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ABSTRACT

A better understanding of the long-term global carbon cycle requires improved estimates of the
changes in terrestrial carbon storage (vegetation and soil) during the last glacial-interglacial
transition. A set of reconstructions of palaeovegetation and palaeoclimate in China for the last
glacial maximum (LGM) and the mid-Holocene (MH) allows us to use the Osnabriick biosphere
model (OBM), which needs as input only 3 climatic parameters that are easily derivable from
palaeodata, to reconstruct the past terrestrial carbon storage since the LGM. The change from
the conditions of the LGM (colder and drier than present) to the MH (warmer and wetter than
present) resulted in a gain of 116 Pg of terrestrial carbon in China mainly due to the build-up
of temperate forest and tropical monsoon rain forest, and to the effects of changes in climate
and CO, levels. However, a loss of 26 Pg of terrestrial carbon (which does not include anthropo-
genic disturbances) occurred in China between the MH and the present due to shifts in the
area covered by the main vegetation types. Results also show that glacial-interglacial changes
in climate and vegetation distribution, both associated with variations in the Asian monsoon
system, significantly affected terrestrial carbon storage in China which strongly contributed to

the global carbon cycle.

1. Introduction

The transition from the last glacial maximum
(LGM) (about 21 000-18 000 years BP) to present
interglacial conditions brought with it many
changes in the global biogeochemical cycle. The
CO, measurements from the Vostok Ice Core
(Barnola et al, 1987) clearly indicate that the
atmospheric CO, concentration has varied greatly
over the last climatic cycle: cold glacial periods
being associated with low CO, concentrations
(about 200 ppm) and warm interglacial periods
being associated with high CO, concentrations
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(about 270 ppm), which are near to that of pre-
industrial time (about 280 ppm). The terrestrial
biosphere plays an important réle in the global
carbon cycle (Smith et al., 1993; Sampson et al,
1993) as a modulator of changes in atmospheric
CO,. Concerns about the impacts of increasing
the atmosphere’s CO, concentration and future
global warming on the terrestrial biosphere, as
well as the interactions and feedbacks between the
climate system and the terrestrial biosphere, have
focused attention on our need to better understand
past changes in terrestrial vegetation and carbon
storage (Adams et al, 1990; Prentice and Fung,
1990; Sundquist, 1993).

The last glacial maximum (LGM) and the mid-
Holocene (MH) are two key time slices for the
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reconstruction of past environments with known
climate forcing. The LGM was characterized by
extensive ice sheets in northern mid-latitudes,
sea-surface temperatures generally colder than
those at present, lower atmospheric CO, (about
200 ppm), and a sea level 120 m lower than that
at present (Bartlein, 1988). Although the LGM
represents a cold, low CO, world, it does not
represent a mirror image of the future warm, high
CO, one. The MH has been proposed as an
analogue to possible future warm climates poten-
tially induced by doubling the concentration of
atmospheric CO, (Borzenkova and Zubakov,
1984; Kellogg, 1990; Butzer, 1980; Folland et al.,
1990), but the analogue is false (IPCC, 1995).
Because the Earth’s orbital configuration was
different from present, even if deglaciation was
essentially completed by this time, ice-sheet extent
and sea level were similar to the present, and the
atmospheric CO, concentration according to ice-
core records had stabilized within its pre-industrial
range of 270-280 ppm (Barnola et al., 1987). At
the MH summer insolation was higher than at
present in the Northern Hemisphere, and total
annual insolation was greater than at present at
high latitudes (IPCC, 1995).

China, located between latitude 20 and 54°N
and between longitude 75 and 130°E, has climate
regimes ranging from perennial snow on the high
western mountains to deserts in the western low-
lands, and from cold temperate regions in the
northeast to warm and humid tropics along the
southern coast (Editors of the Teachers College of
Northwest China, 1984). The climate of east-
central China is characterized by alternations of
East Asian summer and winter monsoons which
are driven by the differential heating between the
Asian continent and the Pacific Ocean to the east
and southeast, and the Indian Ocean to the south-
west (Gao et al., 1962). The monsoons support a
unique set of ecosystems ranging from the boreal
coniferous forest in the northeast to the tropical
monsoon rain forest in the south. The climatic
variability, topographic complexity, and natural
ecosystem diversity give China an important role
in global change studies (Ye et al., 1995).

Great efforts have been made to reconstruct the
changes in paleoclimatic patterns and paleovegeta-
tion distributions (An et al., 1991; Shi et al., 1993;
Wang and Sun, 1994; Winkler and Wang, 1994).
However, the regional-scale reconstruction of gla-
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cial-interglacial terrestrial carbon of China has
not been reported until now. A few global syn-
theses contain estimates of terrestrial carbon stor-
age of China for the LGM (Adams et al., 1990;
Prentice and Fung, 1990; Prentice et al., 1993; Van
Campo et al, 1993; Esser and Lautenschlager,
1994; Peng et al,, 1995a) and for the MH (Foley,
1995), but these estimates are based on inaccurate
global data (Adams et al., 1990; Van Campo et al.,
1993; Peng et al, 1995a) or coarse resolution
general climate circulation models (GCMs)
(Prentice and Fung, 1990; Prentice et al.,, 1993;
Esser and Lautenschlager, 1994; Foley, 1995). The
uncertainties in these reports arise not only from
the uncertainties in the climate simulation them-
selves for the present or past, but also from their
inability to take into account the dynamic
processes of the carbon cycle (e.g., possible low-
fertilization effect of low atmospheric CO,
concentration on the net primary productivity).
For these reason, the combined use of regional
data and a biosphere carbon model was under-
taken to reconstruct the terrestrial carbon
dynamics during the glacial-interglacial transition.

A previous study (Peng et al, 1995a) demon-
strated the ability of the Osnabriick biosphere
model (OBM) to provide reconstruction of past
terrestrial carbon storage from the global palaeo-
data of Frenzel et al., (1992) despite its limited
and inadequate data for China. The objective of
the present study is to use the OBM (Esser, 1987,
1991) modified by Peng et al. (1995a) and the
Chinese palaeovegetation maps of An et al., (1991)
and Shi et al., (1993), which are the best regional
maps for China, to investigate the effects of past
climatic change on vegetation distribution and
long-term terrestrial carbon dynamics. We focus
on the reconstruction of terrestrial carbon storage
of China for the LGM, MH and present. The
results are compared to those obtained from the
carbon densities of Olson et al., (1985) and Zinke
et al, (1986) for the present, as well as to other
regional estimates of past terrestrial carbon stor-
age during the same periods (Branchu et al., 1993,
Monserud et al., 1995).

2. Model and data

2.1. Description of the Osnabriick biosphere model

The OBM developed by Esser (1987, 1991) and
modified by Peng et al. (1995a) has a grid reso-
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lution of 0.5° x 0.5° (longitude x latitude) and is a
dynamic, global-scale model of the carbon cycle.
The model describes the major fluxes and pools
of carbon in the terrestrial biosphere, depending
on mean annual temperature, total annual precip-
itation and the atmospheric CO, concentration.
A detailed description of the model and a discus-
sion of its applicability to present conditions can
be found in the original papers. A further applica-
tion of this model to palaeodata is given in Peng
et al,, (1995a, b). Here, we report mainly on several
important features and modifications made in
this study.

The OBM identifies three pools of terrestrial
carbon: herbaceous and woody live biomass, litter
from herbaceous and woody material, and soil
organic carbon. The carbon fluxes are net primary
production (NPP), allocation of assimilates to the
compartments of live biomass, litter production,
litter decomposition, soil organic carbon produc-
tion, and soil organic carbon decomposition. The
structure of the OBM is depicted in Fig. 1.

The NPP calculated by the OBM is an equilib-
rium prediction representing the net carbon input
from the atmosphere into the biosphere. The
model assumes that vegetation change is in equi-
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librium with climate. The productivity of the
potential vegetation is limited either by temper-
ature or precipitation and can be estimated by the
MIAMI model (Lieth, 1975) and modified by soil
fertility (F,y) and by a CO, fertilization factor
(Fco,) (Esser, 1991). This latter factor, which sum-
marizes the influence of the entire complex of
ecological effects of the atmospheric CO, concen-
tration, is important for understanding the glacial-
interglacial biosphere carbon budget. It depends
on the atmospheric CO, concentration (CO,) and
soil fertility (Fyoy)-

k(m) k(m)

Fsoil= ka X As(ma k)/ Z As(m’ k): (1)
k=1 k=1

Foo, = A x [(1—c)\Rc02~20n], 2)

A__‘(l +Fsoil)/4a
R= —In((4—1)/A) x (1/240).

Here f; is soil factor for soil unit k, and AS(m, k)
is the area (km?) occupied by a soil unit k in a
grid element m.

The CO, fertilization effect as described by the
eg. (2) has proved to be reliable if used from pre-
industrial to modern CO, concentration, but the
extrapolation of this equation to lower glacial

Atmosphere

| Fossil C

.......

Vegetation type:

distribution

_________________________

Grid element:
surface

Fig. I. Flow diagram of the Osnabriick Biosphere Model (OBM) (Esser, 1984, 1991) for calculation of carbon
dynamics in the terrestrial biosphere. The control variables for calculation of carbon pools and fluxes are indicated
by dotted arrows. The large brackets enclose the model structure on the level of each of the 0.5 grid elements that
yields the carbon balance of each grid element (m) for one year (C, ). C: carbon; NPP: net primary productivity;
LP: production of herbaceous and woody litter; LD: decomposition of litter; SD: decomposition of humic compounds
in the soil; L: leaching of organic compounds; AC: net carbon exchange between the atmosphere and biosphere.
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CO, concentration must be considered speculative
(Esser, 1987, 1991). A further discussion of the
CO, fertilization effect can be found in Esser and
Lautenschlager (1994) and Peng et al. (1995a).

In the OBM, the vegetation biomass is calcu-
lated by an empirical relationship between NPP
and mean stand age of vegetation. Mean stand
age represents the approximate average turnover
time of the vegetation, and is derived from
DATAVW which is a comprehensive literature
database of net primary productivity, biomass and
decomposition rates developed at the University
of Osnabriick, Germany. A few gaps are filled
using a ranking method (Esser, 1984). Litter pro-
duction and decomposition, and soil organic
carbon production and decomposition are func-
tions of mean annual temperature, total annual
precipitation, atmospheric CO, concentration, soil
fertility, and vegetation type.

We do not take into account the effect of land-
use changes when estimating the potential car-
bon storage in vegetation, litter and soil pools.
The losses of dissolved and particulate organic
carbon through leaching or deposition are gener-
ally negligible (Schlesinger and Melack, 1981,
Schlesinger, 1985).

2.2. Data

The data sets required by the model are atmo-
spheric CO, concentration, mean annual temper-
ature, total annual precipitation, potential
vegetation types and soil types at each grid cell.
These data sets came from the various sources
described below.

2.2.1. Atmospheric CO, concentration. The CO,
concentration of the atmosphere was set to
280 ppm (pre-industrial value) for the present time,
270 ppm for the mid-Holocene (MH), and
200 ppm for last glacial maximum (LGM), based
on the CO, measurements from the Vostok Ice
Core (Barnola et al., 1987). Sea level was assumed
to be 120 meters below present at the LGM
(Moore et al., 1981; An et al, 1991; Winkler and
Wang, 1994; Peltier, 1994), leading to an increase
of 1.15-10'2 m? in the continental area for China.
Assuming the atmosphere acts as an unlimited
carbon source for terrestrial pools, we obtained
the initial values for each pool using a fixed
atmosphere CO, concentration of 280 ppm for the
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present, 270 ppm for the MH, and 200 ppm for
the LGM. The pre-run procedure requires consid-
erable computing (about 1500 simulated years) in
order to obtain stable soil pools and prevent
subsequent model drift in the continued model
run.

2.2.2. Vegetation data. Modern vegetation map.
The map of modern vegetation distributions in
China (Wu et al., 1980) provides the most complete
reference for the distribution of nine potential
vegetation types (Fig. 2a, Table2) which were
digitized at the 0.5° x 0.5° grid level. Because the
map is based on potential vegetation, land-use is
not included in this map. The vegetation types
displayed include (1) boreal coniferous forest
(BOCF), (2) coniferous and deciduous broad-
leaved mixed forest (CDMF), (3) deciduous and
broad-leaved forest (DBLF), (4) deciduous and
evergreen broad-leaved mixed forest (DEMF), (5)
desert and semidesert (DESE), (6) highland
vegetation (HLVE), (7) subtropical evergreen
broad-leaved forest (SEBF), (8) steppe and high-
land steppe (STEP), and (9) tropical monsoon
rain forest (TMRF). The mean stand age (years)
of each vegetation type and the share factors
needed to calculate herbaceous and woody por-
tions of production were derived from Esser (1991,
Table 31.6).

Palaeovegetation maps. For past vegetation we
rely primarily on the published palacovegetation
maps of Shi et al. (1993) for the MH (Fig. 2b) and
An et al. (1991) for the LGM (Fig. 2c). We deem
these two maps to be the best such regional
maps for China. They were compiled from vari-
ous regionally-specific data sources including
radiocarbon-dated pollen data, paleosols, archae-
ological data, palaeolimnology, sea-level change
and ice cores (see Fig.1 in Shi et al, 1993).
Although the data, methods and stratigraphy on
which the reconstructions are based are not clearly
described and their reliability not indicated by An
et al. (1991), the LGM period, with dominant
steppes and desert, and a disappearance of mon-
soon rain forest together with a major shift of
vegetation regions towards the southeast as com-
pared with their modern patterns, is consistent
with independent palynological records (Zheng,
1986; Xu et al.,, 1987; Liu, 1988; Wang and Sun,
1994), and certainly represents a more reliable
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(a) Present

(c) Last Glaclal Max:mum
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(b) Mld-Hoiocene
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Desert and semidesert

| Steppe and highland steppe

| Forest - steppe

| | Highland vegetation and tundra

Decid. and evergreen broad-leaved mixed forest
Conif. and deciduous bread-leaved mixed forest
Deciduous and broad-leaved forest

Boreal coniferous forest

Subtropical evergreen broad-leaved forest
Tropical monsoon rain forest

Fig. 2. (a) Modern potential vegetation distribution in China (Wu et al., 1980); (b) reconstruction of paleovegetation
of China at the mid-Holocene (MH) (Shi et al., 1993); and (c) reconstruction of paleovegetation of China at the Last

Glacial Maximum (LGM) (An et al,, 1991).

regional reconstruction than the global palacove-
getation maps of Adams et al. (1990) and Frenzel
et al. (1992).

The palacovegetation map of Shi et al. (1993)
for the MH contains nine vegetation types
(Table 4). Comparing this map to the modern
vegetation distribution (Table2), we find that
highland vegetation (HLVE) has disappeared and
forest-steppe (FOST) has been added. The palaeo-
vegetation map of An et al. (1991) provides the
distribution of seven main vegetation types for the
last glacial maximum (LGM) (Table 5). The trop-
ical monsoon rain forest (TMRF), and deciduous
and evergreen broad-leaved mixed forest (DEMF)
disappeared completely from China at this time.
Both the above palaeovegetation maps were digit-
ized at the 0.5° x 0.5° grid using the same method
reported by Peng et al. (1995a). The mean stand
age (years) of each vegetation type and the biomass
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share factor are reported in Table 1 assuming that
these values are the same as present for corres-
ponding vegetation types.

2.2.3. Climate data. Modern climatic data,
including mean annual temperature (7T} esen) and
total annual precipitation (P esen) Were obtained
from the revised version of the ITASA database
(Leemans and Cramer, 1991) at a 0.5° x 0.5° grid
scale.

For the MH, mean annual temperature and
total annual precipitation anomalies (ATyy and
APyy) were deduced directly from palaeovegeta-
tion in China by Shi et al. (1993) in order to
ensure a good correspondence between the vegeta-
tion and climate. The average value of these
climatic parameters was calculated for each
modern vegetation type and attributed to a corres-
ponding palaeovegetation type, in order to
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Table 1. The major vegetation types used in this study

Mean Veg-c density Soil-c density
stand
Code Vegetation type age H, low medium high low medium high
BOCF boreal coniferous forest 100 0.34 44 8.7 11.7 12.7 16.6 20.5
CDMF  coniferous and deciduous 130 0.29 6.0 10.0 14.0 10.5 13.0 15.5
broad-leaved mixed forest
DBLF deciduous and broad-leaved 150 0.44 8.0 10.0 14.0 12.7 15.2 177
forest
DEMF  deciduous and evergreen 150 0.38 8.0 10.0 14.0 12.7 152 17.7
broad-leaved mixed forest
DESE desert and semidesert 5 0.85 0.2 0.45 0.85 33 4.6 5.9
FOST forest-steppe 25 0.53 2.0 4.1 7.3 6.7 7.3 79
HLVE highland vegetation 10 0.70 0.5 0.8 1.3 7.3 9.2 109
SEBF subtropical evergreen 200 0.37 6.0 10.0 140 123 13.3 142
broad-leaved forest
STEP steppe and highland steppe 1 1.0 0.5 1.0 24 11.6 12.3 13.0
TMRF tropical monsoon rain forest 200 0.37 10.0 14.0 17.0 9.5 104 11.3

Mean stand age (years) of vegetation and the NPP share factor for herbaceous H,, were derived from Esser (1991,
in Table 31.6). The NPP share factor for woody H,, is simply calculated from 1-H, . The vegetation carbon densities
(kg/m?) are from Olson et al. (1985) and soil carbon densities (kg/m?) are from Zinke et al. (1986).

calculate climatic anomalies. We have interpolated
these anomalies to the 0.5° x 0.5° grid point using
weighted averaging with a large radius (5°). The
mean annual temperature (7Ty) and total annual
precipitation (Pyy) were then obtained by adding
these anomalies to the modern data.

TMH = Tpresent +A TMHs (3 )
PMH=Ppresent+APMH' (4)

This stepwise procedure was developed to preserve
the influence of topography in China. Generally,
it is estimated that the Ty was higher than present
about by 1°C in south China, 2.5°C in east China
and by 3-4°C in north China and northeast China,
much higher than the average value for the north-
ern hemisphere (1.5°C) during 6500-7000 years
BP estimated by Frenzel et al. (1992). A warming
of 4-5°C was recorded in the Tibet Plateau.
Similarly, the anomalies of the mean annual
temperature(AT gy), and total annual precipita-
tion (AP gwm) for the last glacial maximum (LGM)
were digitized at the 0.5° x 0.5° grid based on the
relationship between the palaeovegetation map
and climatic parameters reconstructed by An et al.
(1991). Mean annual temperature (7igy), and
total annual precipitation (Ppgy) were obtained
by adding the LGM anomalies to the revised
version of the ITASA modern climate (Leemans

and Cramer, 1991) database (called Tpresers

P present):
RGM = present+ ATi,GM; (5)
Prom=P present + APLou- (6)

To avoid negative precipitation values in MH and
LGM, in a few instances, we multiplied current
annual precipitation values by adjusted precipita-
tion anomalies (for more detail see Esser and
Lautenschlager, 1994). Preliminary estimations
showed that the T gy in north China might have
been 10-12°C lower than it is now, and the P, gy
might be less than 50% its present value (An et al.,
1991). However, we did not take into account the
direct effects of low CO, on canopy conductance.
As a consequence estimates of precipitation
changes for the LGM may be slightly over-
estimated because of decreases in stomatal con-
ductance and transpiration rates in response to
increases in CO, concentration from the LGM to
the present (Beerling and Woodward, 1993).

2.24. Soil data. The soil data (Zobler, 1986)
were based on the soil map of the world (FAO-
UNESO, 1974) which is given on a 1°x1° grid
scale. The soil units of this map were interpolated
to a 0.5° % 0.5° grid scale as required by the OBM.
The soil fertility factor (F,,;) was derived by
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comparing the measured net primary production
of the soil with NPP calculated from climate only
(Esser, 1991). The soil types that are not in
Table 31.4 of Esser (1991) were assumed to have
a soil fertility factor (Fg,y) of 1 (McGuire et al,,
1993). Because of the lack of soil information for
the MH and LGM, we simply used the same soil
map as for the present time and assumed that the
soil fertility factor remained constant for today,
the MH and LGM. This assumption may be
inappropriate for the LGM because soil may have
been less developed during that period. For areas
which are inundated now but were exposed by
sea level depression (—120 m) during the LGM,
we derived values from the Zobler (1986) database
using distance-weighted and averaged inter-
polation.

3. Results

3.1. Modern distribution of terrestrial carbon
storage in China

Table 2 shows that total modern terrestrial
carbon storage in China is estimated at 157.9 Pg
(57.9 Pg in vegetation and 100.0 Pg in soil). The
highest carbon storages occur respectively in sub-
tropical evergreen broad-leaved forest (SEBF)
with 59.0 Pg, and deciduous and broad-leaved
forest (DBLF) with 20.0 Pg, due to their larger
area and higher carbon density. The lowest carbon
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storages are found in the boreal coniferous forest
(BOCF) with 3.1 Pg and deciduous and evergreen
broad-leaved mixed forest (DEMF) with 7.1 Pg,
due to their small areas. The desert and semi-
desert (DESE) occupies the largest area at 24%
of the study area (about 9.68-10'* m?), but it
contains only 9.2% of the total carbon storage
in China.

3.2. Model testing

Using the estimates of vegetation carbon densi-
ties by Olson et al. (1985) and soil carbon densities
by Zinke et al. (1986) (Table 1), and taking into
account the area for corresponding ecosystems,
we estimated (Table 3) that total terrestrial carbon
storage ranges between 116.9 and 182.8 Pg (includ-
ing 31-67 Pg in vegetation and 85-116 Pg in
soils). Note that low and high values indicate the
variability of carbon storage due to climatic and
other biotic factors within a given ecosystem rather
than statistical error. We compared our model-
based estimates of total carbon storage in vegeta-
tion and soil (Table 2) to that of global data-based
estimates (Table 3) under the current climate. It
seems that the OBM overestimates the vegetation
carbon storage in subtropical evergreen broad-
leaved forest and soil carbon storage in coniferous
and deciduous broad-leaved mixed forest. It
appears to underestimate the soil carbon storage
in boreal coniferous forest and steppe. The simula-

Table 2. Reconstruction of present vegetation area and total carbon storage (Tot-C) including carbon in
vegetation (Veg-C ) and. in soil (Soil-C ) calculated using the OBM model (Esser, 1991) and modern

vegetation map (Wu et al., 1980)

Area Tot-C Veg-C Soil-C

Code Vegetation type (102 m?) (Pg C) (PgC) (PgC)

BOCF boreal coniferous forest 0.24 3.1 0.8 2.4

CDMF coniferous and deciduous 0.57 14.1 39 10.2
broad-leaved mixed forest

DBLF deciduous and broad-leaved forest 097 20.0 7.8 13.0

DEMF deciduous and evergreen 033 71 30 4.0
broad-leaved mixed forest

DESE desert and semidesert 231 14.5 1.0 135

HLVE highland vegetation 2.03 16.9 1.1 158

SEBF subtropical evergreen 1.72 59.0 33.7 25.3

broad-leaved forest

STEP steppe and highland steppe 1.13 12.5 0.9 11.5

TMRF tropical monsoon rain forest 0.38 10.6 6.4 42

total 9.68 157.9 579 100.0
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Table 3. The carbon storage in vegetation ( Veg-C, Pg C) and soil (Soil-C, Pg C) for 9 ecosystems (Wu
et al., 1980) are estimated using the vegetation carbon densities of Olson et al. (1985) and soil carbon
densities of Zinke et al. (1986) at 3 levels (low, medium and high in Table 1) for present-day China

Area Veg-C Soil-C
Code Vegetation type (10'2 m?) low  medium high low  medium high
BOCF boreal coniferous forest 0.24 1.1 2.1 28 31 4.0 49
CDMF coniferous and deciduous 0.57 34 57 8.0 6.0 74 8.8
broad-leaved mixed forest
DBLF deciduous and broad-leaved 097 7.8 9.7 13.6 12.3 14.7 17.2
forest
DEMF deciduous and evergreen 0.33 2.6 33 4.6 42 5.0 58
broad-leaved mixed forest
DESE desert and semidesert 231 0.5 1.1 2.0 7.6 10.6 13.6
HLVE highland vegetation 203 1.0 1.6 2.6 14.8 18.7 221
SEBF subtropical evergreen 1.72 10.3 17.2 24.1 21.2 229 24.4
broad-leaved forest
STEP steppe and highland steppe 1.13 0.6 1.1 2.7 13.1 13.9 14.7
TMRF tropical monsoon rain forest 0.38 38 53 6.5 kX 39 43
total carbon storage 311 47.1 66.9 859 101.1 115.8

tion of total potential terrestrial carbon storage
by the OBM, however, is within the range of
observational uncertainty. Hence we conclude that
the OBM model adequately reproduces the
expected value of modern potential terrestrial
carbon storage in China.

3.3. Change in terrestrial carbon storage from the
MH to the present time

As shown in Fig. 3 and Table 4, total terrestrial
carbon storage in China for the MH was 1834
Pg (70.6 Pg in vegetation and 112.8 Pg in soil),
compared to 157.9 Pg (57.9 Pg in vegetation and

200
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Carbon Storage (Pg C)
g 8
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Fig. 3. Change in terrestrial carbon storage in China
from the LGM to present.

Present

100.0 Pg in soil) at the present. The loss of 25.5
Pg of carbon storage between the MH and present
is significant. (We note that this loss would be
even greater for modern times if the potential
vegetation were modified to account for land-use
and other anthropogenic disturbances.) The main
contributions to the loss estimated here are the
decrease of 21.7 Pg in the deciduous and broad-
leaved forest (DBLF), 31.0 Pg in the forest-steppe
(FOST) and 8.2 Pg in the deciduous and evergreen
broad-leaved mixed forest (DEMF). These are
partly compensated by the extension of highland
vegetation (HLVE), coniferous and deciduous
broad-leaved mixed forest (CDMF) and desert
(DESE), which together increase the carbon stor-
age by 28.4 Pg at the present time. The boreal
coniferous forest (BOCF) has expanded greatly in
area since the MH, but its still small area results
in a gain of only 2.6 Pg of carbon storage (Fig. 4).

3.4. Change in terrestrial carbon storage from the
LGM to the MH

As shown in Fig. 3 and Table 5, total terrestrial
carbon storage in China in the LGM was only
67.9 Pg (15.5 Pg in vegetation and 524 Pg in
soil), compared to 183.4 Pg (70.6 Pg in vegetation
and 112.8 Pg in soil) at the MH. This implies a
gain of 115.6 Pg in carbon storage from LGM to
MH. This is comparable to the estimated 154 Pg
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Table 4. Reconstruction of mid-Holocene (MH ) vegetation area and total carbon storage ( Tot-C) includ-
ing carbon in vegetation (Veg-C ) and in soil (Soil-C ), calculated by using the OBM (Esser, 1991) and

palaeodata from Shi et al. (1993)

Area Tot-C Veg-C Soil-C
Code Vegetation type (102 m?) (Pg C) (Pg C) (Pg C)
BOCF boreal coniferous forest 0.06 0.5 0.1 04
CDMF coniferous and deciduous 0.37 9.9 29 7.1
broad-leaved mixed forest
DBLF deciduous and broad-leaved forest 1.59 41.7 15.2 26.5
DEMF deciduous and evergreen 0.68 15.2 6.4 8.8
broad-leaved mixed forest
DESE desert and semidesert 1.20 76 0.5 7.1
FOST Forest-steppe 2.01 31.0 3.6 274
SEBF subtropical evergreen 1.67 51.7 347 231
broad-leaved forest
STEP steppe and highland steppe 1.75 9.5 0.6 8.9
TMRF tropical monsoon rain forest 0.35 10.3 6.6 3.7
total 9.68 1834 70.6 112.8
35 and CO, levels, and (3) the influence of inundation
3 at deglaciation. The build-up of modern tropical
- monsoon rain forest (TMRF) and deciduous and
E2s evergreen broad-leaved mixed forest (DEMF),
% 2 which were completely absent during the LGM,
< resulted in an increase of 25.5 Pg total carbon
31-5 storage. Additional contributions to MH carbon
< 1 storage are made by 14 Pg increase in forest-
steppe (FOST) and 38.7 Pg in subtropical ever-
05 green broad-leaved forest (SEBF). The effects of
changes in climate (warmer and wetter) and CO,

° 'BOCF COMF DBLF DEMF DESE FOST HLVE SESF STEP TMRF
Major Ecosystems

| Present B MH LGM |

Fig. 4. Change in area of major ecosystem in China for
the LGM, MH and present. The area unit is in 10" m?
and the symbols are defined in Table 1 (BOCF: boreal
coniferous forest; CDMF: coniferous and deciduous
broad-leaved mixed forest; DBLF: deciduous and broad-
leaved forest; DEMF: deciduous and evergreen broad-
leaved mixed forest; DESE: desert and semidesert; FOST:
forest-steppe; HLVE: highland vegetation and tundra;
SEBF: subtropical evergreen broad-leaved forest; STEP:
steppe and highland steppe and TMRF: tropical mon-
soon rain forest).

increase in carbon for the whole of Africa from
LGM to MH conditions reported by Branchu
et al. (1993). The changes in terrestrial carbon
storage from the LGM to the MH in China that
we calculate are mainly due to (1) changes in
vegetation areas, (2) the effects of change in climate

Tellus 49B (1997), 4

fertilization (assumed with an increase of CO,
concentration from 200 ppm at LGM to 270 ppm
at MH) contributed an increase of 45.1 Pg C in
the carbon storage of MH. However, the influence
of inundation at deglaciation resulted in a decrease
of 7.5 Pg C in vegetation and soil from the LGM
to the MH.

3.5. Contribution of China to the global carbon
cycle since the LGM

The size of the total terrestrial carbon pool
estimated in China for the pre-industrial present
(Fig. 5) comprises approximately 7% of the mean
global carbon pool of 2167+ 730 Pg C (ie., 8.3%
of the global vegetation pool of 700 Pg C and
6.8% of the global soil pool of 1467 Pg C) reported
by Woodwell et al. (1995) based on various empir-
ical estimations. At the MH, the size of the total
terrestrial carbon pool estimated for China repres-
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Table 5. Reconstruction of last glacial maximum (LGM) vegetation area and total carbon storage ( Tot-C)
including carbon in vegetation (Veg-C ) and in soil (Soil-C ), calculated using the OBM ( Esser, 1991)

and palaeodata from An et al. (1991)

Area Tot-C Veg-C Soil-C
Code Vegetation type (10" m?) (PgC) (Pg C) (Pg C)
BOCF boreal coniferous forest 0.23 2.1 0.5 1.7
DBLF deciduous and broad-leaved forest 224 19.5 39 15.6
DEMF deciduous and evergreen 0.00 0.00 0.00 0.00
broad-leaved mixed forest
DESE desert and semidesert 322 6.7 13 54
FOST forest-steppe 1.30 17.0 4.8 12.2
HLVE highland vegetation and tundra 041 0.03 0.01 0.02
SEBF subtropical evergreen 1.84 19.0 4.8 14.2
broad-leaved forest
STEP steppe and highland steppe 1.59 35 0.2 33
TMRF tropical monsoon rain forest 0.00 0.00 0.00 0.00
total 10.83 679 15.5 524
2500 we chose to look at only one of them as a baseline,

5

1500 |- ‘f.
| World
|-
1000 |- .| |China

Total Carbon Storage (Pg C)
1%,
8

Present MH

LGM

Fig. 5. The contribution of Chinese ecosystem to the
global carbon budget for the LGM, MH and present.
The percentage represents relative contribution of China
to global terrestrial carbon storage.

ents approximately 7.8% of the global carbon
pool of 2358 Pg C (ie, 85% of the global
vegetation pool of 833 Pg C and 74% of the
global soil pool of 1525 Pg C) simulated by Foley
(1995) using the DEMETER model and the
GENESIS climate model (Thompson and Pollard,
1995). For the LGM, the size of the total terrestrial
carbon pool estimated for China represents only
about 4.8% of the global carbon pool of 1402 Pg
C (i.e., 3.3% of the global vegetation pool of 476
Pg C and 5.7% of the global soil pool of 926 Pg
C) reconstructed by Van Campo et al. (1993) using
LGM CLIMAP palaeodata. Finally, we note that
there are several available estimates of the global
carbon storage for the present, MH and LGM;

because our objective was to evaluate the relative
contribution of China to the global carbon cycle.

4. Discussion

Estimation of terrestrial carbon storage for
selected past periods ranging from glacial to inter-
glacial conditions should help to better evaluate
the role of the terrestrial biosphere in the long-
term global carbon cycle, as well as to quantify
and separate changes due to natural variability
from those due to human activities. Much effort
has been exerted to reconstruct global and regional
LGM and MH terrestrial carbon budgets
(Table 6). On a glacial-interglacial time scale,
Shackleton (1977) was the first to suggest that
changes in the §'3C of deep ocean water, seen in
benthic forams, might reflect changes in the total
amount of carbon stored in biomass and soil. The
previously published reconstruction of 3'3C of
glacial deep ocean is about 0.32%o (parts per
thousand) (Duplessy et al., 1988). This implies
that terrestrial carbon storage during the LGM
was 400-500 Pg C less than at present. This
estimate was recently updated by Crowley (1995)
to 0.40%o., equivalent to about 610 Pg C of glacial-
interglacial carbon storage. Simulations using
atmospheric general circulation models and vari-
ous bioclimatic approaches yielded estimates for
a global post-LGM increase in carbon storage

Tellus 49B (1997), 4
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Table 6. Summary of changes in terrestrial carbon storage since the last glacial maximum (LGM)

Increase (+)

Results or
Methods Scale (present — past) decrease (—) References
I. Present — LGM:
(a) GCM simulations
GCM + bioclimatic scheme globe 0450 Pg(10* g) +0% Prentice and Fung (1990)
GCM + bioclimatic scheme globe =~ 300 Pg +15% Friedlingstein et al. (1992)
GCM +BIOME model globe 300-700 Pg +15%-30% Prentice et al. (1993)
globe ~149 8.8% Esser and Lautenschlager
(1994)
GCM + bioclimatic scheme globe 612+105 Pg +23%-33% Friedlingstein et al. (1995)
(b) Data-based estimates
marine carbon isotopes change globe 400-500 Pg +20%-25% Duplessy et al. (1988)
globe 270-720 Pg +14%-36% Bird et al. (1994)
mapping LGM vegetation globe 1350 Pg +58% Adams et al. (1990)
globe 750-1050 Pg +32%—45% Crowley (1995)
globe 715 Pg +33% Van Campo et al. (1993)
(430-930) Pg (20-44%)
Africa 154 Pg N/A Branchu et al. (1993)
(c) Carbon model and
paleodata estimates
OBM model + paleodata N. H. 330-710 Pg +21%—44% Peng et al. (1995a)
(globe) (470-1014 Pg)
China 90 Pg +57% this study
II. Present — MH
GCM + DEMETER model globe —35Pg —1.5% Foley et al. (1995)
Pollen data + biosphere model Europe —3.0+0.7 Pg —1.9% Peng et al. (1995b)
Paleovegetation data Siberia —19.1+3.1 Pg —22% Monserud et al. (1995)
(biomass only)
OBM + paleodata China —27Pg —17% this study

GCM: general circulation model; CLIMAP: climate/long range investigation mapping and prediction; DEMETER:
dynamic and energetic models of earth’s terrestrial ecosystems and resources; OBM: Osnabriick biosphere model;

NH: northern hemisphere.

varying from 0+ 50 Pg (Prentice and Fung, 1990)
to 300-700 Pg (Freidlingstein et al., 1992; Prentice
et al, 1993; Freidlingstein et al., 1995). The first
data-based estimate suggesting an increase of 1350
Pg since the LGM was given by Adams et al.
(1990), who used reconstruction of palaeovegeta-
tion to produce a global map of the LGM vegeta-

Tellus 49B (1997), 4

tion. An increase of 715 Pg (430-930 Pg) in
terrestrial carbon storage from the LGM to pre-
sent was calculated by Van Campo et al. (1993)
using modern and LGM CLIMAP compilations
of both land and sea surface conditions. A third
estimate of 750-1050 Pg glacial-interglacial
change in terrestrial carbon storage was calculated
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by Crowley (1995) based on a preliminary version
of data compiled by Webb (1995). The last two
estimates are similar to the recent result of Peng
et al. (1995a) based on the combination of palaeo-
data and an empirical biosphere model, and con-
sistent with both the modeling results of Prentice
et al. (1993) and Freidlingstein et al. (1995) and
the ocean-based approach (Duplessy et al., 1988;
Bird et al., 1994).

Globally, Foley (1995) has used the DEMETER
model to estimate differences in terrestrial carbon
storage associated with the modern and mid-
Holocene climate simulated by the GENESIS
global climate model (Thompson and Pollard,
1995). He found that the total carbon storage in
the terrestrial biosphere did not change signific-
antly over the last 6000 years BP. However, the
possible vegetation and soil feedbacks were not
been considered in the climate simulation of
GENESIS, which likely underestimated the
increases in summer precipitation by an enhanced
African summer monsoon (Kutzbach et al., 1996).

In Europe, Peng et al. (1994, 1995b,c) used
reconstructions of palaeoclimates and palaeobi-
omes from pollen data and an empirical biosphere
model to estimate potential terrestrial carbon stor-
age over the last 13000 years BP. The results
suggest that changes in climate have significantly
altered the distribution of terrestrial biomes.
However, these changes did not translate into
significant changes in carbon storage in the terrest-
rial biosphere during the Holocene. The largest
decrease of terrestrial carbon storage is found
during the late-Glacial period mainly due to the
persistence of ice sheets and a small extension of
forest. We note, however, that changes in peatland
carbon storage are not properly accounted for in
the model-based estimations of Foley (1995) and
Peng et al. (1995a). Based on the reconstruction
of palaeovegetation, Monserud et al. (1995) found
that Siberian phytomass storage was 22% greater
during the mid-Holocene than potential vegeta-
tion in present time. Moreover, Branchu et al.
(1993) used the palaecogeographic maps of Africa
for the LGM and the mid-Holocene (MH) to
conclude that the African continent was a net sink
for 154 Pg of C during the last deglaciation but
became a source of atmospheric CO, after 6000
years BP. These last two studies estimated carbon
storage by multiplying the estimated area extent
of ecosystem types by the corresponding modern
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carbon density of vegetation, and did not take
into account the effects of different climate condi-
tions on carbon density. Some justification for this
is provided by the results of Frienlingstein et al.
(1995) who indicated that the carbon densities of
most forest vegetation for the LGM are within
10% of their present-day values.

In this study, we found that the terrestrial
carbon storage in China increased by about 116
Pg (55 Pg in vegetation and 61 Pg in soil) from
the LGM to the MH and decreased about 26 Pg
(13 Pg in both vegetation and soil) from the MH
to the present. Our results are comparable with
the estimates of past terrestrial carbon storage of
Africa, reported by Branchu et al. (1993), from
the LGM to the present. The similarity of the
regions may be associated with effects on paleocli-
mate and vegetation dynamics by a strengthened
monsoon system during the early to mid-Holocene
(Kutzbach and Guetter, 1986; Li et al., 1988; An
et al.,, 1991; Javis, 1993; Wang and Sun, 1994; Xiao
et al,, 1995; Kutzbach et al., 1996). Our results are
also in agreement with the assumption that the
carbon storage in global terrestrial biomass was
relatively low during the LGM at about 18000
years BP, increasing considerably to a maximum
between 9500 and 4500 years BP and declining to
an intermediate amount by the present time
(Grove, 1984). Further, the total terrestrial carbon
pool estimated in China comprises about 7.2% of
the mean global terrestrial carbon pool for the
present time, 7.8% for the MH and 4.8% the
LGM. This clearly shows that changes in terrest-
rial carbon storage for China during the last
glacial-interglacial period had a important effect
on the global carbon cycle.

It is important to note that the variation of the
terrestrial carbon storage in China from the LGM
to the present time is closely related to the vari-
ations in intensity of Asian monsoons which con-
trolled the change in patterns of climate and
vegetation (Li et al., 1988; An et al., 1991; Javis,
1993; Wang and Sun, 1994; Xiao et al., 1995).
Loess, sedimentologic, and palynologic data
showed that the strengthened northwest winter
monsoon and weakened southeast summer mon-
soon during the LGM resulted in a cold and dry
climate, which favored the extensions of deserts,
steppes and cold coniferous forests in northern
China, and the disappearance of the tropical mon-
soon rain forests in southern China. The annual
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average temperature in North China may have
been 10-12°C lower than it is now, and annual
precipitation may have been about 50% less than
its present values (An et al., 1991). In contrast, an
enhanced summer monsoon with a warm humid
climate resulted in the development of tropical
monsoon rain forests and deciduous forest from
the LGM to MH. In fact, reconstructions of the
mid-Holocene (Shi et al., 1993) show that vegeta-
tion moved north and west mainly due to the
northward and westward expansion of the summer
monsoon, and the annual mean temperature was
higher than today by about 1°C in southern China,
2°C in central China, and 3°C in northern and
northeast China. The strongest warming of 4-5°C
was recorded in the Tibet Plateau (Qinghai-
Xizang). Precipitation was tens to hundreds of
millimeters greater than at present and was spa-
tially complex. These palaeomonsoon-driven pat-
terns support the results of global climate model
experiments that predict an enhanced monsoon
system between 12 000 and 6000 years BP followed
by a weakened monsoon system from 6000 years
BP to present (Kutzbach and Guetter, 1986;
COHMAP members, 1988).

There are still some uncertainties, however, due
to several possible sources of error in this recon-
struction. The first source of error is the difficulty
of accurately reconstructing the palaeovegetation
and palaeoclimate from sparse palaeodata, especi-
ally in the mountain regions. More accurate
palaeovegetation maps and palaeoclimate recon-
structions for China would improve our estimates,
but such maps and climatic reconstructions are
not available or published. For now the paleove-
getation maps of An et al. (1991) and Shi et al.
(1993) remain the standard for the LGM and MH
in China (Z. T. Guo, personal communication,
1995). It is believed that the rapid development of
Quaternary studies in China will soon make much
more complete and accurate palaeoenvironmental
data available. The second source of error is the
lack of systematic soil information for the LGM
and MH. Assuming the same soil fertility factors
from LGM to present is probably simplistic; this
is discussed by Peng et al. (1995a). A third possible
source of error is that the OBM is inherently
limited. It seems that an improved estimate of the
carbon density is obtained by taking into account
the effects of past changes in climate and CO,
fertilization (Peng et al, 1995b), but it is funda-

Tellus 49B (1997), 4

405

mentally a regression-based, empirical model
which does not account for possible feedbacks
between  productivity and  decomposition
(McGuire et al., 1993). An improved understand-
ing of the dynamic processes of the global carbon
cycle and improved global databases of environ-
mental parameters will facilitate our ability to
investigate the global carbon budget at finer spat-
ial and temporal scales.

Despite all the possible sources of error discus-
sed above, we conclude from the reconstruction
presented here that the changes in climate and in
atmospheric CO, concentration resulted in an
increase in carbon storage of about 116 Pg from
the LGM to the MH in China providing a sink
for atmospheric CO,, but a decrease in carbon
storage of about 26 Pg from the MH to the
present, providing a source for atmospheric CO,.
Our results clearly show that the monsoon-driven
changes in climate and shifts in palaeovegetation
during the last glacial-interglacial period had an
important effect on the long-term carbon
dynamics of China which strongly contributed to
the global carbon cycle.
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