
Balancing the global carbon budget just
got more difficult. For decades, there
has been debate over what happens to

the carbon dioxide released from the burn-
ing of fossil fuels and clearing of tropical
rainforests. About half of it accumulates in
the atmosphere1,2, prompting concerns
about global warming. The ocean and land
take up the rest, acting as carbon sinks, and
understanding where and why these sinks
occur is essential for managing them in the
future. Now, new field measurements cast
doubt on the estimated size of one potential-
ly large but poorly quantified carbon sink —
that of woody shrubs when they encroach
into and replace grassland, a process that has
been thought to lock up large amounts of
extra carbon. As they describe on page 623 
of this issue, Jackson et al.3 show that there
are smaller increases in carbon storage 
than anticipated, and in some cases actual
reductions.

There is general agreement that land in
the Northern Hemisphere acts as an impor-
tant carbon sink. Yet estimates of its exact
size, and the specific locations and con-

tributing factors, vary greatly, due in part to
different measurement approaches. Calcula-
tions based on measurements of carbon
dioxide and oxygen in the atmosphere1,2

nearly always produce larger estimated sinks
for North America and Eurasia
(0.6–2.7�1015 grams — petagrams — of
carbon per year) than do those based on
ground measurements of forest growth
(0.6–0.7 Pg C yr�1). 

Last year, however, a carbon budget pro-
duced for the continental United States part-
ly reconciled top-down (atmospheric) and
bottom-up (land-based) methods by
including estimates of both forest and non-
forest sinks4. Together, the bottom-up esti-
mates (0.4–0.7 Pg C yr�1) roughly matched
those from the top-down approach
(0.7�0.5 Pg C yr�1). This reconciliation
depended on the existence of a rather large
sink (about 0.13 Pg C yr�1) in the rangelands
of the western United States4,5. The suppres-
sion of fires and overgrazing have favoured
the expansion of trees and woody shrubs 
into grasslands6, over an estimated area of 
as much as 220 million hectares in the 
United States4,5. This ‘woody encroachment’
formed 18–34% of the total estimated sink
for carbon in the continental United States
— it was by far the largest non-forest sink,
and the least secure term in the land-based
carbon budget4. Jackson and colleagues’
measurements3 add further uncertainty to
these estimates. 

The authors studied six pairs of grassland
and woody-shrubland sites (Fig. 1) along a
rainfall gradient in the southwestern United
States. They found that conversion of grass-
land into shrubland increased the amount of
carbon in vegetation, but usually only by a
small amount. Stocks of organic carbon in
soil also increased slightly in the dry sites. In
the wetter sites, however, carbon stocks
decreased, particularly in the top metre of
soil. On net balance, the drier sites gained a
small amount of carbon and two of the three
wetter sites lost it. These results are consis-
tent with a literature review showing that soil
carbon decreases when pastures are planted
with trees, with larger decreases occurring at
wetter sites7. If the sinks investigated by Jack-
son et al.3 are typical of other sites, these
results indicate that the sink in the United
States caused by woody encroachment4,5 was
substantially overestimated (Fig. 2). 

Why did soil carbon decrease at the wet-

ter sites? In soil, organic-carbon stocks rep-
resent the net balance between plant inputs
of carbon and subsequent losses through
erosion, leaching, and decomposition by
microbes. For soil carbon to decrease, either
inputs decreased or losses increased (or
both). Grasses usually allocate more of their
production to roots than to shoots8, and
most of the roots are in the top metre of soil.
Furthermore, grassland productivity corre-
lates strongly with rainfall8, so that grassland
soils in the wet end of the gradient receive
more root input of carbon. 

When shrubs invade grasslands, carbon
input to the topsoil may decrease because the
woody species allocate less of their total pro-
duction below ground, and what they do
send to roots is distributed more deeply9.
Because much of the carbon in soil decom-
poses slowly, several decades must pass after
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Replacement of grassland by shrubland, which is occurring on a large scale
in the United States, is thought to lock up considerable amounts of carbon.
This ‘carbon sink’ may be much smaller than previously estimated.

Figure 2 Carbon accumulation and loss due to
expansion of shrublands into grasslands. 
a, Jackson et al.3 report low rates of carbon
accumulation in shrubland plants and soils at
dry sites in the southwestern United States. 
b, The authors3 found that plant carbon
increased at wetter shrubland sites in the same
region, but so much carbon was lost from the
soil that there was a net loss to the atmosphere.
Means and ranges are shown for three dry sites
and three wet sites. All of these sites had lower
rates of carbon accumulation than the presumed
mean, depicted in c, for all US non-forest, non-
cropland areas reported by Pacala et al.4. If this
higher mean sink due to woody encroachment in
the western United States were correct, the US
carbon sinks calculated by atmospheric models
and by ground-based measurements would
appear to be nearly reconciled. The results of
Jackson et al. cast doubt on that conclusion. 

Figure 1 On site — a view of the Sevilleta area,
one of the sites where Jackson et al.3 conduct
their long-term research. 
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vegetation changes before a new equilibrium
is approached, and so Jackson et al. 3 chose
shrublands that were at least 30 years old. The
lower soil-carbon stocks in shrublands that
they measured at the wet end of the rainfall
gradient indicate that inputs from woody
invaders during the past 30–100 years were
less than losses of old soil carbon from the
grasses that previously occupied the site. This
process is presumably continuing on lands
where woody encroachment is more recent. 

On the dry end of the gradient, Jackson et
al. found little change in soil carbon follow-
ing woody encroachment, suggesting that
there was little change in production below
ground. This explanation is speculative, as
Jackson et al.did not directly measure inputs
and losses of soil carbon, a very difficult task.
Unfortunately, the authors also did not
measure carbon stocks in woody roots (those
of 1 cm or more in diameter), and so the sink
in deeply rooted woody shrubs is probably
an underestimate. 

Woodlands, savannas, shrublands and
grasslands cover about 40% of the Earth’s
surface10, and so their potential role as car-
bon sinks — or sources — is a key factor in
the global carbon budget. Measuring the
effects of woody encroachment at particular
sites is one challenge; extrapolating the
results to regional or larger scales is quite
another. Particular sites are certainly large
sinks for carbon11, but the global extent of
grassland replacement by shrubland is high-
ly uncertain3,4. For a few regions, analyses of
historical aerial photographs or satellite data
have produced estimates for the extent of
encroachment (ref. 12; G. P. Asner, personal
communication). Yet the results of Jackson et
al.3 complicate these assessments by showing
that increases in plant biomass above ground
may be more than offset by losses of carbon
from soil. This cancelling of gains in carbon
above ground with losses below ground has
already been demonstrated for individual
sites13, but we now have evidence of a region-
al phenomenon that appears to vary some-
what predictably along a climatic gradient. 

What are needed are more reliable
regional estimates. That will require com-
prehensive assessments of the extent to
which shrubs are replacing grassland, along
with field measurements and model simula-
tions of the size and variability of plant and
soil carbon stocks across a range of climate
conditions. ■
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