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The resulting change in the physical proper-
ties and shear strength of the hydrate-bear-
ing sediment may encourage massive slope
failure along low-angle detachment faults
(6). Such slumping can pose a considerable
hazard to petroleum drilling rigs and to un-
dersea cables. In addition, extensive slope
failures can conceivably release large
amounts of methane gas into the seawater
and atmosphere that could enhance green-
house warming over the longer term.

Gas hydrate dissociation near the end of
the last glacial period (about 18,000 years
ago) may have been responsible for the
rapid termination of the glacial episode (7).
During the glacial period, the sea level fell
by ~120 m, which lowered the hydrostatic
pressure, leading to massive slumping that
may have liberated substantial amounts of
methane. This may in turn have triggered
greenhouse warming and, possibly, a rapid
deglaciation. Ice core records of glacial-in-
terglacial periods from Greenland and
Antarctica (8, 9) show parallel temperature
increases and rising concentrations of atmo-
spheric methane and carbon dioxide. How-
ever, the temporal resolution of the records
is not refined enough to determine whether
the temperature rise caused hydrate dissoci-
ation and methane increase or vice versa (9).
A decadal resolution (~50 years) will be
necessary to understand the leads and lags.

The occurrence and stability of gas hy-
drates at oceanic depths of the continental
slope and rise have led to the notion that
we may be able to dispose of excess green-
house gases, especially carbon dioxide, in
the deep ocean as synthetic hydrates. Such
sequestration of carbon dioxide would not
be permanent because the hydrate on the
sea floor would eventually be dissolved
and dispersed in seawater. However, given
the long time scales of ocean circulation,
the large size of the oceanic reservoir, and
the buffering effect of carbonate sedi-
ments, carbon dioxide in the form of solid
hydrate may remain stable for hundreds to
thousands of years (10).

Substantial uncertainty remains regarding
the nature, formation, and location of the gas
hydrate reservoirs—both in the sea and on
land—and their energy and climate change
potentials. To make meaningful estimates of
their total volume on continental margins
and in the permafrost, we need to know
whether they are thinly dispersed in sedi-
ments or occur in substantial local concen-
trations. Seismic data from the Hydrate
Ridge off the coast of Oregon suggest intri-
cate plumbing systems and methane migra-
tion pathways within the hydrate stability
zone and below (/7). Disruptions in the BSR
that correlate with the sea-floor morphology
imply dissolution of hydrate in response to
slumping and folding along this active mar-
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gin. Modeling efforts suggest that advective
processes and high methane flux through
fault zones may be important for concentrat-
ing hydrate (/2). Understanding of all these
processes is still limited. We also need a bet-
ter understanding of biological methane-
forming activity under high pressure and the
subsequent organic-matter decomposition
associated with methanogenesis, which have
to be factored into dynamic hydrate models.
Finally, to appreciate the role of gas hydrates
in global climate change, we need to have a
better grasp of how much of the hydrate in
the continental margins and the permafrost
responds to oceanic and atmospheric tem-
perature fluctuations. More importantly, we
must understand the fate of the methane re-
leased from a hydrate source into the water
column and the atmosphere. Studies of the
geological records of past hydrate fields can
also provide clues to their behavior and role
in climate change.

Revival of interest in gas hydrates has
opened a new frontier in ocean and Earth
sciences that crosses many disciplinary
boundaries. The next decade promises to
be a challenging period to resolve the rid-
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dle of gas hydrates, their role in environ-
mental change, and their potential as an
energy resource.
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The Not-So-Big U.S. Carbon Sink

Christopher B. Field and Inez Y. Fung

the atmosphere through deforestation,
fossil fuel combustion, and cement
manufacture remains in the atmosphere.
The remainder of the carbon emitted
through these human activities is stored, at
least temporarily, in carbon sinks in the
oceans and in ter-

Enhanced online at restrial ecosystems.
www.sciencemag.org/cgi/ Quantifying these
content/full/285/5427/544 sinks and under-
standing the under-

lying mechanisms are top priorities for un-
derstanding Earth’s major biogeochemical
cycles and for establishing how changes in
their magnitude could affect the future tra-
jectory of atmospheric CO, concentrations.
Measured atmospheric CO,, '3C, and
0O,/N, distributions indicate that during the
past two decades, a substantial fraction of
the carbon sink has been on land, in the
temperate and boreal latitudes of the North-
ern Hemisphere (/). However, the mecha-
nisms and the detailed spatial pattern of this

Less than half of the carbon emitted to
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Northern Hemisphere terrestrial sink re-
main elusive. On page 574 of this issue,
Houghton ef al. (2) synthesize the informa-
tion on a leading candidate—historical
changes in land use—for the United States.
They conclude that during the 1980s, U.S.
ecosystems accumulated carbon at a rate
of 0.15 to 0.35 Pg/year [petagrams (10'3
grams) per year], equivalent to about 10 to
30% of U.S. fossil fuel emissions. This con-
clusion is consistent with atmospheric anal-
yses (1), which indicate that there is a sink
for carbon of about 2 Pg/year north of ap-
proximately 30°N (3), although these analy-
ses were unable to constrain the longitudi-
nal distribution of the sink. However, it
contrasts sharply with the result of Fan et
al. (4), who suggest on the basis of atmo-
spheric and oceanic data and modeling that
the Northern Hemisphere carbon sink is
predominantly North American, south of
SI°N, with a magnitude about that of U.S.
fossil fuel emissions. The apparent contrast
between the conclusions of these two stud-
ies highlights the differences between and
uncertainties asssociated with atmospheric
“top-down” and terrestrial ecosystem “bot-
tom-up” approaches.

From the perspective of terrestrial pro-
cesses, the list of candidate mechanisms for
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Quantifying carbon sinks. Schematic diagram of three approaches to quantifying terrestrial car-
bon sinks that result, at least in part, from changes in land use and land cover.

explaining the terrestrial sink is becoming
longer but better quantified. Strictly biogeo-
chemical mechanisms, such as increased
plant growth in response to rising tempera-
tures, atmospheric CO, concentrations, and
nitrogen deposition, are clearly not the ex-
clusive drivers. Elevated CO, concentrations
and nitrogen deposition stimulate plant
growth in many ecosystems (5). Measured
responses to elevated CO, are generally not
large enough, however, to explain the recent
terrestrial sink, especially if this sink is
concentrated in a small fraction of the land
area (6). Recent experimental evidence in-
dicates that elevated nitrogen deposition is
also not likely to be a major contributor to
the Northern Hemisphere carbon sink (7).
Changes in ecosystems in response to past
alterations in land management—including
changes in timber harvesting, abandonment
of agricultural land, and wildfire suppres-
sion—are emerging as additional explana-
tions for the terrestrial U.S. carbon sink.
Changes in land management in the
Northern Hemisphere are pervasive, with
the impact of past changes often persisting
for many decades. Until about 1960, cu-
mulative' carbon emissions from land-use
modification were greater than those from
fossil fuel combustion (8). Houghton ef al.
(2) have synthesized historical data on
land use with a carbon cycle model (see
the figure). According to their analysis, a
substantial fraction of the current carbon
sink in the Northern Hemisphere appears
to be a result of past land management.
The spatial resolution of these conclu-

sions and the attribution of the sink to dis-
tinct processes are necessarily coarse. Other
independent data on terrestrial sinks can
come from national forest inventories. Es-
pecially in economically developed regions,
these inventories contain many thousands
of samplings of nationwide forest re-
sources, collected over several decades.
These data, initially collected to quantify
harvestable timber, can be analyzed to yield
information about changes in forest carbon
stocks (see the figure) (9). Data from ex-
perimental plots, especially long-term ex-
perimental plots in a range of managed and
unmanaged ecosystems, are indispensable
for improving carbon estimates from both
land use and inventory approaches.
Atmospheric data such as the concentra-
tions of CO, and O, are becoming increas-
ingly useful for inferring terrestrial process-
es. Large-scale atmospheric measurements
generally cannot distinguish between ter-
restrial mechanisms but rather allow esti-
mates of the overall fluxes of the atmo-
spheric compounds with limited spatial res-
olution (see the figure). The global network
of monitoring stations provides reasonable
resolution for interpretation of large lati-
tudinal zones. Quantifying continental
sources and sinks is much more technically
challenging, a consequence of the small
longitudinal gradients, the sparse monitor-
ing network, and the limited capabilities of
current atmospheric models. Fan ef al.’s er-
ror analysis (4) clearly reveals this limit.
Their central estimate assigns about 75% of
the Northern Hemisphere sink to North

America, but one standard deviation around
this mean includes both 100% of the sink in
North America and a 50-50 balance be-
tween North America and Eurasia. An in-
crease in the number and accuracy of the
stations that monitor the three-dimensional
distribution of atmospheric CO,, including
vertical profiles and column totals, will be
critical for assessments seeking greater spa-
tial resolution. Accurate measurements of
other atmospheric constituents, including
13C, 1C, 0,, and CO, will be increasingly
important for interpreting measurements of
CO, concentrations and validating hypothe-
ses about carbon sinks.

The growing appreciation of the role of
past changes in land management for ter-
restrial sources and sinks of carbon should
stimulate a rethinking of the terrestrial car-
bon cycle. A substantial carbon source
from forest clearing and a subsequent sink
from land management have broad impli-
cations. Future research on the terrestrial
sink may need to focus as sharply on the
history of past management as on ecosys-
tem responses to future changes in climate
and atmospheric composition. In experi-
mental studies on the carbon cycle, the in-
teraction of global changes with land man-
agement should receive the same priority
as the responses of natural ecosystems.

Sinks associated with recovery from
past land management eventually saturate.
The time until saturation is determined
largely by the date at which forests started
growing. In the United States, a substantial
component of the current sink appears to
result from long-term consequences of pro-
cesses begun in the early decades of this
century, which may be well on their way to
saturation. This also means they are explic-
itly eliminated from consideration in the
Kyoto Protocol as sinks for carbon offsets,
because the protocol counts only deliberate
actions to reforest, establish new forest, or
slow deforestation since 1990.
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