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Accurate estimates of CO, emissions from anthropogenic land-use change
(ELuc) and of the natural terrestrial CO, sink (S anp) are crucial to precisely
know how much CO, can still be emitted to meet the goals of the Paris
Agreement. In current carbon budgets, E; yc and S;anp Stem from two model
families that differ in how CO, fluxes are attributed to environmental and land-
use changes, making their estimates conceptually inconsistent. Here we pro-

vide consistent estimates of E; yc and S;anp by integrating environmental
effects on land carbon into a spatially explicit bookkeeping model. We find
that state-of-the-art process-based models overestimate S; snp by 23% (min:
8%, max: 33%) in 2012-2021, as they include hypothetical sinks that in reality
are lost through historical ecosystem degradation. Additionally, F; ¢ increases
by 14% (8%, 23%) in 2012-2021 when considering environmental effects.
Altogether, we find a weaker net land sink, which makes reaching carbon
neutrality even more ambitious. These results highlight that a consistent
estimation of terrestrial carbon fluxes is essential to assess the progress of net-
zero emission commitments and the remaining carbon budget.

The anthropogenic usage of land and fossil fuels has massively altered
the carbon balance of terrestrial ecosystems over the last decades,
centuries, and even millennia'?. An accurate knowledge of the terrestrial
carbon budget is essential for estimating the fate of CO, emissions and,
thus, for understanding past and projecting future climate change. The
terrestrial carbon budget (Table 1) is composed of CO, fluxes due to
anthropogenic land-use changes (e.g., deforestation, afforestation) and
due to environmental changes on land (effects of rising CO, levels,
climate change, and nitrogen deposition). The Global Carbon Project’s
annual Global Carbon Budget (GCB') estimates that land use, land-use
change and forestry (LULUCF) has been a net source of CO, throughout
the industrial era and contributed 12% of total CO, emissions in
2013-2022. Environmental changes, in contrast, cause a net CO, uptake
by terrestrial ecosystems in most years and offset 31% of total anthro-
pogenic CO, emissions averaged over 2013-2022". The GCB carbon flux
estimates are of paramount relevance since important global reports on
climate change and climate mitigation efforts, such as the assessment
reports by the Intergovernmental Panel on Climate Change (IPCC)**,

the United Nations Environment Programme (UNEP) gap report®, and a
report on indicators of global climate change®, rely on them.

Currently, the GCB uses two different types of models to provide
historical estimates of anthropogenic CO, emissions from LULUCF
(Evuc) and of the natural land sink (S anp)™. ELuc is estimated by semi-
empirical, observation-driven bookkeeping models. Bookkeeping
models calculate £, yc by combining the area affected by LULUCF with
carbon densities of vegetation and soil and empirical growth and
decay curves of carbon stored in vegetation, soil, and harvested wood
products (see Methods). Key features of bookkeeping models are that
they enable the separation of direct anthropogenic fluxes from natural
fluxes on land and their traceability of E yc to specific LULUCF
events’ %, S, anp estimates stem from simulations of Dynamic Global
Vegetation Models (DGVMs) that are conducted within the TRENDY
model intercomparison project”. DGVMs are process-based carbon
cycle models that simulate plant and soil processes in response to
external environmental drivers, such as rising CO, levels and meteor-
ological and climate variability'".
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Table 1| Terms of the terrestrial carbon budget

Terrestrial carbon budget

Entirety and balance of all carbon fluxes between land and atmosphere

LULUCF

Land use, land-use change and forestry

Eruc

Anthropogenic CO, emissions due to LULUCF. Ej ¢ trans includes transient environmental effects on Eiyc, ELuc,pa includes

environmental effects on E, yc based on present-day environmental conditions, and E, yc, i excludes all environmental

effects.

Environmental contribution to E, yc (8L)

Effect of transient environmental changes on E, ;¢ calculated as the difference between a simulation accounting for

transient environmental changes (E yc,wrans) and a simulation excluding environmental changes (i yc,pi)-

SLAND

Natural land sink, which comprises the carbon fluxes due to environmental changes, such as rising CO, levels, climate

change, and nitrogen deposition (but excludes E yc and SL). S| anp pi is calculated under pre-industrial land cover from
1700, and Sianp,trans is calculated on actual, transiently changing land cover.

Net land flux

Net carbon flux between land and atmosphere. It is the sum of E, yc trans aNd S_anD,trans-

Replaced sinks and sources (RSS)

RSS are the hypothetical carbon sinks in ecosystems lost due to ecosystem degradation. RSS also comprises gained sinks

in case of ecosystem restoration. RSS is calculated as the difference between S anp,trans and Spanp, pi-

Loss of additional sink capacity (LASC)

LASC is the sum of RSS and &L. It comprises the effect of environmental changes on S, anp and E, yc on actual, transiently

changing land cover (due to LULUCF) compared to a state with pre-industrial land cover from 1700 (note that some
publications use the LASC term to refer only to the RSS term, e.g. ref. 9 and ref. 14).

The sum of Ejyc from bookkeeping models and Sy anp from
DGVMs does not reliably represent the terrestrial carbon budget due
to fundamental differences in how these two model families account
for environmental and land-use changes. Bookkeeping models typi-
cally use time-invariant carbon densities from inventories or models.
By assuming a steady environmental state, they neglect environmental
changes preceding or succeeding a LULUCF event (e.g., denser grow-
ing forests in response to a rising atmospheric CO, concentration,
which emit more when cleared for agricultural land). Consequently,
bookkeeping models estimate larger (smaller) £y yc values for all years
preceding (succeeding) the date of origin of the carbon densities. In
contrast, DGVMs consider transient environmental effects (effects
changing over time) for estimating S, anp. Historically, environmental
effects, such as rising CO, levels, have been mainly beneficial for plant
growth, in particular for forests with their long-lived woody biomass.
As a consequence, S, anp has been a carbon sink globally'. However, by
design of the simulation setup, DGVMs estimate S;anp under pre-
industrial land cover, thus including effects of environmental changes
in forest areas that, in reality, have since been lost due to LULUCF. The
hypothetical carbon sinks in these lost ecosystems are also known as
replaced sinks and sources® (RSS). The RSS term is of substantial size
with 31 GtC of hypothetical sinks cumulatively from 1850-2018 (as
estimated by ref. 9 with a bookkeeping method). Due to limitations in
the simulation setup, RSS cannot be isolated directly with DGVMs (see
Methods). In analyses based on DGVMs, RSS are always lumped toge-
ther with the effect of environmental changes on Ejc in a term sum-
marized as loss of additional sink capacity'® (LASC). The LASC term
combines carbon fluxes from environmental changes on land that have
been altered due to LULUCF and from changes in E;yc due to envir-
onmental effects (see Table 1). The missing environmental effects in
the bookkeeping estimates of £, yc and the assumption of a constant,
pre-industrial land cover in the DGVM estimates of S;anp currently
prohibit closing the terrestrial carbon budget.

In this study, we present an approach to overcome the current
inconsistencies within the terrestrial carbon budget. We derive tran-
sient carbon densities for vegetation and soil from DGVMs (respond-
ing to changes in environmental conditions) and implement them into
the Bookkeeping of Land Use Emissions model” (BLUE), one of three
bookkeeping models routinely used in the GCB to deliver Ejyc
estimates’. This method enables BLUE to capture transient environ-
mental conditions while keeping the traceability and flexibility of the
bookkeeping approach (Supplementary Fig. 1). The capacity of BLUE
to simulate spatially explicit carbon fluxes at 0.25° resolution allows us
to identify the hotspots of human interference with natural ecosys-
tems. We advance current F; ¢ estimates that neglect environmental
effects on carbon stocks by providing an F; ;¢ estimate for the actual

emissions released into the atmosphere upon a LULUCF event, making
our estimates politically more relevant. Additionally, we provide an
estimate of S anp Under transient land cover instead of pre-industrial
land cover. Our bookkeeping estimate of S; snp thus excludes the lost
sinks due to historical ecosystem degradation and is therefore con-
ceptually much closer to reality than the current GCB estimate. Lastly,
we quantify RSS and LASC to unveil the biases introduced by con-
sidering a pre-industrial instead of the transient land cover for S anp
and by neglecting the effects of environmental changes on £ c. Our
study therefore offers three fundamental advances: (i) We propose an
approach for a consistent terrestrial carbon budget, without omission
or double counting of fluxes, which attributes fluxes intuitively to
natural or anthropogenic drivers. (ii) Our developments enable the
spatially explicit bookkeeping model BLUE to simulate the complete
(natural and anthropogenic) terrestrial carbon balance. (iii) We pro-
vide state-of-the-art estimates of all terrestrial budget fluxes, including
previously often ignored fluxes like lost sinks from ecosystem
degradation.

Results
Effect of environmental changes on emissions from land-
use change
Including the effect of transient environmental changes on £jyc
(ELucerans) increases annual emissions compared to Eyc calculated
under pre-industrial environmental conditions (Epucpi) by 28% (21%,
38%; range across five estimates, see Methods) averaged over
2012-2021. This corresponds to 0.34 (0.18, 0.56) GtC yr™ higher
emissions compared to £y yc,pi (Fig. 1a, Table 2). Cumulative emissions
in 1850-2021 increase by 11% (10%, 12%), corresponding to 25 (14, 42)
GtC. The higher values of Ejcans are related to enhanced carbon
uptake in vegetation and soil in response to a rising atmospheric CO,
concentration and other potentially favorable environmental effects
(e.g., nitrogen deposition; see Supplementary Fig. 2 for a map of
Eyuc,rans)- This is reflected in the increasing carbon densities within
vegetation and soil for most biomes” "’ (Supplementary Figs. 3 and 4).
Upon deforestation and wood harvest, this additional carbon is
released and causes larger values of Ejycrans cOmpared to Eqycpi
Assuming present-day environmental conditions for the whole simu-
lation period (Eiycpq), Which is the current GCB approach, over-
estimates (underestimates) E;yc before (after) the date of the
inventory-based carbon densities (around 1980; see Methods). In
2012-2021, Eyucsrans therefore exceeds Ejycpa by 14% (8%, 23%;
Table 2).

Upon deforestation and wood harvest, the higher carbon stocks
of vegetation and soil increase CO, emissions in £ yc trans COMpared to
Eiucpi by 24% (0.4 GtC yr') and 22% (0.3 GtC yr?, Fig. 1b,
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Fig. 1| Spatiotemporal effects of different environmental conditions on land-
use change emissions (Ey yc). a Comparison of global annual £ ¢ estimates from
three simulations with the bookkeeping model BLUE applying transient (£yyc trans),
present-day (Eyuc,pa), and pre-industrial (£ yc i) carbon densities and from
Dynamic Global Vegetation Models (DGVMs) from the TRENDY project

(ELuc, TRENDY)- ELuc,trans— ELuc,pi yields the environmental contribution (env. contrib.)
to Ey yc, i.e., the additional sinks and sources due to environmental effects. The inset
in a shows the corresponding global cumulative values (1850-2021). Uncertainties
(shaded areas in time series and whiskers in inset) indicate the minimum-to-
maximum range across BLUE estimates obtained by scaling BLUE carbon densities

_—

i -1 -1
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with individual DGVMs (dots indicate individual estimates; see Methods) and one
standard deviation for TRENDY estimates. Our BLUE estimates are based on
simulations using averaged DGVM carbon densities (see Methods); thus, they do
not correspond to the mean of the BLUE estimates based on individual DGVMs.

b Environmental contribution to £, yc of major land-use transitions and land-
management types averaged over 2012-2021 as absolute values and as percentage
change of each component relative to pre-industrial conditions. ¢ Spatial dis-
tribution of the environmental contribution to £, ¢ averaged over 2012-2021. The
map of Ejyc wrans aS our suggested most comprehensive estimate of £, yc can be
found in Supplementary Fig. 2. Source data are provided as a Source Data file.

Supplementary Figs. 5 and 6). These larger emissions are only partly
compensated by increased sinks through re/afforestation (increase by
18%, 0.2 GtC yr™) and regrowth after wood harvest (increase by 17%, 0.1
GtC yrY). Environmental impacts on £, ¢ are largest in tropical regions
(Fig. 1c, Supplementary Fig. 7), where relatively recent and substantial
forest clearings occurred under strongly increased carbon stocks.
Southeast Asia, Equatorial Africa, and Brazil mainly contribute to the
global increase in emissions with 27%, 19%, and 18%, respectively. By
contrast, the (smaller) areas of re/afforestation, as in Europe or China,
provide a larger sink than would be estimated without considering
environmental changes (Fig. 1c).

Our results are in line with findings from ref. 9, who estimated a
19% increase in Eyyc in 2009-2018 (Table 2, Supplementary Table 1)
when applying transient instead of pre-industrial environmental con-
ditions by emulating transient DGVM carbon densities in the Earth
System Simulator OSCAR. The OSCAR estimate might be more con-
servative than ours, as the DGVM carbon densities used by OSCAR are
lower than our BLUE carbon densities (Supplementary Fig. 8). Addi-
tionally, they are aggregated into biomes without distinguishing
between primary and secondary land’, a distinction which is

considered in BLUE (see Methods). TRENDY models also deliver a
transient estimate of E yc (shown in Fig. 1a), which is however con-
ceptually not comparable to F; ycrans, as the transient Fyyc estimate
from TRENDY (which is also reported by ref. 16) includes the RSS term
(see Methods).

Effect of transient land cover on the natural land sink

Our approach allows us to quantify S, anp under transient land cover
(SLAND,trans), Which globally averages at -3.0 (3.9, -2.2) GtC yr! in
2012-2021 and amounts to a cumulative sink of =225 (=296, -160) GtC
in 1850-2021 (Fig. 2, Table 2). These values are in good agreement with
estimates from ref. 9. S;anp trans iS Substantially lower (i.e., a weaker
sink) than Sy anp estimated with the conventional approach under pre-
industrial land cover S anp pi, Which yields a sink of -3.7 (2.6, -5.2) GtC
yr' in 2012-2021. S anprans €xcludes the purely hypothetical CO,
fluxes that would exist in ecosystems that in reality were lost due to
LULUCF. The S; anp estimate of the GCB (-3.1+ 0.9 GtC yr™ (mean and
1SD) in 2021-2021; based on TRENDY models), which is calculated
under pre-industrial land cover, erroneously includes these lost sinks
(i.e., the replaced sinks and sources, RSS). Globally, we find a reduction

Nature Communications | (2024)15:7426


www.nature.com/naturecommunications

//doi.org/10.1038/s41467-024-51126-x

https

Article

'L 91qe] Alejuswa)ddng ul punoyj aq ued spoliad awil Jeuollippe 1o (ApNis siyl) se1ewilse 3N7Tg 'Selewilse Jayio 1)e 10j UOIBIASP plepuels auo se pue
‘9]BWIISe SUOISIaAUI OlIaydsow]e 8y} Joj SUOISIaAUl 1yBle ss0I0e 86u.s WNWIXeW-01-Wnwiuiw Se ‘SWADJ |eNPIAIPUI YIIM sallisusp uogJed 3NTg Buneos Ag pauleiqo se1ew1se ssoloe abuel wnwixew-ol-wnwiuiw se paliodal a1e 3N7g 40§ selulenaoun 'Lg0z-0S8L
U1 D19 G 0} 81BINWND pue |Z0Z-ZL0T 1OA0 pabelane 1A D19 £Z°0 8Je SUOISSILIS 1ead ‘(SUOIssiwae jead 8pnjoul 10U S80p 6 "Jo JO S1BLIISS XN|} PUB) 18U 83 1By} 810U ‘SPOYIB|A pue 17 Bl4 985) sjeseiep jeulaixe wolj abeulelp jead pue sali 1ead Wolj suoissiwe apn)oul
2202809 pue ‘AGNTYL ‘IN14 40 Selewnse xnjy pue) jeu 8y “yoeoidde AQNTHL Y3 Ul ledl3uspl eie sejewnse INYS Zz0zg09 8yi Ul pasn st AN L 80UIS (SPOYIBIA 885) Jonod pue] erisnpul-a1d Jepun suolielnuis AN L woly INVIg pue (‘3n1g 4o erewse POy
Ay pue ‘ez’%H “YVOSO) S1epow Buldasiioog 9a.y) Jo Ues ay) se 9N s31e)n01ed 7Z0Zd09 'L 'Jo) PUe ‘6 "3l ‘9l "Jal ‘(,i2202a09) £Z0T 196png Uogied 18qo1o 8y 109foid AANIYL Y3 WOl (SIWADQ) S19POIN UoheISBaA 18G01D OlWeuAQ ‘(Apnis siyl) INTd 19pow
Buidesxpjooq ay1 woly Wals S81ewils] °| 9]qe] Ul USAIB ale swisl |enplAlpul 8y JO suoiiulaq *(7Q) °N137 01 uoIINGIIUOD |BIUSLIUOIIAUS 8Y1 PUE ‘(SSY) S92IN0S pue syuls paoejdal ay) (DSYT) Aloedeo yuls JeuonIppe JO SSO| 8y) ‘XN)j PUe) 18U ‘(JOA0D pue) jeliasnpul
-a1d pue jusisue.} ‘|enjoe 8y} Jepun paje|noed) INYIg 3uis pue) jeinieu 8y} ‘(SUORIPUOD |elUSWIUOIIAUS Aep-jussald pue ‘|eliisnpul-aid ‘Juaisuel) Jlepun paie|nojed) N3 suoissiwe sbueyo asn-pue) J0 D19 Ul SWNS SAIEINWND pue | IA D19 Ul sueswl |epeosp 1eqojo

= cCFle o 9CF LT o €GFG0¢C- o o 0G+8/L (8102-068l) ¢ e 10 Jassed
= = GL¥ OV s = = v97¥26l Ly F 6yl 95768l (8L0Z-0G8L) ¢, 1& 10 JaleWIaqO
= = = LELF6- elLFele- = €L78LL @ © (Lz0Z-088l) 1;CT02a0D
c ° ° ClLFeg- elLFele- c ° = GL¥G8L (Lz0Z-0581) AQNIYL
[zv v1] [z9 ‘8] [e6 vl [£1L12-] [zsl- ‘85¢e-] [091- ‘962-] [6cz ‘Tle] [age ‘6v2]
<14 €e 8g €9 8Gz- Sge- €5¢ 87T €52 (lzoz—-0S8L) Apmis siyL (019) @AnEINWND
[e0-"0c-]
= = o vl = = . . o (Lg0Z-2l0T) ;suolsianul oLdydsowly
= = = 8'0FC - = = o o @ (220Z-€107) serewnss <0
9'0FL0 80F9'l- o oL¥0e- o o VoFVL (8L0C-6007) ¢ e 10 Jassed
c © €0%80 - © c 8079l §0FCl 9070°¢C (8L02-6007) ¢, 1B 10 J21BWIsg0O
= @ S OL¥6'l- 60FLe- = 7'0F0L = o (1lz0Z-2107) ;2202909
c © c LOFVL- 60FLe- c © © 90751 (Lcoz-2l0T) AANTYL
[9°0 ‘z°0] [ele0] [£'1'g0] [¢'0-"1¢-] [9c-Ts-] [zz-'6¢-] [e1l [£1g1]
€0 L0 ol Tl- Le- oe- vl Tl Sl (lzoz-zl0T) Apnis siyL (144 D19) uesy
Jensnpul-aid juaisued| Aep-juasaid jeuisnpul-aid juaisuel)
(aead Buipnjoui)
(7Q) "qrau09 ‘Auz SSy osv1 Xn)} puej 19N NI 017

196pnq uogJeo eL1salia) 8y} Jo sjusuodwod asn-pue) pue jeluswWuoIAUg | Z 91qeL

7426

Nature Communications | (2024)15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51126-x

ISDUFCGS
1

CO; flux (GtC yr-1)

SianD, trans (transient land cover)
Sianp, pi (pre-industrial land cover)
=== S_anp, TRenpy (pre-industrial land cover)
—— Replaced sinks and sources (RSS)
—— Loss of additional sink capacity (LASC)

-5 lsinks

Cumulative CO, flux (GtC)
|
N
o
<

/] impact of land cover (RSS)

i Model-intrinsic
! differences

T
1940
year

1860 1880 1900 1920
Fig. 2 | The natural land sink (S;anp) under different land cover assumptions
and the resulting lost sinks. Global averages of S; axp from the bookkeeping
model BLUE under actual, transient land cover (S anp,trans) @and under pre-industrial
land cover (Spanp,pi), and S anp estimated with Dynamic Global Vegetation Models
(DGVMs) from the TRENDY project (S anp,trenpy; thin line indicates annual data
and thick line indicates 10-year moving averages). The difference between
SLAND,trans aNd S anp,pi are the replaced sinks and sources (RSS), i.e., the lost (or
gained) sinks due to degradation (or restoration) of ecosystems by land-use
changes. The loss of additional sink capacity (LASC) is the sum of RSS and the
environmental contribution to £, yc (see Fig. 1and Table 1). S; anp,pi and S anp, TRENDY

are both based on pre-industrial land cover and, thus, their difference is due to

T
1960

1980 2000 2020

model-intrinsic differences between BLUE and the DGVMs from the TRENDY pro-
ject. The inset on the right shows the corresponding cumulative sums from
1850-2021. Uncertainties (shaded areas in time series and whiskers in inset) indi-
cate the minimum-to-maximum range across BLUE estimates of S; anp,¢rans: SLAND, pir
RSS, and LASC obtained by scaling BLUE carbon densities with individual DGVMs
(dots indicate individual estimates; see Methods) and one standard deviation for
TRENDY estimates. Our BLUE estimates are based on simulations using averaged
DGVM carbon densities (see Methods); thus, they do not correspond to the mean of
the BLUE estimates based on individual DGVMs. Source data are provided as a
Source Data file.

in S anp due to LULUCF by 0.7 (0.3, 1.3) GtC yr ' in 2012-2021 and by 33
(8, 62) GtC cumulatively in 1850-2021 (RSS term in Fig. 2, Table 2). This
corresponds to a 23% (8%, 33%) overestimation of the sink if assuming
pre-industrial land cover in 2012-2021. LASC (RSS plus the environ-
mental contribution to £ yc; see Table 1) amounts to 1.0 (0.5, 1.7) GtC
yr! averaged over 2009-2018 (Supplementary Table 1) and thus
accords with findings from ref. 16 (LASC of 0.8+0.3 GtC yr™* in
2009-2018).

Regionally, RSS is largest in regions with a long history of eco-
system degradation, where favorable environmental effects could not
accumulate over time (Fig. 3). Particularly, forest clearings over longer
periods, such as in the eastern U.S. and eastern Europe, have increased
RSS. Additionally, regions characterized by strong land-use dis-
turbances in the last decades, such as many tropical forest areas in
Latin America, Africa, and Southeast Asia, have started to contribute
substantially to reducing sinks. We identify Brazil and southeast Asia
(both mainly belonging to the tropical evergreen forest biome) as the
main drivers of lost sinks globally (both having an RSS of 0.1 GtC yr™,
respectively, Fig. 3c, Supplementary Fig. 9). This is mainly explained by
high E,yc (Supplementary Fig. 7) and high observed carbon stock
losses of biomass over history in both regions**'. Moreover, we find
the highest RSS in South Asia (38% lower sinks in S; axp trans COMpared
to Spanp,pi 2012-2021), southeast Asia (28%), Central America (27%),
and China (25%, 2012-2021). In contrast, a gain in sinks is found for
regions where reforestation occurred over the last two centuries, such
as Central and Western Europe.

Achieving a consistent estimate of the terrestrial carbon budget
and its environmental and land-use components

Our consistent BLUE estimate of the net land flux as the sum of
Eruc,trans and Spanp,rans Suggests that land is a net sink of CO,
amounting to -1.2 (2.1, —0.5) GtC yr™ in 2012-2021 (Table 2, Fig. 4).
This is a slightly weaker net sink than estimated by TRENDY (-1.4 + 0.7
GtC yr in 2012-2021) and atmospheric inversion systems (-1.4 (2.0,
-0.3) GtC yr? in 2012-2021), but similar to the net land flux estimate

based on atmospheric O, observations (-1.2+0.8 GtC yr! in
2013-2022). The overall good agreement of these net land flux esti-
mates reflects that they are conceptually comparable as they are all
based on transient land cover and transient environmental conditions
(see Methods). In contrast, the GCB estimate of the net land flux
conceptually differs as it is the sum of the bookkeeping £, (resem-
bling Eiycpg) and the TRENDY Sjanp (resembling Spanppi). Conse-
quently, the GCB estimate yields a larger net sink of -1.9 + 1.0 GtC yr™*
in 2012-2021 than all the other approaches. This highlights that
accounting for transient land cover and transient environmental con-
ditions is crucial to accurately estimate S; anp, ELuc, and the net land
flux and to reconcile existing approaches.

The cumulative net land flux over 1850-2021 from BLUE indicates
that land has been a net source of CO, of 53 (=21, 117) GtC, while
TRENDY estimates a small net CO, sink of -2 +112 GtC as does the
GCB with -9 £137 GtC (Fig. 4, Table 2). The good agreement of the
cumulative GCB estimate with TRENDY is likely due to compensating
biases, with GCB having larger net emissions than TRENDY before 1970
and larger net sinks afterwards (Fig. 4). Another estimate of the net
land flux based on atmospheric CO, and 6C records yields 31
(=26, 88) GtC cumulatively in 1850-1995%. For the same period, BLUE
yields a cumulative net land flux of 78 (24, 123) GtC (Supplementary
Table 1). As all these estimates bear large uncertainties, it remains
inconclusive whether land has been a cumulative sink or source of CO,
since 1850.

Comparisons of our estimates with further observation-based
estimates of components of the terrestrial carbon budget are not
easily possible. Observation-based datasets, including Earth observa-
tions and upscaled data from FLUXNET towers (FLUXCOM initiative®),
cannot directly separate S; anp and £y yc without further knowledge and
assumptions on the underlying drivers (i.e., anthropogenic or natural).
Modeling approaches, like bookkeeping models or DGVMs, are thus
essential to separate S; anp and E; yc. Although Earth observations can
provide estimates of the net land flux, they do not include all com-
partments of the terrestrial carbon cycle, e.g., studies focusing on
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a SLAND, trans

Fig. 3 | Effects of different land-cover assumptions on the natural land sink.
Spatial distribution of the natural land sink (S, anp) under (a) actual, transient land
cover (Spanp,rans) and (b) pre-industrial land cover (Sianp,pi), averaged over
2012-2021. ¢ Spatial distribution of replaced sinks and sources
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(RSS = Sy ANDtrans — SLanD,pi); i-€., the lost (or gained) sinks due to historical degra-
dation (or restoration) of ecosystems. Source data are provided as a Source
Data file.

forests®* miss carbon fluxes from non-forested regions and studies
focusing on live biomass* miss carbon fluxes from soils.

The net land flux from TRENDY consistently closes the carbon
budget as does our BLUE estimate (see Methods). However, compared
to our BLUE approach, some DGVMs lack important land management
processes or represent them in a simplistic way"**?°. Moreover, the
split of the net land flux from TRENDY into £, yc (ELuc,Trenpy) @and Spanp
(SLanp,TRENDY) IS confounded by LASC. With the current setup for
DGVM simulations it is not possible to split LASC into RSS and the
environmental contribution to £,yc (see Methods), and DGVMs can
thus not deliver all terms necessary for a holistic and consistent ter-
restrial carbon budget. The higher net sink in the GCB results both
from a larger Sianp (by assuming a hypothetical pre-industrial land
cover and thereby including RSS) and a lower £, estimate (as the
three GCB bookkeeping estimates mostly use time-invariant carbon
densities based on inventories and models’®).

Resolving the inconsistencies within the terrestrial carbon budget
using BLUE has important implications for the budget imbalance, i.e.,

the mismatch between the sum of the estimated fossil and LULUCF
CO, emissions and the sum of land, ocean, and atmosphere sinks. The
budget imbalance shifts from -0.4 GtC yr ™ to +0.3 GtC yr (2012-2021,
Fig. 5),in line with our findings that propose an overestimation of S; sxnp
and an underestimation of Ejyc in the GCB. We note that our
improvements to the terrestrial carbon budget do not bring the bud-
get imbalance to zero - this cannot be expected due to many (poten-
tially compensating) errors that accumulate in the imbalance term as a
consequence of uncertainties in each of the five budget terms. Our
results instead suggest a positive budget imbalance, which means that
the estimated carbon sources are larger than the estimated carbon
sinks. This imbalance could be explained by biases in other terms of
the carbon budget. Indeed, a recent discussion suggests, among other
potential causes for the imbalance, that estimates of the ocean sink in
the GCB would be larger if they were based on the observation-based
estimates of fugacity of CO, instead of being based on global ocean
biogeochemistry models, as is the current GCB approach'. A larger
ocean sink is also supported by atmospheric inversion estimates' and
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Fig. 4 | Net land flux estimates from BLUE, TRENDY, and the GCB. Time series
of net land flux estimated with the bookkeeping model BLUE (considering transient
environmental conditions and transient land-use change), Dynamic Global Vege-
tation Models (DGVMs) from the TRENDY project (based on the TRENDY S3
simulation, which uses transient environmental conditions and transient land-use
change and is thus conceptually consistent with our BLUE estimate), and the Global
Carbon Budget 2022 (GCB2022; sum of the natural land sink $; axp from TRENDY
under pre-industrial land cover, resembling S anp,pi» and land-use change emissions
Eyyc from three bookkeeping models, resembling £y yc pa)- See Methods for further
details about the single estimation methods. Thin lines show annual values, thick

lines show 10-year moving averages. The net land flux estimates include emissions
from peat fires and peat drainage from external datasets (see Methods). The inset
shows the corresponding cumulative values over 1850-2021. Uncertainties (shaded
areas in time series and whiskers in inset) indicate the minimum-to-maximum range
across BLUE estimates obtained by scaling BLUE carbon densities with individual
DGVMs (dots indicate individual estimates; see Methods) and one standard
deviation for the TRENDY and GCB2022 estimates. Our BLUE estimates are based
on simulations using averaged DGVM carbon densities (see Methods); thus, they do
not correspond to the mean of the BLUE estimates based on individual DGVMs.
Source data are provided as a Source Data file.
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Fig. 5 | Imbalance of the global carbon budget using the terrestrial components
from BLUE, TRENDY, and the GCB. The budget imbalance (Byyy) is a measure of the
mismatch between the estimated CO, emissions from land-use change (£, yc) and
fossil fuels (Eros) and the estimated CO, sinks on land (S; anp), in the ocean (Socean),
and in the atmosphere (Gaotm). The bookkeeping model BLUE uses Ej yc trans (based
on transient environmental conditions) and S; anp,rans (Under actual, transient land
cover). For TRENDY we use estimates of the net land flux from Dynamic Global

Vegetation Models (DGVMs) under the TRENDY S3 simulation, which is consistent
with our BLUE estimate as it uses transient environmental conditions and transient
land-use change. For the Global Carbon Budget (GCB) we follow ref. 51 and use
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Sianp from TRENDY under pre-industrial land cover (corresponding to S anp,pi) and
Eyyc from three bookkeeping models from GCB2022 (corresponding to £y yc pd, S€€
Methods for further details). For calculating the By, emissions from peat fires and
peat drainage from external datasets are added to £ yc and to the net land flux
estimates (see Methods). Shading denotes uncertainties, shown as minimum-to-
maximum range across BLUE estimates obtained by scaling BLUE carbon densities
with individual DGVMs, as one standard deviation across DGVM estimates (for
TRENDY), and combined across DGVM and bookkeeping estimates (for the GCB).
Source data are provided as a Source Data file.

would be consistent with the improved Ejyc and S anp estimates
proposed by our study. We thus expect that improvements in other
parts of the carbon budget would bring the budget imbalance closer to
zero again.

With our approach we are able to quantify all major components
of the terrestrial carbon budget with BLUE: Eiyc, Sianp, the

environmental contribution to £, yc, RSS, and LASC (as the sum of the
latter two). This makes it possible to mimic other estimates of terres-
trial carbon budget terms. For instance, the sum of £ yc trans and RSS
conceptually equals £ yctrenpy (s€e Methods), both showing an
upward trend from the 1960s onwards due to the accumulating nature
of LASC (Supplementary Fig. 10a). Similarly, we can deduce a BLUE
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estimate for Sy anp under pre-industrial land cover (Spanp,pi) that con-
ceptually agrees with S;anptrenpy (Supplementary Fig. 10b). The
remaining gap between the conceptually similar estimates of BLUE and
TRENDY (0.7 GtC yfl for ELUC,trans +RSS vs. ELUC,TRENDYr and 0.6 GtC
yr! for Sianppi VS. SianpTrenpy) is due to several reasons. Those
include model-intrinsic differences in the distribution of natural
vegetation types, the (degree of) implementation of land management
practices, and carbon densities of different types of vegetation. Parti-
cularly the latter plays an important role: Replacing the transient BLUE
carbon densities with transient DGVM carbon densities in our simu-
lations decreases E, c trans bY 0.4 GtC yr™ and Sy anperans by 1.3 GtC yr!
in 2012-2021 (Supplementary Fig. 10), as the carbon densities in BLUE
are substantially higher than the TRENDY average for most types of
vegetation (Supplementary Fig. 8). While the model spread is notor-
iously large for carbon densities, BLUE has been shown to be closer to
observational evidence on global scale than most process-based
models’. Globally, model-intrinsic differences and the impact of land
cover on the carbon sink largely offset each other, resulting in similar
estimates for Fyyc and Sy anp by our approach and by TRENDY models
(Table 2).

Despite delivering a conceptually consistent carbon budget, our
approach contains several sources of uncertainty, mainly stemming
from the limited reliability of the DGVM carbon densities, our pro-
cessing of carbon densities as global averages, and the LULUCF data.
First, DGVMs show a large spread in their sensitivity of carbon fluxes to
environmental changes, e.g., due to simplified representations of
biogeochemical processes and differences in assumptions on plant
productivity, plant allocation, nutrient availability, and carbon turn-
over times®**°*, Since we scale the BLUE carbon densities with the
DGVM carbon density ratios, these uncertainties of DGVMs propagate
to our E;yc and S anp estimates. The resulting uncertainties are rela-
tively small for £jyc trans (Fig. 1, Table 2). This is explained by the fact
that the scaling with DGVM carbon density ratios affects both carbon
emissions and removals (Fig. 1b), which partly cancel out. In contrast,
the uncertainties are much more pronounced for S;anp trans (Fig. 2).
The reasons for this are the lack of a compensating emissions/
removals effect (as for Ejycrans) and that impacts of environmental
changes on land areas act more homogeneously and widespread
compared to LULUCF impacts (compare Figs. 1a and 2, and Figs. 1c and
3a). These uncertainties may be reduced in the future, as our DGVM-
based carbon density dataset can easily be updated to new and
improved versions of DGVMs or other model- or observation-based
transient carbon density estimates. Second, we broadly aggregate
carbon densities of different types of vegetation at the global level (see
Methods). Local effects (e.g., of fire or drought if represented in
DGVMs"), latitudinal differences in the effects of CO, and temperature
on the carbon sink®?®, and natural climate variability may thus be
underrepresented in our estimates. This could explain distinct regional
discrepancies between S, anp,trenpy and Spanp,pis Particularly in fores-
ted regions (Supplementary Fig. 11). Third, potential errors in the
LULUCF data need to be considered” *, as they likely contribute to the
supposed regional hotspots of emissions (Fig. 1c, Supplementary
Figs. 2 and 7). For example, ref. 37 found a bias between observed
biomass estimates and those simulated by BLUE in south Asia,
Southeast Asia, and Equatorial Africa and attributed this bias to an
overestimation of prescribed wood harvest and clearing rates in the
LULUCF data. This impacts £ yc, as generally high estimates in those
regions increase more (in absolute terms) when transient environ-
mental conditions are considered. Further, ref. 37 estimated an E ¢
increase by 1.4 GtC yr in 2000-2019 by integrating an observation-
based time series of woody vegetation carbon densities into BLUE
compared to a simulation with static environmental conditions of
2000. This increase is substantially larger than our corresponding
estimate of 0.2 (0.1, 0.3) GtC yr? in 2000-2019. However, a direct
comparison to our approach is difficult, since ref. 37 assimilates the

absolute (observed) carbon densities in BLUE, whereas we use the
trends from the DGVMs to scale the BLUE carbon densities. Conse-
quently, discrepancies between the forcing dataset LUH2 and the
observed carbon density dataset used in ref. 37 may have a larger
impact on Ejyc trans cOMpared to our approach.

Discussion

Typically, the two components of the terrestrial carbon budget—£ yc
and S anp—are estimated without considering impacts of environ-
mental changes on the former and of land-use changes on the latter.
We have resolved the resulting conceptual inconsistency in the ter-
restrial carbon budget by integrating transient environmental condi-
tions into the bookkeeping model BLUE. Our study suggests that
effects of environmental changes, which are not considered in current
carbon budgets, cause a 14% (8%, 23%) increase in Ejyc globally over
2012-2021. This is crucial for correctly estimating the remaining car-
bon budget to limit global warming to 1.5°C or 2.0 °C**°. The same
applies to the Global Stocktake, which relies on an accurate assess-
ment of the success of climate mitigation through LULUCF by halting
deforestation or by implementing re/afforestation projects. As future
environmental conditions are expected to diverge further from the
present-day state, £, ¢ estimates are projected to grow further apart in
future decades’, yet decisively depending on the future evolution of
CO, concentrations and climate change®.

Our S anp estimate differs from previous estimates as we account
for historical LULUCF, which caused a loss of valuable ecosystems, in
particular forests, that would sequester much additional carbon if they
still existed. Our results unveil that, by using pre-industrial land cover,
standard budgeting approaches overestimate S; anp by 23% (8%, 33%)
averaged over 2012-2021. With the presented approach, land-use
effects on S anp can be separated from detrimental environmental
impacts, both of which can put natural ecosystems under extensive
stress*2. Losses in S;anp due to LULUCF are expected to increase even
further because halting deforestation and forest degradation is tar-
geted to be achieved only by 2030, thus further augmenting the lost
sinks (i.e., RSS), which accumulate over time'® (Table 2). Additionally,
damages from climate change, such as land drying, droughts, and
wildfires, may increasingly counteract the beneficial effects of
increased atmospheric CO, levels on plant growth****, The long-term
evolution of Sy anp and RSS thus crucially depends on our climate
mitigation efforts and on which of the vastly different potential future
land-use paths we follow*¢.

Correcting S; anp for the already replaced sinks/sources and con-
sidering environmental effects on E yc with our spatially explicit
bookkeeping model BLUE enables a greater consistency with atmo-
spheric inversions (e.g., currently, inversions and conventional book-
keeping estimates largely differ in their estimates of carbon sinks in
eastern Europe*’) and other monitoring or modeling opportunities
recently proposed for a complete reporting of CO, fluxes on managed
and unmanaged land*®. It will also contribute to further harmonizing
and reducing the gap between E, ¢ estimates from global carbon cycle
models and national greenhouse gas inventories by avoiding the cur-
rent misattribution of replaced sinks (RSS) to non-forest natural
sinks*2. The strikingly large additional sinks that we show as already
lost through LULUCF (Table 2, Fig. 2) highlight the immense value of
natural ecosystems for climate regulation, thus providing an additional
incentive to protect remaining forests. A consistent carbon budgeting
unravels a double benefit of restoring degraded ecosystems: avoided
CO, emissions and increased CO, removals through LULUCF as well as
provision of additional sinks in response to environmental changes
(e.g. in re/afforested regions). While our study argues that these latter
sinks should be attributed to natural terms, including them under
anthropogenic activities may be advantageous from a political view-
point: counting the additional, natural sinks as activities in the LULUCF
sector and thus allowing for CO, credits may incentivize carbon
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dioxide removal, such as through re/afforestation. However, the future
evolution of these additional sinks—as the natural land sink in general—
is highly dependent on the socioeconomic pathway and mitigation
efforts humanity will follow**'. Land sinks may even turn to large-scale
sources under future weather extremes®**** or when atmospheric CO,
concentrations eventually decline. Such shifts in dynamics make it
even more crucial to determine environmental effects separately from
anthropogenic land use.

We have argued here that an intuitive accounting of land-use
emissions, in line with actual observations, has to include the effects of
environmental changes on the carbon stocks existing at the time of the
LULUCF event (e.g., clearing, wood harvesting, re/afforestation).
Additionally, estimates of the natural land sink must reflect the impacts
of LULUCF activities on environmental effects by considering the
transient land cover instead of a theoretical pre-industrial state. Our
framework provides the tool to quantify all relevant fluxes of the ter-
restrial carbon budget separately and in a spatially explicit way. This
not only delivers a fully consistent terrestrial carbon budget on its own,
but would also make it possible to correct the current GCB estimates
by subtracting RSS from S, anp and by replacing Eyuc,pa by Evuc trans.
Further, it is crucial to link reporting and certification frameworks, the
development of which are currently widely underway®, directly with
the scientific carbon budget approach and thus to avert double-
counting of CO, sinks or omission of sources, which may otherwise put
reaching national and global climate targets at risk.

Methods

Data

TRENDY data. For our study we use data from the S2 and
S3 simulations of Dynamic Global Vegetation Models (DGVMs) con-
ducted for the Global Carbon Budget 2022* (TRENDYvIl). The
S2 simulation accounts for transient environmental conditions of cli-
mate, atmospheric CO, concentration, and nitrogen deposition but
keeps land cover at its pre-industrial state (i.e., it excludes land-use
changes after 1700). The S3 simulation uses the same environmental
forcing as S2 and additionally includes transient land-use changes,
employing land-use change data from the Land Use Harmonization 2
dataset for the GCB2022 (LUH2-GCB2022, ref. 52 updated according to
ref. 51). Further information on input datasets for the respective
TRENDY simulation setups can be found in ref. 51. The natural land sink
(S anp) is calculated for 15 DGVMs (excluding IBIS) following the
approach used by the GCB2022, i.e., using the annual global sum of the
variable ‘net biome productivity’ (NBP) of the S2 simulation
(SLanD TRENDY)- The DGVM IBIS was excluded from further analysis as its
Sianp estimate indicated in the GCB supplementary could not be
reproduced with the TRENDY data. All DGVMs considered in GCB2022
provide data for NBP, whereas only few DGVMs provide output specific
to plant functional types (PFTs) for vegetation and soil carbon, which
we use for the scaling of the default BLUE carbon densities: We use
PFT-specific annual carbon densities for vegetation (variable cVegpft)
and soil (cSoilpft), and the corresponding land-cover fractions (land-
CoverFrac) from the TRENDY S2 simulation. We process data from
eight DGVMs for vegetation (CABLE-POP, CLASSIC, JSBACH, JULES,
LPJ-GUESS, ORCHIDEE, SDGVM, and YIBs) and from five DGVMs for soil
(CABLE-POP, CLASSIC, JSBACH, ORCHIDEE, and YIBs), as only those
DGVMs provide the required PFT-specific output. For JSBACH we use
data from the TRENDYV12 version (which is used in the GCB2023), as
the PFT-specific data submitted to TRENDYv11 could not be used due
to an error in the simulation setup. To identify the time-variant frac-
tions of crop and pasture, we use the land-cover fractions of crop and
pasture from the S3 simulation. To be consistent with the GCB2022
SLanp estimate, we calculate S; anp, Trenpy Using all DGVMs considered
in the GCB2022 (except IBIS), i.e. 15 DGVMs. Note that the differences
in S anp, TRenpy based on all 15 DGVMs and based on the subset of eight
DGVMs are only minor (Supplementary Fig. 12). The net land flux is

estimated for all 15 DGVMs using NBP from the S3 simulation. The
difference between the NBP estimates of the S3 and S2 simulations is
used as the estimate of land-use change emissions (£, yc) for TRENDY
(see also equations further below).

Other data. Further data that we use are fossil CO, emissions (Eggs),
the atmospheric CO, growth rate (Gatym), and the ocean CO, sink
(Socean), all taken from the GCB2022%. We also use the F; ¢ estimates
from GCB2022, which stem from the three bookkeeping models
H&C2023 (denoted ‘updated H&N2017" in GCB2022), OSCAR, and the
present-day simulation of BLUE (see further below regarding the dif-
ferent BLUE simulations used here). We add emissions from peat fires
and peat drainage from GCB2022 to estimates of the net land flux for
BLUE, TRENDY, and the GCB (see ref. 51 for details about the derivation
of peat emissions). The net land flux of the GCB is the sum of S anp
from TRENDY under pre-industrial land cover and E, ¢ from the three
bookkeeping models. We further use estimates of the net land flux
based on atmospheric O, observations and based on atmospheric
inversion systems from GCB2023'. GCB2023 indicates these estimates
for the period 2013-2022. To compare with the period used in our
study (2012-2021), we employed data for eight atmospheric inversion
systems that provide data for the period 2012-2021. We also
obtained an additional estimate of the net land flux from atmospheric
0O, observations for 2010-2019 (M. O’Sullivan, personal communica-
tion 11.04.2024), which amounts to -1.2 + 0.8 GtC yr™, and is thus the
same as the 2013-2022 estimate indicated in Table 2.

Uncertainty estimation

Our BLUE estimates for the different terms of the terrestrial carbon
budget are based on a simulation that combines carbon density data
from eight DGVMs for vegetation and from five DGVMs for soil (see
Methods section above on TRENDY data). We additionally perform five
individual BLUE simulations using carbon density data from the five
individual DGVMs that provide carbon density data for both vegeta-
tion and soil (CABLE-POP, CLASSIC, JSBACH, ORCHIDEE, and YIBs).
The minimum and maximum values of these five simulations are used
as uncertainty bounds for the BLUE estimates. Note that the average of
these five simulations does not correspond to our BLUE estimates (the
latter are based on separate simulations using averaged DGVM carbon
densities) due to non-linearities in the equations implemented in BLUE
and due to the consideration of three additional DGVMs for vegetation
carbon densities in the simulation that provides our BLUE estimates.
Eyuc,pa does not have an uncertainty estimate, as we require that all
DGVM-scaled carbon densities match the standard BLUE carbon den-
sity under present-day conditions, and thus all simulations would yield
the same estimate for £y yc,pg.

Uncertainties for other data (TRENDY, GCB®, atmospheric O,
observations', data from ref. 16, data from ref. 9) are indicated as one
standard deviation around the mean. Uncertainties for the GCB esti-
mate of net land flux and for the GCB estimate of the budget imbalance
are derived by propagating Fyyc and Sianp uncertainties. For the
atmospheric inversion estimate, the uncertainty is indicated as
minimum-to-maximum range across eight inversions.

Implementation of transient environmental forcing into BLUE

Model description of the Bookkeeping of Land Use Emissions
model (BLUE). The Bookkeeping of Land Use Emissions model BLUE
is a spatially explicit semi-empirical bookkeeping model that simulates
carbon fluxes from LULUCF by tracking the carbon content in atmo-
sphere, vegetation, soil components (undergoing fast and slow
relaxation processes), and harvested wood product pools (filled after
wood harvest and forest clearing, with products decomposing on time
scales of 1, 10, or 100 years) for four land-cover types (primary land,
secondary land, cropland, and pasture) and eleven natural PFTs. All
carbon pools are initialized with an equilibrium carbon content per
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area p, i.e., the carbon densities. p is defined individually for each land-
cover type on PFTs 1-11. Prior to LULUCF activities, all carbon pools
are in equilibrium. If a LULUCF activity occurs, the carbon pools are
transferred from their equilibrium state into a disequilibrium state.
BLUE distinguishes between the following LULUCF activities: aban-
donment (land-cover change from crop or pasture to secondary land),
clearing for cropland or pasture (land-cover change from primary land
or secondary land to crop or pasture), wood harvest (land-cover
change from primary to secondary land or land management on sec-
ondary land), and transitions between crop and pasture. Upon a land-
use transition, carbon is transferred from one land-cover type (source
cover type, j) to another (target cover type, j). The amount of carbon
removed from and added toj’ depends on p and on the area affected
by the land-use transition. Carbon is removed from the vegetation or
soil equilibrium carbon pool of j (and from the excess carbon pool of j
in case it is not zero) and is distributed to the excess pools of soil (slow
and fast pools) and products in . Additionally, a new equilibrium pool
is defined with the equilibrium carbon content of j. The amount of
carbon thatj’would reach in equilibrium is subtracted from (or added
to) the excess pool of j, as this is the amount of carbon missing or in
excess to reach the new equilibrium. In each timestep, the excess
carbon pools change according to the respective relaxation time
constants (which follow exponential functions) defined for each cover
type, each PFT, and each carbon pool. The temporal evolution of the
carbon content of each carbon pool in a disequilibrium state (i.e., after
a land-use transition) is determined by the new equilibrium carbon
content it is supposed to reach (i.e., the equilibrium carbon content of
the new land-use state j), by the amount of carbon that is missing or in
excess to reach that equilibrium carbon content, and by the relaxation
time of each process. Eventually, carbon is released to the equilibrium
pool of the atmosphere. Each simulation with BLUE provides annual
output of the sum of the equilibrium and excess pools for each carbon
pool. The annual change of the carbon content in the atmospheric
pool (AC,) corresponds to E;yc. A complete description of the BLUE
model can be found in the supplementary information of ref. 7.

Integrating transient environmental effects in BLUE. The original
purpose of a bookkeeping model is to isolate effects of anthropogenic
drivers, unimpaired by environmental changes. For this study, we
advance the bookkeeping model BLUE such that (1) effects of transient
environmental conditions on anthropogenic carbon fluxes are cap-
tured and (2) the effects of environmental changes can be isolated
from those of land-use changes. (1) delivers an estimate of £, that
would realistically be released into the atmosphere upon a LULUCF
activity as it accounts for all transient processes, such as effects of
rising CO, levels, climate change, and nitrogen deposition. Further-
more, our developments make it possible to use different sets of car-
bon densities in BLUE based on the specific study needs to estimate
E, uc under transient, present-day (as in the default setup of BLUE), and
pre-industrial conditions. (2) allows us to quantify S; anp. In contrast to
the TRENDY S2 simulation, which estimates S; snp under pre-industrial
land cover, we quantify S; snp under the actual, transient land cover. In
this way we can exclude the hypothetical CO, sinks lost through eco-
system degradation (i.e., the replaced sources and sinks”, RSS; see
Table 1), which are included if assuming a pre-industrial land cover. We
define S;anp as the environmental effects on carbon pools on natural
land (i.e., land that has never been impacted by LULUCF activities or
has fully recovered from LULUCF activities) and managed land (land
disturbed by direct LULUCF activities due to recent or ongoing
LULUCF or land that is still recovering from past LULUCF activities').
Note that we assign the effects of transient environmental conditions
on anthropogenic carbon fluxes to F yc until the carbon stock pre-
valent at the time of the LULUCF event is reached again. The sub-
sequent environmental effects due to ongoing environmental changes
are assigned to Syanp- We derive S anp by first subtracting annual

carbon stock changes of two BLUE simulations, one excluding and one
including environmental changes, and subsequently subtracting the
environmental effects on E, ¢ (see below for details). Environmental
effects are included in BLUE based on transient carbon densities from
DGVMs, as detailed in the next section.

Preparation of transient carbon densities

Global observation-based time series of carbon densities are not
available from the pre-industrial era onwards. We thus use the tem-
poral evolution of carbon densities from DGVMs in the TRENDY
S2 simulation to scale the time-invariant carbon densities used as
default by BLUE. The scaled BLUE carbon densities thus reflect the
transiently changing environmental conditions as simulated by
the DGVMs.

The processing includes the following steps:

(1) The DGVM PFTs are translated to the BLUE PFTs (different
types of forests, shrubland, grasses, and tundra) for the BLUE land-
cover types primary land, secondary land, pasture, and cropland (see
Supplementary Data 1 and 2). As the number and definition of PFTs is
not standardized in DGVMs, not all PFTs can be directly matched to the
BLUE PFTs. In some cases, a spatial mask is applied to PFTs of some
DGVMs to fit the spatial extent of the BLUE PFTs (see Supplementary
Fig. 13). In other cases, particularly for shrub PFTs, the carbon density
of a BLUE PFT is constructed by weighting different PFTs of a DGVM
following the cross-walking table by ref. 54 (see their Table 2).
A detailed description of the mapping from DGVM PFTs to BLUE PFTs
can be found in the Supplementary Methods.

(2) Annual global averages of carbon densities are calculated for
each mapped PFT and for every DGVM, weighting the carbon densities
by the land-cover fraction of the respective PFT in each grid cell (to
reflect that grid cells with large fractions contribute more to the esti-
mated global carbon density than grid cells with small PFT fractions).
The resulting time series of global carbon densities are smoothed with
a 20-year moving average. For the last nine years of the simulation
period (for which the moving average did not yield values), carbon
densities are linearly extrapolated based on the last 20 years of
unsmoothed data.

(3) For each DGVM and each PFT, we calculate the ratio of the
carbon density time series relative to the carbon density in the year
1980, as the carbon densities from ref. 10 used in the standard version
of BLUE are approximately representative for that year. The resulting
time series of carbon density ratios are then multiplied by the default
BLUE carbon densities to derive transient carbon densities. The pre-
industrial carbon densities are the 1720-1740 average of the scaled
carbon densities.

We further tested the sensitivity of BLUE to a different set of
carbon densities. For this purpose, we produced a time-series of the
absolute carbon densities from DGVMs as input for BLUE to compare
with the scaled BLUE carbon densities. Note that also in this sensitivity
test we kept the ability of BLUE to account for degradation from pri-
mary to secondary land, which is usually lacking in DGVMs. To derive
the carbon densities of secondary land in the sensitivity test, we mul-
tiply the DGVM carbon densities for primary land by the fraction of the
secondary to primary carbon densities in BLUE.

BLUE simulations

We employ five different simulation setups in BLUE: (1) BLUEy;, (2)
BLUEg, (3) BLUE¢rans, (4) BLUE¢rans+m, and (5) BLUEs,. We employ the
LUH2-GCB2022 dataset as land-use change data. Our BLUE output thus
has the same spatial resolution as LUH2-GCB2022, namely 0.25°. The
simulation setups (1)-(3) apply different environmental conditions and
are used to derive three different definitions of £ ¢ while (1), (3) and
(4) are used to estimate Sy anp. The first simulation (BLUE,;) applies
time-invariant pre-industrial carbon densities for the whole simulation
period. The second simulation (BLUE,4) corresponds to the default
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BLUE set-up and applies time-invariant carbon densities that approxi-
mately represent present-day carbon densities (i.e., of the early
1980s”). The third (BLUEy.ns) and fourth (BLUE;ans+m) Simulations use
the transient carbon densities derived from DGVMs, as described
above. Transient carbon densities are used from 1730 onwards, as the
carbon densities in 1730 correspond to the 1720-1740 average used for
model initialization. Note that in the pre-industrial and transient
simulations, equilibrium carbon pools are initialized with pre-
industrial carbon densities, while in the default simulation (BLUE,q)
present-day carbon densities are used for the initialization. BLUE ;s
accounts for environmental effects previous to a LULUCF activity (by
using the transient carbon densities). BLUEans+m additionally includes
environmental effects following a LULUCF activity, accounting for
environmental effects on natural and managed land altering the car-
bon stocks over time (e.g., forests typically grow denser, as suggested
by the DGVM carbon densities, Supplementary Fig. 3). For this pur-
pose, the equilibrium and excess pools of vegetation and slow soil are
multiplied by the fraction of the carbon density ratios of one year to
the previous year in each time step, for each PFT, and for each land-
cover type (note that we assume that the fraction of carbon going to
the rapid soil pools and product pools is not altered by environmental
effects). Within the BLUE model structure, this leads to an increase of
the missing or excess carbon that is needed to reach equilibrium.
Forests that are regrowing after clearing or wood harvest thus not only
grow back to their carbon density at the time of their clearing
(regrowth due to recovery from past management, as captured in
BLUE,.,s) but grow even denser over time due to more favorable
environmental conditions (regrowth and further growth due to
environmental changes). Lastly, BLUEs; is similar to BLUE;;ans+m in the
sense that it captures environmental effects but it excludes all land-use
changes. Therefore, it conceptually resembles the TRENDY
S2 simulation.

Derivation of land-use emissions and of the natural land sink
We use several output variables from the five different BLUE simula-
tions to derive £, yc and S;anp. In the following, we employ the con-
ceptual framework of ref. 14 to describe the carbon fluxes of each BLUE
simulation. The framework distinguishes between £ and L, the prefix 6,
and the subscripts p, m, and n. E represents the carbon fluxes induced
by environmental changes. L represents the carbon fluxes due to
LULUCE (i.e., E yc). 6 describes the effect of environmental changes on
a variable (our setup captures this by the transient carbon densities),
and p, m, and n indicate potential natural (p), managed (m), and nat-
ural (n) land. Potential natural land refers to the land cover as it would
exist without human interventions.

To estimate £, ¢ under pre-industrial, present-day, and transient
environmental conditions, we use the output of the annual change in
the atmospheric pool (AC,) of the simulations in Egs. (1)-(3):

Evycpi = ACxprue, =L M
Evucpa = ACx LUk, =L+ 6pal @
Evuc trans = ACa BLUE,,,, =L +6L 3)

All three simulations include carbon stock changes due to
LULUCF (L) but vary in their consideration of environmental effects on
Evuc (6L). Erucpi excludes all environmental effects, Eiycpq includes
environmental effects on £ yc based on present-day environmental
conditions, and £ yc rans includes transient environmental effects on
Eyuc. Note that 6 without subscript denotes §¢rans.

To derive S snp We make use of multiple simulations and use the
annual carbon change of the vegetation, soil, and product pools (AC,).
AC, of the BLUEs, simulation resembles the S2 simulation of TRENDY

models and corresponds to S, sxp Under pre-industrial land cover as it
excludes LULUCF:

Stanppi = AC prue, =En tEp + 5<En + Ep) *)

Sianp,pi thus includes hypothetical land sinks, which in reality are
lost due to historical ecosystem degradation. Note that Ey, £y, and Er,
are considered to be zero over longer time scales as effects through
natural climate variability largely cancel out, and thus only terms
affected by the 6 operator remain.

Transient S;anp as it occurs in reality (i.e., based on transient land
cover) is defined as:

SLAND,trans = 6 (En + Em) (5)

To derive the natural land sink on transient land cover, we use AC;
Of BLUErans+m and of BLUE,,;. AC; in BLUE ans:m is caused by LULUCF
and by environmental effects on E;yc and on carbon pools of natural
and managed land. It can therefore be written as:

AC piuk, g “En TEm L+ O(Eg+Ey +1) (6)

Note that AC g, .. Yields the netland flux and thus resembles
the TRENDY S3 simulation. In contrast, the annual changes in the pre-
industrial simulation setup (ACL,BLUEM) are only driven by LULUCF,
since environmental effects are excluded:

AC prue, =EntEm +L @)

The difference between Eq. (6) and Eq. (7) thus yields the envir-
onmental effects on E yc and on the carbon fluxes on natural and
managed land 6(E,+En+L). To derive S anp under transient land
cover we need to subtract 6L, which we obtain as the difference
between Eq. (3) and Eq. (1):

SLAND trans = (ACL,BLUEWM - ACL,BLUEpi> - <ACA,BLUEM"5 - ACA,BLUEpi>
=6(E,+Ep)
®)

SLAND,trans iS our pursued definition of S onp as it yields the natural
land sink under transient land cover. The difference between Sy anp trans
and Sianp,pi (Eq. (5) minus Eq. (4)) yields the lost (or gained) sinks
through historical degradation (or restoration) of ecosystems, deno-
ted as replaced sinks and sources® (RSS):

RSS =S Anp,trans — SLAND,pi =6 (E m—E p) )

RSS closely relates to the loss of additional sink capacity (LASC),
which is defined by ref. 16 as:

LASC=6L +RSS=6 (L +E, — Ep) 10)

Using Egs. (1)-(10), we can derive all relevant carbon budget terms

with BLUE: £, yc, Sianp, the environmental contribution to E; ¢ (6L),
RSS, and LASC.

DGVM estimates of the terms in the terrestrial carbon budget
The GCB estimate of S;anp Stems from the TRENDY S2 simulation,
which employs transient environmental conditions but keeps land use
and land cover at its pre-industrial state. This simulation yields S anp pi
according to Eq. (4), thus including the hypothetical land sink, which,
in reality, is lost due to historical ecosystem degradation (RSS).

The TRENDY £ yc estimate is calculated by subtracting S anp pi
from the net land flux, which is obtained from the S3 simulation, in
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which both environmental conditions and land cover are transient
(yielding the net land flux according to Eq. (6)). E; yc from DGVMs thus
reads:

Evuepoms =L+ En — Ep+ 6(L+En — Ey). a

In contrast to £ ycirans (EQ- (3)), ELuc,pevms thus includes RSS
(Eq. (9)).

LASC can be calculated according to Eq. (10) using additional
DGVM simulations'®. With the current TRENDY simulation setup, it is
however not possible to separate the transient effects on £y (i.e., 6L)
from the other transient effects (i.e., 6Fm, 6F,). Thus, Ejucrans
SiAND,transs and RSS cannot be estimated with DGVM data.

Data availability
The processed data are available at https://doi.org/10.6084/m9.
figshare.26431516. Source data are provided with this paper.

Code availability
The code for the analysis in this paper is available upon request to the
corresponding author.
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