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Abstract

Major uncertainties in the global carbon (C) balance and in projections of
atmospheric CO; include the magnitude of the net flux of C between the atmosphere and
land and the mechanisms responsible for that flux. A number of approaches, both top-
down and bottom-up, have been used to estimate the net terrestrial C flux, but they
generally fail to distinguish possible mechanisms. In contrast, calculations of C-fluxes
based on land-use statistics yield both an estimate of flux and its attribution, that is, land-
use change. A comparison of the flux calculated from land-use change with estimates of
the changes in terrestrial C storage defines a residual terrestrial C sink flux of up to 3 PgC
yr', usually attributed to the enhancement of growth through environmental changes (for
example, CO, fertilization, increased availability of N, climatic change). We explore
whether management (generally not considered in analyses of land-use change), instead
of environmental changes, might account for the residual sink flux. We are unable to
answer the question definitively. Large uncertainties in estimates of terrestrial C fluxes
from top-down analyses and land-use statistics prevent any firm conclusion for the
tropics. Changes in land use alone might explain the entire terrestrial sink if changes in
management practices, not considered in analyses of land-use change, have created a sink
in the northern mid-latitudes.

Introduction

Several lines of evidence suggest that terrestrial ecosystems have been a net sink
for carbon (C) in recent years. The evidence is more compelling for northern mid-latitude
lands than it is for the tropics, but a number of analyses suggest a terrestrial C sink in the
tropics as well. The mechanisms thought to be responsible for the terrestrial sink have
included factors that enhance growth, such as CO, fertilization, nitrogen deposition, and
the differential effects of climate variability on photosynthesis and growth relative to
respiration and decay. Changes in land use may also lead to terrestrial C sinks through the
regrowth of forests following agricultural abandonment or harvest, but the net effect of
land-use change is estimated to have released C globally and, thus, does not explain the
net terrestrial sink. The recent analysis by Caspersen et al. (2000) suggests that 98% of
the C accumulation in trees in five eastern U.S. states can be explained by the age
structure of the forests (that is, regrowth), and only 2% may be attributed to enhanced
growth. If environmental growth enhancement were negligible, it would have important
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implications for the future of the terrestrial C-sink. We explore in this paper whether the
results from analyses of land-use change are consistent with other observationally-based
estimates of the terrestrial C fluxes. The review is similar to a recent comparison of
methods used to estimate terrestrial sources and sinks of C (House et al., in press), but the
emphasis here is on changes in land use.

Methods for Evaluation the Terrestrial Flux of Carbon

Both top-down approaches based on atmospheric observations and bottom-up
approaches based on terrestrial data have been used to estimate C-fluxes between
terrestrial ecosystems and the atmosphere. In global top-down approaches, a basic
assumption is that the change in atmospheric, oceanic and terrestrial C storage equals
fossil C emissions. Fossil emissions are known from trade statistics (Marland et al., 2000)
and the atmospheric change from direct atmospheric measurements or from ice core data.
The partitioning between the terrestrial and oceanic sink is determined from additional
information, such as the observed trend in atmospheric O, or >CO,. The global budget
equations for atmospheric CO; and O, (Keeling et al., 1996, Battle et al., 2000) or for
CO, and "*CO, (Keeling et al., 2001, Joos and Bruno, 1998) are solved for changes in
terrestrial and oceanic C storage. The recent IPCC assessment (Prentice et al. 2001)
reported an average net sink during the 1990s of 1.4 (+0.7) PgC yr”' for the world’s
terrestrial ecosystems. In other global methods, the oceanic sink is estimated from
oceanic tracer distributions (Quay et al., 1992, Heimann and Meier-Reimer, 1996, Gruber
and Keeling, 2001, Takahashi et al., 2002, McNeil et al, 2003) or by applying an ocean
model (Siegenthaler and Oeschger, 1987, Bruno and Joos, 1997). Then, the change in
terrestrial storage is calculated by difference from the atmospheric C balance.

In a second top-down approach, regional surface C fluxes are estimated from the
observed spatial gradients in the atmospheric concentrations of CO, (sometimes
including the distribution of B0, and global O, as well) in combination with an
atmospheric transport model (Rayner et al, 1999, Guerney et al., 2002, Bousquet et al,
2000). Results of this regional inverse approach depend on the transport model and the
way boundary conditions are prescribed (Guerney et al. 2002). Globally, the world’s
terrestrial regions summed to a net sink of 1.4 (+0.8) PgC yr™' for the period 1992-1996
(Gurney et al. 2002), identical to the average obtained from global approaches (Prentice
et al. 2001).

An important distinction exists between global and regional inverse approaches.
In the global top-down approaches, changes in C storage, that is in the oceanic and
terrestrial C sink, are calculated. In contrast, the regional inverse method yields C-fluxes
between the land or ocean surface and the atmosphere. These C-fluxes include both
natural and anthropogenic components. Horizontal exchange between regions must be
taken into account to estimate regional and global changes in oceanic and terrestrial
storage For example, the fluxes will not accurately reflect changes in the amount of C on
land or in the sea if some of the C fixed by terrestrial plants is transported by rivers to the
ocean and respired there (Sarmiento and Sundquist, 1992, Tans et al., 1995, Aumont et
al., 2001).

Bottom-up approaches include data from forest inventories (Goodale et al., 2002)
and analyses of land-use change (Houghton,in press). Forest inventories provide



systematic measurement of wood volumes from more than a million plots throughout the
temperate and boreal zones. Converting volumes to total biomass and accounting for the
fate of harvested products and changes in the pools of woody debris, forest floor, and
soils yield C budgets for the forests of northern mid-latitudes. A net sink of 0.6-0.7 PgC
yr'! was recently reported for the northern mid-latitude forests (Goodale et al. 2002).
Unfortunately, forest inventories are rare over large regions of the tropics, and similar
comparisons are not possible there. However, long-term measurements on a small
number of permanent plots in tropical forests suggest that undisturbed forests may be
functioning as a large C sink (Phillips et al. 1998). This result is discussed in more detail
below.

A second bottom-up approach estimates the flux of C associated with changes in
land use. These analyses are based on rates of land-use change and the changes in C
storage (in living and dead vegetation, soils, and wood products) that accompany a
change in land use. The net effect of deforestation, reforestation, cultivation, and logging
is calculated to have released an average of 2.0 PgC yr' globally during the 1980s, and
2.2 PgC yr”' during the 1990s (Houghton, in press). The approach does not consider all
lands, but only those that have been cleared, cultivated, planted, logged, and, in some
analyses, burned. The calculated fluxes include the C sinks associated with forest
(re)growth as well as the sources from burning and decay of organic matter.

Do changes in land use explain net terrestrial sources and sinks of carbon?

The source of C from land-use change, compared to the net Sink found by other
analyses, suggests that other factors are important for explaining the sink. However, most
of the sink estimates need adjustments to make them comparable. Furthermore, a number
of recent analyses have modified estimates of the magnitude of the terrestrial flux. In this
paper we review these new estimates from the perspective of land-use change. In
particular, do changes in land use and land management account for the entire change in
C storage in terrestrial ecosystems? Or do other factors contribute significantly to a
terrestrial sink?

The current (1990s) global carbon balance

According to the latest IPCC assessment, terrestrial ecosystems, globally, were a
net sink for C, averaging 0.2 (+0.7) PgC yr™" in the 1980s and 1.4 (+0.7) PgC yr’' for the
1990s (Prentice et al. 2001). The reason for the large increase between the 1980s and
1990s is unknown. Also unexplained is the apparent decrease in the net oceanic C sink
from the 1980s to the 1990s. Given the larger emissions from fossil fuels and the higher
atmospheric concentration of CO; in the second decade, one would have expected the
oceans to take up more, not less, C. The partitioning of the C sink between land and
ocean was based on recent atmospheric CO, and O, data and included a small correction
for the outgassing of O, from the oceans (Prentice et al. 2001).

More recent analyses (Bopp et al., 2002, Keeling and Garcia, 2002, Plattner et
al.,2002) determined that the outgassing of O, was much larger than estimated by
Prentice et al. (2001). The recalculated partitioning of C uptake between land and sea
(Table 1) by Plattner et al. (2002) shows a larger oceanic uptake in the 1990s than the



1980s, in line with results of oceanic models. The terrestrial uptake is more similar
between decades than estimated by Prentice et al. (2001) (an average difference of 0.3,
rather than 1.2, PgC yr™). The net terrestrial flux averaged 0.4 and 0.7 PgC yr™' during the
1980s and 1990s, respectively.

Estimates of a global net C flux from the atmosphere to the land, calculated by
summing regional fluxes, which, in turn, are obtained by inverting the spatial CO,
distribution, average around 1.4 PgC yr' (Gurney et al. 2002), higher than that obtained
from changes in O, and CO5 (0.7 PgC yr'"). However, these estimates of flux need to
adjusted for riverine transport to obtain an estimate of the terrestrial C sink. Several
studies have tried to adjust atmospherically-based C fluxes to account for this transport of
C by rivers. Sarmiento and Sundquist (1992) estimated a pre-industrial net export by
rivers of 0.4-0.7 PgC yr™', balanced by a net terrestrial uptake of C through
photosynthesis and weathering. Aumont et al (2001) estimated a terrestrial uptake due to
continental weathering of 0.7 PgC yr'. Reducing the net terrestrial sink obtained through
inverse calculations (1.4 PgC yr'") by 0.6 PgC yr’' yields a result of 0.8 PgC yr™,
overlapping with the estimate obtained though changes in O, and CO, concentrations
(Table 2). The two methods based on atmospheric measurements yield similar global
estimates of a small net terrestrial C sink. The source of 2.2 PgC yr' calculated from
changes in land use is very different from this global net terrestrial sink (0.7 PgC yr™).

A residual (terrestrial) flux of carbon

If the net terrestrial flux of C during the 1990s was 0.7 PgC yr'', and 2.2 PgC yr’'
were emitted as a result of changes in land use, then 2.9 PgC yr'' must have accumulated
on land for reasons not related to land-use change. This gross sink is called the residual
terrestrial sink (Table 1) (formerly called the “missing sink”). The C released from land-
use change and the residual sink sum to the observed net sink. To the extent that the
residual terrestrial sink exists at all suggests that processes other than land-use change are
affecting C storage on land. On the other hand, the residual sink is calculated by
difference; if the emissions from land-use change are overestimated, the residual sink will
also be high.

A longer-term estimate of the residual terrestrial C flux suggests that it was nearly
zero before 1935 (Fig. 1). That is, changes in land use explained most of the net
terrestrial C flux until about 1935. Since that time the residual terrestrial sink has
generally increased (Bruno and Joos, 1997).

This residual terrestrial sink may result from bias in the methods. For example,
limited quantitative understanding of the processes regulating oceanic O, outgassing may
introduce biases in global sink estimates. It is difficult to simulate correctly the
contribution of the seasonal biosphere-atmosphere exchange to the observed atmospheric
CO; field (‘rectifier effect’) (Denning et al., 1995) as required in atmospheric transport
inversions. The contribution of fluxes associated with the natural C cycle to spatial
gradients is debated (Taylor and Orr, 2000). Nevertheless, most inverse analyses yield
higher terrestrial C sinks than bottom-up, land-based approaches. The resulting residual C
sink has traditionally been attributed to environmental changes.

In contrast to the unknown bias of atmospheric methods, analyses based on land-
use change are deliberately biased. These analyses consider only the changes in terrestrial



C resulting directly from human activity (conversion and modification of terrestrial
ecosystems). There may be other sources and sinks of C not related to land-use change
(such as sinks caused by CO; fertilization) that exchange C with the atmosphere and are
captured by other methods, but that are ignored in analyses of land-use change.

A number of process-based terrestrial carbon models simulate the effects of CO,,
N, and climate on carbon storage (the effects commonly thought to account for the
residual terrestrial flux). Examples include the four models described in a recent analysis
by McGuire et al. (2001). Each of the models included some changes in land use as well
as the effects of CO, and climate on terrestrial C storage. Although the models are very
different from the bookkeeping model used by Houghton (in press), the analysis by
McGuire et al. is nearly the complement of Houghton’s analysis: it includes
environmental effects, while Houghton’s analysis does not; it does not consider changes
in pastures, shifting cultivation, or logging, while Houghton’s analysis does (Table 3).
Thus, the two studies, together, appear to address both the flux of C from land-use change
and the residual terrestrial flux. However, although process-based models generally find a
global terrestrial C sink consistent with the magnitude of the residual terrestrial sink, the
models are difficult to validate. Field observations of carbon sinks do not indicate the
mechanism(s) responsible, and the relative importance of different growth-enhancing
mechanisms varies among models. It is possible that much of the terrestrial sink
attributed to environmental factors is, rather, the result of errors or omissions in analyses
of land-use change, a possibility explored below.

The only aspect of the studies (McGuire et al. and Houghton) that is redundant is
the flux attributable to changes in the area of croplands. The difference in cropland fluxes
(0.8 vs. 1.2 PgC yr'") (Table 3) is at least partly related to the manner in which the studies
accounted for the expansion of croplands in the tropics (see the recent paper by House et
al. (in press) for other differences). McGuire et al. used net changes in cropland area
(from Ramankutty and Foley 1999) to determine annual rates of clearing. Houghton (in
press) used rates of clearing based on changes in forest area reported by the FAO (2001).
The net reduction in forest area often exceeded the increase in agricultural (cropland and
pasture) area, and Houghton assumed that the excess deforestation resulted from
simultaneous clearing (deforestation) and abandonment of croplands. That is, forests
were cleared for new croplands, yet the area in croplands did not change correspondingly
because croplands were also abandoned. The abandoned croplands were not reported as
returning to forest (such lands often become degraded), and thus the loss of forest area
exceeded the increase in cropland. Because more forests were cleared for croplands under
Houghton’s assumption than under McGuire’s assumption, the flux of C attributed to
cropland expansion and abandonment was greater in Houghton’s analysis.

The difference in approaches points to the importance of accounting for all
changes in land use. The area in croplands, and to a lesser extent, pastures and forests are
often documented. Degraded lands are not. Thus, one can construct patterns of land-use
change from agricultural statistics that miss important changes in C. Whether the sources
and sinks are attributed to croplands or to degradation is of secondary importance. The
important point is to capture the major changes in C (i.e., forests). Analyses based on
satellite data rather than on agricultural statistics have the potential for full land-use
accounting (Defries et al. 2002).



In summary, available bottom-up and top-down analyses, despite existing
uncertainties, suggest a global net terrestrial sink, and a residual terrestrial sink. This
conclusion is also supported by estimates of oceanic C uptake based on oceanic tracer
data or models that are not explicitly discussed here (Prentice et al., 2001). Additional
comparisons of terrestrial C fluxes can be obtained from a consideration of tropical and
extra-tropical regions separately.

The northern mid-latitudes

The net terrestrial C sink of ~0.7 PgC yr' for the 1990s is not evenly distributed
over the land surface. Almost all analyses indicate that northern mid-latitude lands were a
net sink, while tropical lands were a net source. As long as the north-south gradient in
CO; concentrations was the only constraint, the difference between the northern sink and
the tropical source was defined, but the individual values were not (Tans et al. 1990).
Thus, a sink of 2 PgC yr’' in northern mid-latitudes and a source of 0 PgC yr™ in the
tropics could not be distinguished from a northern sink of 5 PgC yr' and a tropical source
of 3 PgC yr''. Based on an enlarged CO, monitoring network, the sink in northern mid-
latitudes for the 1990s is now thought to be 2.4 PgC yr' (Gurney et al. 2002) (not
accounting for the riverine flux), which is offset to some degree by a net tropical source
of 1.2 PgC yr™'. It has been estimated that rivers transport around 0.3 PgC yr”' from the
land to the ocean in the northern mid and high latitudes. Subtracting this riverine
transport from the terrestrial net C-flux of 2.4 PgC yr”' yields a northern terrestrial sink of
2.1 PgC yr"

One analysis of the distribution of atmospheric CO, concentrations, without use
of a transport model, suggests that much of the current terrestrial flux in northern
extratropical regions is part of a natural circulation of C; and when the natural CO,
gradients are accounted for in transport inversion, the current (perturbation) sink is much
smaller (<0.5 PgC yr) (Taylor and Orr 2000) than suggested by others (Gurney et al.,
2002) (see Conway and Tans (1999) for an alternative interpretation). A resolution of
these estimates is beyond the scope of this analysis.

A recent synthesis of data from forest inventories found a net terrestrial sink of
0.7 PgC yr”' for the northern mid-latitudes (Goodale et al. 2002). The estimate is less than
half the sink for all northern mid-latitude lands inferred from atmospheric data, but if
non-forest ecosystems throughout the region are as important in storing C as they seem to
be in the U.S. (see below), this bottom-up analyses yields a sink (~1.4 PgC yr™) that is
closer to the top-down estimate (2.1 PgC yr™'). Pacala et al. (2001) reported a similar
overlap of top-down and bottom-up estimates for the U.S. Admittedly, the sink in non-
forests is very uncertain. On the other hand, the northern sink of 2.1 PgC yr”' from
Gurney et al. is for 1992-1996 and would probably have been lower if averaged over the
entire decade (see other estimates in Prentice et al. 2001). Top-down estimates for a short
time period are sensitive to large interannual variations in the growth rate of atmospheric
CO,. Another reason for potential discrepancies is that only C in trees is monitored in
forest inventories, whereas changes in soil C may be equally or more important. On the
other hand, the few field investigations that have considered soil C have found that soils
account for only a small fraction (5-15%) of the ecosystem’s C sink (Gaudinski et al.
2000, Barford et al. 2001).



Estimates of C-fluxes based on land use change statistics are around zero in the
northern extratropical region (Houghton, in press). Taken at face value, this suggests that
processes other than land-use change are responsible for a northern sink of 1 to 2 PgC yr’
! Next, we compare different bottom-up estimates available for the contiguous United
States to investigate the plausibility of the estimate by Houghton.

The United States

Top-down estimates for relatively small regions such as the US are currently not very
reliable. Gurney et al, 2002 estimate a C flux from the atmosphere to the land of 0.85 £
0.5 Pg C yr”' for the US. Based on an analysis of changes in land use, Houghton et al.
(1999) estimated a C sink of 0.15 — 0.35 PgC yr™ attributable to changes in land use.
Pacala et al. (2000) revised the estimate upwards by including additional processes, but in
so doing, they included sinks not necessarily resulting from land-use change. Their
estimate for the uptake of C by forests, for example, was the uptake measured by forest
inventories. If all of the accumulation of C in U.S. forests were the result of recovery
from past land-use changes, then the uptake estimated from forest inventories should
equal the flux estimated from land-use change statistics. The study by Caspersen et al.
(2000) suggests that such an attribution is warranted. However, the analysis by Houghton
et al. (1999) found that past changes in land use could account for only 10-30% of the
observed C accumulation in trees. The uptake calculated for forests recovering from
agricultural abandonment, fire suppression, and earlier harvests was only 10-30% of the
uptake measured by forest inventories. The contributions reach 65% if the uptake
Houghton et al. attributed to woodland ‘thickening’ (0.52 PgC yr") is included (Table 4).
The results appear to be inconsistent with those of Caspersen et al. (2000).

The work of Caspersen et al. (2000) has been criticized by Joos et al. (2002) in
two important respects. First, the relationship between forest age and wood volume (or
biomass) is too variable to constrain the enhancement of growth to between 0.001% and
0.01% per year, as Caspersen et al. claimed. Enhancements of even 0.1% per year yield
estimates of biomass indistinguishable from those observed. Second, even a small
enhancement of 0.1% per year in net primary production would, for a doubling of CO,,
yield a 25% increase in growth (e.g., McGuire et al. (2001) in Table 3). Thus a small
enhancement of growth may, nevertheless, translate into a significant C sink (Joos et al.
2002). Regrowth is clearly the dominant process in forests recovering from a disturbance,
but C uptake by regrowth may be offset by C loss due to disturbances elsewhere (or at a
later time). Hence, relatively small growth enhancement fluxes may play an important
role for the net change in terrestrial C storage when considering large spatial areas and
temporal scales longer than a few years. The question becomes: What is the current
balance between C accumulation in regrowing forest versus the loss due to disturbances
such as fire, storms, insects and how does growth enhancement affect this balance.
Answering the question will be difficult, but one way to answer it is through the
reconstruction of past human-induced and natural disturbances for the contiguous US and
other regions of the globe.

Houghton et al. (1999) and Houghton (in press) may have underestimated the sink
attributable to land-use change. Houghton did not consider forest management practices
other than harvest (including regrowth) and fire suppression. Such activities as weed



control, fertilization, breeding programs, and thinning have increased the productivity of
US forests but were not accounted for. Neither did Houghton consider the proliferation of
trees in suburban areas, or natural disturbances, which in boreal forests are more
important than logging in determining the current age structure and, hence, rate of C
accumulation in forests (Kurz and Apps 1999). A fourth reason why the sink may have
been underestimated is that Houghton used net changes in agricultural area to obtain rates
of agricultural abandonment. In contrast, rates of clearing and abandonment are often
simultaneous and thus create larger areas of regrowing forests than would be predicted
from net changes in agricultural area. At present it is unclear how much of the C sink in
U.S. lands can be attributed to changes in land use and management, and how much can
be attributed to enhanced rates of growth.

One of the findings common to Houghton et al. (1999) and Pacala et al. (2001) is
that non-forest ecosystems could account for a significant C sink. From 36-43% of the
net sink estimated by Pacala et al. and about 74% of that estimated by Houghton et al.
was in non-forests. Initially, Houghton et al. (1999) reported a sink of 0.14 PgC yr™' in
agricultural soils, an upper limit of 0.12 PgC yr' in woody vegetation expansion or
encroachment, and an upper limit of 0.05 PgC yr™' in the thickening of woodlands.
However, subsequent analyses of C accumulation resulting from conservation tillage in
agricultural soils indicate a smaller sink (Schimel et al. 2000, Pacala et al. 2001).
Furthermore, a more conservative estimate for woody encroachment and woodland
thickening is half of the original upper limit proposed by Houghton et al. (1999). The
reasons for the lower estimate are several fold. First, loss (rather than gain) of woody
plants is occurring in some systems (Billings 1990). Second, a recent study of woody
encroachment suggests that when changes in soil C are included, the displacement of
grasses with woody shrubs may actually involve a net loss of C (Jackson et al., 2002),
although this result remains highly contentious (Asner et al. in review). Somewhat
independent of the belowground (soil organic C) responses to woody encroachment, the
largest area of woody encroachment studied (> 40,000 ha in Texas) indicates an increase
in aboveground C stocks of 0.02 Mg ha' y”', accounting for both encroachment and
management efforts to remove woody plants (Asner et al. in press). Extrapolated to an
the southwest U.S. region represented by this study (~ 50M ha), the results of Asner et al.
suggest a net C sink from woody encroachment of about 0.001 PgC yr'. Finally, a study
of pine thickening in Colorado suggested that accumulation rates used by Houghton et al.
may be too high (Hicke et al. in review).

Based on this and other emerging evidence, the ‘best estimate’ for the effects of
land-use change (and fire management) on U.S. C storage is thus 0.11 PgC yr’'
(Houghton, in press). About 50% of this revised sink for the U.S. is attributable to
changes outside of forests. Further, the sink in trees is only 40% of that estimated from
forest inventories (Table 4). Thus, changes in land use yield a significantly lower sink
than inferred from either inverse calculations or forest inventories. Either an enhancement
in growth is equally important, Houghton’s analyses of land-use change have omitted
some important management or disturbance processes, or the estimates from forest
inventories and inverse calculations are too high.

This conclusion probably applies to all of the northern mid-latitudes. Both forest
inventories and inverse calculations with atmospheric data show terrestrial ecosystems to
be a significant C sink, while analyses of changes in land use show a net sink close to



zero. The fraction of the northern C sink attributable to changes in land use and land
management remains uncertain (Spiecker et al. 1996). It might be as high as 98%
(Caspersen et al. 2000) or as low as 40% (Houghton, in press; Schimel et al. 2000).
Resolution will require examination of forest age structure over more than two points in
time and in regions other than those considered by Caspersen et al.; or it will require a
more complete and spatially-detailed assessment of land-use change and land
management in the U.S. and elsewhere. In any case, the impact of past human induced
and natural disturbances on the evolution of terrestrial C storage needs to be investigated
more carefully.

The Tropics

Do changes in tropical land use account for the net flux of C in that region?
Inverse calculations show that tropical lands release on average a flux of 1.2 PgC yr’'
during the period 1992-1996 (Gurney et al. 2002). Accounting for a riverine transport of
0.3 PgC yr' (Aumont et al. 2001) yields a rate of decrease in terrestrial storage of 1.5
PgC yr''. Because there are few air sampling stations over tropical lands, and because
atmospheric transport over the tropics is not well understood, the error surrounding the
flux estimate for the tropics is larger than it is for northern mid-latitudes.

A recent study by Townsend et al. (2002) combined atmospheric *CO,
observations, modeling and land-cover change data to investigate pan-tropical C sources
and sinks. Their analysis recognizes that deforestation in the tropics has led to an increase
in the extent of C,4 plants (warm climate grasses) relative to Cs plants (woody vegetation
such as trees). Because C; plants discriminate more strongly against °C than do Cy4
plants, the latter leaves an atmospheric "*C signature more similar to that of the air-sea
transfer of CO; than to the land-air transfer (Rundel et al. 1989, Ciais et al. 1995). After
accounting for the time-integrated replacement of '*C-rich organic matter in forest soils
with "*C-poor organic matter in pasture soils (from Cy4 plant detritus), or “land-use
disequilibrium”, Townsend et al. (2002) found that tropical regions were nearly C-
neutral.

Forest inventories for large areas of the tropics are rare, although repeated
measurements of permanent plots throughout the tropics suggest that undisturbed tropical
forests are accumulating C, at least in the neo-tropics (Phillips et al. 1998). The number
of such plots was too small in tropical African or Asian forests to demonstrate a change
in C storage, but assuming the plots in the neo-tropics were representative of forests not
disturbed by direct human interventions throughout the region yields a sink of 0.62 PgC
yr'. The finding of a net sink for the Amazon, however, has been challenged on the basis
on systematic errors in measurement and plot size (Clark 2002; Keller et al. 2002).
Phillips et al. (2002) counter that the errors are minor, but the results remain contentious.
In sum, the two methods most powerful in constraining the northern net sink are weak or
lacking in the tropics, and the C balance of the tropics is less certain.

Support for an accumulation of C in undisturbed tropical forests comes from some
of the studies that have measured CO, flux by eddy correlation (Grace et al. 1995; Malhi
et al. 1998). Some studies suggest that the sinks in forests not disturbed by direct human
interventions, if scaled up to the entire region, are larger than the emissions of C from
deforestation (Malhi et al. 1998). Tropical lands would thus be a net C sink, but these
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results are controversial. The eddy correlation method for measuring CO; flux includes
both daytime and nighttime measurements. The direction of flux differs day and night
and the micrometeorological conditions also differ systematically day and night. Wind
speeds are much reduced at night, and CO, efflux is negatively related to windspeed. If
only those nights with the highest wind speeds are used to calculate an annual net flux,
estimates change from a net sink to a net source of C (Miller et al., in press). Thus, large
sinks in undisturbed forests are suspect. Some recent measurements of CO, flux as well
as measurements of biomass (forest inventory) do not show a large net sink (Rice et al.,
in press). In the Tapajos National Forest, Pard, Brazil, living trees were accumulating C,
but the decay of downed wood released more C, resulting in a small net source from the
site. The results suggest that the stand is recovering from a disturbance several years
earlier (Rice et al, in press, Keller et al. in review).

The net flux of C calculated from land-use change in the tropics is clearly a
source of C to the atmosphere. Rates of deforestation are larger than rates of afforestation
(FAO 2001). Based on data from the FAO, Houghton (in press) estimates that the net C
flux resulting from deforestation, afforestation, and wood harvest in the tropics was a net
source, averaging 2.2 PgC yr' during the 1990s. A sink of 0.43 PgC yr”' was calculated
for forests recovering from logging activities (Table 5), but this sink was more than offset
by the large emissions from deforestation (and associated burning and decay of organic
matter).

Comparing the results of different methods shows that the inverse calculations
based on atmospheric data and models give a lower net C source from the tropics, just as
they give a higher net sink in northern latitudes. In both regions, the sinks obtained
through inverse calculations are larger than they are from analyses of land-use change. As
discussed above, it is possible that much of the C released from land-use change is
balanced by C sinks in forests not disturbed by direct human interventions. The sink (if it
exists at all) might be the result of enhanced rates of growth, perhaps from CO,
fertilization, new inputs of nitrogen, or climatic variation. Alternatively, undisturbed
forests are neutral with respect to C, and the source from deforestation is lower than
Houghton estimates.

The existing data allow at least two, mutually exclusive explanations for the net
tropical flux of C. One suggests that a large release of C from land-use change is partially
offset by a large sink in undisturbed forests. The other suggests that the source from
deforestation is smaller, and that the net flux from undisturbed forests is essentially zero.
Under the first explanation, a growth enhancement (or past natural disturbance) is
required to explain the large current sink in undisturbed tropical forests. Under the
second, the entire net flux of C may be explained by changes in land use.

A third possibility, that the net tropical C source is larger than indicated by
inverse calculations (uncertain in the tropics), is constrained by the magnitude of the net
sink in northern mid-latitudes. As mentioned above, the latitudinal gradient in CO,
concentrations constrains the difference between the northern sink and tropical source
more than it constrains the absolute fluxes. Thus, the northern sink limits the magnitude
of the net tropical source.

In summary, the evidence for a large C sink in the tropics (offsetting the source
from land-use change) includes the uptake of C measured by eddy correlation techniques
in undisturbed forests (Malhi et al. 1998) and the C accumulation observed on permanent
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plots in South America (Phillips et al. 1998, 2002). Evidence against a large sink in
undisturbed forests includes biases in the measurements of CO, flux at many sites (Miller
et al., in press; Rice et al., in press) and biases in measurement of change in biomass
(Clark 2002). Next, we address potential biases in estimates of the land-use change flux.

Potential Biases in the Tropical Deforestation Source

The high estimates of C emissions attributed to land-use change in the tropics
(Fearnside 2000; Houghton, in press) may be too high. Potentially, there are at least three
reasons: deforestation rates, tropical forest biomass, and rates of decay may each be
overestimated. The rates of deforestation and afforestation used by Houghton (in press) to
calculate a net flux are those reported by the FAO. The FAO uses expert opinion to
determine the rates but must report a country’s official governmental estimate if one
exists. It is somewhat surprising that the FAO would overestimate rates of deforestation.
One can imagine that a country might want to underreport its rates of deforestation to
appear environmentally ‘correct’. Why would it over-report the rate? Perhaps few
countries insist on underreporting rates of deforestation, and the high estimates are,
rather, the result of poor or biased data.

Two new studies of tropical deforestation, based on satellite data, report lower
rates than the FAO and lower emissions of C than Houghton (in press). The study by
Achard et al. (2002) found rates 23% lower than the FAO for the 1990s (Table 6). Their
analysis used high resolution satellite data over a 6.5% sample of tropical humid forests,
stratified by “deforestation hot-spot areas” defined by experts. In addition to observing
5.8 x 10° ha yr'' of outright deforestation in the tropical humid forests, Achard et al. also
observed 2.3 x 10° ha yr'' of degradation. Their estimated C flux, including changes in
the area of dry forests as well as humid ones, was 0.96 PgC yr''. The estimate is probably
low because it did not include the losses of C from soils that often occur with cultivation
or the losses of C from the degradation observed. Soils and land degradation (reductions
of biomass within forests) accounted for 12 and 26%, respectively, of Houghton’s
estimated flux for tropical Asia and America, and would yield a total flux of 1.3 PgC yr
if the same percentages were applied to the estimate by Archard et al. (2002).

The second estimate of tropical deforestation (DeFries et al. 2002) was based on
coarse resolution satellite data (8km), calibrated with high resolution satellite data to
identify % tree cover and to account for small clearings that would be missed with the
coarse resolution data. The results yielded estimates of deforestation that were 54% less
than those reported by the FAO (Table 6). According to DeFries et al., the estimated net
flux of C for the 1990s was 0.9+0.4 PgC yr™'.

If the tropical deforestation rates obtained by Archard et al. and DeFries et al.
were similar, there could be little doubt that the FAO estimates are high. However, the
estimates are as different from each other as they are from those of the FAO (Table 6).
The greatest differences are in tropical Africa, where the percent tree cover mapped by
DeFries et al. is most unreliable because of the large areas of savanna. On the other hand,
the results may vary because the studies include different types of forests. Achard et al.
considered only humid tropical forests; DeFries included all tropical forests. Both studies
suggest that the FAO estimates of tropical deforestation are high, but the rates are still in
question. The tropical emissions of C estimated by the two studies are about half of
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Houghton’s estimate: 1.3 and 0.9 PgC yr™', as opposed to 2.2 PgC yr'. Houghton’s
estimate would be similar if based on these recent estimates of deforestation, lower than
the FAO’s.

Fearnside’s (2000) and Houghton’s (in press) estimates of a tropical C source
would also be high if their estimates of tropical forest biomass were too high. The
biomass of tropical forests, particularly those forests that are being deforested or
degraded, is poorly known (Houghton et al. 2000, 2001). Furthermore, logging, shifting
cultivation, and other uses of forests are reducing the biomass of tropical forests and
releasing C in the process (Brown et al. 1994, Flint and Richards 1994). These processes
of degradation may reduce the amount of C emitted through deforestation, but the loss of
C is the same (with more coming from degradation rather than from deforestation).

Finally, if downed trees take longer to decay and/or regrowth of biomass is faster
than Houghton assumed, the calculated emissions from logging and deforestation may be
overestimated (Monastersky 1999), especially in regions, such as Amazonia, where rates
of logging have been increasing. In regions with a longer history of logging and
deforestation, using higher or lower rates of decay does not significantly change the
calculated flux for the 1990s.

The major uncertainties in the tropics could be reduced with a systematic and
spatial determination of rates of deforestation and afforestation, and with a systematic
and spatial determination of biomass. In fact, a sensitive measure of biomass from space
might help distinguish the changes in C attributable to land-use change from the changes
attributable to enhanced growth --- at least for the aboveground biomass component.
Measurement of changes in the amount of downed dead wood and soil C will require
extensive ground measurements or a combination of ground samples and modeling
(Chambers 2000; Keller et al., in press and in review).

Conclusions

There is a large body of evidence for a considerable global net terrestrial C sink.
On the other hand, land use change analyses suggest a large global C source, implying an
even larger (residual) C sink, more than offsetting the land-use source.

In both the northern mid-latitudes and the tropics the terrestrial C sinks obtained
through inverse calculations with atmospheric data are larger (or the sources smaller)
than those obtained from bottom-up analyses (land-use change and forest inventories). Is
there a bias in the atmospheric analyses? Or are there sinks not included in the bottom-up
analyses?

For the northern mid-latitudes, when estimates of change in non-forests (poorly
known) are added to the results of forest inventories, the result overlaps estimates
determined from inverse calculations. Changes in land use include non-forest ecosystems
but yield a smaller estimate of a sink. It is not clear whether management practices and
natural disturbances, generally lacking in analyses of land-use change, are responsible for
an additional sink, or whether environmentally enhanced rates of tree growth are
responsible for the difference. Can the C sink in forests be explained by age structure
alone (i.e., previous disturbances and management) (Caspersen et al. 2000), or are
enhanced rates of C storage important (Houghton et al. 1999, Schimel et al. 2000)?
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In the tropics, the uncertainties are similar but also greater because atmospheric
data for inverse calculations are more poorly distributed, and because forest inventories
are lacking. Alternative approaches yield conflicting results concerning the enhancement
of growth (or C storage) in undisturbed forests. Existing evidence suggests two
possibilities. Either large emissions of C from land-use change are somewhat offset by
large C sinks in undisturbed forests, or lower releases of C from land-use change explain
the entire net terrestrial flux, with essentially no requirement for an additional sink. The
first alternative (large sources and large sinks) is most consistent with the argument that
factors other than land-use change or management are responsible for observed C sinks.
The second alternative is most consistent with little or no enhanced growth. In both
northern and tropical regions changes in land use exert a large influence on the flux of C.
It is unclear whether other factors have been important. Of course, the relative
importance of other factors need not be the same in both regions. The warmer
temperatures in the tropics, for example, suggest that CO, fertilization would be more
important there (Lloyd and Farquhar1996).

A resolution of the factors responsible for the residual terrestrial flux is of
practical concern. If the sink is largely the result of management, it is more acceptable as
a C credit under the Kyoto Protocol, especially if it is the result of afforestation or
reforestation. On the other hand, if the current sink is largely the result of forest regrowth,
the sink is unlikely to persist for more than a few more decades (Hurtt et al. 2002)
without additional management practices to sequester C in, for example, degraded lands.

The magnitudes of the C sinks attributable to management, as opposed to
environmental effects, could be evaluated in the northern latitudes with a spatial
documentation of historical and current changes in land use, including the spatial extent
of woody encroachment, and in the tropics with a systematic and spatial determination of
rates of deforestation and afforestation, and, to a lesser extent, biomass. As much
attention should focus on the fate of downed dead material as on the regrowth of
secondary forests. The technical capacity for a systematic monitoring of forest cover in
the tropics has existed for 30 years yet still needs to be implemented. The reasons go far
beyond C accounting.
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Table 1. Global C budgets for the 1980s and 1990s (PgC yr'). Negative values indicate
a withdrawal of CO, from the atmosphere.

Fossil fuel emissions™
Atmospheric increase™
Oceanic uptake**

Net terrestrial sink**

Land-use change™**
Residual
‘terrestrial’ sink

*  from Prentice et al. (2001)
**  from Plattner et al. (2002)
*** from Houghton (in press)

1980s

54403
33+0.1
-1.7£0.6
-04+0.7

2.0+£0.8
24+1.1

1990s

63+04
32402
-24+0.7
-0.7+£0.8

22+08
-29+1.1
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Table 2. Estimates of the annual terrestrial C sink (PgC yr') in the 1990s according to
different methods. Negative values indicate a terrestrial sink.

0O, and CO, Inverse calculations Forest Land-use
inventories change
Globe -0.7(x0.8)" -0.8(0.8)* - 2.2(x0.8)*
North - -2.1(20.8)* 1.4 0.03(20.5)*
Tropics - 1.5(x1.2)% -0.6" 0.9 to 2.4

! Plattner et al. 2002

% _1.4 from Gurney et al. (2002) reduced by 0.6 to account for river transport (Sarmiento
and Sundquist 1992, Tans et al. 1995)

> Houghton, in press

* 2.4 from Gurney et al. (2002) increased by 0.3 to account for river transport (Aumont
et al. 2001)

> 0.7 in forests (Goodale et al., 2002) and another equivalent amount assumed for non-
forests (see text)

6-1.2 from Gurney et al. (2002) increased by 0.3 to account for river transport (Aumont et
al. 2001)

7 Undisturbed forests: —0.6 from Phillips et al. (1998) (challenged by Clark 2002)

%0.9 from DeFries et al., in review
1.3 from Achard et al. (2002) adjusted for soils and degradation (see text)
2.2(£0.8) from Houghton (in press)
2.4 from Fearnside (2000)
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Table 3. Terrestrial fluxes of C attributed to several mechanisms (average PgC yr' for
the period 1980-1989)

McGuire et al.* Houghton
Croplands 0.8%* 1.21%*%*
Pastures NE 0.44
Shifting cultivation NE 0.24
Logging NE 0.29
Afforestation NE -0.10
Other*** NE -0.11
CO, fertilization -1.9 NE
Climatic variation 04 NE
Total -0.7 1.97

NE is ‘not estimated’. Negative values indicate a terrestrial sink.

* The estimates from McGuire et al. (2001) are the means of four process-based
terrestrial carbon models.

** The simulations in McGuire et al. used net changes in cropland area from Ramankutty
and Foley (1999) to calculate flux. The analysis by Houghton included gross rates of
clearing and abandonment to calculate the flux attributable to croplands. The clearing of
forests for croplands in the tropics exceeds the net increase in cropland area.

**% Fire suppression in the U.S. (-0.150 PgC yr'") and degradation of forests in China
(0.044 PgC yr'")
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Table 4. Estimated rates of C accumulation in the U.S. (PgC yr' in 1990)

Pacala et al.* Houghton** Houghton** Goodale et al.

(2001) etal. (1999) (in press) (2002)
low high
Forest trees -0.11 -0.15 -0.072%**  .0.046%*** -0.11
Other forest organic matter -0.03 -0.15 0.010 0.010 -0.11
Cropland soils -0.00 -0.04 -0.138 -0.00 NE
Woody encroachment -0.12 -0.13 -0.122 -0.061 NE
Wood products -0.03 -0.07 -0.027 -0.027 -0.06
Sediments -0.01 -0.04 NE NE NE
Total sink -0.30 -0.58 -0.35 -0.11 -0.28

NE is ‘not estimated’. Negative values indicate a source of C to the atmosphere.

* Pacala et al. (2001) also included the import/export imbalance of food and wood
products and river exports. As these would create corresponding sources outside the U.S.,
they are ignored here.

** Includes only the direct effects of human activity (i.e., land-use change and some
management)

*#% 0,020 PgC yr" in forests and -0.052 PgC yr™ in the thickening of western pine
woodlands as a result of early fire suppression.

##4% _0.020 PgC yr™ in forests and -0.026 PgC yr’' in the thickening of western pine
woodlands as a result of early fire suppression
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Table 5. Estimates of the associated sources (+) and sinks (-) of carbon (PgC yr™' for the
1990s) from different types of land-use change and management (from Houghton, in

press)

Activity

P

a.
b.
C.
Fire suppression

9]

Deforestation
Afforestation
Reforestation (agricultural abandonment)
Harvest of wood
Wood products

Slash
Regrowth

6. Non-forests

a. Agricultural soils
b. Woody encroachment **

Total

Tropical
regions

2.110*

-0.100

0*

0.190
0.200
0.420
-0.430

0

0
0
2.200

Temperate and
boreal zones

0.130
-0.080
-0.060

0.120

0.390

0.420

-0.690
-0.030

0.020
-.0.060
0.040

Globe

2.240
-0.180
-0.060

0.310

0.590

0.840

-1.120
-0.030

0.020
-0.060
2.240

* Only the net effect of shifting cultivation is included. The gross fluxes from repeated
clearing of fallow lands and temporary abandonment are not included.

** Probably an underestimate. The estimate is for the U.S. only, and similar values may
apply in South America, Australia, and elsewhere.
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Table 6. Percentage by which recent estimates of net change in forest area* for the 1990s
are lower than reported by the FAO (2001)

Achard et al. (2002) DeFries et al. (2002)
Tropical America 18 28
Tropical Asia 20 16
Tropical Africa 42 93
All tropics 23 54

* The net change in forest area is not the rate of deforestation. It is the difference between
the rate of deforestation and the rate of afforestation.
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Figure 1. The annual change in global carbon storage in terrestrial ecosystems (Joos et
al. (1999, updated), the annual flux from changes in land use (Houghton, in press), and
the annual residual terrestrial sink (the difference between the changes in terrestrial
storage and the land-use change flux). The values in the legend refer to the total change
in C storage or C flux between 1850 and 2000. Negative values indicate a net terrestrial
uptake of C. Changes in terrestrial C storage have been estimated by subtracting from
fossil emissions the changes in the atmospheric C inventory, deduced from atmospheric
and ice core CO; data, and in the oceanic C inventory, estimated with an ocean model.
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