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Large inert carbon pool in the terrestrial biosphere
during the Last Glacial Maximum

P. Ciais', A. Tagliabue'!, M. Cuntz?3, L. Bopp', M. Scholze*, G. Hoffmann', A. Lourantou’,
S. P. Harrison>%, I. C. Prentice®’, D. I. Kelley*®, C. Koven' and S. L. Piao®

During each of the late Pleistocene glacial-interglacial transitions, atmospheric carbon dioxide concentrations rose by almost
100 ppm. The sources of this carbon are unclear, and efforts to identify them are hampered by uncertainties in the magnitude
of carbon reservoirs and fluxes under glacial conditions. Here we use oxygen isotope measurements of air bubbles from
ice cores and ocean carbon-cycle modelling to estimate terrestrial and oceanic gross primary productivity during the Last
Glacial Maximum. We find that the rate of gross terrestrial primary production during the Last Glacial Maximum was about
40 +10 Pg Cyr", half that of the pre-industrial Holocene. Despite the low levels of photosynthesis, we estimate that the late
glacial terrestrial biosphere contained only 360 Pg less carbon than pre-industrial levels. We infer that the area covered by
carbon-rich but unproductive biomes such as tundra and cold steppes was significantly larger during the Last Glacial Maximum,
consistent with palaeoecological data. Our data also indicate the presence of an inert carbon pool of 2,300 Pg C, about 700 Pg
larger than the inert carbon locked in permafrost today. We suggest that the disappearance of this carbon pool at the end of the
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Last Glacial Maximum may have contributed to the deglacial rise in atmospheric carbon dioxide concentrations.

during repeated glacial-interglacial transitions still awaits

a comprehensive explanation. This problem has major
implications for assessments of long-term future changes in the
carbon cycle; it implies the existence of a ‘phase transition’ in
the coupled climate—carbon system that was repeatedly crossed,
but which cannot be simulated by present models. Tackling this
enigma requires a better understanding of past reorganizations in
the coupled carbon—climate system and redistributions among the
carbon reservoirs during glacial-interglacial transitions.

Although the distribution of carbon stocks and fluxes during
the pre-industrial period (PRE) is relatively well known', the state
of the carbon cycle during the Last Glacial Maximum (LGM) is
more controversial. Barly estimates®® of the difference in terrestrial
carbon stocks (LGM — PRE) ranged from —1,200 Pg C to +-50 Pg C.
More recent and presumably more realistic calculations* give
a smaller range, of 0PgC to 700PgC (refs 7,8; see references
in Fig.3), but large uncertainties remain. Increased terrestrial
carbon stocks during interglacial periods require the ocean to
have outgassed more carbon than would be inferred from the
atmospheric CO, signal alone, owing to an increasing land sink.
Insufficient constraints on the carbon cycle at the LGM preclude a
clear understanding of the contribution of the ocean and terrestrial
reservoirs to the atmospheric CO, increase.

Reconstructing the LGM carbon cycle from necessarily sparse
observations is challenging. On land, pollen and macrofossil data
provide information about the extent and composition of different
biomes®!!, but such data alone cannot reliably be used to infer
terrestrial carbon fluxes or pool sizes. Terrestrial-biosphere model

_|_he increase of nearly 100 ppm in atmospheric CO, observed

calculations are impacted by uncertainties in climate forcing'
and differences in the modelled response of the LGM vegetation
distribution and carbon cycling to a colder, drier, low-CO,
environment™'?. Present biosphere models are likely to be biased
towards low total terrestrial carbon stocks, for instance because they
do not account for the carbon stored in deep permafrost soils, in
northern peatlands', and maybe in tropical wetlands'*.

Marine-sediment records provide information about the broad
features of the changes in ocean circulation and properties, but
observations directly relevant to the global carbon cycle are
scarce and have not been fully exploited". Ocean carbon model
simulations'®'® indicate that ocean productivity GPPocean and
carbon stock Mocgan estimates during the LGM are sensitive to
assumptions related to thermohaline ventilation rates, deposition
of terrigeneous iron from dust and the effects of iron deposition
on the composition and primary production of phytoplankton
communities. Most studies of LGM ocean carbon cycle quantita-
tively have used either box models'” or intermediate complexity
models'® that do not allow the detailed spatial comparison with
proxy data for evaluation of their conclusions. A recent analysis
using three-dimensional model ensemble simulations of ocean
circulation and biology concluded that the modelled ocean carbon
stock is particularly sensitive to changes in palaeoproductivity's.
Evidently, the LGM carbon cycle in the ocean also needs to be
constrained by independent, global observations.

The goal of this paper is to reconstruct marine and terrestrial
productivity and carbon stocks at the LGM, by combining isotope
data that are relevant to global quantities, and global models. We use
80 in molecular oxygen (O,) measurements from ice-core records
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Figure 1| Overview of observations and model results used to constrain during the LGM, global estimates of terrestrial photosynthesis, and of marine
and terrestrial carbon stocks. These global estimates are combined with results from a land-biosphere model to optimize areas of five ‘'mega-biomes’
during the LGM. More details on this calculation are given in the text, Methods and Supplementary Information.

to reconstruct terrestrial gross primary production (GPP) and *C
in ocean sediment cores, and in atmospheric CO, (ice cores) to
quantify carbon stocks in land ecosystems versus the ocean. The
steps in our reconstruction are presented in Fig. 1.

LGM global terrestrial photosynthesis, from oxygen iso-
topes
Atmospheric O, is characterized by a large isotopic enrichment in
180 when compared with sea water. This enrichment is known as the
Dole effect'**® (DE = 8" O0;-atmosphere—8 " Oseawater)- It arises because
both land and ocean photosynthetic O, emissions fractionate '*O
relative to 'O, with the heavier molecules being left behind in the
atmosphere?'. Oxygen emitted by land photosynthesis is further
enriched in "*O by isotopically heavy water derived from the soil,
whose signature is transferred to leaves through the transpiration
stream?®?, The amount and patterns of leaf water enrichment depend
on rainwater isotopic composition and atmospheric dryness***.
The Dole effect can be tracked through time by measuring the
80 content of O, preserved in air bubbles trapped in ice cores.
It is linearly related to the ocean and the land GPP, GPPocpan
and GPPrg, respectively” (Methods). We estimate a range of
GPPocgan of 110430 Pg Cyr~! using four different ocean carbon-
cycle models'®'#%>2 for the LGM (Methods and Supplementary
Table S1). The two parameters that allow us to infer GPPrgg from
ice-core '*O measurements given GPPocpay (Fig. 2) are the isotopic
enrichments implied by land fluxes, DE1gg, and by ocean fluxes,
DEocran. We calculated these two parameters with a global model
of carbon and oxygen biogeochemical cycles?” (Methods).

Global terrestrial GPP today®® is in the region of 100-120 Pg Cyr ™"

We infer that GPPgg was 80430 Pg Cyr~! during the PRE; that is,
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Figure 2 | Relationship defining terrestrial photosynthesis (GPPrgRr) as a
function of the 180 isotopic enrichment of land oxygen fluxes, or land
Dole effect, DEtgr. Simulations of DETgr for the PRE (dark grey) and LGM
(light grey), together with measurements of 80 in atmospheric oxygen
from ice cores, allow GPPrer during the LGM to be constrained. Prer¢o2) is
the global flux of oxygen (left-hand axis) emitted by terrestrial
photosynthesis, about two times GPPygr. The lines depend on ocean
productivity for the PRE (solid) and LGM (dashed). Shaded grey
uncertainties are calculated with Monte Carlo analysis of ocean and land
parameters (see Supplementary Information).

lower than today, possibly because of the effect of anthropogenically
increased CO, concentration on photosynthesis’. This pre-
industrial GPPgg estimate is lower than, but within the uncertainty
range of, estimates from process-based models®®. For the LGM,
we found that GPPrgr = 40+ 10 PgCyr~!, that is, about half of
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Figure 3 | Ocean and land carbon stocks inferred from carbon isotopes for the PRE and LGM. Uncertainties shown by ellipses are obtained by considering
the error on each parameter entering the carbon isotope mass balance (see Supplementary Information). Solid lines are 1-o uncertainty, and dotted lines
are 2-o uncertainty. Vertical colour bars on the right-hand side denote literature estimates of changes in global terrestrial carbon stock between the PRE
and LGM. Blue (1-3), early work based on cartographic reconstructions (1) or modelling (2-3). Green (4-6), based on reconstruction of oceanic 3C
change, as in this study, but with older observations. Cyan (7-11), based on terrestrial-biosphere models and first-generation LGM climate models
simulations from the PMIP-1 project. Magenta (12-13), based on ocean modelling. Orange (14-16), based on the LPX land-biosphere model forced by
second-generation LGM climate model simulations from three models of the PMIP-2 program (those that had archived the necessary variables used to run
LPX; see Supplementary Information). The grey bar is the median of estimates 1-16 plus or minus one median absolute deviation, excluding proven
unrealistic estimates 1and 2. The grey bars labelled A and B are the range of various published global terrestrial carbon stock values during the LGM from

the review in ref. 41.

the value for the PRE. GPP g was almost four times lower than
GPPocean (110+30Pg Cyr™') during the LGM. Accordingly, the
ratio of total marine and terrestrial GPP between the LGM and
PRE of 0.81 agrees with isotopic constraints from the triple isotope
(80, 70, *0O) composition of O, in ice cores (0.76-0.83; ref. 30),
which provides an independent corroboration of our calculation.
The smaller uncertainty obtained for GPP g during the LGM than
for the PRE arises because a large uncertainty in modelled DE1gg
scales into a smaller uncertainty in GPPrg during the LGM owing
to the curvature of the relationship shown in Fig. 2. From this, we
infer a rough estimate of LGM terrestrial net primary production of
20+5PgCyr~! assuming a constant carbon-use efficiency of 50%.
This estimate is lower than previously published estimates of net
primary production from land-biosphere models during the LGM
(28-40Pg Cyr™'; refs 4,6).

LGM distribution of carbon stocks, from carbon isotopes
Between the LGM and the pre-industrial Holocene, a redistribution
of carbon stocks occurred between the atmospheric, land and ocean
reservoirs. CO, uptake due to weathering of silicate rocks, and
CO, emission from fluid-rock interactions and mantle outgassing,
are small enough to be neglected on timescales of thousands (as
opposed to millions) of years.

The clearest quantitative evidence for a glacial-interglacial
redistribution of carbon among different carbon reservoirs is the
deglacial rise in atmospheric CO, content as recorded by ice cores.
However, this is not necessarily the largest signal, given that the
land and ocean always store many times more carbon than the
atmosphere. Evidence from previous studies indicates that the land
biosphere contained between 300 and 700 Pg C less carbon during
the LGM than during the pre-industrial Holocene**'** (Fig. 3).
Outgassing of CO, from the ocean during the glacial-interglacial
transition must then be large enough to supply a growing land
biosphere, while also contributing to the observed increase in the
atmospheric reservoir.

Using new palaeoproxy and modern data in the method
developed in ref. 1 and on the basis of the hypothesis of invariance

of global stocks of both >C and "C isotopes between the LGM
and PRE, we infer that the LGM terrestrial carbon stock Mgy
was 3,640 + 400 Pg C; that is, only 330PgC less than during
the pre-industrial Holocene (Fig. 3). Given the known change in
atmospheric CO, content, it follows that the ocean carbon stock
Mocean was larger than today by 520 PgC. We neglect in this
calculation changes in >C and *C induced by significant changes
of ocean carbonate formation, which would imply a change in the
carbonate dissolution depth that is not observed, as well as changes
in weathering that have been recently estimated to have a negligible
contribution to the deglacial CO, rise.

The specific parameters needed in the Bird et al. mass-balance
approach for calculating Mrgr and Mocpan are: PRE stocks in the
land, and ocean reservoirs, the latter being estimated from ocean
surveys, corrected for recent gains of anthropogenic carbon; PRE
and LGM stocks in the atmosphere, obtained from ice-core records;
changes in the C isotopic composition of atmospheric CO,
(A8arm), obtained from ice-core recent measurements®’; changes
in the “C isotopic composition of ocean dissolved inorganic
carbon (Adpcean) estimated to be 0.34 4-0.13%0 from a database
of carbonates in 133 ocean cores (an alternative, but numerically
similar, estimate is 0.31 & 0.20%o, obtained from an ensemble
of LGM ocean circulation simulations with a three-dimensional
ocean model'®); and changes in the isotopic composition of the
terrestrial biosphere (Adrgr) inferred to be 1+ 1% from vegetation
reconstructions®** and from the results of a terrestrial-biosphere
model of *C forced by simulated LGM climate anomalies from
three climate models. More details on the parameters are given in
the Supplementary Information.

Uncertainty in each parameter is propagated into the calculation
of Mrgr and Mocpan (equation (2) in Methods) and shown by
the ellipses in Fig. 3. One key parameter of the Bird et al. mass
balance that we re-estimate in this study is the PRE land carbon
stock. Recent work®*® indeed showed that high-latitude peat and
other permafrost carbon stores collectively account for as much as
1,600 Pg C. Adding this stock to the ‘conventional’ inventories of
carbon in vegetation and soils increases the total estimated PRE
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Table 1| Terrestrial and ocean carbon stocks, and global photosynthesis estimates for the LGM and PRE.

Time period Carbon stocks (Pg C) Photosynthesis (Pg Cyr—")
Terrestrial Ocean Atmosphere Land Ocean
Sum of: Terrestrial active 4 Terrestrial inert
PRE 3,970+325 2,370£125 + 1,600+300 36,830+170 593+2 80+30 110+30
LGM 3,640+400 1,3404+500 + 2,3004+300 37,350+400 39942 40+10 110430
LGM minus PRE —330 —1,030 + 700 520 —194 —40 0

Uncertainties are 1-o estimates, and all numbers are rounded to 10. Note that the inferred terrestrial and ocean carbon stock estimates are anti-correlated; that is, a higher stock estimate for one reservoir
immediately translates into a lower estimate for the other, as shown by the tilted ellipse in Fig. 3. For the PRE, the inert carbon pool corresponds to soil carbon in permafrost compiled by ref. 37. The active
pool corresponds to all of the rest of the terrestrial biomass and soil carbon. For the PRE, the error on the global terrestrial stock is calculated as the quadratic sum of errors on the active and inert pools.
For the LGM, the errors on the global terrestrial and oceanic stocks are constrained simultaneously by the change in 3C isotope abundance of ocean carbonates. The size of the active and inert terrestrial
stocks during the LGM is separated through an optimization model of regional carbon stocks and areas of five ‘mega-biomes’ (see text and Supplementary Information).

terrestrial carbon storage to close to 4,000 Pg C (Table 1), compared
with earlier estimates of around 2,300 Pg C. On glacial-interglacial
timescales, the high-latitude carbon stocks, characterized by long
formation times, cannot be considered as static. The formation
of high-latitude peat carbon deposits is for instance estimated to
have been slowly accumulating about 400 Pg C since the deglacial
warming®. Conversely, widespread cold steppes could have stored
more carbon at the LGM, and lost it during the deglacial warming,
thus contributing to the observed atmospheric CO, rise. Exposed
continental margins could also have stored extra carbon on land at
the LGM, as evidenced by relics of terrigeneous organic carbon on
the Siberian sea shelves*.

The inferred LGM ocean carbon stock of 37,350 4= 400 PgC
places constraints on reconstructions of the global ocean circulation
and biological activity. For instance, among the six different
plausible ocean circulations generated by ref. 16, only one is
compatible with our results. This circulation is characterized by a
strong reduction of ocean ventilation in both the Northern and
Southern hemispheres, and increased deposition of iron-rich dust
into the Southern Ocean.

Carbon-rich and low-productivity biomes

Through a comprehensive quantification of the global stable carbon
isotopic mass balance and its uncertainties, we have arrived at a net
loss of 330 Pg C for the LGM to PRE change in terrestrial carbon
(Table 1). This estimate falls in the lower quartile of the range from
310 to 550 Pg C given in ref. 41 and implies only a modest reduction
(of the order of 10%) in the total land carbon stock at the LGM,
when compared with the PRE. On the other hand, oxygen isotopes
indicate a 50% lower terrestrial GPP during the LGM. These two
observations can be reconciled only if the ratio of GPP to carbon
storage was much lower than today.

Despite drier conditions and ice sheets that partially covered
the Northern Hemisphere continents, the prevailing biomes of
the LGM must have had a high carbon density as well as low
productivity. This is consistent with pollen evidence for extensive
tundra and cold grasslands*?, biomes that have a large below-
ground carbon storage, owing to low decomposition rates; and
widespread reductions in the area occupied by the most productive
tropical forests with low soil carbon stock densities* .

We grouped the LGM vegetation into 5 ‘mega-biomes’, each
characterized by a specific GPP flux density and a carbon stock den-
sity (Supplementary Information). The area of each mega-biome
was then adjusted to best match both global GPPrprx and Mrer
within their uncertainties, using a Bayesian optimization method
(Supplementary Information). In the Bayesian optimization of
areas, a first-guess value of each area was provided by the LPX
dynamic vegetation model, prescribed with appropriately lowered
CO, concentration and simulated LGM climate from three climate
models (Supplementary Information). The results are the following.
First, the optimized area covered by semi-arid and arid biomes

(savannah, sclerophyll, warm grasslands and desert) is unchanged
from the first guess. Second, to match both a globally low GPP1gr
and a high Mgy, the LGM tropical forest area is optimized to a very
low value 8 £ 6 x 10° km?; that is, 58% lower than the first-guess
value (see Supplementary Table S2). Third, the area of tundra and
cold grasslands gets expanded from 32420 x 10° km? in the first
guess up to 45 15 x 10 km? in the optimization, because these
biomes satisfy the dual constraint of low productivity and a high car-
bon density, predominantly in soils. The cited uncertainty on these
estimates includes uncertainties due to the range of climate models.

Independent support for our mega-biome area estimates during
the LGM constrained from global GPPrgg and Mrgp is delivered by
the BIOME-6000 database*®. The BIOME-6000 database contains
reconstructions of LGM vegetation based on pollen and plant
macrofossil data for 291 sites, standardized, and then grouped
into the same five ‘mega-biomes’ as in this study. The resulting
LGM reconstructed vegetation map (Supplementary Fig. S2)
confirms a significant southward expansion of tundra and cold
grassland in ice-free areas of the Northern Hemisphere. Xerophytic
vegetation, which includes dry grasslands, xerophytic shrublands
and woodlands, and savannah replaced forests over most of
the mid-latitudes of both hemispheres. Boreal forests were very
reduced in extent and temperate forests (including warm-temperate
variants) were largely confined to eastern North and Central
America, China and Southeast Asia. Tropical forests were reduced
in extent by the encroachment of xerophytic vegetation and
temperate forests, consistently with the inversion results.

Another key finding from the optimization of mega-biome areas
is that a stock of around 2,300 £ 300 PgC of ‘inert’ terrestrial
carbon (Table 1) is required to match GPPrgr and Mrgg. This ‘inert’
pool is 700 Pg C larger than today’s known permafrost and peat
deposits. We speculate that it consisted mainly of organic matter
embedded in permanently frozen soils of northern regions during
the LGM, that is, Siberia and the exposed Arctic shelf. Although
northern peatlands are thought to have been restricted at the LGM,
widespread cold steppes contained large permafrost C stocks. It has
been inferred" that permafrost soils of ‘Mammoth Steppes’ could
have stored up to 1,000 PgC more carbon during the LGM than
today. From a palaeosol sequence in Eastern Siberia, a permafrost
soil C density of 30kgCm™ was measured”. Scaled up to an
extra 10 x 10° km? permafrost during LGM, this would explain an
extra LGM permafrost pool of 300 PgC in Siberia alone. A third
independent estimate comes from the carbon density observed in
today’s turbel soils in the permafrost region (65kgm™ to 3m
depth in ref. 37), which are reasonable analogues of the LGM
cold and dry steppe biome because they are the coldest mineral
soils and the dominant suborder in the continuous permafrost
region. An extra 10 x 10°km? of frozen turbel soils during LGM
would translate into an extra 650 Pg C pool of ‘inert’ land carbon
during LGM, very close to the extra 700 Pg C reported in Table 1.
Therefore, storage in northern permafrost soils alone during the
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LGM can account for the extra pool needed to close the '*O and
B3C isotope constraints. In addition, some carbon-rich wetlands
may have existed near springs on exposed continental shelves in the
tropics during the LGM, although this hypothesis remains subject
to high uncertainty.

Alesser than previously reported glacial-interglacial net increase
in terrestrial carbon stocks implies a lesser outgassing of CO,
by the ocean necessary to reproduce the observed atmospheric
CO;, increase. Our analysis of the required changes in glacial-
interglacial land, ocean and atmosphere carbon stocks thus provides
more robust constraints for hypotheses that seek to examine the
mechanisms behind such changes.

Methods

The LGM marine productivity GPPocgan is obtained from different ocean
carbon-cycle models'®~'8>% (Table 1), giving a value of 11030 PgCyr'.
From this estimate, the LGM terrestrial productivity GPPrgg is calculated using
equation (1), where DErgr and DEocpan are isotopic parameters calculated
with spatially explicit global biogeochemical models?’, and DE is the so-called
Dole effect (enrichment of atmospheric oxygen over sea water) measured in
ice-cores air bubbles.

PTER POCEAN

DE DErgr + DEocean — Estrato (1)

Prgr + Pocean Preg + Pocean

The small fractionation gy (0.4%0) accounts for isotopic exchange between
ozone and CO, in the stratosphere?'. The terms Prgr and Pocpax are the gross
atmospheric O, emissions that mirror the gross uptake of CO, by terrestrial
and marine GPP.

The LGM carbon stocks over land ecosystems and oceans are calculated by
solving the linear system of equations (2)—(3), which expresses the invariance of
the stock of '*C and '>C in the sum of the ocean, land and atmospheric reservoirs,
where § denotes the isotopic composition of each pool (§"*C in %o VPDB) and
M is their mass, or stock.

Marm + Mrer +Mocean = cst1 (2)
SarmMarm + SrerMrer +80ceanMocean = €st2 (3)

The isotopic composition changes of ocean and terrestrial reservoirs are from
palaeoproxy data of ocean and plant §'*C changes (Supplementary Information).
The PRE carbon stocks are estimated from modern inventories corrected to the
PRE by removing the added fossil carbon in the carbon system (Supplementary
Information). All uncertainties on these parameters (Supplementary Information)
are propagated in the Mrgr and Mocpan calculations from equations (2)—(3) by
Monte Carlo simulations. In order of decreasing importance, the main sources
of uncertainties in the values of Mygr and Mocgan are: (1) the change in 8ocpan
between the LGM and PRE, established from foraminifera in ocean cores, causing
an error (1-0') of 70 Pg C in the inferred apportionment of carbon between land
and ocean, (2) the PRE ocean carbon stock, established from modern inventories*®
(error of 26 Pg C); a source of uncertainty neglected in earlier studies, and the
pre-industrial 8ocpan value (error of 15Pg C).

The global estimates of GPPrgr and Mrer derived from equations (1)—(3)
pose a dual constraint on the LGM areas of five mega-biomes. A most likely
estimate of the area of each mega-biome, compatible with this global constraint,
is deduced from a Bayesian optimization model (Supplementary Information). In
this optimization, the first guess (prior) values are areas of each biome calculated
by the LPX dynamic vegetation model***™. The vegetation model was forced by
climate simulations of the Paleoclimate Modelling Intercomparison Project Phase 2
(PMIP-2) to calculate the distribution of vegetation, biomass and soil carbon stock
densities, in equilibrium with climate. Three climate models, selected because the
data were available in the project database in June 2009 (http://pmip2.Isce.ipsl.fr/)
are IPSL, HADCM3 and MIROC. We classified the output of LPX into the five
mega-biomes, plus an extra inert terrestrial pool, that can be viewed as carbon
stored in permanently frozen soils and in peat. Each mega-biome is assigned
its average GPP (gCm™ yr™') and biomass and soil carbon density (gCm™)
calculated by LPX under LGM climate and CO,. A first guess (a priori) error
of 70% is assumed for each mega-biome area, and the inert pool value is set to
1,000 1,000 Pg C, so that its value can be optimized freely by the inversion to
match the global terrestrial stock Mrgg.
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