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Carbon balance of the terrestrial biosphere in the twentieth
century: Analyses of CO,, climate and land use effects with
four process-based ecosystem models

A. D. McGuire,"” S. Sitch,” J. S. Clein,* R. Dargaville,* G. Esser,’ I. Foley," M. Heimann,’
F. Joos,* J. Kaplan,” D. W. Kicklighter,” R. A. Meier," J. M. Melillo,” B. Moore III,"

I. C. Prentice,” N. Ramankutty,’ T. Reichenau,’ A. Schloss,"" H.Tian,’

L. J. Williams,'" and U. Wittenberg’

Abstract. The concurrent effects of increasing atmospheric CO, concentration, climate variability, and
cropland establishment and abandonment on terrestrial carbon storage between 1920 and 1992 were assessed
using a standard simulation protocol with four process-based terrestrial biosphere models. Over the long-term
(1920-1992), the simulations yielded a time history of terrestrial uptake that is consistent (within the
uncertainty) with a long-term analysis based on ice core and atmospheric CO, data. Up to 1958, three of four
analyses indicated a net release of carbon from terrestrial ecosystems to the atmosphere caused by cropland
establishment. After 1958, all analyses indicate a net uptake of carbon by terrestrial ecosystems, primarily
because of the physiological effects of rapidly rising atmospheric CO,. During the 1980s the simulations
indicate that terrestrial ecosystems stored between 0.3 and 1.5 Pg C yr', which is within the uncertainty of
analysis based on CO, and O, budgets. Three of the four models indicated (in accordance with O, evidence)
that the tropics were approximately neutral while a net sink existed in ecosystems north of the tropics.
Although all of the models agree that the long-term effect of climate on carbon storage has been small
relative to the effects of increasing atmospheric CO, and land use, the models disagree as to whether climate
variability and change in the twentieth century has promoted carbon storage or release. Simulated interannual
variability from 1958 generally reproduced the El Nifio/Southern Oscillation (ENSO)-scale variability in the
atmospheric CO, increase, but there were substantial differences in the magnitude of interannual variability
simulated by the models. The analysis of the ability of the models to simulate the changing amplitude of the
seasonal cycle of atmospheric CO, suggested that the observed trend may be a consequence of CO, effects,
climate variability, land use changes, or a combination of these effects. The next steps for improving the
process-based simulation of historical terrestrial carbon include (1) the transfer of insight gained from stand-
level process studies to improve the sensitivity of simulated carbon storage responses to changes in CO, and
climate, (2) improvements in the data sets used to drive the models so that they incorporate the timing, extent,

and types of major disturbances, (3) the enhancement of the models so that they consider major crop types
and management schemes, (4) development of data sets that identify the spatial extent of major crop types
and management schemes through time, and (5) the consideration of the effects of anthropogenic nitrogen
deposition. The evaluation of the performance of the models in the context of a more complete consideration
of the factors influencing historical terrestrial carbon dynamics is important for reducing uncertainties in
representing the role of terrestrial ecosystems in future projections of the Earth system.
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1. Introduction

The development of an improved understanding of terrestrial
carbon dynamics is taking on increased political and scientific
importance [Melillo et al., 1996; Schimel et al., 1996]. For the
past three decades, terrestrial carbon cycle research has addressed
fundamental problems in Earth System Science. Given the
atmospheric CO, record, could we account for its seasonal and
interannual patterns [Keeling and Revelle, 1985; Keeling et al.,
1995] and the apparent existence of terrestrial sinks that have
moderated the rate of accumulation of CO, [Tans et al., 1990,
Denning et al., 1995, 1999; Heimann and Kaminski, 1999;
Rayner et al., 1999]? With the development of ice-core records of
CO, [Etheridge et al., 1996; Indermuehle et al., 1999; Smith et
al., 1999; Petit et al., 1999], could we account for natural
variations of CO, concentration that seem to be associated with
climate change on longer timescales [Bruno and Joos, 1997]?
These questions, still only partially answered, have taken on
additional importance and urgency in the wake of the United
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Nations climate conference in Kyoto (Framework Convention on
Climate Change available at http://www.unfccc.de/resource/
cop3.html). Articles 3.3 and 3.4 of the Kyoto Protocol set targets
for limiting emissions of greenhouse gases and allowed for active
management of the terrestrial biosphere as a complementary
measure to emissions reductions (Framework Convention on
Climate Change available at http://www.unfccc.de/resource/
cop3.html). Locating the sources and sinks for CO, and
understanding them well enough to predict how they will respond
to deliberate management or to inadvertent climate change have
emerged as major international policy issues, with potentially
immense economic implications [Wigley et al., 1996].

The major components of the atmospheric carbon budget on
the timescale of human lifetimes are fossil-fuel CO, emissions,
exchanges of CO, between the ocean and the atmosphere, and
exchanges of CO, between the terrestrial biosphere and the
atmosphere [Schimel et al., 1996]. The net carbon exchange
(NCE) between the terrestrial biosphere and the atmosphere can
be described by the equation:

NCE =R, - NPP + Eyup + Egp+ Ep (1)

where R, is heterotrophic respiration (i.e., decomposition), NPP
is net primary production, E,, represents emissions associated
with nonanthropogenic disturbance, E,, represents emissions
from anthropogenic disturbance, and E, represents the
decomposition of products harvested from ecosystems for human
use. A positive NCE indicates a terrestrial source of atmospheric
CO,, whereas a negative NCE indicates a terrestrial sink. The
fluxes NPP and R, represent production and decomposition of
organic matter in land-based and fresh-water aquatic ecosystems
of the terrestrial biosphere and are influenced by changes in
atmospheric CO,, variability and changes in climate, disturbance
history, and the deposition of anthropogenic nitrogen [Schimel et
al., 1996, 1997, 2000]. Also, the flux R, includes decomposition
of carbon that is transported from one location to another in the
terrestrial biosphere through runoff, leaching, and other erosion
processes as dissolved inorganic carbon, dissolved organic
carbon, and particulate organic carbon [Kling et al., 1991;
Stallard, 1998; Harden et al., 1999]. In addition to exchange with
the atmosphere, the terrestrial biosphere also exports carbon in
river inputs to the oceans, much of which is decomposed and
released back to the atmosphere in estuary and coastal marine
environments [Schlesinger, 1991]. Terrestrial biosphere-
atmosphere exchanges are also influenced by emissions
associated with nonanthropogenic disturbances, for example,
fires caused by lightning, as well as anthropogenic disturbances,
which include clearing of land for agriculture, conversion of
forest to pasture, and the harvest of forest products. The products
harvested from agriculture and forestry may also be transported
from one location to another and decompose at locations far from
the site of harvest.

Cropland establishment and abandonment is an important
anthropogenic influence on terrestrial biosphere-atmosphere
exchanges. The clearing of land for agriculture contributes
significantly to CO, emissions, and abandonment of agriculture
and subsequent forest management can contribute significantly to
CO, uptake [Houghton, 1999]. On average during the 1980s, of
5.5 Pg C yr' that were released to the atmosphere as CO, because
of fossil fuel burning, only 3.3 Pg C yr' remained in the
atmosphere. According to the 1995 analysis of the

Intergovernmental Panel on Climate Change (IPCC), 2.0 Pg C
yr' were taken up by the ocean while the terrestrial biosphere
was approximately neutral [Schimel et al., 1996]. That is, the
carbon source from the biosphere due to land use change, mainly
in the tropics (estimated at 1.6 Pg C yr'), was approximately
balanced by sinks (estimated at 1.8 Pg C yr™") in other terrestrial
ecosystems. A recent reanalysis of the land use contribution by
Houghton [1999] has yielded a slightly larger estimate of the
anthropogenic source of 2.0 Pg C yr', implying a somewhat
larger terrestrial biosphere sink. The terrestrial biosphere has also
been estimated to deliver between 0.4 and 0.5 Pg C yr' in river
inputs to the ocean [Schlesinger, 1991].

The contribution of land use changes to the global CO, budget.
has traditionally (as given by Schimel et al. [1996]) been
estimated with bookkeeping models [Houghton et al., 1983;
Houghton, 1999] that balance deforestation and forest regrowth
over time, assuming generic time-dependent functions for carbon
gains and losses in different ecosystem types. Of the land use
changes considered in an analysis by Houghton [1999], cropland
establishment/abandonment was responsible for 68% of the net
land use flux, while harvest of wood, conversion of forests to
pastures, and shifting cultivation accounted for 16, 13, and 4% of
the net flux, respectively. Several mechanisms were proposed by
Schimel et al. [1996] to explain the terrestrial uptake that is
required to balance land use emissions computed in this way.
These mechanisms included physiological responses of terrestrial
ecosystems to increasing ambient CO, concentrations and
anthropogenic N deposition and variations in productivity due to
climate variability. An additional contribution to terrestrial
carbon uptake was ascribed, more controversially, to forest
regrowth in northern extratropical ecosystems. Recently, the net
carbon storage associated with physiological mechanisms has
been independently estimated in a number of different process-
based model analyses that have evaluated the effects of rising
atmospheric CO, [Kicklighter et al., 1999a], climate variability
[Kindermann et al., 1996; Braswell et al., 1997], rising CO, and
climate [Tian et al., 1998, 1999a, 1999b, 2000; Cao and
Woodward, 1998; Meyer et al., 1999; McGuire et al., 2000a], and
anthropogenic N deposition [Townsend et al., 1996; Holland et
al., 1997; Nadelhoffer et al., 1999; Lloyd, 1999]. The analyses
suggest that each of these mechanisms could be playing a
significant role in the global CO, budget. It is quite conceivable
that their combined effects could counterbalance the net release
of carbon associated with land use change. However, a rigorous
analysis has not been possible because the various proposed
mechanisms are by no means independent. For example, the
effects of CO, and N deposition may be synergistic [Lloyd,
1999], and the effects of CO, and climate interact [Long, 1991].
There is also widespread confusion about what effects are
included in the traditional estimates of the land use contribution
[Kauppi et al., 1992a, 1992b; Rastetter and Houghton, 1992] and
indeed there may be strong interactions between the regrowth
component and the other mechanisms. For example, the effects of
rising CO, in forests may be strongest during regrowth in which
faster early growth leads to faster canopy development and
higher photosynthesis. Thus the positive and negative sides of the
terrestrial carbon balance may be confounded between analyses
that do not simultaneously consider the major factors influencing
changes in terrestrial carbon storage.

The net exchange of carbon between the atmosphere and
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