 (95% confidence inter-
val (CI), 0.22-0.94; mean interval, 1987-96). Extrapolation to
unmeasured forest components (live roots, small trees, necromass)
and scaling to the continent implies a total increase in carbon storage
in African tropical forest trees of 0.34 Pg Cyr ' (CI, 0.15-0.43). These
reported changes in carbon storage are similar to those reported
for Amazonian forests per unit area®’, providing evidence that
increasing carbon storage in old-growth forests is a pan-tropical
phenomenon. Indeed, combining all standardized inventory data
from this study and from tropical America and Asia>*"' together
yields a comparable figure of 0.49 Mg Cha™"yr™' (n= 156; 562 ha;
CI, 0.29-0.66; mean interval, 1987—97). This indicates a carbon sink
of 1.3 Pg Cyr~" (CI, 0.8-1.6) across all tropical forests during recent
decades. Taxon-specific analyses of African inventory and other
data' suggest that widespread changes in resource availability, such
as increasing atmospheric carbon dioxide concentrations, may be
the cause of the increase in carbon stocks', as some theory' and
models>'*" predict.

Tropical forests cover 7-10% of the global land area, store 40—-50%
of carbon in terrestrial vegetation and annually process approximately
six times as much carbon via photosynthesis and respiration as
humans emit from fossil fuel use™. Tropical forests are therefore a
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critical, yet very poorly quantified, component of the global carbon
cycle. Although atmospheric CO, concentration data, combined with
estimates of fossil fuel emissions, ocean carbon fluxes and carbon
released from land-use change, indicate a global land carbon sink
averaging 2.2 PgC annually from 1980 to 2000, the location(s) of
the sink has remained elusive'. Attempts to refine our understanding
of these land sinks have predominantly focused on the interpretation
of patterns of atmospheric CO, data using atmospheric transport
models. However, studies remain poorly constrained and contradic-
tory, largely because of a lack of atmospheric observations in the
tropics”®™7. A complementary approach towards solving the global
carbon budget is to directly monitor specific land carbon pools.
Over recent decades, long-term monitoring plots across Amazonia
show that remaining old-growth forest trees are a sink of
0.62£0.23MgCha'yr™* (0.5-0.8PgCyr~" for all Amazonia®’).
However, it is not known if this is a regional or pan-tropical pheno-
menon because data from the largest tropical continent, Africa, have
been almost completely absent™°.

To assess whether similar changes are currently occurring in African
tropical forest, we assembled existing long-term monitoring data and
complementary field campaigns to create a ten-country network of
monitoring plots called Afritron (African Tropical Rainforest Obser-
vation Network, www.afritron.org). Here we report data from 79
permanent sample plots spanning 40 years (1968—2007), located in
closed-canopy moist forest, spanning West, Central and Eastern Africa
(Supplementary Fig. 1, Supplementary Table 1). Our approach is to
measure the diameter of all trees that are =100 mm in diameter in a
given area (mean 2.1 ha) at least twice (mean interval 9.4 years), and
apply allometric equations to convert tree-diameter measurements to
carbon content, using standardized procedures (Methods). Following
an empirical method to weight plot results relative to sampling effort
(Methods, Supplementary Figs 4-10), we estimate that above-ground
carbon stored in live trees averages 202 Mgha ! (n = 79; bootstrapped
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95% ClI, 174—244; Supplementary Table 2). Carbon storage increased
by 0.63Mgha'yr ', with 73% of plots showing increased storage
(n=179; bootstrapped 95% CI, 0.22—0.94; Fig. 1; 0.29% increase, CI,
0.05-0.50; Supplementary Table 2, see Supplementary Fig. 2 and
Supplementary Table 2 for unweighted data). The distribution is
non-normal, being a left-skewed leptokurtic distribution, because
occasional disturbance events may sharply reduce carbon stocks in
relatively small plots monitored over relatively short time periods
(Fig. 1). Grouping plots into spatial clusters (Supplementary Fig. 1,
Supplementary Table 2) gives similar results (Supplementary
Information).

We monitored 163 ha for a combined census length of 744 years, but
asimple scaling of the weighted mean increase in carbon stocks by total
forest area may overestimate the actual carbon sink, because tree
growth is relatively constant, yet mortality is highly variable and large
mortality events are rare. Specifically, if there was no carbon sink and
we sampled all African forest over a long enough period, the mean and
median change in carbon storage would, by definition, be zero.
However, when sampling over shorter time periods, most forest plots
will be increasing in carbon storage (approximately constant growth),
offset by occasional larger losses (stochastic mortality), thus we are
sampling from a left-skewed long-tail distribution'®. If the disturbance
regimes in tropical forests are dominated by large and rare events then
the tail of the distribution of change in carbon stocks would be very
heavy, leading to likely positive biases in estimating changes in carbon
stocks unless sample sizes are very large'®. The only data on very large-
scale mortality events come from a survey of Brazilian Amazonia
(3.9 X 10°km?), which found only 19large (>0.3 km?) natural canopy
gaps <2years old, totalling 0.0001% of the area surveyed, suggesting
that large disturbances are very rare®. Furthermore, quantitative ana-
lyses of the statistical distributions of the large-scale Amazon data, less
spatially extensive African data and carbon losses from mortality from
this study are all consistent: mortality events in non-cyclone-affected
tropical forests are dominated by small and frequent events
(Supplementary Information and Supplementary Table 4). Forest
simulations using these new analyses show that our estimates of
changes in above-ground carbon stocks are unlikely to be biased".

Yet, is our data set significantly different from that expected from a
domain that is not increasing in carbon stocks? The ultimate cause of
most large mortality events is the climate system producing extreme
windstorms, rainfall events and droughts, often modelled using one
of a family of long-tail generalized extreme value (GEV) distribu-
tions'®. GEV theory" indicates that our data fita Weibull distribution
(Fig. 1, Methods). Shifting this distribution left to fix the mean
change in carbon storage to zero provides a parsimonious ‘null
model’ with which to compare the actual data (Supplementary
Fig. 3, Methods). Re-sampling from this zero-mean distribution
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Figure 1| Histogram of annualized change in carbon stocks from 79 long-
term monitoring plots across 10 countries in Africa. Results presented are
weighted by sampling effort (plot size and census-interval length), and fitted
three-parameter Weibull distribution.
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shows that it is highly unlikely that our data derive from a domain
that was not increasing in carbon storage (P <<0.001).

As the term ‘tropical forest’ does not have a universally agreed
definition, because there are continua to sub-tropical, drier and open
forest systems which are open to interpretation®, we estimate the total
African closed-canopy forest sink using four widely used estimates of
the extent of similar forest categories, giving an increase in above-
ground live tree carbon stocks of 0.24 Pg yr™* (CI, 0.08—0.35; Table 1).
Assuming proportionate increases in (1) unmeasured below-ground
live tree carbon stocks (because a larger mass of roots is required to
support a larger mass of trees), (2) coarse woody inputs (necromass;
because the mass of recently dead trees will be larger if the mass of live
trees, of which a fraction die, is larger) and (3) stems smaller than our
100 mm diameter threshold, we estimate total tree carbon (live, dead,
above- and below-ground) in African tropical forests to be increasing
at a rate of 0.34Pg Cyr_1 (CI, 0.15-0.43, Table 1). Of course, the
limited number of sampling locations, absence of plots in some areas
(notably central Democratic Republic of Congo, Supplementary
Fig. 1) and differences in forest-area assessments all indicate that
these first-estimate figures will require refinement in the future.

What are the implications of these findings for the carbon balance
of Africa and the global carbon cycle more generally? The sink is of
similar size to the estimated carbon flux from deforestation in tropical
Africa?? (0.1-0.3 Pgyr ' over 1980-2000) and exceeds the flux from
fossil fuel use in tropical Africa (0.04Pgyr~' in 2000); also, it is
consistent with a recent model prediction of a 0.3 PgCyr™" sink in
African forest vegetation', and a recent African carbon cycle synthesis
implying a terrestrial sink of 0.4PgCyr ™" (ref. 9). More generally,
combining all standardized inventory data from tropical Africa,
America and Asia>®"! (Methods) gives 156 inventory plots (562 ha
monitored for a combined census length of 1,649 years), and a mean
sampling effort-weighted increase in above-ground carbon stocks in
live trees =100 mm of 0.49 Mg Cha™'yr ™" (95% CI, 0.29-0.66). This
suggests a carbon sink over recent decades across all tropical forests of
0.9PgCyr ! (CI, 0.5-1.2), for above-ground live tree carbon, or
1.3PgCyr ' (CI, 0.8-1.6), for total tree carbon (Table 2, Supple-
mentary Table 5). These estimates are consistent with a recent analysis
of atmospheric CO, concentration data and atmospheric transport
models that indicates a terrestrial tropical sink of ~1.5PgCyr !
(ref. 15). Accounting for these results while balancing the global
carbon cycle implies that the carbon source from land-use change,
mostly tropical deforestation and degradation, is larger, and/or the
carbon sink at temperate latitudes is smaller, than current central
estimates suggest'.

The proximate cause of an Africa-wide increase in above-ground
carbon storage could be a decrease in mortality rates, an increase in
growth rates, or a combination of the two'*. Long-term monitoring
of sufficient plots will help distinguish amongst possibilities. The
ultimate cause may be an increase in resource availability or, because
trees are long-lived, these systems may still be changing en masse from
past anthropogenic or natural impacts, or responding to a recent
reduction in such disturbances***. Recent changes in resource avail-
ability include fertilization by anthropogenic additions of CO, to the
atmosphere, changes in solar radiation at the Earth’s surface,
increases in nutrient deposition rates and changes in rainfall'**.
Continental-scale disturbance-recovery cycles are less likely, because
if Africa and Amazonia both experienced synchronous past disturb-
ance events causing a carbon sink decades later, there would be indi-
cative evidence, such as a large atmospheric CO, signal, of a past
large-scale perturbation.

Nevertheless, anthropogenic pressures on African forests may have
altered over time. For example, populations of large animals that
disturb forests, such as elephants, have decreased, and increasing
areas of forest have become protected, possibly also reducing disturb-
ance levels. In addition, most African forest occurs close to the hydro-
logical limits of closed-canopy forest, meaning that they are tightly
coupled with climatic variability and change via hydrological
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Table 1| Estimated carbon stocks and their annual increase for African tropical forest

LETTERS

Study Category Area ALTCS TTCS AALTC AALTC AATC ATTC
(106 ha) (Pg) (Pg) =100 mm =10 mm (PPgyr ) (Pgyr ™)
(Pgyr™ (Pgyr ™)
GLC2000 Humid tropical 232.7 46.9 69.5 0.15 0.15 0.17 0.21
forest* (40.5-56.8) (60.9-80.7) (0.05-0.22) (0.06-0.23) (0.08-0.25) (0.09-0.27)
FRA CS Closed forestt 352.7 71.1 105.3 0.22 0.23 0.26 0.32
(61.4-86.1) (92.3-122.3) (0.08-0.33) (0.09-0.34) (0.12-0.37) (0.14-0.41)
FRA RS Tropical forest 518.5 104.5 154.8 0.33 0.34 0.39 0.47
(90.2-126.5) (135.6-179.8) (0.11-0.49) (0.13-0.50) (0.17-0.55) (0.21-0.60)
WCMC Tropical forest} 401.0 80.8 119.7 0.25 0.27 0.30 0.36
(69.8-97.8) (104.9-139.1) (0.08-0.38) (0.10-0.39) (0.13-0.42) (0.16-0.46)
Mean 376.2 75.8 1123 0.24 0.25 0.28 0.34
(65.5-91.8) (98.4-130.5) (0.08-0.35) (0.09-0.37) (0.12-0.40) (0.15-0.43)

Estimates and 95% confidence intervals in parentheses are based on a measured stock of above-ground carbon in live trees =100 mm diameter of 202 Mg C ha™ ' (Cl, 174-244; for ALTC, TTC) and
anincrease of 0.63 Mg Cha™"yr~'(Cl, 0.22-0.94; for AALTC, ATTC), and under the assumption that unmeasured minor vegetation components (small trees, shrubs, lianas), necromass and below-

ground carbon in live trees increase proportionately (that is, are consistently assumed to be at equilibrium with the live trees =100 mm). Uncertainties are propagated as: 1/ (errory)? 4 +(error,)*.
GLC2000 (Global Land Cover Map 2000), FRA CS (Food and Agriculture Organisation Forest Resources Assessment 2000, Country Statistics), FRA RS (Food and Agriculture Organisation Forest
Resources Assessment 2000, Remote Sensing statistics), all from ref. 8. WCMC, World Conservation Monitoring Centre (from www.unep-wcmc.org). ALTC, above-ground live tree carbon storage.
ATC, above-ground tree carbon storage, including coarse necromass. TTC, total tree carbon storage, including below-ground carbon from tree roots. Trees =100 mm are 0.0519% (95% Cl, 0.0166)
of ALTC, from two African inventory plots"; coarse necromass is 0.127% (95% Cl, 0.0319) of ALTC, from pan-Amazon forest average’; roots are 0.25% (95% Cl, 0.10) of ALTC, from an African

literature estimate®.
* Also 415.1 X 10° ha dry forest’.
+ Also 288.9 X 10° ha ‘open forest'.,

I Lowland evergreen, semi-evergreen, deciduous/semi-evergreen, and lower montane categories combined.
§ Scaled stock estimates from intact forest plots do not account for forest degradation and therefore will be modest overestimates.

changes. Today’s African wet tropics have previously been climati-
cally modestly drier at times over the past two to three millennia,
which led to significant changes in vegetation, with much more open,
disturbed, fire-prone, and less carbon-dense forests then covering
many areas that are currently closed-canopy forest>>**. African for-
ests are clearly sensitive to climatic changes, and past events may have
left their signature on present day forests.

Taxon-level analyses can assist in distinguishing between the
resource availability and disturbance-recovery hypotheses. If the
increase in carbon stocks was caused by recovery from past disturb-
ance events, then lighter-wooded species (lower wood mass density)
would decline as a proportion of the forest stand, and heavier-
wooded species increase, as is well known from ecological theory
and observational evidence®. We would therefore predict a positive
relationship between the change in the carbon stocks of a given taxon,
relative to the forest stand, and its wood density. Alternatively, if
increases in resource levels are the cause of the changes, then we
predict either no relationship between the change in the carbon
stocks of a taxon relative to the forest stand, and wood density, if
all species benefit, or possibly an increase in lighter-wooded species
relative to heavier-wooded species, because lighter-wooded species
may dominate some types of more resource-rich environments®.
Figure 2 shows that there is no relationship between the performance
of taxa, relative to the stand as a whole, and their wood density; this
suggests that the increase in mean carbon stocks across the 79 African
plots has been caused, at least in part, by an increase in resource
availability favouring species with a wide range of ecological habits,
rather than recovery from past disturbance.

African tropical forests are providing important ecosystem services
by storing carbon and being a carbon sink, thereby reducing the rate of
increase of atmospheric CO,. With adequate protection these forests
are likely to remain large carbon stores in the longer term. Securing
this service will probably require formalizing and enforcing land rights
for forest dwellers, alongside payments for ecosystem services to those

Table 2 | Estimated annual increase in tropical forest carbon stocks
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Figure 2 | Relative change in carbon stocks and corresponding wood mass
density values. a, All 612 fully identified species occurring in =5 plots; b, all
200 fully identified genera occurring in =5 plots.

Continent Area AALTC AALTC AATC ATTC

(10° ha) =100mm (Pgyr 1) =10mm (Pgyr ) (Pgyr Y (Pgyr ™)
Central and South America 786.8 0.39 (0.23-0.52) 0.42 (0.27-0.56) 0.47 (0.31-0.61) 0.62 (0.39-0.73)
Africa 632.3 0.31(0.18-0.42) 0.33(0.20-0.43) 0.37 (0.24-0.48) 0.44 (0.26-0.53)
Asia 358.3 0.18 (0.10-0.24) 0.18 (0.11-0.25) 0.21 (0.13-0.27) 0.25 (0.15-0.30)
Total 17773 0.87 (0.52-1.17) 0.93 (0.58-1.24) 1.04 (0.68-1.35) 1.31 (0.79-1.56)

Estimates are based on a measured increase of above-ground carbon in live trees =100 mm diameter of 0.49 Mg Cha™"yr™" (Cl, 0.29-0.66). Areas are averages of ‘tropical forest’ (including more
open and drier forest types) from four sources (GLC2000, FRA CS, FRA RS, WCMQC). Full details of all forest types and sources of forest area data are in Supplementary Table 5. Abbreviations as in

Table 1.
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living near forested areas. Whether remaining intact forests will con-
tinue to sequester carbon, become neutral, or become a net source of
carbon in the future is highly uncertain®*®. Improved monitoring and
modelling of the tropical environment is required to better under-
stand this trajectory.

METHODS SUMMARY

All plots were selected in apparently mature closed-canopy forest =0.2 ha with
diameters of all free-standing woody stems =100 mm measured using standar-
dized methods within a given area at least twice and at least two years apart®, with
63 plots located at random within landscapes, and up to 16 plots placed in
‘representative’ areas of forest (see Supplementary Fig. 1 and Supplementary
Table 1 for full details). Trees that increased in diameter >40 mmyr ™" or shrunk
0.5 mm, including newly recruited stems >100mm in the final census, were
assessed and errors corrected, as necessary (for example, interpolation between
other censuses). For trees with changes in the point of measurement, we stan-
dardized growth rates obtained from the two points of measurement to a com-
mon line (Methods). We also calculated changes in carbon stocks using seven
other methods to process trees with point of measurement changes
(Supplementary Information). Diameter measurements were converted to car-
bon stocks using a published allometric equation for moist forests that includes
terms for wood mass density and tree height®. We accounted for uncertainty
associated with allometry using Monte Carlo techniques (Methods). Biomass
was assumed to be 50% carbon®. We also calculated changes in carbon stocks
using two other allometric equations (Supplementary Information). Seventy-
nine random samples were taken from the zero-mean distribution 1,000 times,
and the mean of each run calculated to compare with the actual mean from
the data. Relative changes in species-level or genus-level C stocks were calculated
as: [(taxa_C_stock_final / stand_C_stock_final) — (taxa_C_stock_initial /
stand_C_stock_initial)] / census_interval X 100. Only taxa identified with an
accepted name in the African Flowering Plants database (www.ville-ge.ch/cjb/
bd/africa/) were included in the analyses.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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