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Abstract. The productivity of the biosphere leaves its im- ern value throughout the last 400 ka. Given the presumed re-
print on the isotopic composition of atmospheric oxygen. Ul- duction in terrestrial oxygen productivity, the total oxygen
timately, atmospheric oxygen, through photosynthesis, origproduction during glacials was likely reduced.

inates from seawater. Fractionations during the passage from
seawater to atmosphericoGand during respiration affect
8170 approximately half as much ag®0. An “anoma-
lous” (also termed mass independent) fractionation procesd Introduction

changes$1’0 about 1.7 times as much&<€0 during isotope

exchange between @and CQ in the stratosphere. The rela- Understanding the interaction between climate and the bio-
tive rates of biological @ production and stratospheric pro- sphere is of interest for a number of reasons. First, climate
cessing determine the relationship betw@&fO ands80 obviously plays a fundamental role in determining proper-
of O, in the atmosphere. Variations of this relationship thusi€s of terrestrial and marine ecosystems. Second, properties
allow us to estimate changes in the rate offoduction by of the biosphere have a significant influence on climate. In
photosynthesis versus the rate oGO, isotope exchange the terrestrial realm, the biosphere plays a basic role in the
in the stratosphere. However, the analysis offi@anomaly hydrologic cycle and also influences climate via its impact
is complicated because each hydrological and biological pro©n albedo. In the marine realm, biologically mediated car-
cess fractionates!’O ands80 in slightly different propor- bon fluxes affect the partial pressure of £ the surface
tions. In this study we present,dsotope data covering the 0cean and hence the atmospheric burden of this gas. Ocean
last 400 ka (thousand years) from the Vostok ice core. We reand terrestrial biogeochemical processes are also significant
construct oxygen productivities from the triple isotope com- Sources to the atmosphere of, e.g.oNand halocarbons
position of atmospheric oxygen with a box model. Our steady(Se€, e.9. Hirsch et al., 2006; Smythe-Wright et al., 2006,
state model for the oxygen cycle takes into account frac-2nd references therein).

tionation during photosynthesis and respiration by the land Most studies of the past biosphere involve the examination
and ocean biosphere, fractionation during the hydrologic Cy_of local ecosystems. Examples pertaining to the Pleistocene
cle, and fractionation when oxygen passes through the stratdhclude pollen studies of land ecosystems and sedimentary
sphere. We consider changes of fractionation factors linked?roXy measures of the past fertility of ocean ecosystems (e.g.
to climate variations, taking into account the span of esti-Kohfeld et al., 2005). On the other hand, measurements of
mates of the main factors affecting our calculations. We findthe isotopic composition of £in air provide a means to ac-

that ocean oxygen productivity was within 20 % of the mod- C€SS the fertility of ocean and land ecosystems at the global
scale (Luz et al., 1999; Blunier et al., 2002; Landais et al.,
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2007). The global rate of photosynthesis is encoded in the2 Experiment

magnitude of the mass-independent signal gfrQair. A se-

ries of photochemical reactions in the stratosphere, mediate§amples were analyzed using the method first described by
by Oz and OED), lead to isotope exchange betweenahd Luz et al. (1999) and modified by Blunier et al. (2002).
CO,. In this exchange, the heavy isotope abundance of CO Trapped gases were extracted from approximately 70 g of ice
rises and that of ©falls. Unlike “normal” reactions, inwhich ~ by inserting ice into a~ 500 cn? Pyrex vessel sealed with
8170 is fractionated nominally 0.5 times as mucts#%, the ~ an Ace Threds connector and a shaft-seal elastomer valve

stratospheric @-CO, exchange fractionated’O 1.7 times  (Louwers-Hapert). The flask was chilled to abeu0°C
as much ag180o (Thiemens et al., 1995; Boering et al., 2004; and evacuated. The flask was then allowed to warm to room
Lammerzahl et al., 2002). This stratospheric fractionationtemperature and air was extracted using the method of Emer-
is said to be “anomalous”, or “mass independent”. Conse-Son et al. (1995). In this method, the water is equilibrated
quently, thes’O of O, in air is less than that of 0.510. with the headspace by rotating the flask for several hours.
The magnitude of this anomaly depends on the rate of photoThe flask is inverted and most of the water is removed by
synthesis and respiration by the biosphere. Respiration corvacuum. The flask is again righted, cooled-td0°C in a
sumes ambient £ with its stratospheric anomaly, and pho- chilled propanol bath, and noncondensibles frozen through a
tosynthesis replaces it withs=Qproduced from water, which ~water trap at-70°C onto mole sieve at liquid nitrogen tem-
is normally fractionated. Photosynthesis and respiration thugerature. The gas sample is then chromatographed to sepa-
attenuate the magnitude of the mass independent anomalite other gases fromgand Ar; O, is analyzed fos’O and
in the triple isotope composition of atmospherie.0o a 880 of O, by triple collector isotope ratio mass spectrom-
first approximation, the magnitude of the anomaly scales lin-€try (Finnigan MAT 252). Corrections are made for residual
early with the CQ concentration of air (which promotes ex- N2 in the sample and reference gases, to which the measured
change), and inversely with the fertility of the planet (Luz values ofs!80 and especially’’O are very sensitive. The
et al., 1999). With data on the atmospheric Of@ncentra-  O2/Ar ratios are very close to atmospheric values.
tion and the mass independent fractionation ef @ne can The 5170 ands*80 ratios are normalized to atmospheric
calculate the total rate of photosynthesis and respiration ofP2, used here as the standard, based on frequent analyses of
Earth. There are important complications to this calculationair. The data are reported & with respect to modern air.
(Blunier et al., 2002; Landais et al., 2007), and these aré-ollowing Miller (2002), and Luz and Barkan (2005JA is
discussed below. defined as:
The productivity thus determined is the total rate of O 175 _|p, (817O+ 1) — Aref- N (8180+ 1) 1)
production by the ocean and land biospheres. Of greater in-
terest is the past productivity within each of these realms.The coefficientiref is 0.516. It is an approximation for the
In principle, one can partition total production based on theexact ratio of’O/80 fractionation during processes influ-
8180 of Oy in air. The §180 of leaf water is enriched by encing the isotopic composition of,On modern air (Luz
evapotranspiration relative to seawater, causipfy@n land ~ and Barkan, 2005). Equation (1) may be approximated lin-
photosynthesis to be enriched 180 relative to @ from  early asAl’O = 6170 — ier- 8180 (Luz et al., 1999), and we
ocean photosynthesigt80 of O, in air thus reflects the rel- used this definition in our previous publication (Blunier et
ative rates of terrestrial and marine photosynthesis, allowinggl., 2002).
us to partition total production between land and oceans. We Equation () is a definition, and it works best when
adopt this approach here but note that, in practice, confoundAref is selected to account for the primary process lead-
ing factors introduce large uncertainties, and we need to aling to isotope fractionation, which in our case is mito-
low for these uncertainties in interpreting our results. chondrial respiration. The optimal value for the coefficient
In this paper, we first present data that extends the 65 k&lso depends on whether that process is best characterized
record of the mass-independent fractionation of i® air as Rayleigh distillation (irreversible, closed-system transfor-
(Blunier et al., 2002) through the full 400 ka length of the mation) or steady-state. For a Rayleigh process (fractiona-
Vostok ice core record, with approximately 1 ka resolution. tion of water isotopes in the hydrologic cycle), the coeffi-
We next outline the background for interpreting the data, incientis equal toy = (Y« — 1) / (1« — 1). For a steady-state
general following the approach outlined above and the for-process (atmospheric,Qycle, in which photosynthesis is
malism of Blunier et al. (2002), brought up to date with re- continuously balanced by respiration), the coefficient equals
sults from recent important experiments. We then focus on® = In (}) /In (*8) (Blunier et al., 2002).
the implications of our results for the fertility of the global ~ As indicated above, the fractionation ratid¢/18x) varies
biosphere. We emphasize the ocean biosphere because thmong different mass-dependent processes. Consequently,
terrestrial biosphere is arguably somewhat better constrainet A of O, will deviate slightly from zero even in the absence
with pollen data, at least at the Last Glacial Maximum. of mass-independent processes. In the case of atmospheric
02, mass-dependent effects contribute significantly to devi-
ations from zerd’A and their variations with time (Blunier
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Siple Dome samples are put on the same GISP2 gas time
H scale based on methane &80 of O, control points (Brook
z et al., 2005). The Chldata is plotted in Fig. 1 with identical
£ ; colors as thé’A data (Brook et al., 2005; Petit et al., 1999;
f‘\ Blunier and Brook, 2001).
- . (v c Additional data necessary for the interpretation ofthe
g o ] sz record were taken from the literatur&'80 of O, data are
5 00 g "5 AT \ T L o & from the Vostok ice core (Petit et al., 1999). Theffata are
SRS\ canddMPIEhmiangiENA ] Jiiiedd a compilation of data from Vostok, Taylor Dome and EPICA
S 0s bt | | NEZECARRIENT 4 dil Fa20 Dome C (see lthi et al., 2008 for original references). All
N It || M/ [4Z  data have been transferred to the Suwa and Bender (2008)
2! 5 - - [ 400 time scale. FoB'80 of ocean water, we rely on the ocean
R cores V19-30 and V19-28 following Shackleton (2000). The

_ 17 _ data is on the original Shackleton (2000) orbital time scale. In
Fig. 1. (A) “"A from the Vostok, GISP2, GIPS2 and Siple Dome qder to represent the changes’$O of seawater, we scaled

cores (Blunier et al., 2002) represented as black, red, blue, and greqe gata so that the glacial-interglacial difference is 1 %o, with
crosses, respectiveld) §180 in paleoatmospheric£from Vostok 0% for present values (Schrag et al., 2002)

Petit et al., 1999)(C) CH, data f \Vostok, GISP2 and Sipl .
(Petit et al, )(C) CHg data from Vostok, and SIP'e 0, 174 ands'80 of ocean water andata were inter-

Dome, respectively in similar colors as théA data (see text for . e .
references and detail¢p) Compiled CQ data from Vostok, Taylor polated and smoothed with a Gaussian filter with 1.5 ka.

Dome and EPICA Dome C (see text for details and references)Where applicable, the data were weighted relative to the pre-
(E) 5180 of seawater from Shackleton (2000%) sD record from  Cision of the individual datum.
Vostok (Petit et al., 1999). The underlying time scale for the study is  1’A of paleoatmospheric Ois expressed with air 9as
the orbitally tuned Vostok time scale from Suwa and Bender (2008).the standard gas. However, this standard is itself “anoma-
lous” — thel’ A of air O, is depleted versus ocean water. The
exact magnitude of mass independent fraction in modern O
et al., 2002; Landais et al., 2006; Miller, 2002). We discusshas been a source of debate (see Barkan and Luz, 2011, for
this issue below. details). We initially use the Barkan and Luz (2005) value of
173 per meg for ocean water vs. the recent atmosphere for
our calculations and included the presently accepted value of
3 Results 223 per meg in revision.
The dominant feature of thE A record is its anticorrela-
A total of 555 samples from 317 depth levels were analyzedtion with the paleoatmospheric G@oncentration (Figs. 1,
from the Vostok ice core. Additionally, 196 samples from 80 Al). The sign reflects the direction of stratospheric fractiona-
depth levels were measured on the GISP2 core. Generalltion: O,—CO; exchange increasé$A of CO, and decreases
samples were analyzed in duplicate. The original data from'’A of O,. The magnitude of the £CQO, exchange de-
Blunier et al. (2002) from the GISP2 and the Siple Dome pends on the presence of ¢ the stratosphere. The abso-
cores were converted from the!’O scale to thé’A scale.  lute value of!’A depends on the choice of reference, which
The data are shown in per meg (1 per meg=0.001%o) infor us is G in modern air. Preindustrial GOs unusually
Fig. 1, with standard errors for the mean calculated from thehigh for the length of our record, arfdA of O, is unusu-
pooled standard deviation for replicate samples. The pooleally low; most Vostok samples therefore have\ > 0, and
standard deviations calculate to 9.1, 8.6, 12.5, 8.8 per meglacial samples have the highest values.
for the Vostok, new GISP2, GISP2 (Blunier et al., 2002), and The slope of the historicat’A vs. CQ plot is —0.36
Siple Dome (Blunier et al., 2002) samples, respectively. per meg/ppm C@and intercepts zero Gat 103 per meg
The underlying time scale for the study is the orbitally (Fig. Al). In theory, one would expect that for no € the
tuned Vostok time scale from Suwa and Bender (2008). Theatmospheré’A of O, reaches the ocean value, and that for
GISP2 and Siple Dome time scales are synchronized to Voseach ppm of C@in the preindustrial atmosphere (280 ppm)
tok via their respective Cidrecords. Although there is a pole 17A gets depleted by 0.6 to 0.8 per meg depending on the ac-
to pole CH, gradient of up to 10 %, concentration changestual value of ocean water vs. the modern atmosphere (see
must coincide between the two hemispheres. It turns out thaBarkan and Luz, 2011, for details). The difference is due
the original Meese and Sowers gas time scale (Meese et altp the fact that 2 factors in addition to G@nfluencel’A
1994) generally agrees reasonably well with the Suwa anan glacial-interglacial timescales. First, individual processes
Bender (2008) Vostok time scale. However, for samples oldethat fractionaté’O and'80 mass-dependently withvalues
than about 80 ka, a significant offset exists. We therefore addiffering slightly from 0.516 act more or less rapidly, lead-
justed the lower portion of the GISP2 gas time scale to theing to a greater or lesser impact on tHe\ of O, in air. As
Vostok gas time scale at the prominent £ehanges. The their relative influence changes, so does the mass dependent
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fractionation oft’O with respect td80. Following our mod- The terms in the numerator refer to global fluxes of oxy-
eling approach in Sect. 4, we find that for the modern atmo-gen isotopes, normalized to the seawaf®/10 ratio, as-
sphere about 60 of the 173 per meg of the anomaly can beociated with ocean productivity and land productivity. The
explained by mass dependent processes. Second, gsoss @rms in the denominator refer to normalized global fluxes
production changes. Increases attenuate the mass indepenf-oxygen associated with respiration in surface ocean water,
dent fractionation of @ in the atmosphere, and cause the deep ocean water, the land biosphere, and stratospheric ex-
magnitude of the anomaly to decrease relative to seawateghange. Oceanic £production is balanced by respiration in
and to increase relative to modern air. The following discus-the surface and deep ocean realms. The stratosphere term is
sion isolates the main influences on tHe\ of past Q in positive for the flux of-80 from O, to COp. asy is a pseudo-
order to draw conclusions about changes in gross productiofractionation factor that accounts for change in4h&0 and
through time. 8180 of O, as air passes through the stratosphere. There is an
analogous equation for tHé0/1%0 ratio.

We follow with details of the rates and fractionation fac-
tors that we invoke to solve the equations. We make the ap-
proximation that0, fluxes are the same ag @uxes; this
approximation has no effect whatsoever on the outcome.

4 Background

The natural @ and C cycles provide a context for under-

standing variations in th&’A of O,. The turnover time of

O, in the modern atmosphere is of orde?H)Bender et al., 4.1 lsotopic mass balance of @in the modem

1994). Our basic understanding of the carbon cycle strongly (pre-industrial) atmosphere

suggests that over time less than a million years or so, atmo-

spheric Q@ should be at a steady-state in which production The production rate 020 (mol-a1) by terrestrial photo-

by photosynthesis very nearly balances consumption, and theynthesis is given by the following equation:

concentration is nearly constant. This inference is now con-

firmed by analyses of N in the modern atmosphere (e.g. Production of80 = Fip (180/160> . ()

Manning and Keeling, 2006) and in ice cores (Bender, 2002). Ip

According to Bender et al. (1994), about 60 % of gross pho-To calculate Fip, we adopt the estimate of Joos et

tosynthesis and respiration is due to the land biosphere ang. (2004) for the rate of gross primary carbon produc-

40 % due to the ocean biosphere, a value also found by modelon (carbon GPP). For the Holocene they give a value of

simulations (Hoffmann et al., 2004). Seawater is the ultimate].15x 106 mol(C)- a~1. This number does not include car-

source of all @ in air, since land plants derive theic@om  hon fixed and then burned by photorespiration. We partition

leaf water, which comes from precipitation and ultimately production between C3 and C4 plants using the estimate of

from the oceans. Francois et al. (1998) that C4 plants account for 27.5% of
Blunier et al. (2002) derived analytical equationsf4fO  GPP. We assume zero photorespiration in C4 plants and scale

and §'%0 of atmospheric @ at steady-state given ocean production of C3 plants to account for photorespiration ac-

fluxes, land fluxes, fractionation factors associated with SUb-Cording to the f0||owing equation derived by von Caemmerer

strate water (important for land plants) ang @nsumption,  and Farquhar (1981):

and isotope exchange in the stratosphere betweeand

COp. The basic approach involves setting the production rate

of each isotopologue of Dequal to its consumption rate, Dark resp

and solving the equations for the ratio of singly substituted (4.5 (COz- (pi/pa) + (7/3) - '«

isotopologues t3%0; (i.e. 170%0/160, and18060/160,). 4 COz- (pi/pa) — s

Rather than repeat the derivations, we discuss the reIevanIIhe CG compensation pointll) is 34 ppm. pi/pa is the
Pl Pa

;e(;(r;]zs)' J;s?isr::m:z!?g?l%?)nﬁg (Bq. 15 of Blunier et al, ratio of CQ inside the _Ieaf to the atmospher_ic value; we
' ' adopt a value of 0.6, is the preanthropogenic G@on-
Fipetip Rsw+ FopopRsw centration, 281 ppm. We multiply by 1.07 to scale £0O
) fluxes to Q fluxes (Keeling, 1988), and divide by 0.9 as-
suming that the Mehler reaction accounts for 10 % of all
Ratmis the ratio oft80/280 in air Oy, andRgy is thel®0/260 O, consumption (hence requiring an additional source of
ratio of seawaterF are fluxes of elemental oxygen in units Oz not accounted for in the carbon flux). We thus calculate
of molaL. as are kinetic fractionation factors for the various that gross photosynthetic;roduction of terrestrial ecosys-
processes. The subscript “Ip” corresponds to land photosyntems = 2.34x 10*® mol(Oy) - a .
thesis, “sw” to seawater, “op” to ocean photosynthesis, “Ir” Based on Guy et al. (1993) and Barkan and Luz (2005),
to land respiration, “ors” to ocean surface respiration, “ord” there is no isotopic fractionation associated with water
to ocean deep respiration, and “str” to the stratosphere. splitting during photosynthesis. This finding has recently
been questioned. Luz and Barkan (2011) find a significant

Dark resp+ Photoresp

(4)

Raim= .
Firair + Forsosotors + Fordotsotord + Fstr(1 — astr)
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fractionation associated with marine photosynthesis. In thegAgy) is dependent on the relative humidity’as, = 0.522—
course of this manuscript we adopt their value of +4 %o frac-0.008- 1. We caIcuIaté”oqp using Eq. (5), which is also valid
tionation ins180 versus the substrate water, and we assume #or 170, as
value for these processe®f 0.524. Photosynthetic{rac- Aoy
tionation in land plants remains to be measured; throughout’aj, = Yastent ‘agy = 170{3tem(18(xgv) (6)
this discussion we assume it is zero.
The180/1%0 ratio of O produced by land photosynthesis ©F
(*8o/%0), differs from the equivalent ratio in seawater for Yoo = 17Otstem([(l— 1) 18y,
two reasons. First, rainwater or groundwater is fractionated N
during the hydrologic cycle by evaporation and condensa- 18, / 180!stem] ,18%q18aEV) e @)
tion. Second, evapotranspiration leads to isotopic fractiona-
tion of water in leaves. Farquhar et al. (1993) estimated thalGPP-weighted humidity is a tunable parameter in our calcu-
the productivity-weighted80 of continental precipitation lations. We constrain average global humidity to the value
is —7.9 %o. Productivity-weighted’O of continental pre- that predicts &80 for leaf water that, together with fixed
cipitation is then estimated using the observed valué. of terms, correctly simulates tl#é80 in O,.
for meteoric waters, 0.528 (Li and Meijer, 1998). It was ob-  Invoking the fact that respiration closely balances photo-
served recently that tHé A of meteoric water, calculated us- synthesis, the consumption rate’80 by terrestrial ecosys-
ing the hydrologic slope of 0.5281, was further elevated bytems can be expressed as
the kinetic isotope effects associated with evaporation from
seawater (Landais et al., 2008). This observation, based offonsumption of80 = Fjy (180/160) By (8
the isotopic composition of snow collected along a transect aum
from the Antarctic coast to Vostok, was confirmed by a lim- 18q, is the fractionation factor associated with terrestrial O
ited number of meteoric water observations mainly from Eu-consumption, including heterotrophic respiration in soils (in-
rope (Landais et al., 2006). The global productivity-weighted cluding leaf litter). Evaluating this term is complex because
average of the effect, linked to humidity and wind speed, isthere are at least 5 important biochemical pathways by which
unknown. For the Holocene we assume a value of 40 pe©; is consumed: the light pathways of photorespiration and
meg. The change of this precipitation water anomaly will bethe Mehler reaction, the dark pathways of the mitochondrial
relevant when we do calculations pertaining to the past. electron transport chain, the alternative (cyanide-resistant)
The heavy isotopes are enriched in leaf water during thepathway, and chlororespiration. We neglect chlororespiration
process of evapotranspiration. The enrichment is due both tbecause there is no basis for estimating its significance at the
kinetic processes (50 evaporates faster) and equilibrium present time. We apportion weights to the other pathways
processes (K0 is enriched in the vapor phase relative to according to our estimates of the relative fluxes associ-
the liquid). The enrichment 00 in leaf water reflects the ated with each, and calculate a weighted average of isotope
relative importance of kinetics and equilibrium with atmo- effects based on recent measurements of fractionation fac-
spheric water vapor, which in turn depends on humidity. Thetors. Our calculation assumes that the Mehler reaction ac-
ratio of 180/160 in leaf water normalized to that in seawa- counts for 10% of @ consumption. According to Eq4)
ter, expressed as a fractionation factor, is then given by thghotorespiration by C3 plants accounts for 38 %, and mito-
following equation: chondrial respiration for 52 % of £consumption. Following
assumptions in Landais et al. (2007), we partition mitochon-
ap = (asterd1 — h)ag +h - av) ceq. (5) drial respiration into soil respiration (63 % of dark respira-
astem €xpresses the GPP-weighted isotopic difference betion (Schlesinger and Andrews, 2000)) and leaf respiration,
tween precipitation and seawater 4.8 %o), anday ex- where 10 % of the dark respiration in leaves is through the
presses this difference between water vapor and sea watatlternative oxidase pathway (Angert et al., 2003b). The iso-
(—18.2%o0), in both cases as a fractionation factor (Farquhatope effect expressed in soil respiration is much less than
et al., 1993)4 is reliative humidity,«y. is the fractionation in leaf respiration — much soil £©consumption apparently
factor associated with evaporation, amgl, is the fraction-  takes place in microenvironments, where diffusion attenu-
ation factor for water gas in equilibrium with liquid water. ates the biochemical isotope effect. Soil fractionation is also
Fractionations associated with vapor—liquid equilibrium andtemperature-dependent (Angert et al., 2003a). For the present
with the evaporation of water into dry air are summarized inday (Holocene) case, we adopt the global mean value cal-
Table 2. culated by Landais et al. (2007). The weighted average iso-
The magnitude of thé’O enrichment relative to that of tope effect associated with terrestrigl @nsumption is then
180 also depends on the relative importance of kinetic and18.00 %.. The corresponding fractionation factor 0 is
equilibrium processes and is critical for our calculations. To calculated using values summarized in Table 1.
determineq)p, for 170, we rely on the study by Landais et Modern ocean @GPP is taken from Blunier et al. (2002).
al. (2006), who found that the slope for evapotranspirationO, GPP is calculated by scaling glod4C production (Field
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1514 T. Blunier et al.: Planetary fertility during the past 400 ka

Table 1.Land respiration at present and during the LGM.

Fraction  Fraction

17 (%o) 185 (%o) A modern LGM
Mehler reaction —5.685 —10.800% 0.52% 10% 10%
Photorespiration —10.950 -21.400% 0.5092 38% 44%
Dark respiration in soiff =~ —8.080 —15.600° 0.516° 33% 29%
Dark respiration in leaves —9.329 —18.0009 0.516¢ 17% 15%
Alternative oxidase —15.534 —-30.000° 0.514° 2% 2%

Modern weighted average —9.282 —17.998 0.5134
LGM weighted average —9.878 —-19.161 0.5131

Fractionation factors are given in %o as (« — 1). (a) Calculated from Helman et al. (2005). (b) The value given is
for Holocene conditions (Landais et al., 2007). For the LGM we assume R&édwer soil temperatures

resulting in18¢ dark soil of—18.650 (Angert et al., 2003b). (c) Angert et al. (2003b). (d) Guy et al. (1992, 1993).
(e) Ribas-Carbo et al. (2000). The partitioning between the different pathways depends on the occurrence of C3
and C4 plants. Here we used 27.5% and 40 % C4 GPP C for present and LGM, respectively (see text).

Table 2. Model parameters: Slope.

Var  Description 170 180

Ex Equilibrium fractionation between dissolved and at- calculated 0.8746 —0.008B(°C) %o A =0.5284+0.0017
mospheric Q(based on Reuer et al., 2007; Luz and
Barkan, 2009; see Appendix A2)

gors Mean fractionation during respiration in the marine —11.413 %0o* —22.000 %o 2L =0516
mixed layer (Quay et al., 1993; Hendricks et al.,
2004; Angert et al., 2003b)

gord Mean fractionation during decomposition of organic —6.210 %o* —12.000 %o A=0516
carbon in the ocean interior (Bender et al., 1994)

ek Kinetic isotope fractionation between liquid and not used 26.500 %o
gaseous water (Farquhar et al., 1989)

geq Equilibrium isotope fractionation between liquid and not used 9.150 %o
gaseous water (Bottinga and Craig, 1969)

estem GPP-weighted precipitation water versus SMOW —4.172 %o* —7.900 %o y =0.5281
(Farquhar et al., 1993; Li and Meijer, 1998)

ey GPP-weighted precipitation water vapor versus —9.611 %o* —18.200 %o y =0.5281
SMOW (Farquhar et al., 1993; Li and Meijer, 1998)

Estr Fractionation in the stratosphere —1.065% 103 %0 —0.625x 1073 %0

elp Leaf water enrichment (summed fractionations from 3.458 %o 6.791 %0

ocean to leaves)

* Calculated from!80 andx or y, + calculated during the initialization.

et al., 1998) for the ratio of GPPC production mea- the cellular level. Rather, it signifies that th80 increase
sured in vitro (Bender et al., 2000). The calculated value isassociated with respiration is not fully expressed because
then 1.09< 109 mol (0,) a~1. The §180 ands’O of pho- it is attenuated by mixing (Bender et al., 1994)for the
tosynthetic @ are identical to seawater (zero on the SMOW dark ocean is calculated assuming that 10 % pt@nhsump-
scale). 95 % of the organic matter is consumed in surface wation is by the alternative oxidase € 0.970 (Ribas-Carbo et
ter and 5% in deep water (Bender et al., 1994). ¥@res-  al., 2000), and. =0.514 (Angert et al., 2003b)) and 90 % is
piratory isotope effect is 22 %0 for remineralization in surface by mitochondrial respirationo(=0.982 and. =0.516 (Hel-
water (Quay et al., 1993; Hendricks et al., 2004) and 12 %o inman et al., 2005), corresponding tgravalue of 0.518). The
deep water (Bender et al., 1994). The surface value likely in-weightedA value for the dark ocean is then 0.516. For the
cludes intracellular recycling of new photosynthetig With surface ocean we assume 5% photorespiration((509)

a consequent'®0 enrichment as recognized by Eisenstadtand 10 % Mehler reactioriE 0.496) (Helman et al., 2005).
et al. (2010). The surface water number is empirically con-The remaining 85 % is distributed between alternative oxi-
strained by thé80 balance of the mixed layer. The subsur- dase and mitochondrial respiration in the raticd] resulting
face value does not reflect a difference in fractionation atin A =0.514.
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In our approach we treat the stratospheric exchange asoncentration (which decreases because of loss by photol-
a fractionating process applied to air passing through theysis), and an estimate of the rate of the(ONphotolysis
stratospheric box, characterized by value’efand®x. In  to calculate the stratospheric transfer rate't® and180
EqQ. @) Fsiratis the flux of oxygen through the stratosphere, from CO, to O, (Boering et al., 2004). We can then cal-
and astrat IS the virtual isotopic fractionation realized if we culate the net flux of anomalous,nto the troposphere.
assume that @in air exiting the stratosphere is uniformly de- Following Boering et al. (2004), we restrict analyses of
pleted in'’O or180. It has been observed th#afO of strato- A0 vs. NO to regions where pD concentrations are
spheric CQ covaries withs180, with a slope of 1.7 (Boer- below 195 ppb (parts per billion by volume), and calculate
ing et al., 2004; Bmmerzahl et al., 2002). The exchange will slopes of ¢8060:N,O concentrations. Multiplying this
cause Q isotopes to vary with a similar slope. number with the net loss rate of,®, 12.5Tga! (Den-

Dissolved Q at equilibrium with air is fractionated versus man et al., 2007), gives the net production rate §@°0
the free atmosphere. Reevaluating two studies (Reuer et al(see, for example, Plumb and Ko, 1992). The fractional
2007; Luz and Barkan, 2009; see Appendix A2) we find  loss of 1700 is 1.7 times the fractional loss éf060.

The net CQ flux matches the net Oflux. We calculate
g, = 0.8746—0.0083 T (%0) andi = 0.5284+ 0.0017, (9) the net Q flux across the tropopause as 20.9x 10°
and 1.1+ 0.4x 1019molt’0t%0 and 80160, respectively.

whereT is the ocean temperatureig. These fluxes are in good agreement to the fluxes calculated

Values for the isotopic properties on the modern Earth arérom our model initialization when scaled for the lower pre-
summarized in Table 2, and values for the flux properties oranthropogenic C@concentration and given the uncertainties
the modern Earth are summarized in Table 3. The discussiowith initialization parameters (e.g. fractionation factors and
above leaves unspecified two variable properties in the twdluxes) and flux calculations (e.g. 25 % fop® flux, Ehhalt
equations for the pre-industrial isotope ratios 60 and et al., 2001).
180 (Eq. 4). One (referred to earlier) is the GPP-weighted
humidity (). The second is the stratospheric fractionation4.2 Isotopic mass balance of @in the glacial
(Yustran. We constrain these parameters to values simulating atmosphere
8180 ands1’0 for leaf water that, given other values adopted
here, correctly predict'®0 ands'’O of O, observed forthe  During glacial times fluxes are of course different from the
modern atmosphere (Tables 2 and 3). present. In addition, several parameters differ from their in-

The calculated value for GPP-weighted humidity dependsterglacial values. Process-level fractionation factors (e.g. for
on two factors. The first is the adoptédA value of the  photosynthesis, Mehler reaction, etc.) remain at their inter-
modern atmosphere vs. ocean water. The second is the preglacial values except for stratospheric pseudo fractionation.
ence and magnitude of the ocean photosynthetic fractionaFor the stratospheric effect we assume that the net fluxes of
tion. The calculated range of relative humidity, between 57 %1700 and80*®0 into the troposphere scale linearly with
and 62 %, pertains to the daytime atmosphere. These valughe CQ concentration of air. This assumption aligns with the
are significantly lower than the true global average of aboutchemical kinetic model of Yung et al. (1997) for stratospheric
67 %. However, during the day, and over the biologically ac- O,—CO, exchange.
tive portion of the year, relative humidity is generally signif-  The effective fractionation factor for terrestriab@on-
icantly lower than the yearly average. Especially in the trop-sumption changes due to the different partitioning of C3 and
ics, relative daytime humidity is of the order of 55 % as seenC4 plants, and because photorespiration by C3 plants is a
in a present-day simulation with the NCAR CCMS3 atmo- function of the CQ concentration. A further influence comes
spheric general circulation model (Kiehl et al., 1998; Peterfrom the temperature dependence of the fractionation associ-
Langen, personal communication, 2009). We conclude thatted with soil respiration.
our value for GPP-weighted humidity is of the right magni-  The isotope signature of oxygen produced by land photo-
tude. The accompanying values of the global leaf wétéD, synthesis depends on the signature of the precipitation wa-
+6.8 %o to +5.0 %o, lie within the range of previous studies ter. Model simulations for the Last Glacial Maximum from
(see Hoffmann et al., 2004, for a compilation of previous Atmospheric Global Circulation Models (AGCM) show a 0—
findings). 1 %o increase in thé180 of precipitation compared to the

From our model initialization we calculate n&fO'%0 interglacial (Jouzel et al., 2000). This change translates into
and 18060 fluxes across the tropopause of 2.90° and  a nearly constant fractionation for the hydrological cycle be-
1.3x 10 mol, respectively. These are the fluxes constrainedween glacial and interglacial. There is, however, a tendency
by Eq. @) as applied t0t’O'%0 and'80'60, and the pa- for a shift to lower isotope values in ice free areas above
rameters whose values we have specified. We compare thesdout 45 N of about—2 to —4 %.. Continental productivi-
numbers with an independent estimate that we derive as folties in such regions were very low during the LGM.
lows from stratospheric data. We use data on A1€0 of A parameter that affects tHéO anomaly of Q produced
CO, in the stratosphere, the linear scaling’of’O and NO by the land biosphere is the anomaly in the precipitation
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Table 3.Isotope ratios and fluxes.

Var  Description e} 180

Rsw  Abundance relative t660, SMOW (Hoefs, 1996) 3.7300010~4 2.00520x 103
Fractionation of air @ versus SMOW (Barkan and Luz, 2005) 12.08 %o 23.88 %o

Ratm Abundance relative t4%0 in O, (calculated from values above) 3.775080~4 2.05308x 103

Fop  Gross photosynthetic oxygen flux from the ocean biosphere (see text for details) x 10%mol Oyal

Fors  Mixed layer respiration 0.95 Fop

Forg  Deep ocean respiration 0.85Fop

Fip Gross photosynthetic oxygen flux from the land biosphere (see text for details) x 2% mol Oyal
Fstr Stratosphere—troposphere oxygen exchange flux (Appenzeller et al., 1996) x 1@®mol Oza_1

Table 4 Values fOf the LGM Sensitivity Study. Hyd. anomaly: 39 pre meg

Relative humidity: 57%

[l Hyd. anomaly: 39 per meg

17A Of 02 C02 alsoatm 5180 ocean :)e(?a,“avr;or:v:ﬁ:‘)i(‘:j?t; ge7r%meg o\ 4 Relative hum\d\t 'é
(permeg)  (ppmv) (%) (%) sstae L ‘
=08 Rt iy 5796 | | <0
40 189 1 1 3 E »} Precip. water offset -1% s 3 5’
53 . £
£8°7 W
£354 IS¢
ST 0.4 ! Ex
. . . g o 0.6 i s gi
water. In central Antarctica (Vostok) the anomaly in precip- g2, o7 _c4 j EE
Y 552 > T
itation water dropped from about 40 per meg to roughly 15 < g _ : St
per meg in the glacial (Landais et al., 2008). This change sug- = € "ﬁ\ RIS L
gests a wetter atmosphere (higher humidity) above the source T = \\/qzo Ocean O,
80 100 production (%)

region for Antarctic precipitation during the glacial (Landais Land O, production (%) 190 80

et al., 2008). Other stations in Antarctica show little or no

change in the precipitation anomaly (Winkler et al., 2012). Fig. 2. Fluxes of land and ocean production relative to mod-
Finally, the isotopic composition of leaf water depends onern (100%) for a range of C4 contributions (40-70%) and land
relative humidity, because isotope fractionation during eVap_production-weighted soil temperatures £€7lower than modern.

otranspiration depends on the balance of equilibrium and ki-B'ue (default scenario): relative humidity ahli anomaly of pre-

netic processes. Therefore, humidity also has a large ianu—Cipitation similar to modern (57% humidity and 39 per meg hy-

the isotopi it 5 d d by the land drological anomaly). Relative to the default scenario the follow-
sir:)Csepggre € isotopic composition op Produced by the lan ing parameters were modified: SST@ lower than modern (gray-

lined flying carpet), relative humidity increased from 57 % to 59 %

In a sensitivity S_tUdy we now examine the' influence of (pjack-lined), hydrological anomaly set to O (red-lined), and precip-
some parameters in the context of a scenario for the Lasgations180 1 %. lighter relative to paleo ocean water (green-lined).

Glacial Maximum (LGM). The input values for this scenario Also shown are projections of the flying carpets onto the plane,
are calculated as the mean values for the time period 254t bottom, where there was no difference between Holocene and
18 ka before present (BP) (Table 4). Based on Eq. (2) we callast Glacial Maximum temperatures. Note: all calculations for this
culate gross land and ocean Production. The basic con- graph are strictly for a LGM situation (Table 4). It is not possible to
straints in the following calculations are the glacial atmo- extract results for a Holocene situation from this graph.
spherics180 and!’ A signatures. The results are summarized
in a 3-D plot of LGM properties (land biosphere production
as a function of modern, ocean biosphere production as al., 2007) colder than present. We then solve for land and
function of modern, and glacial-interglacial change in soil ocean GPP, while allowing the fraction of terrestrial GPP
temperature). from C4 plants to vary between 40-70 % (see Appendix A3).
In these calculations, we adopt a value of +173 per megWe then calculate land and ocean productivities of 54—66 %
for the 17A of ocean water, with modern atmospherie O and 97-127 % of present, respectively. Soil temperature af-
as the reference. We also assume that there is no fractiorfects the respiratory fractionation but has a negligible effect
ation between @and water during marine photosynthesis. on lambda soil. The consequence is that mainly the land pro-
Our default scenario (blue grid in Fig. 2) invokes the initial- duction is affected by the soil temperature.
ization values of the (GPP-weighted) anomaly of the precip- Sea surface temperature has an effect on the equilib-
itation water (39 per meg) and relative humidity (57 %). For rium fractionation of dissolved oxygen. However, the lambda
glacial soil temperatures, we adopt values 4c{Jansen et value for this process is similar to the fractionation factor in
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the hydrological cycle. Therefore, the lowered SST duringduring the LGM and by modeling studies, whereas ocean pri-
the LGM has a small effect on the outcome of the simula-mary productivity is less well constrained. We thus use inde-
tions. If we lower SST by 4C (gray grid in Fig. 2), we ob-  pendent estimates for land productivity in combination with
tain productivities of 53—-70 % and 95-120 % of present for1”A to estimate ocean GPP. As before, we first focus on our
land and ocean, respectively, very close to the outcome of thecenario for the Last Glacial Maximum (Table 4). For the
default scenario. land productivity we adopt the values simulated by Joos et
Global GPP-weighted relative humidity is the most impor- al. (2004) for C GPP by the land biosphere. The amount of
tant parameter for calculating the isotope effect on oxygenO» produced for a given GPP C is calculated as a function
produced by land plants. This is because humidity has suclef the atmospheric C&concentration and the fraction of C4
a strong influence on the isotopic composition of leaf wa- plants (see Sect. 4.1).
ter. Unfortunately, GPP-weighted humidity during the LGM  We begin with Fig. 3a, which illustrates the concept of de-
is a big unknown. For a 2% increase in relative humidity, riving both land and ocean production frothA and 5§80
calculated land productivity increases by 30 % relative to theof O, relative to today (this is the approach used in deriv-
default LGM scenario, while ocean productivity decreasesing Fig. 2). Calculations in Fig. 3 are based on our default
slightly by 13 % (black grid in Fig. 2). LGM scenario where we assume that tHe of modern
So far we have assumed that the global hydrologicalocean wateris 173 per meg with respect to the modern atmo-
anomaly remains unchanged between today and the LGMsphere, and do not allow for marine photosynthetic fractiona-
The available results do not tell us if this was indeed the casetion. The hydrological anomaly remains unchanged from the
At Vostok values as low as 15 per meg were found for theinitialization; 39 % of terrestrial GPP is C4, and soil temper-
LGM. We calculate an extreme scenario with a hydrologic atures are 3C lower than modern. The heavy dashed line
anomaly of 0 per meg. This is appropriate because the hydroshows solutions that satisfy t1é20 value observed for the
logic anomaly never reaches negative values given a realistiglacial atmosphere. The heavy solid line satisfies fheval-
range of humidity values (Barkan and Luz, 2007). The effectues but not necessarily td&20 or 5170 values. The intercept
is a roughly 30 % increase in both land and ocean productiv-of the two lines gives consistent values satisfying b#0O
ities relative to the default scenario (red grid in Fig. 2). and’A constraints for land and ocean production. However,
Another unknown is the isotopic composition of GPP- the land solution in particular is unreliable because, as noted
weighted precipitation water. For a 1 %20 decrease of above, itis very sensitive to the exact values of the constrain-
the difference between precipitation water and ocean wateing parameters. In general, land GPP values derived in this
(where the same difference is applied to water vapor), landvay disagree with the independent estimate for land produc-
production increases by 56 % relative to the default scenariotivity derived from Joos et al. (2004) (green line in Fig. 3b).
while ocean productivity decreases by 15 % (green grid inWe can tune the model solution (crossing point) by varying
Fig. 2). All changes discussed above result in calculatedGPP-weighted humidity, which mainly affects th€0 line.
changes that are larger for land than for ocean productivitiesincreased humidity leads to a smaller heavy isotope enrich-
with C4 fractions between 0.4 and 0.7 and glacial temperament in oxygen produced by the terrestrial biosphere, caus-
tures between 4 and°T lower than present. ing the calculated terrestrial productivity to rise. We estimate
Implementing the calculation with’d A of modern ocean  GPP of the ocean biosphere by adjusting average global hu-
water vs. modern atmosphere of 223 per meg changes thmidity so that land GPP equals the target value (Joos et al.,
solution in the range of 20 % without changing the basic de-2004). The blue dashed line in Fig. 3b illustrates how the
pendencies from parameters discussed above. However, a$180-17A intercept moves from the start point with humid-
lowing for O-isotope fractionation during marine photosyn- ity 0.572 towards the target land productivity value as we
thesis has a quite dramatic effect on the calculations. This isncrease relative humidity. Here it is important to note that
mainly due to the influence on tlé80 constraint. Thé. for the target value (green line) for the land oxygen production
the marine photosynthesis is of minor importance. The ef-depends on the C4 fraction. For a given value of land carbon
fects are exemplified in Fig. A4 for a 2% increase in relative GPP, a greater C4 contribution results in less oxygen cycling
humidity relative to the respective intitializations. by photorespiration, and therefore lowep GPP. For our
default LGM scenario, the range of 40—70 % C4 production
4.2.1 Approach to derive ocean production in the glacial  corresponds to 63—83 % land production relative to present.
atmosphere We have seen in our sensitivity study (Fig. 2) that the iso-
topic composition of the precipitation water has a large ef-
From the large range of land productivities that we calculate fect on the solutions for land and ocean productivities. In the
we conclude that there are at present too many unknowns tapproach taken here, humidity is chosen so that land pro-
derive both land and ocean fluxes frdfm ands80 of O,. duction matches the independent estimate, and the isotopic
In the following discussion, we use a different approach tocomposition of precipitation is held constant. We note that
interpreting the 400 ka Vostok climate record. We recognizehumidity, our free parameter, adapts so that changes in the
that land productivity is constrained by extensive pollen data
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Fig. 3. Plots of ocean @ production vs. land @production(a—c) and total @ production vs. land @production(d) for the Last Glacial
Maximum default scenario (see Table 4). The lines and areas indicate allowable values as constrainé¥yahdl” A of paleoatmo-

spheric G relative to the modern (100 %) productiqa) Gray dashed and solid line: solutions that satﬁsl@oatm and17A, respectively,
assuming modern humidity and a hydrological anomaly similar to mogl@rSolutions of(a) in gray. Increasing the relative humidity (black

dots and associated labels) drives the intercept afands180 towards the target value for land productivity (see text for det4i3)and

(d) The value for land carbon productivity is locked. Therefore, the lapg@duction is inversely proportional to the C4 contribution (top

axis). We show solutions for precipitation anomalies from 0 to 40 per meg and soil tempera@itevéer than modern. The area in red
represents solutions with soil temperatures 2G7ower than modern and a precipitatibiA anomaly of 20 per meg lower than modern.

Black dashed lines show isolines of global GPP-weighted humidity. The gray area represents solutions we favor. Black triangles show the
target value ofb).

fractionation of precipitation water in terms 880 have a  than modern for Vostok (Landais et al., 2006; Winkler et al.,
negligible effect on the calculated ocean GPP. 2012). Central Antarctica shows much larger changes than
Figure 3c, d shows solutions for our LGM scenarios for the Antarctic coast. From the available data we argue that the
various1’A values of the precipitation anomaly, LGM soil globall’A of precipitation was probably between 10 and 30
temperatures, and C4 fractions. The solution from Fig. 3bper meg lower than today (in the area bounded by the heavy
is shown as a black triangle sitting on the blue dashed lightsolid blue lines).
line representing solutions with the modéfm anomaly in Soil temperature affects only a small portion of the land
precipitation water. The hydrological anomaly has a large ef-respiration and therefore has a relatively small effect on cal-
fect on the solutions. A conservative estimate would be thatulated ocean productivity. This is illustrated in Fig. 3c, d
the hydrologic anomaly could be anything between 0 and tofor a range of 4-7C lower temperature than present and a
day’s value of +40 per meg (heavy dash-dotted blue lines)hydrologic anomaly of 20 per meg lower than modern (red
New data from Antarctica show heterogeneous results wittband). For a range of C4 contribution to land GPP of 40—
glacial values ranging from no change to 25 per meg lower70 %, and a hydrological anomaly 10-30 per meg lower than
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today (gray area), we calculate ocean productivities of 109— _ -4z
148 % of today, resulting in a total productivity of 83—104 %. § 460 -
The approach can also be used applying a modern ocean “*F
water to atmospher& A of 223 per meg and allowing for .
photosynthetic fractionation (see Appendix Fig. A5). Com-
pared to the results presented in Fig. 3, we find that the ocean
productivity barely depends on the C4 contribution. For a hy-
drological anomaly 10-30 per meg lower than today (gray
area), we calculate ocean productivities of 95-115 % of to-
day, resulting in a total productivity of 74—92 % of modern.
Our approach basically eliminates €0 constraint and in
that way adapts so that changes in 8h80 of precipitation 1
water, for example, have a negligible effect on the calculated
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Fig. 4. (A) 6D record from Vostok (Petit et al., 1999B) Gray
solid line is the smoothed record of tHéA anomaly in Vostok

ice (Landais et al., 2008). Black, red, and blue solid lines are cal-
culated anomalies for glacial values lower by zero, 10, and 30 per
meg (see text for detailsC), (D), and(E) Total (plotC), land(D),

and oceat{E) productivities relative to modern, calculated for vari-
ous conditions. The black lines for land productivity are calculated
from the CQ concentration derived after the empirical findings in

for h may vary while the calculated value for ocean GPP is
nearly constant.

5 400 ka time series

We now calculate ocean (and total) productivities for the

17
400 ka Vostok A record. Target .Values of Iand.pmduc_ Joos et al. (2004) for a C4 contribution of 40 % (heavy black line)
t|V|t_|es as a function of atmospherlc Q(Doncentr_a'_[lon art  and70% (light black line), respectively. Heavy black, red, and blue
derived from the assumption that land productivity always ines for ocean and total productivities are calculated for 40% C4
scaled with CQ as simulated for the past 25ka (Joos et al., pariition and relative to modern unchanged and 10 and 30 per meg
2004). We then derive the following equatioR%=0.997)  |ower glacial anomalies, respectively. Black light lines are calcu-
for land biosphere GPP as a function of atmospherig CO lated in the same way for unchanged glacial anomalies and 70 %

concentration: C4 partitions. For better readability the solutions for 10 and 30 per
) o 1 meg lower glacial anomalies and 70 % C4 partitions are not shown.

Land biosphere GPEnol Cyr ) = —1.49x 10* They lie proportionally lower relative to their respective 40 % C4
xc24+1.03x 10" x ¢ — 5.66 x 10, (10) solutions, similar to the solutions for the unchanged case. All cal-

culations except for the ones in green were made with a modern
wherec is the atmospheric C£concentration in ppmv. This  ocean water to atmosphere implementation of 173 per meg. The
equation parameterizes terrestrial productivity in terms ofgreen lines show similar calculations but with a present ocean water
CO,, but correlative properties (temperature, ice cover, etc.)vs. atmosphere value of 223 per meg. The spread of the green lines
are likely to be ultimate controls. We use Eq. (10) to derive cover precipitation water anomalies 0 to 10 per meg lower than to-
GPP C for the land productivity for the Vostok record from day, Wit.h. and without photosynthetic fractionation of the ocean and
its CO, context. In these calculations, we allow the fractional 4 Partitions of 40-70%.
C4 abundance to vary between 40-70 % at full glacial con-
ditions. For intermediate conditions, we scale C4 production
according to the C®concentration. We also scale past hy- tions with a modern ocean water to atmospheie of 173
drological anomalies, weighted for GPP, according to Vostokper meg) is that the oceanic oxygen productivity was elevated
8D changes. This approach is validated by the good correladuring glacial maxima and glacial-interglacial transitions. At
tion between the hydrological anomaly a#id in the Vostok  the end of interglacials and beginning of glacials, ocean pro-
record (Landais et al., 2008). ductivity was around modern values.

Figure 4 shows solutions for 40% and 70 % C4 contribu- In the case where the (GPP-weighted) hydrological
tion and for values of the hydrological anomaly during the anomaly in the past was the same as today, the C4 partition
LGM of 0-30 per meg less than the modern value. As ex-is of minor importance for the resulting ocean productivity.
plained above, land productivity is calculated from the;,CO With increased difference of the anomaly from today, the C4
concentration based on the model of Joos et al. (2004). Apartition becomes more important. For hydrological anoma-
before, when the abundance of C4 rises, the rate of pholies similar to those observed at Vostok, past values of ocean
torespiration falls, as does land GPP. Given the uncertainproduction are calculated to be 120-150 % of modern.
ties in thel’A data and parameters essential for our calcula- For the scenario in which there is no change in tha
tions, we do not analyze individual oscillations in our output anomaly of precipitation, total productivity is calculated to
data. The general picture (when implementing our calcula-be slightly lower than today for glacial conditions as a result
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of the lower land productivity (Fig. 4). This reduction be- assimilate nutrients more easily, can dominate oligotrophic
comes significantly greater for higher levels of C4 partition. ecosystems. In addition, organisms in nutrient-poor surface
For the 40 % C4 partition and highéfA anomalies in pre-  waters can acquire nutrients by vertical migration (Johnson et
cipitation, the increase in ocean production outweighs the real., 2010). There are large variations in the seawater chloro-
duced land production. phyll concentration and primary production (generally esti-

In Blunier et al. (2002) we argued for a reduced total pro- mated using thé*C method, Steemann Nielsen, 1951) (e.g.
ductivity during the glacial vs. the Holocene. This conclu- Behrenfeld and Falkowski, 1997), but recent observations
sion was based on the assumption of a largely reduced landhallenge the idea that productivity is very low in even the
productivity of 50 %. In contrast, LGM land productivity as most highly oligotrophic oceans (Claustre et al., 2008). Pro-
estimated by Joos et al. (2004), adopted here, is only modductivity may be very high during periods of blooms, but the
erately reduced relative to the Holocene. This, together withexhaustion of nutrients terminates these periods. The same
updated values of fractionation factors, results in no changdactors that temper spatial variability of gross photosynthesis
in total productivity for a scenario similar to the one used in in the modern ocean will also temper temporal variability in
the 2002 publication, (i.e. roughly 40 % C4 contribution and the global ocean.
no hydrologic anomaly). Invoking an increased C4 contri- One can envision many environmental changes that would
bution reduces the land productivity and therefore also totalcause LGM productivities to differ from modern. Factors that
productivity. would suppress production include colder temperatures (and

Only for a constant’A anomaly of precipitation, and a decreased metabolic rates), emergence (above sea level) of
very large glacial C4 contribution of 70%, do we find no productive nearshore regions that are submerged during in-
change in ocean productivity. We see such a scenario as unerglacial times, and deeper mixed layers due to stronger
likely (see Appendix A3). Our favored scenario includes awinds over the midlatitude oceans (e.g. Li et al., 2010). On
moderate change in the precipitatitis anomaly relative to  the other hand, productivities would be enhanced by more
today, and a moderate increase of in the glacial C4 contri-arid conditions and greater dust transport (and iron availabil-
bution (to 40 %). According to this scenario, there is a slightity to phytoplankton) (Li et al., 2010), and stronger midlati-
increase in total productivity and an about 20 % increase intude winds that would more rapidly recycle nutrients to the
ocean productivity. euphotic zone.

Implementing the calculations with a modern ocean wa- It is interesting to compare our estimates of LGM gross
ter to atmospheré&’ A of 223 per meg has a large effect. As photosynthetic @ production with 2 estimates of net com-
outlined before the sensitivity to the C4 contribution is much munity production, which approximates carbon export from
reduced, and the implementation of marine photosynthetiche euphotic zone. Kohfield et al. (2005) mapped the differ-
fractionation has a negligible effect in the approach takenence, from a wide range of studies, between LGM and the
here. Before, implementing the calculations with a modernLate Holocene in carbon export. They found large regional
ocean water to atmosphetéA of 173 per meg, we gener- differences but an overall pattern showing no clear global
ally obtained results with an increased ocean productivitytrend. Bopp et al. (2003) estimated that carbon export during
during glacial times. This is no longer the case; the ocearthe LGM was about 5% less than today. Again, the changes
productivity was mostly around modern values, oscillating are very small.
between 80—-120 % at most. There are currently too many un-
knowns and uncertainties to judge if these oscillations might
be a real feature. The total productivity is obviously very de-6 Conclusions
pendent on the land productivity. The reduction in land pro-
ductivity compensates any increase from ocean productivity,The outcome of our calculations, and the importance of rel-
and therefore total @production during glacials is always evant parameters, depends heavily on the assumed modern
smaller than during interglacials. ocean to atmospher€A difference. While of minor im-

In a biogeochemical context, the interesting result is thatportance for a difference of 223 per meg (Barkan and Luz,
ocean productivity was similar to today’s value, despite ma-2011), the extent of the C4 contribution to land production
jor environmental differences. Perhaps the basic reason foand thel’A anomaly in precipitation water are very im-
the modest variability of GPP is that when waters are moreportant when implementing the model with modern ocean
productive and contain more chlorophyll, light is absorbedto atmospheret’A difference of 173 per meg (Luz and
higher in the water column, and less of the ocean is illu-Barkan, 2005).
minated. Thus, depth-integrated productivity in the euphotic For our default LGM scenario, we examined scenarios
zone (mmol m? day 1) is much less variable than volu- with a range of C4 contributions to land GPP of 40-70 % and
metric productivity (mmol m3 day 1) near the sea surface. a hydrological anomaly 10-30 per meg lower than today. In
Beyond doubt, ocean productivity is limited by iron, nitro- this case, we calculate ocean productivity of #2820 % and
gen, and/or phosphorus in most regions. However, gross prot04+ 8 % relative to modern for an implementation of mod-
duction may still be high because smaller microbes, whichern ocean water to atmosphére of 173 and 223 per meg,
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respectively. The increased ocean productivity does not com-g 40x10

pensate for the reduced land productivity. Total productivity
is estimated to be 94 11 % and 83t 9 % of modern.

For the oxygen productivities calculated from our 400 ka
Vostok A record, we find that oceanic oxygen productiv-
ity was generally elevated by up to 20 % relative to modern . , . , . , .
during glacial maxima and glacial—interglacial transitions. At 5.0x10° 6.0x10° 7.0x10" 8.0x10™ 9.0x10*
the end of interglacials and beginning of glacials, ocean pro- In(5'°0+1)
ductivity was around modern values. For reduced hydrolog-_ 17 18 _ _
ical anomalies relative to modern, ocean productivities rise !9 A3 O vs.“"0 of dissolved @ (Luz and Barkan, 2009;

. . . Reuer et al., 2007).
relative to modern values except for short intervals with a
climate very similar to modern. For hydrological anomalies
similar to those observed at Vostok, the changes reach 150 %
to 120 %. Appendix A

However, applying the recent average value for modern
ocean water to atmosphetéA of 223 per meg, a different  Correlation between’A and CO,
picture emerges. The results with this implementation are
more robust with reduced sensitivities concerning C4 par-For the correlation plot (Fig. Al), as for Fig. 1, tHéA
tition and hydrological anomalies. Ocean productivities areand CQ data were interpolated and smoothed with a Gaus-
mostly around modern values with no systematic link to thesian filter witho = 1.5 ka. Where applicable, the data were
background climate. weighted relative to the precision of the individual datum.

We note that the calculated productivities show changes
derived from!’ A variations uncoupled to any of the records,
input such as that for C£) used for calculating productiv- Appendix B
ities. This shows that there is additional information in the
oxygen data unrelated to main global climate parameters lik&equilibrium fractionation of dissolved O »
the atmospheric C&concentration.

=
S
w
<
£

3.0x10*

Reuer et al. (2007) found a of 0.528 for dissolved @

at equilibrium with Q in the gas phase. They further
found no significant temperature dependence of'fize of

the dissolved @. Conflicting with these results Luz and
Barkan (2009) found a significant temperature dependence
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160 — plants, thereby justifying the range of last glacial C4 to C3
partitioning used in our calculations.
) ¢ gg‘atf*vgogli'qvldif L Estimates of the C4 fraction, calculated prognostically us-
173 per meg SMOW vs. atm ing two biosphere models driven by GCMs, vary widely.
o, MW Francois et al. (1998) give 0.39 for the fraction of LGM
120 - © & A T —— productivity associated with C4 plants, compared with 0.28
: S Relative humidity: +2% for the modern (expressed as net carbon production). On the
g e bt o other hand, Landais et al. (2007) calculate the contribution
< 7 of C4 plants to the total carbon GPP with the ORCHIDEE
3 06 S - model to be 0.66 for the LGM and 0.22 for modern condi-
3 Hyd. anomaly: 39 per meg . .
T g0 I \ Relative humidity: +2% tions (Landais, personal correspondence, 2008). Other mod-
5 P ‘{ 0.7 i Fr’f;rngpﬁmg"y"n‘t’;;gl‘ eling studies simulate properties of LGM vegetation that al-
) o PR low us to put rough limits on the fraction of land photosyn-
c‘éﬁ . - . e thesis that they attribute to C4 plants. Beerling and Wood-
- fe ward (2001) use a coupled vegetation—biochemistry model,
40 — - . which includes mechanistic models of the C3 and C4 path-
s ways, in the context of the UGAMP and NCAR paleo-
. .c climate simulations. From their simulations, we estimate that
. 2, the modern ratio of land C4/(C3+ C4) production is 0.32
and was 0.4 (NCAR)-0.5 (UGAMP) at the LGM. These
- numbers are derived using ratios of carbon NPP/phytomass
0 ' I ' I T from Francois et al. (1998) to scale Beerling and Wood-
40 80 120 160 ward’s (2001) estimates of biomass to NPP. The estimates
Land O, production (%) for the LGM C4 fraction span a range from 1.4 to 3 times

their respective modern extent. However, we argue that the
increase of C4 plants was probably rather at the lower end of
the above estimates.

Fig. A4 Effect of initializing the calculations with & A modern
ocean water vs. modern atmosphere of 173 and 223 per meg,

respectively (Barkan and Luz, 2011), and allowing fractionation . . .
during marine photosynthesis (Luz and Barkan, 2011) for a LGM An indicator of the fractional production by C3 and C4

situation (Table 4). In blue the standard case with 173 permeg ~ Plants is the extent of the area occupied by these plant func-
modern ocean water vs. modern atmosphere. For all other tional types. Collatz et al. (1998) estimate that C4 currently
calculations the relative humidity was increased by 2 % with occupies~ 43 % of total land area, and increased only mod-
respect to the initialization value. The calculations were made witherately to 53 % during the LGM. This estimate is based on
173 per meg modern ocean water vs. modern atmosphere in blackthe physiological responses of C3 and C4 plants. The loss

and 223 per meg in red and green. Marine photosynthetic of forests in places where the ice sheets expand during the
only. south of the ice sheets. According to summaries from pollen

studies for the LGM, North America was largely forested
south of the ice sheets, with scrub and woodland covering

of thel”A of the dissolved @, which results in atemperature much of Mexico. Over South America the reconstruction
dependent. We recalculaté as a single value from all avail-  ©f Ray and Adams (2001) shows grassland and desert over

able data and obtain lambda = 0.5288.0017 (Fig. A2). much of the continent but forest covering most of the equa-

On the other hand, both datasets show a temperature dé@rial land. Also, Colinvaux and De Oliveira (2000, and else-
pendence of thé80 in the dissolved @ From the com-  Where) have argued vigorously that the Amazon was forested

bined dataset we calculate a temperature dependent fraélUring the LGM. _ _ _
tionation factor ofe, (%)= 0.8746-0.00837 (°C) for 180 Further studies of carbon isotopes in samples of regional
(Fig. A3). significance give evidence for C3/C4 abundance during the

LGM. Even at the LGM, C3 plants accounted for an im-
portant part of grassland communities in Texas and much

Appendix C of Africa (Koch et al., 2004; Scott, 2002; Rommerskirchen
et al., 2006). On the Chinese Loess PlatgddC of LGM
Distribution of C3 and C4 plants organic matter actually decreased relative to modern (Gu et

al., 2003). The authors interpreted this result as indicating
Estimating values for the relative abundance of C3 and C4hat lowered temperatures overshadowed lowes @@@reby
plants is essential for our calculations. In the following promoting C3 over C4.
we summarize our knowledge about the distribution of C4
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Fig. A5 Similar to Fig. 3 in the main text. Plots of ocean Production vs. land @production(a—c)and total @ production vs. land @
production(d) for the Last Glacial Maximum default scenario (see Table 4). The lines and areas indicate allowable values as constrained by
thes180 and1”A of paleo-atmospheric £relative to the modern (100 %) productiqa) Gray dashed and solid line: solutions that satisfy
8180 atm andL’A, respectively, assuming modern humidity and a hydrological anomaly similar to modern! fvoeean water

vs. atmosphere of 223 per meg and a 4.0%0 marine photosynthetic enrichment (lambda 0.524) with respect to seawater in the surface
ocean. The orange lines are calculated for identical conditions but with a 20 % increased stratospheric flux. Pink lines @xediean

water vs. atmosphere of 223 per meg and no photosynthetic enrichimeBblutions of(a) in gray. Increasing the relative humidity (black

dots and associated labels; blue line for the gray scenat@m)imirives the intercept of’ A ands180 towards the target value for land
productivity (see text for details). The light dashed red lines give solutions-f& with increasing relative humidity (for the gray scenario

in (). ThelA line is hardly affected by variable relative humidi¢g) and(d) Again, for al”A ocean water vs. atmosphere of 223 per

meg and a 4.0 %5180 marine photosynthetic enrichment (lambda 0.524) with respect to seawater in the surface ocean, the value for land
carbon productivity is locked. Therefore, the langl @oduction is inversely proportional to the C4 contribution (top axis). We show
solutions for precipitation anomalies from 0 to 40 per meg and soil temperat@ddsver than modern. The lines in red represents

solutions with soil temperatures 42 lower than modern and a precipitatidh anomaly of 20 per meg lower than modern. Black dashed
lines show isolines of global GPP-weighted humidity. The gray area represents solutions we favor. Black triangles show the target value
of (b).

For the last piece of evidence we turn to 8#1éC signature  tioning of C3 and C4 plants in the terrestrial biosphere. Both
of atmospheric C@ Compared to the last millenniut3C the anticipated increase in C4 plants and a reduced terres-
was depleted by about 0.3 %, during the Last Glacial Maxi- trial biosphere during the glacial lead to light#?C in the
mum (Leuenberger et al., 1992). On the long-term time scaleglacial atmosphere. Estimates for the Last Glacial Maximum
this shift has to be explained by (1) the transfer of carbonterrestrial biomass (including soil carbon) are in the range of
from the terrestrial reservoir (including soil carbon) to the 48-58 % of the pre-industrial value of about 2000 GtC (Ta-
ocean/atmosphere carbon pool and (2) changes in the partbles 5 and 7, Otto et al., 2002). This reduction is enough to
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explain the observedf3C depletion, requiring no change in Bender, M. L.: Orbital tuning chronology for the Vostok climate

the C4 partition. We therefore believe that C4 partition was
only moderately increased in the glacial. Our calculation is

record supported by trapped gas composition, Earth Planet. Sc.
Lett., 204, 275-289, 2002.

based on an atmosphere/ocean reservoir of 40 000 GtC arfender, M. L., Sowers, T., and Labeyrie, L.: The Dole effect and

a Holocene C4 partition of 27.5%. Fét3C of C3 and C4
plants, we take-27 %0 and—12 %o, respectively.
All evidence points towards a low to moderate increase in

C4 biomass during the glacial. While we calculate past GPP

invoking a glacial C4 partition of 40—70 %, we clearly favor
values at the lower end of this range.

Supplementary material related to this article is
available online at: http://www.clim-past.net/8/1509/
2012/cp-8-1509-2012-supplement.zip
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