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Abstract. A Dynamic Global Vegetation model coupledtoa 1 Introduction
simplified Earth system model is used to simulate the impact

of anthropqgenic land cover changes (ALCC) on HO|OceneAtmOSpheriC CGQ varies within 172-300 ppm over glacial-
atmospheric C@and the contempora_ry carbon cygl_e. The interglacial cyclesl(iithi et al, 2008, with higher concen-
model results suggest that early agricultural activities canyaiiong during interglacial periods. The current interglacial,

not explain the mid to late Holocene @@ise of 20pPM  yhe Holocene, is characterized by an increase in atmospheric
measured on ice cores and that proposed upward revisions o, during the last 8000 years (8 kyr) (see Fiy.bottom)

of Holocene ALCC imply a smaller contemporary teres- o4 4 accelerating increase in atmospheriq SHce 3 kyr

trial carbon sink. A set of illustrative scenarios is applied before present (BP). This has stimulated a debate about the
to test the robustness of these conclusions and to addre?ﬁ]derlying causes and mechanisms (drglermiihle et al

the large discrepancies between published ALCC recon.'struci999 Broecker et a.2001 Brovkin et al, 2002 Ruddimar’1
tions. Simulated changes in atmospheric,GiDe to ALCC 2003 Joos et al.2004 Elsig et al, 2009. Anthropogenic

are less than 1 ppm before 1000 AD an_d 39 ppm at _2004 ADand cover change (ALCC) has been proposed as a contribut-
when the HYDE 3.1 ALCC reconstruction is prescribed for ing factor. The clearing of natural vegetation for agriculture

the past 12000 years. Cumulative emissions of 69 GC afqqins with the first neolithic settlements some ten thousand
1850 and 233 GtC at 2004 AD are comparable to earlier esyears before presentflliams, 2003. Over the course of

timates. CQ changes due to ALCC exceed the simulated jjennia, humans have adopted a sedentary and agricultural
natural interannual variability only after 1000 AD. To con- lifestyle in different parts of the earth. This triggered an in-

sider evidence that land area used per person was high(?:rrease in population densities and further drove the demand

before than during early industrialisation, agricultural areasg,, ~ltivatable land Diamond 2002. Even long before in-
from HYDE 3.1 were increased by a factor of two prior 10y ,qpjalisation, ALCC could have affected climate and at-
1700 AD (scenario H2). For the H2 scenario, the contempO+y,,snheric chemistry through (i) carbon emissions and the
rary terrestru_al carbon sink required to cl_ose the atmOSphe”%ssociated changes in radiative forcing, (ii) changes in the
CO? budget is reduped by O',5 GtCyr. Simulated C@Qre- local to regional albedo and the hydrological balance, and
mains small even in scenarios where average land use p fii) changes in the emissions of non-g@reenhouse agents,

person is increased beyond the range of published estimate arbon monoxide, and volatile organic carbon compounds
Even extreme assumptions for preindustrial land ConverSiOQBetts et al, 2007 Bonan 2008

and high per-capita land use do not result in simulated CO ) )

emissions that are sufficient to explain the magnitude and the Ruddiman (2003 2007 attributed the reconstructed
timing of the late Holocene C{increase. 20 ppm increase in atmospheric Q@fter 8 kyr BP to agri-
cultural activities and an assumed climate-carbon cycle feed-
back. This “early anthropogenic” hypothesis is not supported
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fractions (Joos et al.2004 Strassmann et al2008, which changesRuddiman and Elli$2009 argued that this reopens
are all too low to explain the observed trend and imply the case of their early anthropogenic hypothesis.
a smaller anthropogenic impact. In simulations Pgn- Indeed, various lines of evidence point towards a low bias
gratz et al.(2009), ALCC did not cause an increase of of the above mentioned ALCC estimatedaplan et al.
atmospheric C@ above natural variability before late me- (2009 analyzed historical data on population density and
dieval times, with an average preindustrial airborne fractionforest cover for several European countries. They derived
of ALCC emissions of 21% (800-1850 AD). an expression in which LAP is a function of populatiden-
Inverse modelling based on recently published high resosity and thus changes with time. According to their recon-
lution §13C measurements on the Antarctic Dome C ice corestruction of European ALCC back to 1000 BC, the European
constrains the net contribution of Holocene changes in terreslandscape was already dominated by humans two thousand
trial carbon storage to the observed £@e to 36-37 GtC  years ago, and was largely deforested by 1000 AD, when
or 3 ppm since 5 kyr BPH]|sig et al, 2009. However, a hy-  open land made up more than 70% across much of Western
pothetical, extensive early ALCC-related carbon source andeurope. Pollen analyses and historical work (esgpepboer
its associated C®and §13C signals could be masked by a et al, 201Q Williams, 2003 are in line with this result. Re-
the net effect of other terrestrial carbon sources and sinkscently,Kaplan et al(2011) estimate that globally 10% of the
For example, recent studies show large increases in peat caavailable land was under anthropogenic land use by 1 AD;
bon storage over the HolocenddcDonald et al.2006 Yu this is about three times more than indicated by the Hyde 3.1
et al, 2010. These studies rely on data from currently exist- data. Applying the same methodolod¢aplan et al. 2009,
ing peat reservoirs and do not consider carbon releases froi@aillard et al.(2010 suggests that in 1 AD, more than 60%
peatlands that may have been lost. Different estimates obf available land was used for agriculture in the Yellow River,
carbon storage in boreal peat deposits vary by a factor of twdndus, Brahmaputra, Euphrates and Tigris river valleys, as
(Yu et al, 201Q Tarnocai et al.2009. Peat formation rep- well as in Southern India, parts of Central America and along
resents one of several processes affecting terrestrial carbahe Andes. Heavy deforestation in Medieval China has also
inventories. This leaves a range of possible ALCC historiesbeen reported by historical studies (eMurphey; 1983. A
and requires the implementation of explicit ALCC scenarioslimited set of low resolution charcoal accumulation records
in terrestrial carbon cycle models to further constrain the hu-from soils and lacustrine sediments was interpreted as an in-
man impact on atmospheric GO dication of considerable deforestation after 2000 BP also in
Published reconstructions for preindustrial ALCKIgin the AmericasNevle and Birg 2008. However, the compre-
Goldewijk, 2002, Klein Goldewijk and van Drecht2006 hensive study byarlon et al.(2009 suggests that fire fre-
Olofsson and Hickler2008 Pongratz et al.2008 Kaplan  quency and charcoal production during the last millennium
et al, 2009 2017) exhibit large discrepancies (see al3ail- co-varies with climate rather than population.
lard et al, 2010. As a result, the human impact on ter- The HYDE andPongratz et al(2008 reconstructions are
restrial carbon stocks, atmospheric £@nd climate in the  not consistent with the notions of extensive preindustrial de-
Holocene is highly uncertain. Direct historical or archae- forestation in Europe and other parts of the world. Their as-
ological information is scarce, and spatial extrapolation of sumptions of a constant LAP yields a relatively small extent
proxy records from natural archives to a global scale remain®f permanently cultivated areas in all of the above mentioned
challenging Gaillard et al, 2010. Thus, the HYDE 3.1 re- regions before 1000 AD.
construction of ALCC Klein Goldewijk, 2002, Klein Gold- The amount of cultivated land at any time is the net result
ewijk and van Drecht2006, as well as the similar “best- of land use transitions (clearing and abandonment), which
guess” reconstruction that was used in the studyaigratz  are not specified in, e.g., HYDE 3. Hurtt et al.(2006 de-
et al. (20098, rely on population maps as a proxy for agri- veloped spatio-temporal datasets of land use transitions from
cultural areas and the assumption that the agricultural landhe ALCC maps b¥Klein Goldewijk (2001 (HYDE version
area required to support a given population is constant (lan®) and Ramankutty and Foley1999, using data on wood
area per person, LAPRongratz et al(2008 presented al- harvest and assumptions on land use preferences across the
ternative ALCC scenarios that take into account the effectsvorld. TheHurtt et al.(2006 datasets capture land use pat-
of technological advances and associated increases in lartérns such as shifting cultivation and wood harvest, albeit
productivity. Unfortunately, no scenario with high early land with large uncertainty. In simulations with a dynamic land
use areas and accordingly slower land cover dynamics in thenodel, shifting cultivation practices in the tropics increased
centuries before Industrialisation has been used to simulati&and carbon loss by up to 50% over the last 300 years (yr)
the effect on atmospheric GO (Shevliakova et a).2009 as compared to a simulation with
The assumption of a constant LAP is questionable. If apermanent agriculture only. In the study ©fofsson and
generally decreasing trend in LAP throughout the HoloceneHickler (2008 cumulative emissions between 4000 BC and
is correct, constant LAP assumptions may lead to an underi990 AD are enhanced by 35% when non-permanent agri-
estimation of the area affected by preindustrial ALCC andculture is considered. At earlier times, non-permanent agri-
of early ALCC-related C@emissions and atmospheric €0 culture was more widespread than today. At the same time,
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low population densities and accordingly long rotation peri-2 Methods

ods (the time until the same plot is cultivated again) caused

smaller losses of soil carboBiady, 1996 and enabled a 2.1 ALCC scenarios

more complete recovery of woody vegetation as compared

to present-day 5h|ft|ng cultivation Systems_ For the periodThe standard scenario for historical ALCC is defined by the

before 1850Kaplan et al(2011) find differences in carbon spatially aggregated HYDE 3.1 data (H¥I€in Goldewijk,

emissions of around 15% between simulations with and with-2001, Klein Goldewijk and van Drecht2006 HYDE 3.1,

out a representation of shifting cultivation. Due to the paucity 2008. In addition, three alternative ALCC histories (FID.

of data, in particular for the preindustrial era, shifting culti- are used to illustrate and explore the sensitivity of carbon

vation, wood harvest, forest management, and their impactgmissions and atmospheric ¢@ different evolutions of

on the terrestrial carbon cycle are not captured in many studALCC. The scenarios are identical with respect to the land

ies (Strassmann et aR008 Pongratz et aj2008), including use area at 10000BC and 2005AD. This is motivated by

the present one. the premise that permanent agriculture was practically not
The low bias which stems from neglecting variations in existent at 10000 BC and by the relatively high quality and

LAP and the effects of shifting cultivations, as well as the reliability of present-day data.

discrepancies between different ALCC estimates results ina The spatial aggregation of the HYDE data for the appli-

high uncertainty of estimates for historical ALCC emissions cation in the BernCC modelling framework.{3" x 2.5°

and has precluded a precise quantification of the preindusspatial resolution) is described iStfassmann et al2008.

trial human impact on the carbon cycle. Earlier studies onThe HYDE ALCC data define the relative share of crop-

ALCC have not fully addressed this uncertainty. In addition, lands, pastures and urban areas in each grid cell at 58

they are restricted to the past millenniufrgvkin et al,  time steps between 10000BC and 2005AD. The tempo-

2006 Pongratz et a).20091, assess only the total cumu- ral resolution is millennial before 1AD, centennial until

lative carbon emissions before industrializatidods et al. 1700 AD, and decadal thereafter. HYDE uses a LAP pattern

2004 Strassmann et al2008, do not model carbon accu- Which is roughly constant throughout the entire preindustrial

mulation in the atmospher®(ofsson and Hicklgr2008 Ka- Holocene. Thus, regional land use area is directly propor-
plan et al, 2011) or are of highly qualitative naturdR@iddi-  tional to regional population as long as unused land is avail-
man 2003 2007 Williams, 2003 Nevle and Birg 2008. able. Uncertainties in population numbers are propagated to

Here, we present transient simulations of the impact oféstimated land use areas. An average value for LAP can be
preindustrial land use change on atmospherie @®ough-  derived by dividing the global land use area by the global
out the Holocene based on spatially explicit ALCC maps. Anpopulation numberKlein Goldewijk, 2003, Klein Goldewijk
assessment of uncertainty in the evolution of ALCC and itsand van Drecht2008); this yields 1.0-1.3 ha/pers. (hectares
implications for the modern carbon budget is included. per person) (see also Talllp

The Bern Carbon Cycle-Climate Model (BernCC) is In scenario H2, agricultural areas from HYDE are scaled
forced by explicitly prescribing the evolution of croplands, by a factor of 2 before 1700 AD. After 1700, the scaling fac-
pastures, and urban areas over the past 12 kyr. As a standat@r linearly decreases to 1 until 2005 AD. H2 represents gen-
scenario we use the HYDE 3.1 reconstruction. The extent ofrally larger preindustrial land use areas than the maximum
a possible low bias in the HYDE data and in the simulatedscenario presented gongratz et al(2008. In H2, up to
impact on the carbon cycle is constrained using three com70% of the land area is under anthropogenic use in Europe
plementary ALCC scenarios. Sensitivity of the atmosphericby 1000 AD compared to about 40% in the HY scenario.
CO; increase to different rates of land conversion is analyzedeuropean land use areas in H2 are roughly in line with the
using a schematic scenario with linearly increasing land usg¢econstruction oKaplan et al{(2009.
areas. Due to a lack of more detailed data for early Holocene The overshoot scenario (OS) represents the same spatial
ALCC and land use practices, we use highly stylized sce-distribution of land use areas as in HY, but area fractions be-
narios and address the effects of shifting cultivation and for-fore 1700 AD are scaled with a time-varying factor that re-
est management practices on £é@nissions implicitly. The lates population density and the area fraction of agricultural
simulated impact of soil cultivation and crop harvesting on areas in a grid cell, as defined by Eq. (1)Kaplan et al.
carbon emissions and atmospheric .Ci® quantified. Fi- (2009 (seeStocker 2009. The scaling factor is 1 for all
nally, we examine this scenario range for its consistency withyears after 1700 AD. This relation is suggested to represent
available information on LAP and with the carbon budget of the effect of technological change on land productivity and
the last millennium as inferred from a single deconvolution hence on the mean LAP. As a result, global total land use ar-
analysis Giegenthaler and Oeschg887). eas decline sharply after Medieval times because the relative

population growth is smaller than the relative decline in LAP.
Scenario LIN is purely schematic and serves as an illustra-

tion. Agricultural areas are interpolated between 10000 BC

(zero ALCC) and the state defined by the HYDE 2005 AD
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3000 BC

1850 AD 1000 AD

2005 AD

Fig. 1. Area fraction of agricultural land (sum of cropland, pastures and urban) for different scenarios and time periods on the aggregated
2.5x3.75° grid used by LPJ.

map. Thus, the spatial distribution corresponds to HYDE inet al, 2008. BernCC is a simplified Earth system model,
2005 at all times and accordingly, anthropogenic ALCC oc-which includes the Lund-Potsdam-Jena Dynamical Global
curs worldwide over the entire Holocene. Vegetation Model (LPJ-DGVMSitch et al, 2003 with an
To limit the share of total ALCC to 100%, the land use ALCC component byStrassmann et a(2008. LPJ sim-
area according to the above scenario definitions had to belates terrestrial carbon assimilation and respiration in re-
reduced for some cells. In doing so, the relative share ofsponse to variations in GQand climate. It exchanges net
pastures, croplands, and urban areas, as given in HYDE, wagarbon fluxes with a well-mixed atmosphere and a Mixed-
conserved. This affected the global total land use area onlj.ayer Pulse-Response representation of the HILDA ocean
slightly (Fig. 2). model Joos et a.1996, which also parametrizes carbonate-
In brief, our illustrative, stylized ALCC scenarios span sediment interactionsl¢os et al.2004. The coupled mod-
a wide range from a scenario potentially underestimatinge”ing framework simulates the evolution of atmospheric
preindustrial ALCC (HY) to a scenario with an extremely COz at low computational costs.
high magnitude and global extent of anthropogenic ALCC in  In an earlier study that considered climatic variations on
the Holocene (LIN). The resilience of carbon pools after landthe millennial time scale but no explicit representation of
abandonment is addressed by the overshoot scenario (OS).ALCC, the simulated increase in terrestrial carbon storage
is in the range of 820 to 850 GtC over the past 20 kyr, and
2.2 Model description and setup 28 to 75 GtC over the past 6 kyddos et al.2004. These
effects are largely independent of ALCC-related effects, as
The ALCC simulations are performed with the BernCC ascertained with simulations driven by variable ALCC and
model Joos et al.2001L Gerber et al.2003 Strassmann natural changes. Here, for simplicity of interpretation, we

Biogeosciences, 8, 688, 2011 www.biogeosciences.net/8/69/2011/



B. D. Stocker et al.: Holocene ALCC and GO 73

keep all boundary conditions other than ALCC constant. Insions primarily due to the Cffertilization feedback as de-
other words, climate is constant throughout the simulation. fined byStrassmann et a2008. Additional feedbacks due
We use the Climate Research Unit's (CRU) TS 2.1 clima-to climate variations are implicitly neglected by the setup; the
tology from 1900 to 1930New et al, 1999 Mitchell and  “lost sinks/sources” flux§trassmann et al2008 is small
Jones2009, present-day land-ice distributioR¢ltier, 1994 due to the neglection of fossil emissions and the correspond-
Joos et al.2009), and the insolation at 1950 ADBérger ing relatively small variations in C©
1978. The CRU climatology is repeated every 31yr to sim-  The set of plant functional types (PFT) and PFT-specific
ulate interannual variability in terrestrial carbon storage. At- parameters have been updated from the versidsitop et al.
mospheric CQ@ is initialized at 263 ppm and evolves in re- (2003 as used byStrassmann et a{2008 andJoos et al.
sponse to the terrestrial and oceanic carbon balance. (2004. The new parameters proposed\hania(2007) are
ALCC-related carbon emissions and related changes irused here in order to achieve a better representation of the
atmospheric C@ are explicitly modeled by our version of vegetation distribution in northern latitudes. As a conse-
LPJ using a fractional grid cell approach to distinguish dif- quence, ALCC emissions are reduced as compared to the
ferent land classes (s&trassmann et al2009. Only the  version ofStrassmann et a{2009 (see Sect4.1 for a dis-
net change (difference of deforestation and abandonmengussion).
within one grid cell is simulated. Croplands and pastures |n addition to the parameter changes, we use a different
are claimed from forests and natural grasslands according thaseline climatology (CRU TS 2.1 insteadlafemans and
their respective area shares on natural land, as simulated bgramer 1991). Together, these updates reduce the simulated
LPJ. ALCC-related carbon emissions over the last 300 yr by about
After land conversion, tree plant functional types are sup-30% when neglecting harvest as compared to a correspond-
pressed from growing and urban areas are assumed to be voifg simulation based on the original parameterSitéh et al.
of any biomass. Carbon from woody biomass is partly re-(2003 (seeStrassmann et a008.
leased to the atmosphere (25%), the rest is split evenly to two
product pools that decay with turnover times of 2 and 20yr.2.3 Closing the global carbon budget and the
The assessment of ALCC emissions on decadal to millennial guantification of a residual terrestrial sink
time scales is not sensitive to the respective values. Carbon
from leafs, sapwood and roots enters the litter pools of theALCC emissions have implications for the atmospheriCO
appropriate anthropogenic land use area. budget, for the stable isotopéC, and for the magnitude of
The ALCC component otrassmann et a[2008 does  carbon sink processes. In turn, the consistency of different
not include formulations to account for crop harvest andALCC emissions scenarios with the atmosphericoGDd
increased oxidation of soil organic matter associated with**CO; evolutions offers an additional means to check the
tillage. Here, a management parametrization is implementegblausibility of ALCC scenarios. Here, we focus on the £O
following the approach ofOlofsson and Hickler(2008. budget of the last millennium and the 20th century as the ear-
These authors reduce the fraction of the litter decompositiorier millennial-scale Holocene CQrariations are influenced
flux that is transferred to the soils from 30% to 20% . Here, by a number of not exactly quantified natural carbon fluxes
we further reduce this fraction to 17% and thus increase thde.qg.,Elsig et al, 2009 Kleinen et al, 2010.
reduction of soils carbon pools and increase land use emis- Previous analysesg@os and Brund 998 Joos et al.1999
sions to better reproduce the observed impact of cultivationTrudinger et al. 2002 Houghton et al. 2004 of the ice
on cropland soils@avidson and Ackermari993 Guo and  core CQ and13CO; records Francey et a).1999 suggest
Gifford, 2002 Murty et al, 2002 Ogle et al, 2005. that multi-decadal net ocean-atmosphere and land biosphere-
In addition to this standard treatment, we run sensitivity atmosphere fluxes were relatively smatQ.2 GtC yr 1) dur-
simulations where an alternative implementation of harvesting the preindustrial millennium and that the net flux from
is used or where agricultural management is neglected. Théhe land biosphere to the atmosphere is comparable to ALCC
alternative harvest scheme follows the approacisloévli- emissions estimated biytoughton(2003 for the 19th cen-
akova et al(2009. 100% of the leaf mass is harvested annu- tury. In contrast, a residual sink flux on the order-ef to
ally on croplands and 25% on pastures. 90% of the biomass-2 GtC yr-! (negative numbers denote an uptake by the land
harvested is oxidized directly, the rest enters the litter pools.biosphere) is required to close the £ludget over the more
The model is spun up to equilibrium; model drifts in at- recent decade®gnman et a].2007); this residual sink flux
mospheric CQ@ and carbon inventories are negligible. Sim- is linked to the land biosphere and to processes such as un-
ulations are carried out in (i) the standard setup and (ii) withaccounted vegetation regrowth in northern mid-latitudes and
suppressed Cgfertilization. We distinguish net and primary possibly stimulated by increased terrestrial photosynthesis
ALCC emissions. Primary ALCC emissions are defined asdue to elevated atmospheric gQs well as nitrogen input
the net carbon fluxes to the atmosphere in a ALCC simulatiorinto terrestrial systemd$fentice et aJ.200% Denman et aJ.
with suppressed fertilization, minus a corresponding simula-2007). The intention is then not only to check the plausibility
tion without ALCC. Net emissions differ from primary emis- of the ALCC scenarios, but also to address the implications
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of different preindustrial ALCC scenarios for the 20th cen- are identical in terms of land use area thereafter. The decline
tury residual carbon sink flux. in global land use areas in OS after the Medieval period is as-
Technically, we follow the single deconvolution approach sociated with a delayed and an incomplete recovery of carbon
of Siegenthaler and Oeschgd©87) and consider the CO  stocks on areas previously under land use. Although land use
budget only. This is permissible for the period of the areas are identical in OS and HY throughout the industrial
last 1000yr as analyses of the combined,Cidd 12CO, period, a difference in cumulative emissions of about 13 GtC
yield very similar resultsJoos et al.1999. The net land  still persists at present. This is a consequence of the long
biosphere-to-atmosphere flu¥jpanet, is taken fromJoos  equilibration time scales of soil carbon stocks to a change in
et al. (1999. It is quantified by taking the difference the input flux. Similarly, the linear ALCC scenario LIN re-
from reconstructed changes in atmospheric;@Etheridge  sults in higher cumulative emissions than HY and H2. In the
et al, 1996 Keeling et al, 1993 Keeling and Whorf2003, latter scenarios, the bulk of ALCC is allocated in the indus-
dNjldt, carbon emission from fossil fuels and cement pro- trial period and soil carbon has not yet fully adjusted to lower
duction Marland et al. 2006, Ejss, and the net sea-to- levels.
atmosphere fluxFsanet as computed under prescribed £0 The simulated increase in atmospheric Q®ig. 2, bot-
with the BernCC model. Net fluxes to the atmosphere arecom) depends on the ALCC scenario. Differences are sub-

generally defined positive. stantial even by the end of the simulations in 2004 AD, when
J all scenarios are identical with respect to the total land area
Foanet= — Na— Efoss— Fsanet (1)  under human use. Simulated changes in@@ 29, 27, 28
dt and 10 ppm for HY, H2, OS, and LIN, respectively. These

The residual terrestrial sinkisink is then, as irDenman  differences are much larger than the differences in primary
et al. (2007, the difference between the net biosphere-to-emissions. They are, as explained further below, related to
atmosphere flux and the primary carbon emissions by ALCC the time scales of ocean carbon uptake. The increase over

Ealcc: the period 1850 to 2004 is in the range of 0 to 22 ppm. By
1700 AD, the simulated C£increase relative to the start of
Fsink= Fbanet— EaLcc (2)  the simulation is in the range of 1 to 10 ppm for the four sce-

narios. The preindustrial ALCC-related atmospherio@®
rease remains smaller than 12 ppm, even when suppressing

O fertilization.

The ice core recorddMonnin et al, 2001) show that atmo-
spheric CQ increased by~20 ppm from 5000 BC to 1 AD,
followed by a period with roughly constant concentrations
(Fig. 2, bottom). Before 1 AD, simulated cumulative emis-

3 Results sions are 49 GtC in OS, the scenario with the highest ALCC
at that time, and the associated atmospherie Grease
Cumulative net ALCC emissions between 10000BC andis less than 3ppm. Somewhat larger £€bncentrations
2004 AD add up to 159 to 192 GtC, depending on the sce-changes are simulated when gfertilization is suppressed
nario (Fig.2). There remains a difference despite the fact (Fig. 2, thin lines). Thus, simulated GOchanges due to
that all scenarios converge to the same area under human uge.CC explain less then 20% of the reconstructed 20 ppm
by 2004 AD. Differences occur due to (i) the long equilibra- CO; increase, even in a scenario where an avereage LAP of
tion time of soil carbon after land conversion and (ii) differ- more than 9 ha/pers. is assumed. This LAP value is beyond
ences in simulated C{and the associated fertilization feed- the range of published estimates (see TépleE.g., Ruddi-
back and (iii) the size of the product pools towards the endman and Ellig2009 propose 42 ha/pers. at 5000 BC.
of the simulation period (see also Fig). Cumulative pri- Area under land use peaks around 1 AD in the overshoot
mary emissions in year 2004, excluding any ALCC-relatedscenario OS and decreases thereafter until 1400 AD. The re-
feedback flux are in the range of 233 to 247 GtC (Table lated uptake of carbon draws down atmospherie C&mu-
The evolution of ALCC emissions varies considerably be-lated CGQ changes become even smaller than in HY, although
tween different scenarios (Fig, middle). Cumulative net the respective cumulative emissions are higher in OS than
emissions range from 47 to 190 GtC and primary emissionsn HY at all times. This difference in CQis related to the
from 69 to 231 GtC by 1850. This scenario spread is mainlytimescales of ocean uptake and the increase in cumulative
related to differences in the area under land use. emissions in HY and the decrease in OS after 1000 AD.

Differences in the temporal evolution of ALCC have long-  Harvest and soil cultivation on croplands affects the lo-
term implications for emissions. This is illustrated by com- cal carbon balance and leads to enhanced ALCC-related CO
paring the HY and the OS scenario. The “overshoot” sce-emissions. Reductions in soil carbon are partly offset by en-
nario OS features a larger area under land use than HY beianced NPP on croplands and pastures relative to the natu-
fore 1700 AD. In 1700 AD, the two scenarios converge andral vegetation and correspondingly larger carbon inputs from

Uncertainties (1-sdv) in the sink flux related to uncertain-
ties in the ocean model, in fossil emission estimates, an
in the ice core CQ@ data have been estimated to be about
0.2 GtCyr ! for the 1800 to 1960 periodBfuno and Joqgs
1997).
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Fig. 2. Evolution of global land use area, ALCC related carbon emissions, and changes in atmospbeoee€the Holocene for four

ALCC scenarios (HY, H2, OS, LIN). Top: global total area of agricultural land (sum of croplands, pastures and urban). Middle: cumulative
net emissions (including C{fertilization feedback). Additionally, the primary emissions of HY and LIN are given by the thin lines. Bottom:
Change in atmospheric GQoncentration relative to the concentration at the start of the simulation (263 ppm)in@®ase without the
fertilization feedback is given by the thin lines. g@nomalies relative to 8 kyr BP (259 ppm) measured on the EPICA Dome C ice core
(Monnin et al, 2007 (left panel) and Law DomeHtheridge et a).1996 (right panel) are depicted by the grey symbols with 2¢ror bars.

Time series of cumulative emissions and £&homalies represent 31-yr running averages. The simulated natural interannual variability in
response to climatic variations is illustrated by the light grey curve.

biomass turnover. Soil management leads to an increaspared to the standard treatment, where pasture harvest is not
in cumulative emissions by 33% (HY) to 53% (LIN). Cu- considered.

mulative net emissions range between 119 to 125GtC in ALCC emissi distributed b he biosoh
2004 without management compared to 159 to 192 GtC in Emissions are re Istributed between the biosp ere,
he ocean/sediment system and the atmosphere. On millen-

the standard model setup where management is include&._ : -
At 1700 AD, the atmospheric GOncrease due to anthro- nial time scales, most of the emissions are absorbed by the
pogenic Ian’d use ranges between 2 and 7 ppm when manag86€a" and ocean-sediment interactions as a consequence of
ment is neglected compared to 3 to 10 ppm in the standar € very _V\(ell-understood c_arponate chemistry and_the o_ly-
model setup. An implementation of harvest on agricultural nhamlllc mixing to depth. Th'fglg chur:nentedl i);tg;sél:vely n
land following Shevliakova et al(2009 yields very simi- e literature (e.g.Joos et al.199§ Archer etal, 1997 Cao

lar results for cumulative global emissions (see Tdb)éut et gl, 2009.' Only about 14% of an initial perturpatlon of thg
exhibits a different spatial pattern with soil carbon gains on p_relndustrlal atmosphere by a (small) carbon input remains
croplands by up to 60% in the tropics. This accumulation airborne when the atmosphere-ocean system has attained a

is compensated by smaller carbon stocks on pastures confEW equ_lllbr_|um one to j[wo_thousand years after the emis-
sion. This airborne fraction is further lowered to 6 to 7% on
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Fig. 3. Simulated redistribution of carbon emissions from anthropogenic land cover change between the atmosphere (purple), ocean (blue),
the land biosphere (green), and product pools (orange, upper panel) for 1000 AD (left), 1700 AD (middle), and 2000 AD (right) and for four
ALCC scenarios. Values represent fractions in percentage of cumulative emissions, including the delayed emissions from product pools.
Values are averages over the 31-year period prior to the labelled year. The uptake by the land biosphere is giextibs@tmon.

a multi-millennial time scale by ocean-sediment interactions.ing this period. The residual sink flux for HY, H2 and OS
Consequently, the airborne fraction is low in our simulationsremains small until the late 19th century. In other words,
(9% to 16%) at preindustrial times for all four scenarios asthe ALCC emissions of these three scenarios are compatible
the time scales over which carbon emissions occur are multiwith the evolution of atmospheric GQand current process
millennial (Fig.3). understanding. No additional, unknown carbon flux needs
The airborne fraction depends inter alia on the growth rateto be invoked to close the carbon budget prior to the late
of emissions. The higher the growth rate, the higher the air-19th century, suggesting that last millennium ALCC emis-
borne fraction. For a high growth rate scenario the sharesions of these three scenarios are of realistic magnitude until
of more recent emissions on total emissions is higher at anghis time. Relatively high simulated ALCC emissions be-
given point in time compared to low growth rate scenarios.tween the 1880 and 1940 AD in HY, H2 and OS require a
Less time is effectively available for the ocean and the landresidual sink of about 30 GtC to close the carbon budget. In
to take up excess GQunder high growth in emissions. Thus, contrast, low ALCC emissions in LIN throughout the indus-
the airborne fraction is higher in the exponential-like increas-trial period yield a residual terrestrial source of carbon of
ing HY and H2 ALCC scenarios than in the linear LIN sce- about 70 GtC between 1700 and 1930 AD.
nario. At 2000 AD, the simulated airborne fraction is 29, 25, The magnitude of early ALCC has implications for the
27 and 9% in HY, H2, OS and LIN, respectively. Similarly, current carbon budget. This is illustrated by the difference
the airborne fraction in OS is lower at 1000 AD, as well as between the HY and H2 scenarios. H2 implies a smaller ter-
1700 AD than for HY. The relatively high airborne fraction restrial sink than HY due to slower land conversion rates and
for HY reflects that the bulk of the ALCC occurs in the last associated lower primary emissions during the second part
two centuries in this scenario. On the other hand, scenariosf the 20th century. The average residual sink flux for the
with large early ALCC are associated with a lower airborne 1980s is—1.7 and—1.3 GtCyr! for the HY and H2 sce-
fraction. narios, respectively. For the early 1990s, the implied sink
Next, the atmospheric GObudget and the residual sink flux increases te-2.1 and—1.6 GtCyr ! in HY and H2, re-
is quantified for the last millennium (Fig. 4). The residual spectively. This indicates that the magnitude of the mod-
sink is close to zero between 1005 and 1700 AD in all sce-ern residual sink is potentially becoming smaller when re-
narios. Remaining deviations of up #0.3 GtCyr! may vising the magnitude of preindustrial ALCC upward. This
be linked to uncertainties in input data and the impact of un-conclusion is robust with regard to uncertainties in the inter-
accounted climatic variations on the carbon cycle. The pre-actions between ALCC, climate G&nd and nitrogen fer-
1850 AD ALCC emissions simulated for all four scenarios tilization. However, ALCC rates during the past decades are
are compatible with the reconstructed evolution ofQiDr- well constrained by independent estimates and results based
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Fig. 4. Residual terrestrial carbon flux over the last millennium for four ALCC scenarios. Positive values represent a net source. The residual
flux is the difference between the net atmosphere-to-land carbon flux and primary ALCC emissions. The net atmosphere-to-land flux is
derived by a single-deconvolution analysis as describetbos et al(1999. Data are splined with a cut-off period of 300 year prior to

1850 AD and 40 year thereafter. For comparison, the residual flux for zero ALCC emissions is shown by the grey line (“ctrl”).

on the FAO statistics suggest even higher rates than in HY4.1 Carbon inventories and emissions
(Houghton 2010.

First, uncertainties related to terrestrial carbon inventories
4 Discussion and emissions are addressed. Modeled values for above- and

below-ground biomass inventory in closed forests and soll
We assess the ALCC-related carbon cycle perturbation witlcarbon content are compared to observation based estimates
transient simulations using the BernCC simplified Earth sys-(Figs.5 and6). Simulated soil carbon is compared with the
tem model and the HYDE 3.1 data for croplands and pasture$GBP-DIS global soil carbon data seéBdtjes 2008 which
since 10 000 BC and arange of idealized scenarios. The mairepresents natural as well as cultivated soils. Both, the data
findings are that (i) our results do not support the hypothesiset as well as the simulation results represent the top 1 m of
that mid to late Holocene CfQncrease was primarily driven the soil column. The spatial pattern of soil carbon content is
by ALCC and (ii) that an ALCC scenario with a larger than fairly well reproduced by our model and the simulated global
generally assumed share of pre- versus post-1850 AD ALCQotal (1423 GtC) is somewhat lower than the estimatBaif
extent and emissions considerably decreases the postulatges (2008 (1549 GtC). Soil carbon inventories are underes-
residual sink flux in the 20th century. timated in arctic and tropical wetlands as peat accumulation

Uncertainties inherent in the quantification of cumulative is not simulated in LPJ. In contrast, soil carbon is generally

ALCC emissions are linked to (i) uncertainties in the dis- overestimated in cold and dry regions as well as in permafrost
tribution of terrestrial carbon inventories, (ii) uncertainties soils. The latter can be explained by the crude representation
in the areas affected by anthropogenic land cover changeyf processes in frozen ground in our version of LPJ. Simu-
(iii) uncertainties in the evolution and extent of different agri- lated soil carbon content agrees well with observation-based
cultural management practices, and (iv) uncertainties in thesalues in temperate and tropical regions which are most af-
representation of management impacts on carbon inventdfected by ALCC.Jobbagy and Jacksaf2000 estimate a
ries. In the following sections, these uncertainties are dis-global soil carbon inventory of 2344 GtC for the top 3m and
cussed and the plausibility of different scenarios are assessedi502 GtC in the top 1 m. We consider only the top 1 m since
Finally, we discuss the implications for the current carbonsoil carbon losses due to agricultural management below 1 m
budget and for Holocene G&nd climate. are not supported by field measuremei@si¢ and Gifford

2002.

Our model has a tendency to overestimate forest biomass
in most regions, when comparing results with 145 point mea-
surements given blyuyssaert et a2007). Simulated global
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Table 1. Primary carbon emissions from ALCC (in GtC). Comparison of this study’s four scenarios (HY, H2, OS, LIN) with published
results. “present” refers to 2004 AD if not indicated otherwise; “industrial” refers to the period between 1850 and “present”, unless indicated
differently. 2HYDE data, shifting cultivation between 28l and 23 S; bHYDE data, no shifting cultivation.

until 1850 AD industrial until present
HY 69 164 233
H2 105 142 247
0s 70 165 235
LIN 231 3 234
no harvestftillage
HY 50 127 177
H2 74 109 183
oS 47 128 175
LIN 153 0 153
harvest afteiShevliakova et a{2009
HY 73 172 245
DeFries et al(1999 48-57 125-151 182-199 (1987)
Houghton(2003 156 (1850-2000)
Strassmann et 12009 94 187 284
Olofsson and Hicklef2008 114 148 262 (1990)
Pongratz et al(20098 63 108 171 (2000)
Shevliakova et al(20092 240 (1700-2000)
Shevliakova et al(2009P 161 (1700-2000)
Kaplan et al(2011) 325-357
Kaplan et al(2011), HYDE data 137-189

total vegetation carbon is 980 GtC; this is slightly above the Largest carbon losses are found in the top 30Dav{dson

range of other DGVM simulations (557-923 Gt®&ucharik and Ackerman1993 Murty et al, 2002 Guo and Gifford

etal, 200Q Krinner et al, 2005 Sitch et al, 2003. Although 2002. In a literature reviewMurty et al. (2002 report an

the PFT-parameter changes mentioned in S22tresult in  average loss of 456% in the top 15 cm, but only 126%

lower biomass densities in boreal regions, simulated value$or soils sampled to more than 45 cm depBuo and Gifford

are still high, particularly in boreal regions. The same ap-(2002 report no changes in soils below 60 cm for forest to

plies for temperate forests, where preindustrial ALCC wascrop conversion.

most prominent. In conclusion, the overestimation of for-  Soil carbon exhibits no consistent response when forests

est biomass implies that direct carbon emissions from foresare converted to pasturesugo and Brown 1993 Murty

conversion are likely overestimated for a given ALCC sce-et al, 2002 Guo and Gifford 2009. Increased, as welll and

nario. decreased storage is reported from individual site studies. In
ALCC-related carbon emissions result from the reductiontheir reviewsGuo and Gifford 2002 report an increase of 7

of carbon storage in ecosystems due to the clearing of forest® 13% for soils of less than 100 cm depth and no changes for

and soil carbon losses due to an imbalance of carbon inputgreater depths, whil#urty et al. (2002 report an average

and soil respiration as well as due to top soil erosion. Givenincrease of & 7%. The response of soil carbon on pastures

the large size of the soil carbon inventory and the long timedepends on management and the history of land usgq(

scale of interest, an understanding of the fate of soil carborand Brown 1993 Fearnside and Barbosi99§. Overgraz-

is key to assessing the human impact on the carbon cycléng can lead to a large decrease in soil carbon stocks locally

The cultivation of cropland soils is associated with enhancedAbril and Buchey 2001). 7.7% of the world’s grasslands

oxidation of soil organic matter due to tillage and a decreasedire classified as overgrazed, of which less than 10% are con-

litter input due to harvest and the removal of biomass fromsidered to be severely or extremely overgrazédn@ant and

the field. A wide array of review studies report an averagePaustian20032).

reduction in soil carbon by30% (Davidson and Ackerman The paradigm of a rapid loss of soil carbon within the first

1993 Amundson200%, Murty et al, 2002 Guo and Gifford years after land conversion and an establishment of a new

2002 Ogle et al, 2005 when forest is converted to cropland. equilibrium within decades is advocated by various authors

Smaller reductions (22%) are found when results are adjusteAmundson2001 McLauchlan2006. The millennial-scale

for changes in bulk densityMurty et al, 2002. effects of soil cultivation are less clear and strongly depend

Biogeosciences, 8, 688, 2011 www.biogeosciences.net/8/69/2011/



B. D. Stocker et al.: Holocene ALCC and GO 79

on agricultural management. Examples where soil carborsmaller biomass density in boreal forests, higher biomass
was depleted even centuries after cessastion of cultivatiomensity on grasslands and the inclusion of a management
contrast with cases where organic amendments, charcoal aggarametrization. IPongratz et al2009h, lower values can
ditions or anaerobic soil conditions in paddy fields have partly be explained with differences in the ALCC data set
lead to elevated soil carbofMu et al, 2003 McLauchlan where cropland is allowed to expand onto pastti@ughton
2006. Unfortunately, such information is not available on 2010 and with the neglection of reduced inputs to the soil
the spatio-temporal scale of the present study. pool due to harvest. Cumulative primary emissions of 192
Soil erosion affects soil carbon stocks locally. Although between 1700 and 2000 agree with the rang8havliakova
the total amount of mobilized carbon due to agricultural ac-et al. (2009 (161 to 210 GtC) for their scenarios without
tivity can be largeQuinton et al.(2010 suggest that a rel-  shifting cultivation and forest management. An additional
atively small fraction is actually lost to the atmosphere and60 to 80 GtC might have been emitted in response to shifting
that most of the mobilized carbon is deposited downslope orcultivation and forest management over the industrial period
buried in lakes, streams or wetlands. There, its decompositShevliakova et al 2009 — factors not explicitly considered
tion is dramatically slowedXmundson2001). Erosion pro-  in our study.
cesses may be implicitly included in review studies assess- Land use emission for the period before 1850 and for the
ing soil carbon losses on cultivated land. For exam@ea, HY scenario are with 69 GtC well within the range of most
et al. (2003 analyze over 30000 soil profiles and compare other studies (Tabl&). Studies on historical ALCC are often
soil stocks between cultivated and pristine lands in China. based on the HYDE dat&{rassmann et aR008 or related
The model applied here yields a reduction in soil carbon inproducts Shevliakova et al.2009 Pongratz et al.20098),
the top 1 m of order 20% after conversion of natural vegeta-where land use area scales with population numbers.
tion to cropland and of 43% after conversion of natural grass- Recently, Kaplan et al. (2011 presented an upward-
lands to cropland, broadly consistent with the mentioned re+evised land use scenario. Their high estimat&50 GtC at
view studies. About half of the losses are attained in the firstl AD) is bracketed by our our scenario range of 14-195 GtC
10yr after conversion and a final equilibrium is attained onuntil 1 AD. In addition,Kaplan et al.(201]) provide results
a millennial time scale. Differences in NPP before and afterfor the HYDE 3.1 scenario that are directly comparable to the
conversion affect local responses. The model tends to undepresent study. They simulate much larger ALCC-related car-
estimate losses in tropical and dry climates but is compatiblebon emission per unit area converted than previous studies
with observations in temperate regior@gle et al, 2005. and the present on&aplan et al(2011) do not discuss why
Modelled soil carbon increases after conversion from forestghey yield much higher emissions per unit area and results are
to pasture largely offset losses on croplands and overall, simenly provided up to 1850 AD. Differences may arise from a
ulated changes in global soil carbon from ALCC are small. number of reasons, such as different harvesting schemes, a
Using the alternative harvest scheme, conversion to cropdifferent spatial resolution of the model, differences in the
lands leads to an accumulation of carbon in the tropics, whiledistribution of soil carbon, or differences in process formula-
temperate and boreal regions respond similarly as in the startions between models. In the modelkdplan et al.(2011),
dard treatment. The simulated response in the tropics disthe soil pool is adjusted upwards by roughly 50% to repre-
agrees with findings ddgle et al (2005, who report respec- sent the top 3 m of the soil column, while most other studies
tive reductions by 42%. consider soil pools for the top 1 m. In addition, no distinc-
The fact that peat and permafrost regions are not expliction is made between croplands and pastures and 100% of
itly simulated is expected to have only a small effect on theaboveground biomass is harvested annually on all agricul-
simulated ALCC-related carbon emissions, as the overlap ofural land. This leads to a depletion of soil carbon pools by
preindustrial land use areas with peatlands and permafrosbughly~30% not only in cropland soils but also on pastures
soils is relatively small on the global scale. and in the entire soil column of managed soils. A global av-
Next, published estimates of land use emissions are comerage loss of 30% for the top 3 m on all cultivated land is not
pared with results from this study. For the 1980s and 1990ssupported by available review studi€3alidson and Acker-
simulated average primary ALCC emissions based on thenan 1993 Amundson 2001, Murty et al, 2002 Guo and
HYDE data are 1.12 and 0.95 GtC i, respectively. Thisis  Gifford, 2002 Wu et al, 2003 Ogle et al, 2005 McLauch-
lower than the “bookkeeping” estimatestdbughton(2003 lan, 2006. As discussed above, reductions in soil carbon
(~2.2+0.6GtCyr 1), but in the range of estimates from appear to be restricted to the upper soil layers and, on aver-
Achard et al(2002); DeFries et al(1999; Strassmann et al. age, soil stocks even increase slightly after conversion from
(2008; Shevliakova et al(2009. Various estimates for cu- forest to pastureMurty et al, 2002 Guo and Gifford 2002.
mulative emissions exist for the industrial period. Our esti-
mate of 164 GtC for HY is close to results DEFries et al.
(1999; Houghton(2003; Olofsson and Hicklef2008 (see
Table 1). Differences toStrassmann et a(2008 can be
explained by improved parameter values and the resulting
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Table 2. Global mean land area per person (LAP, in ha./pers.). The values for the four scenarios are derived by dividing the global land use
area of the scenario and the global population as givéidim Goldewijk (2001); Klein Goldewijk and van Drech2006. Note, that values

of Lanly (1989; Ramankutty et al(2002; Gregg(1988 given in the lower part of the table do not represent a global mean, but represent a
specific agricultural system.

1000BC 1000 AD 1850 AD
HY 13 1.0 11
H2 2.5 21 1.6
oS 9.5 3.3 11
LIN 32 15 3.8

Ramankutty et ali2002 0.35-0.07 (per cap. cropland decrease in 20th cent.)
Ruddiman and Ellig2009 442 (“per-capita land use” at 5000 BC)
Ruddiman and Ellig2009 0.4+0.2 (before industrialisation)

Gregg(1989 4 (European late-neolithic settlement)
Kaplan et al(201]) 5.5-8.2 at 6000 BC
Kaplan et al(201]) 2.5-0.5 at 1850 AD
4.2 ALCC reconstructions Here we are interested in the net effect on@&missions in-

duced by clearings and parallel regrowth. Over a large area

Reconstructing land conversion in the Holocene remaingvhere cultivated and abandoned plots coexist, mean biomass
challenging and the currently available datasets neglect podensity is generally reduced as compared to an area where
tentially important effects of human activities on biomass cultivation is restricted to a small and permanent area and
density such as time varying land demand per person, othe rest is left unaffected by forest clearings. For the prein-
management practices such as shifting cultivation and woodlustrial periodKaplan et al(201]) suggest an enhancement
harvesting. We address the uncertainty of Holocene ALCCof cumulative emissions by about 15%.
reconstructions using three additional, idealized scenarios The spread and the typical rotation length of non-
with larger preindustrial ALCC than in HY. The modern permanent agriculture throughout the past millennia s highly
ALCC is the same in all scenarios. The four scenarios span ancertain and subject to ongoing debat@élifams, 2003
wide range from supposedly low (HY) to a purely schematic Mazoyer and Roudar2006 and simplifying assumptions
upper limit scenario (LIN) with respect to the magnitude and even have to be made for the last three centukiestf et al,
global extent of preindustrial ALCC. In the overshoot sce- 2006. Therefore, we argue that for the scope of the present
nario (OS), technological change is assumed to lead to a destudy, the net effect of shifting cultivation can be adequately
cline in LAP over the centuries and, in combination with pop- captured by a simple scaling of permanent land use areas.
ulation declines after the Medieval age, to a drop in the globalThis in turn leads to accordingly higher cumulative emissions
land use area. After 1700 AD, ALCC in OS rises in accor- (see Tablel). Scenario H2 where preindustrial land use ar-
dance with the HY scenario. The scenario range is designedas are 100% higher than in HY thus accounts for higher
to cover discrepancies among previously published reconemissions from non-permanent agriculture. In brief, includ-
structions Klein Goldewijk, 2001, Klein Goldewijk and van ing shifting cultivation in the model is not expected to narrow
Drecht 2006 Olofsson and Hickler2008 Pongratz et al.  uncertainties as global data on the extent in space and time,
2008 Kaplan et al. 2009 and hypothesesRuddiman and as well as on the rotation length is lacking.
Ellis, 2009 and addresses the resilience of carbon stocks af-
ter land abandonment. Applying global scaling factors ne-4.3 Land Area per Person (LAP)
glects the spatially differentiated evolution of agricultural
practices. However, no global dataset exists that differenext, we address the consistency of a scenario by comparing
tiates such practices throughout the Holocene. This leads tehe implied global LAP with values proposed in the litera-
uncertainty in associated regional carbon fluxes from ALCC,ture. Implied global mean LAP in 2000 AD is 0.80 ha/pers.
as they depend strongly on the location of land conversionmaccording to the HYDE 3.1 data s&@dldewijk, 2003). LAP
and the simulated carbon stocks in the respective grid cell. values at 1000 BC range from 1.3 and 2.5 in HY and H2, re-

It is undisputed that shifting cultivation, where forest spectively to 32 ha/pers. in LIN (see Taldle While the HY
clearings are (partly) balanced by regrowth on abandonedalue is considerably lower than estimates proposed by other
plots, has a qualitatively different (gross) effect on the lo- authors, values for LIN are incompatibly larger than pub-
cal scale carbon budget than permanent agricultBrady, lished estimates (about 4 ha/pers. for neolithic agricultural
1996 Olofsson and Hickler2008 Shevliakova et al2009. systems). This also represents too large of an agricultural
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Fig. 5. Comparison of simulated soil carbon inventories with observation-based estimates for the top metre of the soilaplumdeled

soil carbon inventory(b): observed soil carbon inventory froBatjes(2008. The ISRIC map is regridded to the LPJ model gicl;
difference: model minus observatiorfd): modeled versus observed soil carbon inventory. The colour key depicts latitude of the respective
measurement site.

area even when taking into account that global populatiord.4 Residual sink test
estimates for the time before 1000 AD differ by a factor of
up to 2 Pongratz et a)2008. An analysis of the budget of atmospheric £@ver the last

The concept of assessing a global mean LAP is rathemillennium (Fig.4) is used to further constrain the scenario
crude. Global mean LAP does not necessarily represent thepace. Although, we technically considered the,Gd-
LAP in a certain agricultural system. The fact that the shareget only in a so-called single deconvolution, it is noted that
of farming people was zero at around 12 kyr BP and contin-analyses that consider both the evolution of Gd of its
uously increased throughout the first half of the Holocenestable carbon isotop®C yield very similar results for net
(Lemmen 2009 implies that total agricultural land is to be atmosphere-ocean and atmosphere land fluxes for the last
divided by theagricultural population only, which is smaller millennium @oos et al.1999 Trudinger et al.2002. The
than total population in this period. This in turn increasesgeneral pattern of a small residual, non-ALCC related ter-
global mean LAP numbers considerably and make the valtestrial flux between 1000 AD and the mid 20th century
ues for LIN seem even more unrealistic. However, a largeand a significantly increasing terrestrial sink flux thereafter
global extent of anthropogenically deforested areas at lowcan be expected from the response of the land biosphere to
global population numbers may be the result of extensive anehanging environmental conditions (from a near-equilibrium
thropogenic fires. state to increasing CQ nitrogen deposition, climatic change
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Fig. 6. Comparison of simulated forest biomass inventories with observation-based estimates. Left: modelled forest biomass inventory. The
colour in circles represents observed biomass inventory at the measurement sitayssaert et al2007). Right: modeled versus observed
forest biomass inventory. Observations are regridded to the model grid. The colour key depicts latitude of the respective measurement site.

and more recent vegetation regrowth, e.g. due to woody ensame value by today. The various scenarios imply differences
croachment and fire prevention, not accounted for in ALCCin the airborne fraction, the atmospheric £@crease, and
data). HY, H2 and OS are broadly consistent with this tem-in the split of emission between periods.
poral pattern and the budget of gand implicitly 13CO,) The simulated airborne fraction of primary ALCC emis-
is roughly closed before 1880 AD. An implied sink of about sjons for HY (28.6%) by year 2000 AD (see F8).is similar
30 GtC between 1880 and 1940 AD may be interpreted as ago the value (29%) ifPongratz et al(2009. Results based
indication that the share of pre- versus post-1850 AD ALCCon the HYDE reconstruction suggest a split of 30 vs. 70%
is underestimated by the respective scenarios. In contrastor pre-1850 vs. post-1850 primary emissio@ofsson and
LIN suggests a large and unexplained terrestrial (not ALCC-Hickler (2008, who explicitly account for the marginal but
related) release of 70 GtC between 1700 and 1930 AD. widespread impact of shifting cultivation and longer fallow
The mean residual sink fluxes in the 1980s and 1990s igeriods of croplands in earlier agricultural systems, suggest
—1.7 and—2.1 (1.3 and—1.6) GtCyrin HY (H2). This a much higher share of pre-1850 emissions (43%). This cor-
is in the range given bfpenman et al(2007), namely—3.8 responds to the respective split in H2.
to —0.3GtCyr! for the 1980s and-4.3 to —0.9 GtCyr* The split of emissions has important consequences for
for the 1990s. A recently published estimate of the land sinkthe CQ increase and residual sink flux. The standard sce-
flux is in the range 0f-0.9 to—1.36 GtC yr! between 1989  nario (HY) is associated with the highest €@crease and
and 2003 $armiento et a.2010. For a discussion on the airborne fraction by today. Doubling agricultural areas in
variations of the land sink in the twentieth century, we refer 1700 AD (H2 scenario) yields a reduction of the £@-
to Strassmann et a(2008. crease since 1850 AD by 13% relative to the standard sce-
The discussion in Sectd.2, 4.3and4.4indicates that the nario. The comparatively low preindustrial anthropogenic
wide scenario range applied implicitly accounts for uncer-ALCC assumed in the HYDE data in turn implies large
tainties related to preindustrial management practices or théand use area changes over the industrial period. The dis-

modelled carbon inventories in LPJ. crepancies in ALCC reconstructions for the early indus-
trial era Kaplan et al. 2009 2011 Gaillard et al, 2010
4.5 Timing and rate of emissions and implications for and the considerations discussed above, might point to a
today’s carbon budget tendency of HYDE-based simulations to overestimate the

ALCC-induced CQ increase over the last centuries.
The scenarios are identical with respect to the land use areas The difference between the residual sink fluxes of HY and
at 10 000 BC, when sedentary agriculture was basically nonH2 increases from less than 0.1 GtC {before 1900 AD to
existent, and the land use areas in 2005 AD as constrained by.5 GtC yr! at present. This difference, which stems from
satellite observations and surveys. This implies differencedlifferent ALCC reconstructions, is much smaller than the
in thetiming and therate of ALCC-related carbon emissions, total uncertainty of the residual sink flux (range:4.3 to
whereas cumulative net emissions converge to roughly the-0.9 GtCyrl) as given byDenman et al(2007. Still, it
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leaves a considerable uncertainty in this flux and prevents usile with the timing of population growth and the temporal
from drawing further conclusions about the absolute magni-evolution of ALCC. Atmospheric C@increases by 20 ppm
tude of this sink. However, our results suggest that an upbetween 7 and 2kyr BP. Then, the g€@oncentration es-
ward revision of the ratio between preindustrial versus in-sentially stabilizes and remains within a few ppm until the
dustrial ALCC as in the H2 scenario tend to reduce the mod-Maunder Minimum and the onset of the industrial period. If
ern residual terrestrial sink flux by0.5 GtCyrl. Thismay early agricultural activities would have indeed caused a CO
help to reconcile the modern carbon budget as it appears difincrease of 10 to 20 ppm between 7 and 2 kyr BP, one would
ficult to explain current upper bound estimates of the residuakxpect that, with further population growth and expansion
sink flux mechanistically and their consistency with bottom- of civilizations, agricultural activities would at least cause a

up estimates of land carbon fluxddghman et a.2007). continuation of the C@rise. While the timing of the late
Holocene CQ@ increase appears inconsistent with anthro-
4.6 Atmospheric CQ, and radiative forcing during the pogenic forcing, natural processes such as ocean-sediment
last millennium and the Holocene compensation of terrestrial carbon uptake during the transi-

tion and the early Holocene are consistent with the timing

The contribution of ALCC to the last millennium G@&vo-  of the Holocene C@evolution (e.g.Elsig et al, 2009 Joos
lution is overall about 5 (8) ppm for the period 1000 to et al, 2004).
1850AD in the HY (H2) scenarios. In OS, the g@se The radiative forcing related to an increase in L@
between 1000 and 1850 AD was 4 ppm. The result of HY 3.5 ppm as found for the scenario with the highest cumula-
agrees with numbers reported for the “best-guess” scenarigive emissions (OS) at 1 AD is 0.07 Wth (seeMyhre et al,
of Pongratz et ak20090. The ALCC related signal in atmo- 1998. An additional 0.1 Wm? forcing is computed under
spheric CQ is relevant when it comes to explain the weak the extreme assumptions that all the Holocene @ktl NO
CO; trends during the last millennium or to infer carbon changes are related to ALCC. Together these forcings imply
cycle-warming feedbacks from reconstructed,G@d tem-  a warming of merely 0.10 to 0.24€ (for a nominal climate
perature Gerber et a.2003 Frank et al.2010. The simu-  sensitivity of 2 to 4.5C for doubling CQ) and a carbon
lated interannual variability (IAV) range of atmospheric £0 cycle-warming feedback on the order of 1 ppm using median
is about+1.5 ppm and results directly from the IAV of the carbon cycle-climate sensitivities frofrank et al.(2010.
prescribed climatology. In scenario HY, atmospheric,CO The pronounced albedo increase of deforestation in the mid-
clearly rises beyond this range after late Medieval times. Af-|atitudes Betts et al. 2007) counteracts these biogeochemi-
ter 1500 AD, the ALCC-related deviation from the natural cal forcings by as much as0.2 Wnt 2 for the present-day
IAV is striking. This corresponds to the finding Bbngratz ~ ALCC (IPCC, 2007 and by about-0.05 Wnt 2 for the pre-
et al.(20091 andJungclaus et a{2010, who simulated in- 1800 AD state Pongratz et a]20093. A recent study Pon-
trinsic 1AV of the coupled climate-carbon cycle system. Pos-gratz et al. 2010 finds the warming biogeochemical forcing
tulating an extent of land use areas that is twice as high as imf ALCC to dominate the cooling biogeophysical forcing on
the HY scenario is not sufficient to explain an atmosphericthe global scale. It is concluded that no significant human
signal of more than 2ppm before the Medieval period (seeimpact on global temperatures can be detected until the be-
H2). ginning of the industrial era when the ALCC-related £0

Ice core measurements of atmospherio@&eal arise of  crease rose beyond 5-6 ppRofigratz et al20093. In light
~20 ppm between 7 and 2 kyr BP. None of the scenarios reeof the new simulations presented herein, this conclusion ap-
produces the timing and amplitude of this increase. Howeverpears to be valid for the entire preindustrial Holocene even
scenarios representing intensive early ALCC may explainwhen taken into account the large uncertainties for cumula-
part of it. In OS, where average LAP is 9.5 ha/pers. beforetive ALCC-related carbon emissions.
1000 BC, atmospheric CQises beyond its simulated inter- A number of natural processes have been invoked to ex-
annual variability at 3000 BC but increases only by 3.5 ppmplain the Holocene C®and §13C evolution (nderniihle
until 1 AD. Even in the extreme LIN scenario and without et al, 1999 Elsig et al, 2009 Joos et al.2004 Kleinen
considering a potential COfertilization, atmospheric C9 et al, 201Q Ridgwell et al, 2003 Broecker et al. 2001;
increased by less than 8 ppm over the past 8 kyr. AllocatingBrovkin et al, 2002 2008 Schurgers et 312006. These in-
ALCC earlier in time causes a smaller g@icrease in the  clude terrestrial uptake and release, ocean sediment compen-
atmosphere as the ocean-sediment system has more time ¢ation of terrestrial carbon uptake during the transition and
absorb excess GQ The CQ-fertilisation feedback reduces the early Holocene, changes in coral reef growth, or changes
primary emissions by about 20—-30% , depending on level ofin sea surface temperature affecting the solubility obQ©
atmospheric C@(see Fig.3). Simulations with suppressed water. Available studies suggest that a combination of nat-
CO;, fertilization yield accordingly higher atmospheric €0 ural processes is consistent both in magnitude and timing
levels (thin lines in Fig2, lower panel.) with the reconstructed Holocene @@volution. However,

The proposal that human activities are the primary driveravailable proxy evidence is limited and it remains difficult to
for the late Holocene C&increase is also difficult to recon- exactly quantify the contribution by individual mechanisms.
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