Matching policy and science: Rationale for the ‘4 per 1000 - soils for

food security and climate’ initiative

BER L Rl 7oIRE  BRloRe L [MEAERM O -0 D18 11000 95D 4 | ¥
% o> Fi A

Jean-Francois Soussana **, Suzanne Lutfalla ¢, Fiona Ehrhardt ¢, Todd Rosenstock
b, Christine Lamanna ®, Petr Havlik ¢, Meryl Richards ¢, Eva (Lini) Wollenberg ¢,
Jean-Luc Chotte ¢, Emmanuel Torquebiau f, Philippe Ciais &, Pete Smith ', Rattan
Lal'

Sousanna, J.-F. et. al, Soil & Tillage Research (2017),
https://doi.org/10.1016/].still.2017.12.002

UTOBRIZIEARPADDMEBD-DICIToC 3D THY, X HRT
TWARVWEPHRAR L G-, FERFEHL T, (2019F12H6 H)

ABSTRACT %

At the 21st session of the United Nations Framework Convention on Climate
Change (UNFCCC, COP21), a voluntary action plan, the ‘4 per 1000 Initiative:

Soils for Food Security and Climate” was proposed under the Agenda for Action.
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The Initiative underlines the role of soil organic matter (SOM) in addressing the
three-fold challenge of food and nutritional security, adaptation to climate change

and mitigation of human-induced greenhouse gases (GHGs) emissions.
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It sets an ambitious aspirational target of a 4 per 1000 (i.e. 0.4%) rate of annual
increase in global soil organic carbon (SOC) stocks, with a focus on agricultural
lands where farmers would ensure the carbon stewardship of soils, like they

manage day-to-day multipurpose production systems in a changing environment.
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In this paper, the opportunities and challenges for the 4 per 1000 initiative are
discussed. We show that the 4 per 1000 target, calculated relative to global top soil
SOC stocks, is consistent with literature estimates of the technical potential for
SOC sequestration, though the achievable potential is likely to be substantially

lower given socio-economic constraints.
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We calculate that land-based negative emissions from additional SOC
sequestration could significantly contribute to reducing the anthropogenic CO.
equivalent emission gap identified from Nationally Determined Contributions
pledged by countries to stabilize global warming levels below 2 ° C or even

1.5° C under the Paris agreement on climate.
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The 4 per 1000 target could be implemented by taking into account differentiated
SOC stock baselines, reversing the current trend of huge soil CO; losses, e.g. from

agriculture encroaching peatland soils.

[1000 2D 4 | &5 HERIZ, WA LBEAERKEITHEDO -2 74 v 2 &
JEIC AN, PIZ IR B2 RET 5RED L ST, 138 CO, DERZRBKRL
WO REDHM Z IR I 2 2 L ICX > CTERAEL 2L TH S I,

We further discuss the potential benefits of SOC stewardship for both degraded
and healthy soils along contrasting spatial scales (field, farm, landscape and

country) and temporal (year to century) horizons.
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Last, we present some of the implications relative to non-CO2 GHGs emissions,
water and nutrients use as well as co-benefits for crop yields and climate change

adaptation.
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We underline the considerable challenges associated with the non-permanence of

SOC stocks and show how the rates of adoption and the duration of improved soil



management practices could alter the global impacts of practices under the 4 per

1000 1initiative.
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We conclude that the 4 per 1000 initiative has potential to support multiple
sustainable development goals (SDGs) of the 2030 Agenda. It can be regarded as
no-regret since increasing SOC in agricultural soils will contribute to food security
benefits that will enhance resilience to climate change. However, social, economic
and environmental safeguards will be needed to ensure an equitable and

sustainable implementation of the 4 per 1000 target.
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1. Introduction #&

Anthropogenic emissions of greenhouse gases (GHGs) have strongly influenced
the global carbon (C) cycle, leading to an increase of the atmospheric
concentration of carbon dioxide, CO,, to ca. 400 parts per million by volume
(ppm) (Dlugokencky and Tans, 2017).
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In addition to CO,, atmospheric concentrations of nitrous oxide, N,O, and
methane, CH,, are also increasing. Together, increasing atmospheric
concentrations of GHGs are influencing the radiative forcing and increasing the
Earth’s mean temperature. Therefore, reducing atmospheric concentration of
CO; and other GHGs is important to mitigate climate change and avoid increased

volatility (extreme events) and adverse manifestations of regional and global
climate change (IPCC, 2013).
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Today, the land surface including non-managed and managed ecosystems, the
latter having by far the largest area, are assessed to be a net source of CO;
equivalent (CO; eq) to the atmosphere (Tian et al., 2016), mainly because the
warming effect of CH, and N»O emissions from agriculture overcomes the cooling

effect of the global carbon sink.

SHEHINTCORWEARREEHINARER RECRBRESRKOEE
D TW3) 2EDEMERRIIKAF~D CO, T i 2 (COzeq) D EE 2 HE
HJR & 72 T % (Tian et al, 2016), ZHIFEFERFO X £ v X g
LERIC X 2RISR HEERBIEE C D R RETBUEIC X 2 AR 2 BIH L
TWb72DTh 5,

Agriculture (mainly CH; and N>O emissions from established cropland and
pasture, and CO; emissions from peat drained from agriculture) and land-use
change (mainly forest clearing for agricultural expansion in tropical regions) are

major sources of land-based GHGs, responsible for approximately 24% of total



GHG emissions (Smith et al., 2014 in IPCC, 2014).
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Carbon losses from soils have a large role in land- based emissions. In particular,
peatland drainage accounts for one-third of global cropland GHG emissions
(Carlson et al., 2017). For instance, the tropical peatland C stocks in South East
Asia upon which agriculture is established are vulnerable to fires induced by
drought, resulting into large emissions during dry El Nifio years, and released 2
gigatons of carbon (GtC, 1 GtC corresponds to 1 petagram of carbon) in 1997 and
0.5 GtC in 2015 (GFED, 2016; Page et al., 2002; Yin et al., 2016).
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Annual crop losses of 0.3% per year have been estimated and the continuation of
this trend could lead to a global yield decline of 10% by 2050 (FAO and ITPS,
2015). Land degradation poses a threat to agriculture, and climate change may
accelerate the rate of degradation with major impacts on food security and

wellbeing of small farmers.
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In this context, the role of land carbon management needs to be re-examined.
Namely, soil organic carbon (SOC) sequestration, afforestation and reforestation
including tree planting through agroforestry, are the only land-based negative
emissions (i.e. removing CO, from the atmosphere) which are readily available at
low cost (Smith et al., 2016).
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Yet, SOC sequestration is currently not considered in global climate stabilization
scenarios (IPCC, 2014). Concerns about the permanence of sequestered SOC,
long-term changes in agricultural systems and the difficulty of detecting

improvements have hitherto limited the attention given to SOC sequestration.
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Carbon stocks in the upper soil layers respond within years to changes in land use
and management, providing an opportunity to store carbon and remove CO; from
the atmosphere in the short term, which is relevant in the context of the Nationally
Determined Contributions (NDC) targets set to 2030. Soils also carry a significant

potential for carbon sequestration, especially through restoration measures on
degraded soils (Lal, 2010).
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The Paris agreement at the 21st Conference of Parties (COP21) of the United
Nations Framework Convention on Climate Change (UNFCCC), calls for limiting
global warming well below 2 ° C, and to pursue efforts to limit the temperature
increase even further to 1.5° C. It also requests increasing the ability to adapt to
the adverse impacts of climate change and foster climate resilience and low GHG

emissions development, through pathways that will not threaten food production.
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Nevertheless, under current policy, aggregate anthropogenic GHG emissions
could reach 55 Gt CO; equivalents in 2030 resulting in a 60% likelihood (Fawcett
et al., 2015) of reaching global warming levels by 2100 relative to preindustrial
levels of 3° C.

L2LaRoWEOBEED b & Tld., —HD ANAENRIRENEST 2P & 1X
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In order to meet the Paris Agreement objectives, anthropogenic emissions will
most likely need to peak within the next 10 years and continue to decrease during
the following decades up to a value close to zero, or even to a net GHG removal

by the end of the century.
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Alternative scenarios such as ‘overshoot scenarios’ with continued emissions
followed by very rapid and intense emission reductions bear a risk of warming
above 2° C (Walsh et al., 2017). Within the agriculture sector, reducing N,O and
CH4 mitigation alone along with plausible development pathways cannot deliver
the level of agricultural mitigation (ca. 1 Gt CO; eq per year by 2030) required to
stay within the 2° C global warming objective (Wollenberg et al., 2016). In fact,
about 90% of the total technical mitigation potential in agriculture (excluding
bioenergy and improved energy use) is based on SOC sequestration options
(Smith et al., 2008; Paustian et al., 2016).
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At COP21, 103 countries have set mitigation and adaptation targets in agriculture,
and 129 included targets related to other land use including forests and degraded

land (Richards et al., 2016). Yet, the proposed actions are diverse across countries



and are not detailed, which highlights the need for a shared and ambitious target
for land- based mitigation and adaptation that could provide a bridge to remain

below the 2° C global warming level.
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Such a voluntary action plan, the ‘4 per 1000 Initiative: Soils for Food Security
and Climate” was launched at COP21 and is supported by 39 countries and more
than 190 organizations as of June 2017 (4 per 1000, 2017). This initiative sets a
global aspirational goal to increase SOC stock at an annual rate of 0.4% per year

(or 4 per 1000) in all land uses, including forests.
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[f such increases were possible to implement fully by 2030, this SOC sequestration
target would double the total mitigation encompassed by the COP21 Nationally
Determined Contributions (NDCs), compared to a middle of the road baseline
scenario of the fifth assessment report of the Intergovernmental panel on climate
change (IPCC, AR5) (UNEP, 2015). Here, we assess the implications and
challenges created by the 4 per 1000 aspirational target for global soil carbon and
we discuss the following questions: is 4 per 1000 technically feasible? How might
it be achieved? What are the benefits for yields and for climate change mitigation

and adaptation? What are the main barriers?
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2. Materials and methods i} & 77

2.1. Global SOC stocks by depth and by biome
2.1, I LB LUERIRNEA XS 2 & OHIBRD HIEH KRR O T E

Global SOC stock was interpolated between estimates over 30 cm (Batjes, 1996;
Hiederer and Kéchy, 2011), 100 and 200 cm (Batjes, 1996; Scharlemann et al.,
2014) using a third order polynomial fit (see Supplementary material, S.M., Fig.
S1). The distribution of SOC stock by biome at 1 m depth was derived from Table
3 of Jobbdgy and Jackson (2000) and the fraction of this SOC stock to 40 cm was
calculated by biome (crops, grasslands, forests) from their Fig. 5 (see

Supplementary material).
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2.2. Yields and SOC sequestration
2.2, WiEE X HIEERRE O RREHE

The estimation of the potential impact of an agricultural SOC increase by 0.4%
per year on crop yields is derived from 32 studies. The 32 studies were identified
from a reference library compiled for a meta- analysis that reviewed the impact of
agriculture practices on productivity, adaptive capacity and mitigation, including

yield and SOC outcomes, in developing countries (Rosenstock et al., 2016).
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The 32 selected articles met the following three criteria: (i) conducted over four
years or longer (13.6 = 8.5 years, mean * sd), (ii) reported data on both yield
and SOC, and (iii) contained paired data on the impacts of both a conventional
and an improved agricultural management practice such as organic fertilizer use,
crop and soil management, water management and intercropping agroforestry
(see references included in Supplementary material). Less than 10% of the data
were derived from studies with conservation agriculture (CA) and reduced tillage.
A Standard Major Axis regression (Legendre and Legendre, 2012) was used to
correlate the relative changes in yields and in SOC, since none of these two

variables can be considered as independent.
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3. Results and discussion #ffis & 5K

3.1 Soil depth and the global 4 per 1000 target
3.1, HEoOBEI LHiBK 11000 550 4] #kgo HER

Not accounting for C in permafrost, the world’s soils contain a total SOC stock of
about 1500 = 230 Gt C down to 1 m depth, which is equivalent to twice the
amount of C as CO2 in the atmosphere (i.e., 828 Gt C in 2011, Le Quéré et al.,
2015).

KAHRTHDORELZEZBBICAN T WA, HROTEEKREZEOIEEIT 1
mODOEXFETTICEBIZ 1500 £ 230 Gt CTH 35, ZOEIFZKLATD CO, &L
ToR%FE (ie., 828 Gt Cin 2011, Le Quéré et al., 2015) @ 2 fFIcHHY4 T %,

The early recognition that the stock of SOC over 0-3 m is at least twice as much
as that represented by CO,- C in the atmosphere (Bolin et al., 1986) has led to
the proposal that an annual increase in this reservoir by 0.4% per year (a rate of 4
per 1000) would store as much C as the anthropogenic emission of fossil C
(Balesdent and Arrouays, 1999).

A7 B DIFFRICHETZL > T 0-3 m DEIICEEN D IEGHEKFEORITRA D
CO,-C D215 chH 2 L %R L 72032235 % (Bolinetal., 1986), Z OHfZE D
b HEAEY Ol EE Y 1M 0.4%7 2 (1000 5D 4 OEIET) Hed L
LY, ALAREIPOD NN RFHELFCEORFZLZEZA DI LNTE D
T & DMRZE X 7z (Balesdent and Arrouays, 1999),

However, no claim was made by these authors that it would be technically feasible

to increase SOC stock over the full soil depth (0-3 m) at an annual growth rate of
0.4%.

Lo, INbDFEEFELHIZLEOEI ORIH(0-3 m)icb i > THE 0.4%D
HECHIBEAKIKRE 2P T 2 L AEANICAIBED & 5 2T D TR~ T



R\,

Indeed, there are large stores of soil organic matter (SOM) at depth, but they were

formed over millennia, as deep soil carbon has a slow accumulation rate (Fontaine

et al., 2007).

IR, EOERALICIZ L B0 TIEERREDPFAEL T 5205, EOilfiio LR #E
1T EERE R T 253 Vs © C(Fontaine et al., 2007). Z 6 0 +EEFEY 3T HEi1chH
FoTIEENTEZHDTH S,

In contrast, top soil SOM can increase or decrease rapidly after changes in land
use and agricultural practices (Conant et al., 2017) because it is directly connected
to input from below-ground productivity, and because most of the decomposition

occurs in the top soil.

T & IR IR E I o HIEEEY X BRI H o2 e BERE O LIS
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T OEEMICHRT 2HARBLEEBRLTE Y., I HICHBITERETEF
TR 27-0ThH 5,

Thus, agricultural top soil SOC is frequently observed to increase at rates often

equal or higher than the aspirational target of +0.4% per year (Minasny et al.,
2017).

o T, BioE o HEEEKEIZ LIZUIZEE 0.4% D8N & v EE R
HEMEEEFLWVW2ZNIDEVWEAETHMT 2 e2PBEINTNS
(Minasny et al., 2017),

As shown in Table 1, if it were possible to increase the global top SOC stock by
0.4% per year, this would provide a global SOC sequestration of 2.8 and
34GtC-yrtover 0-30 and 0-40cm, respectively.
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These values are in the range (2.6-5.0 Gt C - yr ') of technical
SOC sequestration rates achievable when harnessing all land use types and

combining different sequestration practices to maximize soil C gains (Lal, 2010;
Smith et al., 2013).

INHDfEIR, TRToOTHAFICHZ Y KEDESZRAIBICHPST20IC
ERIN-ZER L 3BT E 2R E X 2 72855 B &R AT e 7 T
HEFR 32 D FRBEE S O ®IPH (F54F 2.6 — 5.0 Gt C) 1243 % (Lal, 2010; Smith et
al., 2013).

In contrast, aiming to increase all SOC (down to 1 m or to 3 m) at a rate of 0.4%
per year is not plausible, as it would require SOC sequestration rates that are

higher than even the most optimistic estimates (Table 1).

TNEIENEMIC(1-3m ODFEI T o)L CoOTEERRELHEMXE2 L
ZEEL T 2D IFHERNTIER YV, B8RO ZF D0 3D KB 2 E
IV ECTIEAERREZEORERE A LB T 52130 6TH 5B,



Table 1. For depths ranging between 30 and 300 cm, global soil organic carbon
(SOC) stocks, soil to atmosphere C stock ratio and aspirational SOC sequestration
target assuming a 0.4% (4 per 1000) annual growth rate in SOC stock. Note that
the estimated global technical potential for SOC sequestration is estimated at 2.6—
5.0 Gt C - yr ! (Lal, 2010) and that in 2011 the atmospheric C content as CO
reached 828 Gt C (Le Quéré et al., 2015).

K1 FHOES 30 75 300cm OFIHICH T 5. HERBILO 1o b
(SOO) ki, THERER & KA P RFOLEK, B BRI EITRE % #
£ 0.4% (1000 73D 4 )Rk & ¥ 2 2 e #EL - & 2o LREERN 2 HEERK
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KA oRFEEEIT 828 Gt C 1T L T 5 (Le Quéré et al,, 2015) Z & iIc&HH
52L&,

T AR Sk FHE D K& 1000550 4 Bk ik
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Scharlemann et al.
(2014)
0—300 2344 Jobbagy and 2.8 9.4 Balesdent and Arrouays
Jackson (2000) (1999); cited by Minasny

al. (2017)




3.2. Agricultural, land management and forestry practices

3.2, RE, HHEME XUOMEICED 5178

The ecosystem C balance (ECB) can be calculated from the sum of gross inputs
and outputs of inorganic and organic C to the ecosystem: (i) carbon trace gases
exchanged with the atmosphere (i.e. CO,; CHy; volatile organic compounds,
VOC; and emissions during fires), (ii) organic C imports (compost, manures) and
exports (harvests, animal products), (iii) dissolved C lost in waters (dissolved
organic and inorganic C) and lateral transport of soil C through erosion. ECB
(tC-ha~'-y~1'), which is the measurable change of ecosystem C stock, can be

calculated from the mass balance of these fluxes (Soussana et al., 2010):

ARERICH T B IRFRICL(ECB)IZAERE R ~ D R F I X HRRFE DR AT
LHHNDPOEIE T2 AR TE L, ZONFRIE () R ot h 3 HE
ZaUMEO KA (B CO,, CHy, HHFEMEARILAY) VOC, B XU XK o
HyD . () AmEO AT MR, FER) X ORI~ (Y. HiE
%) (i) KHickbi 2 B RE (BEEOHERKS L EEKE) BLXUORA

X 3 EBREOKFETR~DEE R TH S, ECB (tChaly ), T74abb
AR ORFOHEEREARZIIZ, CTNOLDWMKOEENT7 VA2 LalHE L
7= (Soussana et al., 2010) :

ECB = NPP - Rh + F manure F CH4-C — F voC — F fire — F harvest — F animal-products — F leach
- F erosion (1)

Where NPP and Ry are the net primary productivity (NPP) and the heterotrophic
(soil + animal) respiration, Fcus-c, Fvoc and F 4. are trace-gas C losses from the
ecosystem, through soil and enteric methane emissions, volatile organic
compounds and fires, respectively. F e 1 the organic C input through manure
and other amendments application, while F 1aveq and F animai-produes are organic C
exports in crop and grassland harvests and in milk and meat products, respectively.
F lcach and F cosion are organic (and/or inorganic) C losses through leaching and

erosion, respectively.



ECB = NPP - Rh +F manure F CH4-C — F vVOC — F fire — F harvest — F animal-products — F leach
-F erosion (1)

F I DA

ECB : AR ICE T 3 RFBIK
NH%E%@—ﬁiﬁ\K;%E%%%&(iﬁ+ﬁ%)@w\

Feruc, Fvoc BE W Fhe : ZNENTEB LOKEOED 6 D A 2 VHEH, X
HEERILEY. BLUOKKICLRBHE LD DR DHEERDI O DHENT X
ODT,Eﬁi

manure © FEPR B XN DD AT X 2 HRKRE D AT,
hmﬁ=W%£iU$%#6@W% X 2 AR D RN

F animalproducs © FLELm B & OWRELTIC X 5 AR 3= 0 R oMk H

Flam : ABIC X 26RE (BXU/ B 250 id) EERFDOEK

eosion © REIC X 2HBERE (3L /D5 \0vi) EEKEDHEK

Eq. (1) has dominant terms at annual time scale, which usually are NPP, Ry, F
manure ANA F harvesr, with other fluxes being relatively small on short time scales but

becoming important when considering ECB on multi-decadal time scales.

K1) OFEHEAIE, T72b5 NPP, Ry, F nanwe and F e 72 £ 1 EEIFED £ 4 L
AT —=NTffoTnb, ZOMOYE DINITHER/NT (X A4 LRAT —
NEFFoTWBA, ECB 28T W) 24 LAT =V THEZ HRICITERE L
oTK %,

Erosion is a carbon loss at site scale, for instance wind erosion organic carbon
losses range from 0.3 to 1.0 Gt C - yr~! (Chappell et al., 2016). Although the net
C balance of erosion removal, compensatory soil sink, transport and re-deposition
processes is highly uncertain, it is believed to be a net C sink at global scale (Wang
et al., 2017). Nevertheless, even if erosion could potentially induce a sink for

atmospheric CO,, strong agricultural policies are needed to prevent or reduce soil



erosion, in order to maintain primary productivity and soil health (Lugato et al.,
2016).

REEFBHOR T — 1V TORFDIEILTH Y, Hl2IF, JARIC X 2 HRKEDOIA
4202 0.3 25 1.0 Gt C - yr~! (Chappell et al., 2016) D& TH 5, ERICL S
PrE&. 2Nzt ) TBIRROEMR. BEs L UHHEEL SO 7' v RDIEKRD K
FIFIEFICAMEE TH 228, HERDO A7 — L TIHIERD REITHKTH 2 &
fELonTwb(Wangetal, 2017), L2 LA 5, RESKEAF O _#LikE
DR Z FFE T 2 A[ReER H 5 & L Td, —REFERT) & LIBOREZ Mfr T
2713 HBIREERIEST 2 20D X4 2720 0 R EEBCRRLETDH
%,

Most of the fluxes composing Eq. (1) have contrasted values depending on soil,
climate, land-use and land management. For instance, CH4-C emissions from
paddy rice and wet grasslands are high, but CH4- C oxidation is documented in

many arable crop and forest systems (Conrad, 2009).

XD 2R T 2KROS < IF 13, Sk, A S X O ER OB WIC X
S TR RER L 52 L03d 5, Hlz X, KHB X QB2 EHHA LD A X v
C oPFHEIIRE WA, £ DRIHbE X UHFEKRDO R TIE X X v C DL
HIhTni,

ECB = ASOC + AAGC (2)
The ecosystem C balance is the sum of a below-ground component (A SOC, net
change in SOC stock) and of an above-ground component (AAGC, net change

in the C stock accumulated in above-ground bio- mass).

ECB = ASOC + AAGC (2)

ARERICHE T B KB DI IIH T EROREREER (ASOC, HHEAFR R &
DIEMRDZAL) & B oK IR (AAGC, Hi o4 F<=2icERBEI N
REHREDO E®ROZL) OofTH 3,



Hence, the soil C balance (ASOC) can be derived from ECB by accounting for
changes in above-ground C stock (A AGC), which are typically small with annual
crops and grasslands, intermediate with perennial crops, rangelands and
agroforestry, and large with forestry:

ASOC = (NPP -Rh — AAGC) + (F manure = F harvest = F animat-producs — Fcma-

¢) — (Feosion + Fiire + Fieah + Fvoc)  (3)

it > T, HERFDIGL(ASOC) i3Hh FH D R F AT E D 2t (AAGC) % A
THILICEHS>TECB2»bRkDB B TES, AAGC FHFELEDIEY S &
ORI AR IT/NE < ZEEDIEY) B, 53X VOT77e 7+ L2 MY
—TEPLOWTHY, FHRTIIRZ W,

ASOC = (NPP - Rh — AAGC) + (F manwe = F harvest = F animal-producs —  Fena-

¢) — (Ferosion + Fiire + Fieaen + Fvoc)  (3)

Eq. (3) shows the three categories of fluxes that govern ASOC at the ecosystem
scale: the flux of organic carbon partitioned below-ground (NPP- Rh- A AGC),
the human appropriation of above-ground carbon (Fanure - Fharvest - Fanimal-producs —
Fcnac) and the carbon losses at ecosystem scale (Ferosion + Faire + Fleach + Fvoc).

Management strategies to increase ASOC target these three categories in

different ways:

RIBAEERDRT —1itE T ASOC XL+ 33 20h7 ) —oWHE
DKL BH 2L HRL TS, Thbb HFHICHE S - FREKEDTRK
(NPP- Rh-AAGC). #h Lo fRFE T 2 AZHIBI S (Franre - Fharvest = Fanimal-
products — Fenac)s © L CHERBRD AT —itE 1) 5 RHE DK (Feosion + Fare +
Fiah + Fvoc) TH %, ASOC KX 37-00EMEBIKIIZINS 3 D2Dh T
T =N L CRE > FETEbHIEI L LTS,

- Soil conservation. Soil conservation requires reducing C losses from the
ecosystem e.g. by avoiding fires, reducing erosion and leaching (i.e. reducing
Ferosion, Fire and Fiean). Many conservation practices can be combined and these

have been reviewed by the UN Food and Agriculture Organization (FAO) and the



Intergovernmental Technical Panel on Soils (ITPS) in a dedicated report (FAO
and ITPS, 2015) and are studied by the WOCAT network (WOCAT, 2017). Soil
conservation also has implications for other fluxes which are directly (e.g. Franes),
or indirectly (e.g. Ry) controlled by agricultural management. For instance, no-till,
cover crops, direct drilling into mulch can be used to protect cultivated soils from
erosion and will have feedbacks on plant production and harvest, through soil

moisture and nutrients.

# L Re, TBREDOLDICIIERERD)ODKFDOBELZRD T E 2 LD
METH D, BIZIEkKZ@ T, BELENZHDYEES (F%DD. Ferosion
Fie & Flan 2D IE2), £ DREDTTELMAEDE S T LHATRETDH
h,ZDZ LicDnTit FAO B X O 8B 3 2 BURRIELAfT < 4 v (ITPS) D 5
MaMEHFICL>TLEa—3NTWws L(FAO and ITPS, 2015), WOCAT %
vy P =21 X o THIFR I N TS (WOCAT, 2017), TR IZEEEMHIC
L o THEEZMIZHIZ 1L Franed ® 2 W IZEECWIZIE ROFAE TN Z 0
i OYE DFTHRICH L CTHEN 2 Fi> T 5, BlZIE, AHHE. 88 EY, <
NF~DERE R EOEMNIFHH IR RENL P Cz0 I3 2 &S a[RET
HY, TEKpLESVREIND Z LICX > T DO EE LINERICT 4 —
Ny 7%b 767,

- Carbon management. C management aims at increasing ECB by accumulating
above-ground biomass (e.g. in forests, in agroforestry) and by sequestering SOC
(in all ecosystems). Protecting SOC stocks requires avoiding adverse land use
change and management practices (e.g. deforestation, ploughing of grasslands,
soil sealing, etc.), avoiding drainage and cultivation of organic soils (e.g. drained
peatlands). C management also has strong implications for the balance between
primary productivity (NPP), soil and animal respiration (R;), manures and
harvests (F manure, F harvest) . Avoiding overgrazing (which reduces NPP and increases
Fcnac and Ry), balancing SOM decomposition with the supply of manures, crop
residues and litter, and increasing the mean annual NPP allow to increase ASOC

in agricultural systems (Jansson et al., 2010).



FIRFRDEM, REOEHIIH EFOANAL A~ FIZEHFMEBL T 707+
LAMY—) 2EBETEELE, (BToAEERICEWT) HEEHEKK S Wik
T2 Ik o TECBAHAXE2ZEA2HEL WS, FEAKREDITH
BESF 57201003, o LA AL B E 2T 2 2 & (I 2 X8R % I
bce, FiHiafT oL, BEAEAT L Y). ARE LEOPIKOH
Fna it 22 & (Pl IRz X 72 ei) ko b s, REOERITF
Te—RAEFE (NPP), LI EY O (Ry). FIRE X U (F manure, F harvest) D
IO INSIC H R & 2% JUE L T 28 (2 41 X > TNPP A4 L,
Fousc & Ry 234K T %) %l 2 2 & IR, (PRI, RIERNR L AT %
ko CHERERYOSRIC X 2EKkEMO 2 &, 2 L THRENAER O
NPP ZRIE2Z2ICLoT, BEVATLICLEITS ASOC KX ¢ 5
Z & T % % (Jansson et al., 2010),

- Meta-analyzes conducted in recent years and covering the entire soil column
(Luo et al., 2010; Virto et al., 2012) suggested no significant positive difference in
ASOC on average in no-till soils, although some increase in organic matter (and
hence C) concentration in the 15-20 cm layer of top-soil is usually observed.
Positive effects such as reduced soil erosion and improved water retention and
infiltration, may increase crop yields and soil C in dry conditions under no- till,
because of reduced soil evaporation (caused by mulch), but apparently not in cool-
moist climates given increased risks of waterlogging (Pittelkow et al., 2015;
Powlson et al., 2014). In addition, in humid regions no-till may reduce crop yields
and soil C due to increased weed development (Giller et al., 2009; Pittelkow et al.,
2015). SOM stabilization would be increased through rhizodeposition and root
litter inputs (Dignac et al., 2017) and could therefore be higher with perennial
plant species compared to annuals. Indeed, Jobbdgy and Jackson (2000) have
shown that the vertical distribution of SOC in contrasted soil profiles corresponds
to that of the vertical root distribution. Systems mixing perennials and annual
crops (e.g. agroforestry) and crop-grass rotations can therefore be beneficial for
SOC sequestration (Soussana and Lemaire, 2014). Tropical agroforestry trees can
show impressive root growth rates. Roots of Sesbania sesban in an agroforestry

fallow in Zambia were found growing to a depth of 7 m after 2 years, at a rate of



about 1 cm-day~!. This represents a carbon input between 0.6 and

1 tC-ha ! (Torquebiau and Kwesiga, 1996).

# ARG

RTTONTZTRTCOEIDOLEH T LE =L TiTo 72 X X458 (Luo et
al., 2010; Virto et al., 2012)1c X % &, FHHELIZEICH W CTOEERIC ASOC il
BERIEOZEIIFED O d o7z, LA L, RETED 15-20cm DfFicE 1T
26 (BE-> CTE) IRED D 2 REOMEMAEERD biv, HEREDR
PR RFFE RS X NRIBREDUGE R E DR Y T 4 T REhED., BIEESE T T
MHEZATS T Lic X0, LD b DK DHKFER (A Ficko>T) WP L, fE
PINES LUOLBIRREEZMRIEL2THS 5, L L, G CEERXED
TCTHAKDEEBH KT 2 X5 HEMT CiEc ok 5 HaR I3 (Pittelkow
et al., 2015; Powlson et al., 2014), X 51ic. @i sl Tl AHHE I3 HEE 0 F 4=
LT LIl o TEFOINE & TIBRBREELZ WMDY I & 2 [/ErDH 5
(Giller et al., 2009; Pittelkow et al., 2015), TIEHFHY) D LEIZBOER IR
DIERBFEDOHAIC X > THWEKRKT %5 TH 5 5 (Dignac et al,, 2017), - T, HIE
EEME D DL EEEMIC I 2B B RECTH S 5, EFE. Jobbdgy and
Jackson (2000) 135k % 7= FF) 72 HIEWE 1< 35 1) 2 HEEEHK R O 54 1ZIR D
MEMMMENGLTWE Z L 2R L7, HER L LELDOEYZEA L TR
352 & (Bl agroforestry) . fEY) L B ZERIFST 2 > AT L ld. Eo T
+EEKKEOIREEIC L > THF|TH % (Soussana and Lemaire, 2014), ZE\ir D
77874 LA M) —THZOLNERIFELVWEKEREREZFf>oTwb, Fru
TTiibhe77a 75 LX) —OREAMTIHZ b7z 2 A N=T £ 23
14 % £ F 7 v+ 4 (Sesbania sesban) DIRA 2 F[{JIC 7m OFEX £ T 1 cm-day
T OMITHNZ, ZiF lha H72Y 0.6 25 1t Cha ! (Torquebiau and
Kwesiga, 1996) ICFH24 3 %,

- Agricultural and forestry intensification. Shifting from natural to planted forests,
from semi-natural to sown grasslands and intensifying arable crop production by
use of modern varieties and of supplies of fertilizers and pesticides inputs has been
largely used to increase food, feed and fiber production often resulting in NPP

increases, but not necessarily improving ECB and ASOC, since the human



appropriation of NPP through harvests, grazing and fires has been increasing
(Haberl et al., 2014).

#EEB LUOMEDEMNL, KA DR X L7 Bk~ DT, B RIA D EH
OIS I N~ T, RN 22 A L, IEReREE 2 A L <fF
VOHEEZEARIE 5 L, &k kL S OFEZ{RTE27-0121Tb
N, FIRFICNPP KR ZDH 726 L TE2, 43 LD ECBBEIU ASOC D
BERICEF DT I b o, TN, KEHICL 3 HES L OAKITK -
TAEIIC NPP oinnnEbN T X 7225 TH % (Haberl et al., 2014),

Adoption of improved agronomic practices results in relative annual SOC
increases that are often in excess of 0.4% in tropical grasslands (Assad et al., 2013)
and in temperate and tropical cropping systems (Stockmann et al., 2013). A
synthesis of internationally distributed long-term field crop trials (Minasny et al.,
2017) has recently confirmed this finding and has shown that the relative growth
rate of SOC stocks is usually higher when starting from degraded soils (1.5% per
year, on average, for an initial SOC stock of 20 tC-ha™!) than from C rich soils
(0.4% per year for an initial SOC stock of 80 tC-ha™1).

WEIN-EEYRATEZ LIk o T, BvdiroEH(Assad et al., 2013) B X
kB X OB D 335K % (Stockmann et al., 2013) iIC B W T, HIEFHEY) K % D
FERY 722 FE R OGN E I LIX LIE 0.4% A Eic kAT, R CiTbNT& /2
RIABIGEYRE RO R 2 G52 & LEAEY O 72 BEA0EE 13,
HL 72 HEH HIqo 7256075 WIHO HIEERERRITEED 20 (C-ha™!
DHIFTIZFE L TIHEE 1L5%KFEHEMN) . RRICEAZLED» D180 756
LV REWZ L2 RINE (WA AR EEES 80 tCha™! o 14
TP L TSR 0.4% KR 038 M)

Agricultural practices which can be used to store additional SOC include crop
species and varieties with greater root mass and with deeper roots, use of N-fixing
legumes in N-deprived soils, use of cover crops during fallow periods, use of crop

rotations providing greater C inputs, increased residue retention and addition of



amendments such as compost and biochar (Paustian et al., 2016).

L ICHEAERFOMNM A CT OICHWE LA TEZRETRAE LT
L BOBEZP LV L EYED 2 IidEZFEE T2 2 L ERBRZ L8
ICBWTERBE~ ARV 285532 2 &, IR ICHBIEY 2 3553 2
L RFROBAED LV KREL 22 X0 hlmFRRZ2EHAT 5 C & (FYKRE
LEgEPICERH I 2, 2 LTHIIEREYIK D XS A 2 iS5 C
L7 823G 5 (Paustian et al., 2016),

These practices may reduce organic C losses (e.g. by reducing fires, overgrazing,
harvests of timber and soil erosion), or increase organic C returns to the soil (crop
residues, manures) and, moreover, change the balance between photosynthesis
and ecosystem respiration. The latter can be achieved by increasing crop
photosynthesis (e.g. through cover crops, intercropping, agroforestry) and by

minimizing soil disturbance (e.g. conservation agriculture, CA).

NS DITENZ AR FE DK 2D X & (Bl 2 13K, @k, Ao kg,
THEEARMIVETEL L ICL50), Bz ~oARREZEDORE (fF
VIR R R EHIR) #WMAR I, T 50, AR EEERICX B0 E DR DIY
KERE T D, BEIEYIC L AR ER S (2 I9EEY. RHE.
T77a74 LAY —IilkoT), FEoHEALERE/NCTEZ LIk oT (fHlz
IFIRAI . CA) ERKING,

Large gains in crop carbon balance can also be obtained through improved crop
cultivars, use of N-fixing legumes and of organic and inorganic fertilizers, thereby
enhancing the amounts of crop residues returning to the soil. Improved water
management is also a strong driver of primary productivity and can complement
the aforementioned practices. The use of cover crops increased SOC stock on

average by 0.32 tC ha~'-y ! over 50 years (Poeplau and Don, 2015).
&

BRI NZEYREZ WS 2 Lo, BEREE ARMEY S LCAKES LU
EREOIH 22 2 itk > TEYORFRILZ RE SR 2 2L



TE, XN > THEPIOR I N (FYRED B Z LS 2 L8 TE 5, KE
HFEOWE S —REEHRKO-DDB N 8tk 20, LhofThZzii> &
BTE D, WEEMOMMICX Y, 50 FFOHAMICH 7z o TH 0.32 tC ha ! D
THEHR FEOTEE Z 3 & & T % 7z (Poeplau and Don, 2015),

With grasslands, seeding highly productive C4 grasses (e.g. Brachiaria sp.) and
applying N and P fertilizers under tropical conditions in Brazil provides high rates

of soil C sequestration, especially when restoring degraded pastures (Assad et al.,
2013; Braz et al., 2013).

BEHLCBHL CTiE. 77 VNV OBMESE T I B W T, EEEO R CoE O R & i
% (f5] 21X Brachiaria sp.), EHB LY VBIEEIZEH T2 2 Lick > T, %
R HBRBEORHEZIT ) 2B TE, FICHL L 2B 2 RIE S E 5 0Ic
B3 TH o 7= (Assad et al., 2013; Braz et al., 2013),

A literature review of SOC storage in Sub-Saharan Africa showed that 79 and 63%
of the observations in the published studies had relative rates that were larger than

0.4% per year in agroforestry and CA respectively (Corbeels et al. (in prep.)).

FANTWEIUEOT 7 ) hick i) 2 TIEERREZDITEICEET 2 HkEZ L v a
—L7ze A, NI oBHIBDO >, T/7a 7L AU =D 79%
B X URENEZECA) D 63% THNM R HIEH R E O MEIL 0.4%LL ET
Ho T,

3.3. Co-benefits for food security and climate change adaptation
BROR e L SRREB~DEIGIC & > TOMHFERR

Practices that sequester SOC also tend to improve food security and climate
change adaptation. With increasing SOC, co-benefits for yields (ca. 0.07 ton (t)
of dry matter/t SOC sequestration) could be obtained each year under tropical
conditions (Lal, 2006). Improving SOC stock by one ton C per hectare would have

the potential to increase grain production in developing countries by 24-40



million t-y~! (Lal, 2006).

THEAIRR LR 21T R I FRRICER oL 2 & SUELB OEFHICEH#NT %
fHRA2 D 5, TEAERFEOMNNIC X o T, BVEFLH T CHELEEHKET b
vORREECH LT X Z 0.07 F v OiZPINED KL WO HEMNREEL L
23C % 7z(Lal, 2006), HBEAEWRKFEOIEELZ 1 ~7 X —LdH720 1 + VN
B2 LIk FREER EETOREYDOIUE % EE 2400 /7 F 205 4000 J7 b
vIEINC & 2 A[REME A B % (Lal, 2006),

Hijbeek et al. (2017) when looking for a similar effect across a wide range of crops
in Europe, found that the mean additional yield effect of organic inputs was not
significant but a significant effect for root and tuber crops, spring sown cereals,
and for crops for very sandy soils or wet climates. They also reported a significant

correlation between increase in attainable yields and increase in SOM content.

Hijbeeketal. (2017) 1%, =2 —u v XD JAHFADIEY CRIER RS R %2 BET 720> T\
HHM OB ADIEICE X T N A R IIEETII R d o 7245, RS
FH, BHiEZ o, IEF ICE o 138 0l 7 5UE CREE S LA EPITR L <
BEERMBIED bz, 700 EKARERINEEM E HEERYEE
OHMORICHE MBS H 5 2 & 2 L 72,

In the literature review presented here, we compiled 32 published studies from
developing countries reporting both changes in grain yields and in top-soil SOC
stocks, 4 years or more after changes in management practices (see Materials and

Methods section and Supplementary material).

TZTHIN LD L v a—Tld, FA7%z b I3FFE EED 6 D 32 0T 1
Mz BT 27z, Z2OFCREAGEMOTEZZI¢EH4EE 2132
N Efic, BYolNE L RETEOERRZOZLBELL ORI L %
WwMEL s (HRs X U0hE] BLoHpERzSHo L),

The corresponding field experiment data with corn, rice, wheat and beans show



considerable scatter in the effects of improved agricultural practices, with some
studies reporting large annual increases in crop productivity (up to +40%) and in
topsoil SOC stocks (up to +8%) (Fig. 1). Despite this scatter, grain crop yield
increases are significantly (P < 0.012) and positively correlated with the relative
change in SOC stock. On average, across these studies in Africa, Asia and Latin
America, a 1.3% annual increase in crop grain yields was associated with a 0.4%
annual increase in SOC stock (Fig. 1). This positive correlation confirms that
there are win-win strategies combining SOC sequestration and increasing crop

yields in developing countries.

FyER Y R NE, B EoBE L 2BGHERT — 213, BEFELGED
BRI RO ANTYFERL T, WL DD CIRBEDIFEYDOINE
(+40%1C3E F %) B L URE L o AR R OITEER (+8%I10E T 2 ) 3%
LAWRLCW/z(Fig. 1), 2L BTV XIchBEbL T, BRIEMOINE
DO LA R BIRE O N2 L HE R (P < 0.012) IEOMHEI %R~
Lzo ‘FHEAMWIC, T7 V0, TYVT, 77T AV ATITONLIZI D Df5E %
LT, REEARYITE E A ER 0.4%IE KT 5 L BYONEIT 1 FMIC 1.3%
¥l 7z (Fig. 1o ZOIEDMHBE2 &, FIEE EE I LAWK E O R & (F
Y D BEhN % 5 Vo 1F 3 Win-win OFRRE AR 7.5 2 & 2 ERTE 3,

When including a positive effect of soil C mitigation on crop yields (based on Lal,
2006, who assumed a lower yield enhancement than the regression shown in Fig.
1), it was found in the global modeling study of Frank et al. (2017) that the average
calorie deficit in developing countries, under 2 ° C and 1.5 ° C global warming
constraints, could be reduced below 100 kCal per capita and per day (ca. 4% of
daily dietary energy availability).

TEP DI T S 2 TIREHEEMOIEDR R G D 5 & (K 11K L 2 RIRE
& D b IR DR R 2D 7 & AL 72 Lal, 2006 OS2I X 411F) . Frank
et al. (2017) DHERAIEE CDE T AALIIEIC B T, 2°CH XU 1.5 CicHiBkiR
AL ZHIRT 2 2 Lic ko T, BERLEEICHT 2 FEONRAInY) =z A
H1IATH%72Y9 100 kCal AT IO ST Z A TELZZ L onLhoT



(ZNIFTHYZ 0 ICHHATCEA3BHOIANLFTF —DH 4%ITHY T 3),

Hence, SOC sequestration would have large co-benefits for food security
compared to land-based mitigation policies not including SOC sequestration,
since these land-based mitigation policies involve a rise in food prices (due e.g. to
pressure on arable land) with calorie availability losses exceeding 300 kCal per
capita per day in developing countries under the 1.5 ° C target (Frank et al,,
2017).

it o<, HIEAERY ORI, TEERY oML &0 v TN R 2 E R
MBER L T, BROZERICL s TRELBHFEMRZFOTH A5, R b
oo N EE 2 & RABCR R Rl o migs Raazncsh (Bilx
EH~DENREE H ik ), 1.5° C EIER{CIMGEIHED T oXEERE
Elics W T AT 1T A1 HY729 300 kCal BLED A v ) —#EER[REME 2 S 3
% (Frank et al., 2017),

In addition, SOC sequestration helps reduce climate induced yield variability (Pan
et al., 2009) by improving water availability to plants through SOM mediated
improvements in soil structure, water infiltration and water holding capacity,
thereby reducing risks of soil-related droughts as well as flooding since infiltration
reduces peak flows (Herrick et al., 2013). Increased SOC content also leads to

improved soil biological properties (Guimaries et al., 2013).

ThTA T, HIEAEEREOREE L, JEIC X o Th 726 TN INELH)(Pan
et al., 2009) 2D X 3720 I &L D, TN HEEEYIO@ X Ic X > Tt
HefEd, Bk, K OMRFFREDSSGE S L5 T LI X o THEIC R 3~ 2 K DB RN
PAREI N, IHICZD T LIC X o T, HEICEE L 72 THE otk 3md 3
el ilc, BAKEDOHERICK > T — 27RO ENHA T % (Herrick et al.,
2013) -0 kDGt b P T2z ick3b 0 Th B, HIEAHKEERED
BT ¥ 72 3o AR b & 3 % (Guimaries et al., 2013),



Moreover, restoring degraded forests and expanding tree cover in agricultural
landscapes could reduce the local magnitude of heat waves and induce benefits for
the hydrological cycle and for the micro-climate (Ellison et al., 2017). Thus,
restoring degraded soils and expanding agroforestry have large potential for
climate change adaptation of agriculture, for yield increases and for the
development of resilient production systems, especially under tropical conditions
(Branca et al., 2013; Lipper et al., 2014). Therefore, the adoption of land
management practices supporting SOC sequestration could be enhanced in
developing countries by the need for rapid climate change adaptation, rather than

by greenhouse gas mitigation concerns.

oI, I NHFMR AR S &, BitRBlIcs W IBARBEE 2RO 52 L
V. BN D MUY 7R R 2 A X B OKOCER TR BB & R IR iR b 2 6 F
(Ellison etal., 2017), it > T, HfLL7=1HE2EEL, 7277+ 2+ Y —%
AR 2 2 &, BRIEAB)ICH 3 2 REOHEIG, INEDME K, BIEN DS 2 4HRE
VAT LDOFERICE o T, FRCEEETICE W TR E gtk o T 3
(Branca et al., 2013; Lipper et al., 2014), fit o T, HEREIRAL 2 DI 3
ZEALE Y S, BAEASIELEN N T 2850 LE 2 b, FEREEICE W
T, TEERIREDOEREZ A AN FHIEEE O % 2 X & 5 LB H
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Fig. 1. Relative annual changes in crop productivity and in soil organic
carbon stock (over 0-20 cm) (%) after changes in land management
improving soil carbon. The results correspond to a meta-analysis of 32
papers, reporting 151 relevant comparisons of location, practice, and crops
over 4 years or more. Crop species: B, beans; C, cassava; M, maize; P,
sweet potatoes; R, rice; S, soybean; s, sorghum; W, wheat. Field
experiment regions: Africa (Black); Asia (Green); Latin America (Blue).
The solid line is the Standard Major Axis regression for all data points (n =
151, Spearman’s rank correlation: y = 0.495 + 3.21 x; r = 0.205, P <
0.012). See references and information in Supplementary material. (For
interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

1. FHIE TR A2 UGE L2 R 0 1 2472 0 oEY o A & HiEE
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IR TOT — I3 2EETHRREMRCTH 5 (n = 151,
Spearman’s rank correlation: y = 0.495 + 3.21 x; r = 0.205, P < 0.012). #ii
FEERIh O SCHk & 1B 2 S84 % 2 &, (For interpretation of the
references to colour in this figure legend, the reader is referred to the web

version of this article.)
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3.4. To which extent could the 4 per 1000 target contribute to atmospheric
carbon stabilization?
1000 77D 4 &\ 5 HFRIZRSAH D EGR DO f@iiEic & OREHBATE 52> ?

In the current state of the global carbon cycle (Fig. 2A), approximately half of the
anthropogenic emissions of CO,-C are compensated by the land and ocean carbon
sinks. Therefore, if it was at all possible to enhance within a few years the land
carbon sink by fully harnessing the total technical potential of SOC sequestration
across all land use types (3.4 GtC-y™!) (see Section 3.1) and by halting
net deforestation (0.9 GtC-y~!), the atmospheric growth of CO;
(4.3 GtC-y™') would be stopped. This is only a thought experiment however,

since:

FE D BB 0 R IB B DIRAE I 51T (R 2A4), A7 CO,-C ok
D5 HbDELZFEFELE X OCHFEOREITEEIC L > TRYVAETNA TR 5,
it > T, 2T oL HAIFHEEIIC 313 2 H3H BYIIRHEO BT ATHENE (3.4 GiCey
DNEIZMENT B LI K o THEED 5 bIC BT (RiES 5 2 & ASAlhE
ThHNE (27> a v 3121, F2IEROFHIIE0.9GtCy 1) ZEITNn
IE. KA D COBEDHK (4.3 GtCy™Y) ik 3 Z L I3A[EELE >7=TH S
5o LaL, THIZEEFBICGBE R\, 57D,

[t may take decades to fully implement the SOC sequestration technical
potential and this would also require high CO, prices, since the economic
potential of SOC sequestration in agriculture is substantially lower than the

technical potential even for carbon prices up to 100 USD per ton CO- (see Section
3.5)

TEHEY) O EEEO BRI RTREME & SERICIER T 5 I3 HF o R A HE T
HY, 2D LITFEmEEL COMiEZNEL T2, ke bREEICEITS T
A YRR ORFN R ATREME X, 1 F v D CO, DR EMiF% A 100USD TH -
722 LChH, ZOHMIATEEL Y 3272 VKW 5 THB (seeSection3.5) o



In 2030, with full implementation of the conditional NDCs from the Paris
agreement, anthropogenic emissions from fossil fuels and cements should reach
10.9 GtC (+22% compared to current, Fawcett et al., 2015), with an additional
0.76 GtC emitted by net land use change (—25% compared to current, Grassi et
al., 2017). Although, close to half of these emissions would still be compensated
by the net ocean and land sinks, assuming that their sink efficiency will not decline
(Fig. 2B), it would take a much stronger land carbon sink enhancement to

compensate for the atmospheric CO, growth.

2030 FEI1Ti3, ) ARICE O KM NDC 2852 iE R s hiz e LTh, fb
FRELB X N 2 v b0 AAKPEH T 109 GtC 122 L (Fawcett et al.,
2015 i XA, T ATBIAE & H~ T 2296080) . TEBR RHEFIFEZ LI X 5 T
0.76 GtC 23HEH ¥ 13 (Grassi et al., 2017 1 X LI FLEIC R T 25%
D) b L NS DRFEEHEORMEDSRD L v EKETHIE (K2B), <
NHOPEHBRDFMIE L FIEROHEEL X CFE EITREIC X > TR VAT NS
THAHIHB, RAHFD CO, DM ZFT bl 3 I idfE FoRFEITEZ X 5105 <
R ELLERD D,

To explore the maximum level of land sink enhancement that could be possible
within a few decades, relevant for the NDCs targets, we detail below a scenario
combining the technical potential of SOC sequestration and the contribution of C

storage in above-ground forest biomass (Table 2, Fig. 2C).

NDC @ & Bl LT, C 08HED 5 5 1B FC Rl & BRI Sl 3
BIEE RS B 7w Ic, B b IXLUT TR ST B Dl & Ho LA A
A AU X B RO M AT £ S ¢ 527 ) A RFL BB,

For croplands and grazing lands (excluding bioenergy), the mean global SOC
sequestration technical potential by 2030 was estimated at 1.4 GtC per year
averaged over 0-30 cm (Smith et al., 2008) based on integrated impacts of
changes in agricultural practices over the top 30 cm of the soil profile (reviewed

by Ogle et al., 2005). Unfortunately, the integrated impacts of changes in



agricultural practices have not yet been estimated over depths greater than 30 cm

of the soil profile.

B S X OOt (N4 A A F— %R LT 2030 4 F T
1 7 BB R SR MRRE O B AT PTRE T 1% 0-30 cm DRI THH L C 1447420
IZ 1.4 GtC (Smith etal., 2008) & HEE S 7z, T NI HEEMHE OERE 30cm TfF
b5 RETRDOIACDREN B IS b DTH 5 (Ogle et al., 2005 I
XoTlba—3NTWn3), Bams o HEWO 30cm ML EDEIITHEWT
BEETHDEAREMICKITTHEECOVWTRIZAED bhTuhkny,

This potential is equivalent to a relative annual SOC stock growth rate of 0.6%,
slightly higher than the 4 per 1000 target, when calculated by reference to a global
agricultural SOC stock of 233 GtC, as estimated over 0-30 cm from biome areas
and SOC stocks by depth (see Jobbdgy and Jackson, 2000). The relatively high
technical potential in agricultural soils, compared to other lands uses, is likely to
be related to SOC depletion, since conversion from natural to agricultural
ecosystems has generally resulted in a significant loss of SOC (up to 50%) (Lal,
2010).

BRENA & — LM B L RS T & o HIEHBEKE DO ITE E (see Jobbdgy and
Jackson, 2000) 7> & 0-30cm D X 1T DWW THEE X N2 BRI D i o 13845
PR FITEE 233GtC 22 L CEHR T 5 & T D AlREME MY 70 4 ] 3%
AHEVETEE O HMEIA 0.6%ICHHS L, 1000 704 OHEL D b bFricm
Vo oo R & Fei U C R 8 Ry m BT AT e 2 RAE S o
D3, BB COIIEAKKRRDIBRICL2bDLEZONS, THIZTHA
AERDPOEELEBRZI~OEIRIC I > TR O LEHKRFEDOEL
(50%IC b REGERH S) P51 &R IN729TH 2 (Lal, 2010),

[t includes restoring low water tables organic soils that are now under cultivation,
but barely considers the potential for expanding agroforestry (0.01 GtC-y 1)
and considers only a small potential (0.16 GtC-y ~') for the restoration of

desertified and salinized land. Below, we argue why these two options may in fact



have a higher potential.

COHEEMICIIBE R E LR IR Tw 2N ORWERE LIERE
INTVER, 77074 LAY —=%ILKT 22 &L(0.01 GtCry DICDWTiE
REAEEZTELT, F-WEAL 2 X U0EHELL 2zt EE I oW T
IR VEES(0.16 GtCy D) L AEE L Twinly, I T, FAZzH 3z h b
D2 ODFEREVEELD > E/VEENZ D o TV B 2ICD W THERT b,

Recently, it was shown that 43% of global agricultural land has at least 10% tree
cover and that the tree cover has increased by 2% over the last 10 years, resulting
in additional annual C storage of at least 0.2 GtC-y - ' (Zomer et al., 2016).
Given the large amount of agricultural land potentially suitable for increasing tree
cover density, agroforestry or additional tree planting in agricultural areas has a
potential to sequester C while simultaneously enhancing food security (Lorenz
and Lal, 2014; Lipper et al., 2014). Agroforestry is currently developed over
roughly 820 million ha (Mha) of agricultural land, that is 20 and 15% of global
croplands and grasslands, respectively, not including 200 Mha of forests managed
as agro-forests (Nair et al., 2009). In the scenario proposed in Table 2, we assume
its expansion over an additional 320 Mha of agricultural land (6% of global

agricultural land).

B, HBR B0 BHD 43% 13472 & b 10%DHEESBARATEDODLTE D, &
D 10 FEM DRI EIARIC X 2 BERIZ 2%8 K L, BN R ER O REITEE O
EmixA i &b 0.2GtCy ! IZEL 72 (Zomeretal., 2016), BIARIC X 2 #E%E
FEERERIELIGHL RN CHE TG AN ADIE, T/ 7+
LAMY =& 20 IdEMA~D X 574 2 BIROHEMRIZRE % RHET 2 L RIFCE
o &% M3 2 nEME % F > T\» % (Lorenz and Lal, 2014; Lipper et al.,
2014), 77073 LAY —3RESE2 T~ 2 — VORI CHFE I T
B, THIFEHHD 20%, B 15%ICHL L, chicld77e 7L R b
ELTEHINTWE 2B~ Z—LOHFEMRITEEIN TR, K2ITHREL
2o FI)ATIR, THIC3E2TH~Z 2 —L 0 Bk LoD 6%) I
T7u 74 L AMY) =Y RTBHILEZBEL TS,



Restoration of salt-affected lands and desertification control could add 0.5-1.4
GtC-y~! (Lal, 2010). The Land Degradation Neutrality Fund Global Mechanism
of the United Nations Convention to Combat Desertification (UNCCD) targets
in the next 20 years the rehabilitation of 300 Mha of this land use type, which
would create a carbon sink of 0.27 GtC-y~! (UNCCD Global Mechanism, 2017).
Consistently with the 4 per 1000 target, we assume here that accelerated land

rehabilitation could take place and use a potential SOC sequestration value of 0.9
GtC-y ! with this option (Table 2).

B L 7- T o EE B L OWELofikic X 0 0.5-1.4 GiC-y ! o T EBERFEIR
FOREEEEZ D 72532 &% %(Lal, 2010), The Land Degradation Neutrality
Fund Global Mechanism of the United Nations Convention to Combat
Desertification (UNCCD) 34 20 fEffJicz o Xk 5 Tt BEE % 3 {E~7 &
—NIChoTIT) e HHEE LT3, ZRICED 0.27GtCy ! DIRFER
fREEd % 2 L 23T &% % (UNCCD Global Mechanism, 2017), 1000 23r® 4 HiZ &
#BAHELT, LHoBESIES N, ZOFERFICX > T0.9GCy ' D L-EEH
RN A TR I 72 5 & T b I L T B

Two additional options for SOC sequestration in the agriculture sector have been
recently highlighted by Paustian et al. (2016): biochar and the use of deep rooted
crops, through enhanced plant phenotypes. Both options could be used on large
agricultural land areas (above 1000 Mha) and could bring a total of
0.76 GtC-y = ' of potential SOC sequestration (Paustian et al., 2016).
Nevertheless, these novel options may not be mature enough for reaching full
potential within a few decades and are thus considered here (Table 2) at half their

potential value.

BESTHICEIT 220030 74% 5 HEARKZBREEESREMYEZ BV
(Paustianetal,, 2016), $hbb A4 Fr—BLUN7 /247 (EHY) %
KRS NZFEREDCIEYTH 2, b OFINIZA VMR (10 (£~ 27
— b)) CTERETZENTE, 2T 0.76 GtCy ! o HIEHBEIK R ORREE



H725F 2 A TE S (Paustianetal., 2016), L22L7ZR25 N5 DH L g
R OBAFD S biclTZzOrRElZ 7 VICRIETZ 213 EITIIRAL &
WETFHIENE 720, TOMRLTIIE2ICRLZX I ICZDAREH: D5 DK
fEZEHL T3,

Biochar is charcoal produced through pyrolysis under controlled temperature and
low oxygen environment, and generally characterized by a fine texture, which
could mineralize 10-100 times more slowly than uncharred biomass, though these
estimates are still debated (Schmidt et al., 2011; Lutfalla et al., 2017). However,
reductions in crop yields have been reported in some instances after biochar

addition, and long-term effects on soil fertility are largely unknown.

NAFF v —IFEMINTZRED D & TRERESMT TCORGFIC X - CHlE
INTRTH Y —fRICZ DMl ik z R RIL L T wiadfk L ik s
%L 10-100 fFELS I Nnd, EZLINODHEREEEwRINTN S
(Schmidt et al., 2011; Lutfalla et al., 2017). L 2L, W 20D T A FF %
— DI X 0 EMIE DA L 72l b S v Cwv b, REIEKEICH T 5
IR D £ 72 RATH 5,

Additionally, compared with un-amended soils, gaseous emissions from biochar-
amended soils have been reported for methane and nitrous oxide (Mukherjee and
Lal, 2014). Net life-cycle emissions largely depend on whether the biomass used
for biochar would have otherwise been burnt, added to a landfill or left in place as

living biomass (DeLonge et al., 2013).

oI, IERIMEEL kT NA A F v =2 RN L 2B T A X v X OHEE
fbELER o H AP 2 7- 2 & b & X LT v % (Mukherjee and Lal,
2014), IEED 74 794 7 v COPHEIZ, N A F v —DEFEICER S -
NAF AP, NAFF ¥ = INEBD o2 GEIEREI N T, HDH W0
T BRI N, BEVIIEZ AN AR E L TIRDBICEI N
=i EOLE L ORICIKET 5,



Breeding for deep-rooted crops may also pose significant challenges. The rise in
crop harvest index obtained from selecting plants with decreased allocation to
roots and higher allocation to grain, is considered as one of the main levers of the
sustained increase in cereal crop yields over the last decades. In modern cereal
crop varieties, approximately half of the total plant biomass is harvested as grains,

whereas with old varieties only one third of biomass contributes to grain yields
(Sinclair, 1998).

FREOEYOERIZE L WHERZEZ 2 TH 5 5, (FYOIETEIE DK
IR~ DO DI Z D LR ~D Bl A B L7z % R &I X o TEK X
NTECTHY, BEHAFEORBAIEEY OINE Z Rt i I ¢ 37200
FELFROVLDEEZLNTE 72, BN ZEMEICE T, Y4 +
~ ZADKERDBALE L CPHES N T W B A, R TIRAN, F~2D 345
D1 LR OPNEICERL T,

Therefore, partitioning more dry-matter to deep roots could reduce yields and
crop nutrients uptake if rooting density is reduced in the top soil. However, going
for more deep-rooted crops would have the advantage of a better resistance to
drought stress and should not be ignored as an option. Breeding for deep roots is

a current objective for several important crops, e.g. cotton (Lacape et al., 2016).

o TLRWIRICHZMI A X D S pfdE® 5 Z &id,  LEBLFOROEER
WY T NEY OGS X EMES OWINEZ D> €5 2 i b, L L,
X0 FBUOEMZEIRT 52 Lic k), WX b L RITHd 2 IKPTPEL S <
5 EVHHERD Y, O DODFERL L L TR I TIT RS v, il 2135
FED XS 22 OEELREYIC L > TEBMO MO E A BRAERE L
2T % (Lacape et al., 2016),

44% of the C stock of world’s forests is ascribed to soils (Pan et al., 2011) and, on
average, one-third of the photosynthetic C is estimated to be partitioned below-

ground in forests (Campioli et al., 2015).



Houghton et al. (2015) have underlined that secondary forest regrowth in the
tropics could play a large role in stabilizing atmospheric CO,. These authors
estimate that carbon is currently accumulating in secondary forests recovering

from harvests and from past slash and burn agriculture at rates as high as
3 GtCy L.

RO DR BT E D 44% X HIEPICHEE L TH Y (Pan et al., 2011), F
BLTHAERINAZREZD 3D 1 IZHFEMOM TEHICHE X LT w3
(Campioli et al., 2015), Houghton et al. (2015) 3#\FIC B 52 KR D FE
FEREAFD CO, 2 LENT 29 A TRERKEZD > Twd 2 & aifil 72,
T D DEFEH TR PR OB R EH 2 o IH & 17z R CHIEE R L
TWEKFDERIT3IGCy T RS EHEL T 5,

If C emissions associated to harvests and re-clearing of fallows were stopped, this
accumulation rate could last for decades. The restoration of degraded tropical
forests is supported by the Bonn Challenge (The Bonn Challenge, 2017), which
has a global goal to restore 150 Mha of deforested and degraded land by 2020,
consistent with the 161.6 Mha of COP21 NDC pledges on reforestation,
afforestation and restoration of forests. However, to avoid possible double
counting with the current land C sink (3.0 GtC-y ~!), we use a net
accumulation rate of 1.5 GtC.y~! for the restoration of degraded

forests, with one third of the C being partitioned below-ground (Table 2).

D LARMEER S R o BRI X 282 1E® 27 613, C ORFREFEE
BT IO o THRfE S %, IE I N2 BE R D E18 13 Bonn Challenge
(2017) TxZfFaE iz, COFHTIR 1B TH~7 2 — L OFHFMEE X -+
LAt Lz tHz 2020 FFEClIciBEI 2 2 L 2RELTH Y, COP21
NDC HIEic 513 3 1156 T/H~27 2 — A OEMEK, ks X 5L L 7= Hko
BEEEE —H LT3, Lo LAants, BIEDRE o R EEEHE (3.0 GtCy
NEDEMEAY VL EBTE 0, b RHLL EFKROBEICH L TiZ
R#BD 3 55D 1 FEIC L E D & A L CTIEMRORFEEE & LT 1.5
GtCy ' 27 (F2),



A potential of 1 GtC.y~! for net sequestration of C through
afforestation, reforestation, forest restoration and improved forest management
was estimated by Nabuurs et al. (2007). Reforestation comes with large land
requirements (Houghton et al., 2015; Smith et al., 2013) and with risks of
displacing agricultural production, thereby inducing de- forestation. Afforestation,
especially at high latitude, would change albedo, weakening the cooling effect of
increased carbon stocks (Smith et al., 2016). Values considered in the scenario
(Table 2) assume a re- forestation (on 280 Mha) which is in the upper range of
afforested areas used in bioenergy scenarios by 2050 fora2° C scenario (Popp
et al., 2017) and would take place on previously forested degraded pastures or

marginal lands and not at high latitude.

AR, FRER, BMEE. 3 L OHEMEHIEOWEIC X > CTIERDO R FERE#EE S L
T 1 GtC-y ' @ a[fgME 2% Nabuurs et al. (2007)I1IC X > CTR&ED b7z, FEMI
JEK7e % 3 L L (Houghton et al., 2015; Smith et al., 2013), EEAEFE L&
X E o THRMBIEZFE T2 ) X 7035 5, FrICEEEHT COERIE T
NME FZ2ZbE e, RETBEEOHMRICLI2WHAMRZ0 2 E LD 5
(Smithetal., 2016), > F VA (F2) TEEL-fEZ. 2°C>FVADEDHD
2050 FFE TONA F T ANV F —F VA THA S B @R LRI co
FHEFR (280 Mha 1IC X 5) 2 RE L TH 0, MATICHER S b L 2245 & %
WIFIRF Y 2 i CiTh N, iU T D F I AEE L TR,

Therefore, this technical potential scenario suggests that the land carbon sink
could be enhanced by up to 6.1 GtC.y'!, of which 60% could take
place as SOC sequestration (Table 2). With this enhancement, the net land C sink
would in theory reach 8.3 GtC-y !, thereby compensating, together with the ocean
sink, the atmospheric growth of CO; after 2030 or 2040. This optimistic scenario,
which combines forests (Houghton et al., 2015; Nabuurs et al., 2007) and soil (Lal,
2010; Smith et al., 2013) carbon sequestration technical potentials, would
therefore allow for an early offsetting of anthropogenic CO. emissions (Table 2
and Fig. 2).



o T, T OFMAIATEEIED & F ) F i3 L D R BEEOEE 13 6.1 GtC-y ' £C
WP+ eRTE, 20550 60% HIEEHKEZEDORENE L L CEEHT 3 LR
RELTWw? (F2), ZoMc Xy, EROEEToREITEKIZERTIC 8.3
GtCy MTE L, ZNIC X o THEDOIFEE L & 12, 2030 EH 2 13 2040 4
DD KRG D CO, DA THbHT BN TES (F2HXUN2), 203
B 7> F U Ak, FR(Houghton et al., 2015; Nabuurs et al., 2007) 3 X 58
(Lal, 2010; Smith et al., 2013) D R ElFHEIC BT 2 A[EEEAFEAE L2 DTH D |
N7 COHEH %2 X 0 BV ICHT B3 2 & 23 ¢ & % (Table 2 and Fig. 2),

This scenario is, however, at the limits of global technical potential and should be
considered as implausible when considering adoption constraints and socio-
economic barriers (see Section 3.5). Nevertheless, it shows that the full technical
potential of the 4 per 1000 target for soils requires considering forestry and
agroforestry options which add a large above-ground C storage component and
can contribute later in the century to bioenergy production. It also reinforces the
conclusion that the restoration of the biosphere should happen in concert with the

phasing out of fossil fuels to avoid hazardous climate change.

LALARSZDyF ) FIZHERIEBEO M REEDRFICH 2 DTH Y,
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Fig. 2. The global carbon cycle in 2011 (A) and in 2030—2040 without (B) or with
(C) an enhanced land carbon sink. The enhanced land carbon sink scenario
explores the full technical potential of soil carbon sequestration (3.7 GtC-y™,
following the aspirational 4 per 1000 target) and carbon storage in aboveground
biomass (2.4 GtC-y~!, forestry, agroforestry and restoration of secondary
tropical forests), in addition to the current land carbon sink (3.0 GtC-y™,
assumed to be constant over 2015—2040). Fossil fuel and cement emissions

follow the Paris agreement pledges for 2030 (Fawcett et al., 2015). The land use



change emissions are estimated at 0.75 GtC-y™!' (Grassi et al., 2017). The ocean
carbon sink was assumed to be constant over 2011-2040. Modified after Le

Quéré et al. (2015).
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Table 2
A scenario with full implementation of the global aspirational 4 per 1000 target
and its effects on the land and soil carbon sinks. The 4 per 1000 target refers

here to a +0.4% annual growth rate in SOC stock over a reference soil depth of
0-40 cm.

K2 HIERBIEID 1000 73D 4 k%2 7 VICETT Ly F VA & 2 hdifE ks
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Table 2
A scenario with full impl ion of the global aspirational 4 per 1000 target and its effects on the land and soil carbon sinks. The 4 per 1000 target refers here to a +0.4% annual
growth rate in SOC stock over a reference soil depth of 0-40 cm.
A. Baseline atmaspheric carbon balance following conditional NDCs GtCy ! Literature source Comments
Emissions from fossil fuels and cement 109 Fawcett et al. (2015)
Land carbon sink -3.0 Le Quéré etal. (2015) Assumed to be constant until the 2030’
Ocean carbon sink -2.6 Le Quéré etal. (2015)
Emissions from net land use change (tropical deforestation) 0.76 Grassi et al. (2017) Terrestrial carbon (CO2) source
B. Land carbon storage scenario Biomass SOC  Literature source Comments Literature range
GtC-y ! G-y !
Agriculture (croplands, 0.0 =14 Smith etal. (2008); Lal (2010); Changes in agri ices (excludi ion of -18-1.4
grasslands) Paustian et al. (2016) d ded lands and agr Ty, see below)
Biochar 0.0 =03 Paustian etal. (2016) -049
Enhanced root phenotypes (deep 0.0 —=0.2 Paustian etal. (2016) -027
roots)
Agrofarestry -06 -02 IPCC (2000); Nair et al. (2009) Agrofarestry over 320 Mha -10 -02
Salinized and desertified land 0.0 =07 Lal(2010) Restoration of degraded lands -14 -05
Secondary forest regrowth -10 =05 Houghton et al. (2015) Redudng emissions from harvests and re-dearing of fallows in =30
secondary tropical forests
Reforestation -08 =04 Smith etal. (2016); Houghton et al.  Reforestation over 280 Mha of degraded pastures and marginal -12 -1.0
(2015) lands, mainly in tropical regions
Additional land carbon sink -24 -37
Total additional land carbon sink 6.1
Net land carbon sink (GIC'y ')  —83

Net atmospheric flux (GtC-y~ ') 0.0
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SAAT 0.0 -0.3 -0.49
FARMEAEY) 0.0 -0.2 -0.27
Zg\‘i gf—_ -0.6 -0.2 -1.0 ~ -0.2 | Agroforestry over 320 Mha
ObEAL L 0.0 -0.7 -1.4 ~ -0.5 | Restoration of degraded lands
7o b
. Reduci 1ss1 f; h t
Nl 1.0 0.5 3.0 and  recclearing of fallows in
secondary tropical forests
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lands, mainly in tropical regions
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3.5. Permanence of SOC, adoption constraints and socio-economic barriers

3.5, TIEHRRFEOKGE. FAICH 2 o TOflF. thafEnES

One of the questions which remains after having estimated the technical
potential from the available literature relates to the permanence of SOC stocks,
and to the feasibility of implementing the global 4 per 1000 target in a relatively

short time and in contrasted social and economic environments.

HIF AT RE 70 SCHR 2> D BV AT RETE 2 HEE L 72 & & TR B BERIo v & D & LTt
BRI RATEUE D KB DRE & | Bk~ 1T 72 2 1B X ORFIIERE O
T C R I HEBR ML D 100057 D 4 Bl 2 32173 5 & & o Ffiti nl e 23
H5,

As shown by radiocarbon studies, the mean age of SOC is of several millennia
(3100 %= 1800 years over 1 m depth, He et al., 2016). Most of the SOC turns
over relatively slowly, within decades and centuries (at least). Nevertheless,
some SOC turns over more quickly, on time scales ranging from days to decades.
This more labile SOC feeds the SOC that turns over more slowly, and is
influenced by soil management practices, since it predominantly originates from

plant litter and root exudates, and from animal and microbial residues (Dignac
etal., 2017).

R FBEEICL 2R ICL > TRINT VD L) ic, HEAERKFE DT
FRIZBETFEDOA— X — (Heetal, 20161 X NITHE I mL ToOEX Tl
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L. RENICE ST 2 8803 HFE» o BEFOHFcHE (DhiLd) . L
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R b, BRI LT EARR R IIEYRECRO 7MY, B X TEY)
AV OTERLICHE T % 2> 5 TH 5 (Dignac et al., 2017),



The extra soil C accumulating is partly in unprotected forms (i.e. labile pool)
and the size of this pool cannot be maintained without continuous supply of
organic matter to the soil. Moreover, the amount of C that can be stabilized in a
given soil layer (i.e. slow pool) is often viewed as limited by a saturation
potential of clays and silt (Feng et al., 2013; Powlson et al., 2014; Six et al.,
2002).

Z oMo HERFO I IIREINTWARWEEDLDRH Y (FThbbE)
72 BPEkEE) |« Z e 13 3B IGEB I IS AR 2 S L v S HERE T C
LiITERV, ¥HiIC, hrrEEMOPTRENINIREOR (ThbD
BCIEE) 3, LIELISH s X 0o b ofaMEENIc X - CHIRE 3 &
A7 TN T % (Feng et al., 2013; Powlson et al., 2014; Six et al., 2002),

Nevertheless, below-ground C stocks are less vulnerable to disturbances than the
above-ground C and, compared to afforestation, their enhancement can be
achieved without large land requirements. However, reaping the climate benefits
of SOC sequestration requires an understanding that: i) SOC will increase only
over a finite period, up to the point when a new SOC steady-state is approached
(Sommer and Bossio, 2014), ii) the additional SOC stock will need to be
monitored and preserved by adapting land management practices to climate

change.

Lo Lo, Mo RBITEE I B ORE L X CTHELOFE L Z T
I, ZLTEREEERZ L, 200 O¥EGRIZIA R L2 B & &30
JRTE %, L2 L R R ORI QI MIT T Z FICANS DI
U TORZFET 2 0EED 5, 1) HEAKRRKEIXS 2 GRAMME, T4hb
B, BEABRKREIH L WERIREBICEEST 2 £ TOWMZ T La®EMmL 2w
Z & (Sommer and Bossio, 2014), ii) 801 X L7 FIEEER Z O IFEE X, A

RAZBNCON G U 728G 72 THUE BT R I X > TR I WVRESI NI LER D
%o

In agricultural lands, the temporal dynamics of SOC stock changes will be



constrained by the adoption rate and by the long-term maintenance of improved
land management practices. Practical limitations are, in part, reflected by
economic potential calculations. For example, according to mitigation marginal
abatement cost curves, 47, 65 and 86% of the technical potential for SOC
sequestration in agricultural (croplands and grasslands) soils would be reached
at costs of 20, 50 and 100 USD per t COs, respectively (Smith et al., 2008).

BB TR, HEEHRREL ORI AR X4 F 17213, XRI Nzt
HEBAT A ORA OME & RIICh 7z 2 ic X » THlE 2T 5, EBRWZA
FIRZ, SR i3, BB RO FHEIC X > TR E N B, Bl 2 1 THEA
o [RFHIRE A ic X aud, Bit (Biths X OoFH) ek 5 BisfikRE
Pt D BT AT BEME D47, 65 3 X 1'86% #° 1t D CO.DAfitg % = 72 .20,

50, 100 USDICEEET 2 S LI L o CGEKT 5 2 & 23 TE % (Smith et al., 2008)

o

At the global scale, if agricultural SOC sequestration options were incentivized,
the cost-effective contribution of the agriculture, forestry and land use
(AFOLU) sector to achieve the goals of the Paris Agreement on Climate,
including N,O and CH, mitigation, is up to 3.1 Gt CO,-C eq-y ! by 2050
(Frank et al., 2017).

HIBRMIEL TS LIRFEIC X 2 TIEARIRRREcHES 2 72 LTI ns b
. B, MEB XA E(AFOLU) 28, N.O XU CH, OfEfM%
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20504 % Tic3.1 Gt CO-Ceqy ! ICIETETH A9,

For croplands, the economic potential could reach 62% of the technical potential
with a price of 100 USD per t CO; (Smith et al., 2008), their scenario being
compatible with keeping global warming below 2 ° C by 2100 (radiative forcing
of 2.6 W-m~2), but not below 1.5 ° C (radiative forcing of 1.9 W-m~2,
compatible with a price of 190 USD per t CO,) (Frank et al., 2017).



BB L ClE, COy 1t H72 Y 0)ﬁ1ﬁ?l‘§%:1OOUSD CERETBLICKY,
TRV T T REVE (X EART Y AT REYE 0 62%123# 9 5 TH A 5 (Smith et al., 2008),
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26 Wm 2)ICfEDZ EBTE B, 1.5° CUTIcT 2 izlfETch 3 (0
7= IFRHIEN 1% 1.9W-m2& L, CO, 1t H7- Y Dffitk %190 USDIC 3%
ETBEILBRMETH D) (Frank et al., 2017),

Therefore, if the CO; price remains below 100 USD per t COy, less than two
thirds of croplands (i.e. 850 Mha assuming a constant total arable land use)

could be converted to SOC sequestration-enhancing practices.

o T, COy 1t H7= 0 DIl 2100 USDEL T I L & F 2 7 513, Ao 34
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One important question is how long it may take to reach the ceiling economic
potential. Recent trends in the sector, such as the global adoption of
conservation agriculture (CA) show that large-scale changes can occur at
decadal scale: within 12 years, CA area increased from 45 Mha in 1999 up to 125
Mha in 2011 across all continents, including both small and large farms
(Derpsch et al., 2010; Dumanski and Peiretti, 2013). Similarly, tree cover on

agricultural land has increased by 2% over the last 10 years (Zomer et al., 2016).

O ooEREAMEIX, BFNTREED LIREICET 5123 &0 5w ol
BOPPBEPE NI THDE, TORHICET25EDMITICL 5L, (el
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201 T4EIC I3 BT DO RFEICH 7z o T 15250007 ~ 27 % — 2880 L 7z (Derpsch
et al., 2010; Dumanski and Peiretti, 2013), [FEEICEHIC BT 2 EIRDOHER
IFEET0ERIC 2 %K L 72 (Zomer et al., 2016),



This illustrates the rapid recent development (+8.9% area growth per year)
during the last decade of agricultural practices contributing to soil conservation.
If this historical relative growth rate was applicable to the future adoption of
SOC sequestration practices, the ceiling area (corresponding to an economic
potential of 850 Mha for improved cropland management practices) could be
reached before 2030 (Fig. 3).

DT L, HBREICHENT 2 BET AN E 104 o BT T 4F 203K
L7zz b (MERNIC+8.9%DHBEILKR) #/RLTwd, b L Z OEELR RN
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Even assuming a lower adoption rate (+5% area per year), an economic
potential corresponding to 850 Mha under agricultural practices enhancing SOC
sequestration would be reached before 2050 (Fig. 3).

RAEHEDR S o LRV ERE L TH (ERIC5%) . HIEARRKEREE 2 fEiE
T 2720 DEETED 85000 ~7 X — L THEME LT WS &) FRFH
BEPEIZ20504FE £ CICHETE 2 CH 5 9 (Fig. 3),

Nevertheless, part of the cropland area having adopted practices enhancing SOC
sequestration could revert after some decades to land degrading practices. For
instance there has been large dis-adoption of CA in sub-Saharan Africa (Giller et
al., 2009). If dis-adoption happened, on average, after 50 years (i.e. average
annual drop-out rate of 1.4% per year, see Materials and Methods section), the
ceiling area corresponding to the economic potential would be reached in the
mid 2030’s for the historical adoption rate (8.9% per year) and in the mid 2060’s
for the reduced adoption rate (5% per year) (Fig. 3).

L2 L, HEEARECRIREEZ (eE 3 2 HEZ TR L 72 BHH O — 528t 4E 0
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2009), D& 9 eIk L C504ERKICR S 3 & GURLE kol ~7z X
HC, PN REMOPIEEA %1.4% & A7nd) | RIFNATRENE IR L 7= &
FROMEAIC 13, FERW AR AEE (EHI28.9%) O b & TIE20304ER T
I, RWERHEE O T Tl (GERNIC5%) 206040 FICEET 2 TH A )

o

These simple calculations show that the adoption rate of improved practices
(Sommer and Bossio, 2014) and the duration during which these practices will
be maintained are critical for the impacts of action plans implementing the 4 per
1000 target. Adoption constraints, costs and numerous trade-offs across
mitigation options strongly reduce the economic potential of management

alternatives compared to what is technically possible (Smith et al., 2016; Herrero

etal., 2016).
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Nevertheless, consistent policy options may increase adoption and raise the
economic potential, e.g. in the livestock sector (Gerber et al., 2013). SOC
sequestration policies can increase the value of C-enhancing production systems
by paying farmers for the provided C sink, and thus allow for more agricultural
land to remain in production, in turn benefitting food production (Frank et al.,

2017).
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However, whether C offset schemes and similar policies can provide sufficiently
high incentives that can be maintained over enough years to support agricultural
practices that preserve increased SOC stocks in agriculture while protecting
existing legitimate land rights, remains an open question. In this respect, it
should be noted that agricultural subsidies in the top 21 food- producing
countries, responsible for almost 80% of global agricultural value added in the
world, are estimated to amount to 486 billion USD in 2012 (Worldwatch
Institute, 2017).
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With a CO; price of 100 USD per t CO,, fully implementing the technical
potential of the 4 per 1000 initiative on croplands and grasslands via agricultural
subsidies would require a total budget representing less than 30% of these
agricultural subsidies, which shows the potential to value SOC sequestration in

agricultural food supply chains.
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The total number of farms would reach 460 million in 111 countries, with 72%
of farms of less than one hectare (24% of the total agricultural area), while farms
over 20 ha are dominant in terms of agricultural land area (42% of the total)
(Lowder et al., 2014). These numbers illustrate the major social dimension of
agriculture and the opportunity to preserve, or even develop, rural employment
especially with small holders through soil conservation and restoration actions

implementing the 4 per 1000 target.
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However, the preliminary work on economic potentials presented here is not
the only driver for effective soil carbon sequestration and for the adoption of
relevant management practices: additional studies are needed to refine and
improve our understanding of the conditions which foster or perpetuate

sustainable practices, i.e. the enabling environment for soil carbon sequestration.
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This enabling environment can be refined and strengthened, interalia, via an
analysis of situations where effective governance, institutional and organizational
arrangements, public policies, including financial mechanisms, incentive and

regulatory instruments have allowed to promote, perpetuate and reward relevant



sustainable practices.
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Specific challenges relate to short term, near term and long term effects,
including the risk of reversibility of practices and negative direct or indirect side

effects of practices at different scales on relevant sustainable development goals.
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Crogland arca under improved practices (ha)

Fig. 3. Historical trend in the expansion of cropland area under conservation
agriculture (1999-2011) and projected trends assuming similar (solid lines,
8.9%) or reduced (dashed lines, 5%) annual relative adoption rate, with
permanent improved practices (black) and with an average 50-year duration of
the improved practices before drop-out (i.e. 1.4% annual relative drop-out rate)
(red). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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3.6. Spatial scale and baseline issues for the local implementation of the 4
per 1000 aspirational target

100043 @ 4 §g % s CHEM T 2 720 DEMIA T —L e RXR—2F [ VT
BHsE L 7= SHIH

Long-term agricultural studies investigating SOC stock changes were often
restricted to the top soil (e.g. 0-20, or 0-30 cm), although an increasing number
of studies show subsoil SOC stock changes in response to changes in land use
and in agricultural management practices (Ward et al., 2016). In practice, for
monitoring if intended SOC increases are effectively realized, SOC stock relative
growth rates would need to be directly estimated from top (e.g. 0-30 cm or 0-40

cm) soil samples and checked with deep soil samples.
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Some soils keep a rather constant SOC stock over decades, while others may
degrade leading to SOC stock decline, or build-up SOC after improved practices
(FAO and ITPS, 2015; Minasny et al., 2017). Under such contrasted conditions,
should the 4 per 1000 aspirational target be considered as a fixed increase rate,

or as a differential increase compared to a baseline?
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In Fig. 4, we consider three hypothetical baselines (A, increasing by 0.4% per
year, B, neutral, C, declining by 0.4% per year) for SOC. Implementing a 4 per
1000 target which is independent from the baseline requires establishing in all
soils a relative annual increase by +0.4%. With this assumption, no change
would be required for soil A, soil B would have to shift by +0.4% per year
compared to its neutral SOC baseline and soil C by +0.8% per year compared to
its declining SOC baseline (Fig. 4).
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This would result in soil management targets requiring stringent changes
with degrading soils and, in contrast, no change when SOC already builds up at
rates already higher or equal to 0.4% per year. In contrast, implementing a 4 per
1000 target relative to the baseline implies SOC stocks would all shift by +0.4%
per year compared to their baseline, resulting in +0.8, +0.4 and 0% annual

increase rates for soils A, B and C, respectively (Fig. 4, A2, B2, C2).
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+0.8, +0.4,0 % oM=L 72 5 (X 4, A2, B2, C2),

These hypothetical implementation cases would provide an averaged SOC
stock growth by +0.4% per year, thereby matching the 4 per 1000 target
criterion. However, the effort sharing between degrading and accruing soils
would differ between the two cases. In the first case (target independent from
the baseline) the magnitude of the effort would be higher for soils initially
degrading (reversal from a loss of —0.4% per year to a gain of +0.4% per year)

than for accruing soils  (no change) (Fig. 4).
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This would result in a strong priority being set on the rehabilitation of
degrading land, in agreement with the land degradation neutrality (LDN)
objective of the UNCCD, and there would be no enrolment in 4 per 1000
projects of land with already accruing SOC stocks at averaged rates equal or

higher than 0.4% per year.
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In contrast, in the second case (target relative to the baseline), efforts would
be equally shared across the three example soils (Fig. 4) and the accruing soil

(A) would need to reach an even higher SOC sequestration rate (+0.8% per



year). With this case (target relative to the baseline), virtually all land would
need to be enrolled in 4 per 1000 projects to achieve the global target potential.
Since no priority would be set on degrading lands, this option would not be
consistent with the LDN objective of the UNCCD.

220HOH] (R—=2F4 vicxs L7z B <k, 3HEHEO L I Tos
HFEH LRIz eiczy (M4) . BEEEERYBEINL w3+
BA) TR T bIcE Y HEARIKRRREE A (+0.8%) ZEK L 2 Tidh bk
(b, 2Ol (R=2F A4 IZHGL7ZHIE) <id, EENcEToLbT
HIEREIEL D B D Al HEE % 3K T 5 7212100053 D 4 #RICBE D 2 2 & A3EE
L7, HILLooH B LMK LCIREBRIEZHRE L RO T, Z OERK
IZFUNCCDOLDND Hiy & 13— L 7% < 7 %,

This example illustrates some of the challenges associated with the
implementation of the 4 per 1000 target and questions the spatial scales over
which this aspirational target could be used. The LDN is defined as ‘a state
whereby the amount and quality of land resource necessary to support ecosystem
functions and services and enhance food security, remains stable or increases

within specified temporal and spatial scales and ecosystems’ (Orr et al., 2017).

Z DHZ100053 D 4 BB D EHEIC B 72 > T WL 20 ORENTFET S Z
LERRLTEY, ZoEEREEEXHWSICH Tz o> TOZERR 7 — 23
7o TK %, LDNIZ [AHEEROKIEES L OV — v 2% ZH L., BfloZak
(LT -0 BEa HHEROE LA, FE ORI B X OEM R 7
— LB X VEEROFANTHIF I N2 2H 20 3INT 22 L] EERIN
TWw5(Orretal, 2017),

This definition helps in showing that a given spatial unit, including one or
more ecosystem types, needs to be defined when targeting the local
implementation of the global 4 per 1000 aspirational target. To be consistent
with this target, actions taken to increase SOC stock in the spatial unit should

aim at an average relative growth rate of SOC stock by at least +0.4% per year



over at least 0-30 cm soil depth and, if possible, down to 30 or 40 cm.

CDOEFEIT, HIBREIEITD10005) D 4 BHE O 5 7o H R % s s ¢ 52 i
T2ILHoT, 120H25VIIEBOERER XA 7% ELHTE O 2B AL E
BHINDRLENRDHDL L BN TDOIKILo TS, COHELBAT DI
X, EMEEACHERRREOITEREZMME T 27201 SN B1TENIZ, T
72K L B0-30 cmDTEHEDOPEX | AlHEZR HIX X 51230-40cmD HEEDFE X (T
BT, HEARRFENEE O PR NI 2B E & %2 27 < & b FaE
+0.4% L35 HELTNETH 5,

For the sake of consistency with the LDN principle and in agreement with
findings showing that degraded soils have more potential for SOC sequestration
(Minasny et al., 2017), priority could initially be given to the rehabilitation of
degraded lands (i.e. 4 per 1000 target independent from the baseline). In a later
stage, the relative to baseline 4 per 1000 target could be used, through the use of

technologies that could raise SOC stock growth rate above 0.4% per year (e.g.
Fig. 4A2).

LDNDJFRI G %3057, 2 L THLL 2 HIBIT HIBRAHRKRFE D
PREERE J1 23 X 0 v & Wb 5 AR (Minasny et al., 2017) I oW, T3 HRY)IC
FHL 72D BEICEREER G2 b RETHDE (Thbb, R—2 74
VITHKFE L 72100057 D 4 BjK) . 2 OO RS T, TIEARKETEE %
F0.4% U R T L ATE L X REGNEZIHT2 2 LiIcXoT, =27
A VBRI 572100057 D 4 Hilg Z EAT 5 LR TE L THA I (eg
Fig. 4A2),
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Fig. 4. Hypothetical changes in SOC stock over 30 years assuming a 4 per 1000
increase (i.e. +0.4% per year SOC stock growth rate over 0—40 cm), independent
from baseline (left) and a 4 per 1000 change relative to baseline (right). Until year
10, soils A, B and C are with increasing, constant and declining SOC stock
baselines, respectively. After year 10 (vertical arrow), all SOC stocks increase at
+0.4% per year (left), or all SOC stocks change by +0.4% per year relative to their
baseline (right).
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3.7. Non-CO, GHG emissions and nutrients cycling
3.7. JECO, WMERNFA 2 D & B IEER

SOC sequestration options affect agricultural N.O and CH,4 emissions. The
case of no-till compared to conventional tillage is an example of the interplay
between these factors, since during the first years after adoption of no-till, N.O
emissions generally increase (van Kessel et al., 2013). The effectiveness of no-till

and CA can, however, be enhanced by adopting a system-based approach (Lal,
2016).

AR SRR D SRR 13 A A &5 DN,OF X CCH D FEH TS 2,
BiToftEk L Aol s DER OB O AR OHITH 5, ek
5. AHHE 2R % & 2 DB ORI O BAEDRICNODHEH 25— i K¢
% (van Kessel et al., 2013), Rt s X CMREMEEOE X, LA LA
O, VAT LDV HAZEHMAT L2 LICL o TERIEL AT
% % (Lal, 2016),

With grazing systems, restoration of degraded pastures increases SOM
content (Assad et al., 2013) but may also leads to higher N fertilizer applications
and to higher animal stocking density, hence, increasing N,O and enteric
methane emissions per unit area. It is still unclear whether increasing beef
production through pasture intensification could lower GHG emissions in Brazil
by avoiding deforestation (Barioni et al., 2017; de Oliveira Silva et al., 2016;
Phalan et al., 2016).

e A7 sicBnTE, AUL 7 EZEET 2 2 Lic k> THIER
HyE B3NS % 28 (Assad et al,, 2013), [HKFIC X Y % B O ERME A HEH
IN, REOWHBEEPIER L, o T EHED S DN,OL KEDHN S
OCH,OHE 2SN 5, WEHDERLIC K o THFDAEZIRTE S T
D, R ZEE T 5 2 LIk ) 7T U TORERRA X O & T
X309 IO E FRMIHCH % (Barioni et al., 2017; de Oliveira
Silva et al., 2016; Phalan et al., 2016),



Within terrestrial ecosystems, the C, N and P cycles are strongly coupled by
the elemental stoichiometry characterizing both plant autotrophy and soil
microbial heterotrophy (Soussana and Lemaire, 2014). The elemental C:N and
C:P ratios of SOM vary little and are close to 12 and 50, respectively (Kirkby et
al., 2011). The build-up of SOC in some productive agricultural soils is often
much less than expected from the amounts of C-rich residues returned to them
because optimum C sequestration may require additional nutrients above that

required for crop production alone (Kirkby et al., 2014).

PE L ERERICEVTIE, C, N, POEER ITAEY) D A7 R L eV DitE
KEOMHZFIC X > TN TEDLFERVSIS LB HHZ LTS
(Soussana and Lemaire, 2014), TEGEY O JF I C:NB X C:PIiziz &

EEAET. TNZTN12E X 50T W ETH % (Kirkby et al., 2011),
O#@éﬁi%‘ﬁ@%b‘%%:ﬂﬁ BT 5 HEAKRKR DKL, %ﬂ%@ifi@

BRINBRBICEAZERBEOE» OIS EI N XD X301, ek
O, I 7 IR E D WREED 72 DI IIEYIEE O B E Zn LA b 0B AN 75
BV EILRLEPLTH S,

Therefore, C sequestration may require an additional immobilization of
nitrogen and phosphorus in SOM, which may question the feasibility, costs and

environmental consequences of SOC sequestration (van Groenigen et al., 2017).

o T, IRFDIREED 7= I IZ HEBEERY ~DER L ) VD BN 72 [FH
EVRMEICTR S, ZOZ &3 HEEHRKERHEO RIS, 2 X P X UER
B~ EICE L CORMERE L 7 % (van Groenigen et al., 2017),

In this discussion, it is important to note the large impact of soil erosion on
the nutrients balance of agricultural lands. Although the global net C balance of
erosion processes is highly uncertain and has been estimated to be a net C sink
(Wang et al., 2017), when erosion occurs at site scale, it represents a carbon loss

which can induce serious yield and fertility losses and which thus needs to be



limited. Soil erosion by water induces annual losses of 23-42 Mt (megaton) N
and 15-26 Mt P in agricultural land (FAO and ITPS, 2015).

OBV, TEREPEMDOEN T VYV RICKRE R ELF o C
WEZEIRERHTIRELRD L, REBD 7 0t RICBb 2 HIEREUR © D R FEIN
FTIIEEICATEFETH Y, IERDRBIFHIC R 5 L HEE I T & 72 (Wang et
al., 2017) 25, HUBHIZRL AV CREBIC X > TREOBENER 3 &, HLRIL
EEEKEORENL D53 NEDT, ilEI el Tidiadbiwn, Kick?
THEAIIEMF D23-42Mt (A H V) DEHFEL15-26 Mt OV v DiB%k %
1g4ER] % 2 2 4 (FAO and ITPS, 2015),

These nutrients losses, which are of the same order of magnitude than annual
fertilizer application rates (ca. 112 Mt of N and ca. 18 Mt of P, FAO and ITPS,
2015), need to be replaced. Several options can be considered for replacing lost
nutrients, among which the addition of fertilizers. However, fertilization can
only be done at an economic cost which is too high in poor regions such as sub-

Saharan Africa.

RO O R (K 112 Mt ON B X 18 Mt @ P, FAO and
ITPS, 2015)ICVEid 3 2 b DE S DBREFHEIN L TRA L ARV, K
ONTBREWHIET 2 5EE LTIV O 0BIREAEZONE D, 2D )
Lo—o& LTENOHZAS %, L L., BRI ITREFNRa 2 23
0, FIZIEI A TWEUEOT 7Y D X5 AL WHIcE W dET

As a consequence, the removal of nutrients by erosion from agricultural fields
is much higher than the amount of fertilizer applied. Limiting erosion and land
degradation could therefore preserve a source of nutrients both for plants and
for the build-up of SOM and at global scale would reduce the needs for
additional fertilizer inputs (Table 3).

Mk e LT, REIC X3 RIS 5 Kb 28500 I X h 2 1Lk
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The 4 per 1000 target provides a guideline for locally increasing SOC stocks.
With this aspirational target, degraded soils with low fertility and low SOC
stocks need to immobilize less N and P than soils rich in organic matter. For
instance, with an initial SOC stock of 20 tC -ha™!, 7 and 1.6 kg N and P per
hectare per year would need to be immobilized. In contrast, for an initial SOC
stock of 80 tC- ha~! soil nutrients immobilization would reach 28 and 6.4 kg N

and P per hectare per year.

100077 D 4 B 3 s i) 1 T3 G BRERITEUR 2 88N & & 5 720 D5 %
RHELTWE, CoEEREECEWTIE, MEREME S S8 KKRBITHE
DB L = LIBIIEBRYICEAZ B IV DERS LR v EEET 24
MR, B2 IEL PO TR R R ITER 2320 (C -ha 10 %6, #HF 1
~NZR—NBT-0Tkg ODNE1.6kgDPAEE XN HBERD 5, AT,
PIHA o AR BT E E 2380 C -ha ‘06, HEESOREIE R IZHE 1 ~
72 —nNBH7-928kg DNEL6.4kgDPICIET 5,

Reactive N (N,) availability in agricultural ecosystems is large (ca. 300 Mt N,
-y~ Ciais et al., 2013), but it is unevenly distributed. In some agricultural
regions, since there is excess supply of reactive N to croplands, additional soil N
immobilization through SOC sequestration could reduce environmental
pollution without harming crop yields (e.g. in China, van Groenigen et al.,

2017).

REARERICET 2 CEEREWN) O FHEEIZ K E WET 300 Mt N, -y
Ciais et al., 2013) 28, ZNIFAE—ITHHF LT3, WL D0 EEIRICE
W, ROSHEERESEFICHFE I N T b 20, HEFERRFOREEC X -
THEERNISICEESINDE Z LIk, FYONEERBR S < & {RE



HRE D &5 2 &N TE D (FETDOENH], van Groenigen et al., 2017),

In contrast, in extensive agricultural and forestry systems, N, and P
availabilities may limit SOC sequestration. The mean SOC stock of the world’s
croplands is 52 t C -ha~! over 0—40 cm depth, leading to a mean aspirational 4
per 1000 annual SOC sequestration target of 208 kg C -ha='-y~! (Table 3). If,
among the different options available to provide immobilization of N,, P and
Sulphur (S) in soils, only fertilizer applications were considered, the annual cost
of the required fertilizers would reach approximately 37 USD per hectare, that is
177 USD per ton of C sequestered (48 USD per tCO) (Table 3).

WHARIC . M EE S L OFky 27 LB w» i, Ko N, 3L O
Powlfathid LAWK FE Rt 2 HE 3 5, R o R o L8EE
MR FZ DI R 12040 cm DEEXT52tC-ha ! TH v, FH < LEERT
75100053 D 4 & IC 35 1F 2 HIBAK AR O HiF 12208 kg C -ha .y ! &7
% (% 3), HEPFOKIGHEDN, ,P 53X U044 Y (S)DEED-oICHHTE
L MEOERFEoFC, b LIEKOHAZ T E2EET 2 &, HEE IR
DifgIZ 1 ~27 2= BH7=937USDE 72 Y, RHEMREER 1124729 177USD &
7% (1tDCO, Y bh Tid48USDE % B) .

Therefore, inorganic fertilizers would be, in most cases, too expensive to
achieve the 4 per 1000 SOC sequestration target, although a limited use of
inorganic fertilizers may be needed in some regions and some systems. In
addition, the recycling of organic fertilizers derived from livestock or from urban
wastes (Chabbi et al., 2017) could be used to counter N and P deficiencies,

provided that over-fertilization is avoided.

o T, W OpDHIE B LN 25Dy AT LITBWTIZVE D
BRI OB L 72 b o0, WEREIERZIZE A ED5A1C10005r D 4
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T 57 b IE. KEPERY B X O BEEY 5 515 b 1L G RE IR O 1EER
ENEPORZICNIET 70T 25 Z &HTE % (Chabbietal, 2017),



Beyond erosion limitation at local scale and sustainable fertilizer applications,
an increased use of biological N fixation by legumes in cropping and grazing
systems has a large potential to overcome N limitation, while bringing additional
benefits for climate change adaptation (Lipper et al., 2014; Liischer et al., 2014).
Phosphorus availability is likely to limit biological N fixation in some soils, but
symbiotic N; fixation plants possess an advantage in phosphorus acquisition

especially in warm climates, e.g. through root phosphatase (Houlton et al.,
2008).

TR 7 — - ToRBEDRIE & R iz IER oIz <. Bfs X UK
o 27 nicbBnT= ARMEYIC X 3 EVNEREEZ 2 oI 2 2 L
EBFRONRERMRT 5 ECRE AlRe 2 R 5 L FEIRFIC, SUERZBI~D
ST |V CGEIMP 7 FM48 % 72 & 3 (Lipper et al., 2014; Liischer et al., 2014)
o WL OPOTIEITE T VORI EYINEREE ZHIR L T 2546
BHbH, LoL, HENEREEMEY)IL., FHOERERSEO T ik, Flx 3R
DBODTART 7 E—EDRWD LI, Vv OERICE W CTHEMZRRHEL T
- T\ % (Houlton et al., 2008),

In the long term, since the global N:P stoichiometry is increasing under
human influence (Pefiuelas et al., 2013), P limitation could become more critical
for global SOC sequestration than N limitation. Both scientific knowledge and
traditional farmer’s knowledge will be needed to create sustainable agricultural
and forestry systems sequestering C in soils without large requirements for

additional fertilizers.

RHRICIE, HERBEIONPO L Eimt I N EO T T AL205
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Table 3

Global mean and standard deviation of annual SOC sequestration at a rate of
0.4% per year (4 per 1000) and of N, P and S additional soil immobilization
assuming C:N, C:P and C:S elemental ratios of 12, 50 and 71 (Kirkby et al.,
2011), respectively. Estimated N, P and S fertilizer costs are calculated per ton
SOC (updated from Kirkby et al., 2011, source WorldBank, 2017) and per
hectare, in a scenario based on a strong assumption: all nutrients immobilized to
reach the 4 per 1000 SOC sequestration rate in croplands come from mineral
fertilizers applications. This simple calculation shows that relying on inorganic
fertilizers only would be, in most cases, too expensive to achieve the 4 per 1000
SOC sequestration target. Note that the mean estimate for annual N and P
losses by erosion in agricultural lands reaches 6.6 kgN-ha~! and 4.2 kgP-ha™!
(FAO and ITPS, 2015). The mean SOC stock of global croplands is estimated
over 0—40 cm depth at 52.0 tC-ha~! with a standard deviation of 30 tC-ha™!
(source: Harmonized World Soil Map, www.fao.org/soils-portal/soil-survey/soil-
maps-and-databases/harmonized-world-soil- database-

v12/en/www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/
harmonized-world-soil-database-v12/en/, Accessed May 14, 2017).

C, N, P and S fluxes Mean s.d. Fertilizer price Fertilizer price
(USD per t SOC) (USD.ha™1)
0.49% annual SOC 208 156 -

sequestration (kgC.ha=l-y~!)

Additional N 17.3 13.0 121 25
immobilization (kgN.ha='-y~1)

Additional P 4.2 3.1 27 5.7
immobilization (kgP.ha=1-y~!)

Additional S 2.9 2.2 20 4.1

immobilization (kgS.ha=!y~1)




#* 3. 1412 0.4% (4 per 1000) D& E CTOHBRKIEI ¢ O HEEER R, &
XUCN, CP,CSptEn £ 12, 50, 71 (Kirkby et al., 2011) & A7 L 7=
5i& D N, P, S OEANHY 72 2358 th ~ D [ 7€ & D137 & AR HE R £,

N, P, S OHERMIRS 13, EHHHIC 35T 1000 59D 4 © - 5E6 1R EREE % 2K
T ICEEINT N, P, S 132 THEEIER QML ICHKT 2 L0EL 72>
FUVADOTT, 1t oLEHBKRFED 72 Y (updated from Kirkby et al., 2011,
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MiZRGHRIC X 2 & SHEALEZ 0 IciE 2 2 & 1%, 1000 770 4 Biig % BT 5 Lk
TUILALLDBAICET IR B2 TEL I LERL TS, B
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40 cm DE X OHFIPH CHEE X 11 2 Bk E o B O IR 7 TEE IR O i
% 52.0t C-ha ! <, HFHERAIZ30tC -ha™! EREDLNTWS,
(source: Harmonized World Soil Map, www.fao.org/soils-portal/soil-survey/soil-
maps-and-databases/harmonized-world-soil-database-
v12/en/www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/
harmonized-world-soil-database-v12/en/, Accessed May 14, 2017).
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3.8. Synergies with the united nations conventions and resolutions

3.8. EEoLFEE X ORE L DHEMEH

The importance of soils has been raised e.g. by the International Year of Soils
(2015) and by the first report of the ITPS (FAO and ITPS, 2015). Soils can
contribute to the achievement of a number of UN sustainable development goals
(SDGs) (Keesstra et al., 2016).

+- 8 oo B X 3] 2 F ERS 4R (2015) R ITPS(FAO and ITPS, 2015) D&
1 FEREEIC L s TR aI Nz, THIZL < oFEHIC X 2N ED 00
TENHE DR (SDGs) ICE k3 5% (Keesstra et al., 2016),

Soil C sequestration could bring direct benefits to three SDGs: SDG2: End
hunger, achieve food security and improved nutrition and promote sustainable
agriculture; SDG13: Take urgent action to combat climate change and its
impacts; SDG15: Protect, restore and promote sustainable use of terrestrial
ecosystems sustainably manage forests, combat desertification, and halt and

reverse land degradation and halt biodiversity loss (FAO, 2017).

THERSR Ol#ER 3 D DSDGsICEEN Mt % b 72 59, SDG2: Hlif%
Kb od, BRORE L RENEOSCE 2R L., FiehRE 2 HEES 2 5
SDGI13: Sz & = DB icxt LTk > Tz e d 5 5 SDG15: e LAERE
FasFY, BEL. XoRRIRNAZRES 5, £ L TRz RrpchIc &
L. WEft &, tihogbz ko i x ¢, YLKt ELZ LD 5
(FAO, 2017),

[t can also contribute to the achievement of two other SDGs: SDG6: Ensure
availability and sustainable management of water and sanitation for all and

SDG12: Ensure sustainable consumption and production patterns.

THREOREIE -, FDM2 >DSDGsDERKICEHT 5, SDG6: £



TOANDT-DIT/KOFIHAREM: ZRER L. Ffthic B L., fARERIET S
%, SDG12: Fifii B & EED N2 — v RHERICT 5,

The interconnectedness of international targets for the AFOLU sector and
the opportunity for streamlined action to achieve multiple goals is being
increasingly recognized as can be seen from the ongoing reports by the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) on land degradation and biodiversity (IPBES, 2017) and by
the launch of the IPCC Special Report on land degradation, food security and

climate change.

AFOLUZ 7 0 [FEFEIY 72 HAR O M A 2 BE AT & & K o T — L % 3EK T 5
oD DAL — X fTEI ORI A RS, 20 Lixtthogbe £Y%
Btk & ERER DY — v X (IPBES) ICBAT 2 BUREI o Rl L BERD 7T v b s —
L (IPBES, 2017) i X » THEED b T w afiGES, Litogt, gklo
LRtk E X OWRIEZEECE T 2 IPCCOERIMREEDFITR LI X - TR
L EMTE B,

The Global Soil Partnership (GSP) for food security and climate change
adaptation and mitigation has a knowledge pillar and develops a global soil map,
including SOC stocks (GSP, 2017). The UNCCD supports countries to set Land
Degradation Neutrality (LDN) targets, in agreement with the SDG target 15.3.
This target includes an indicator on SOC stocks, which baseline is currently
being established through collaboration between UNCCD and GSP and is
supported by the above-cited land degradation neutrality fund (UNCCD Global
Mechanism, 2017).

BElO%4E L [URZEE~ DG L B D720 Ok NN~ F—2 v 7
(GSP)IZHFRDIH 2 > Th b . TIEERBGRITEE O IHH & I Y A A 72 Bk
T3 2 FHFE L < 5 (GSP, 2017), UNCCDIZSDGo Hi%E15.31c 50w C
FhE 23 3897 {L i 1k (Land Degradation Neutrality : LDN) ® HiZ# T 537.C %
DEXEL TS, ZOHBERIEARKRRITEEOIEEZEATEY., Z0



NX—2 74 %, HEFEUNCCD & GSPOEFE[ERICX > TCHEVLE 2D H D
. kit ?land degradation neutrality fund (UNCCD Global Mechanism, 2017)
W XoTHiBhEanTnwa,

Since 2008, the United Nations collaborative initiative on Reducing
Emissions from Deforestation and forest Degradation (UN-REDD) supports
country-driven REDD+ processes that extend to agriculture and include the
restoration of degraded tropical forests supported by the above-cited Bonn

challenge.

20084E 20> &, IR & BRI 5 B R AT 2 O PR &3 5 72
% O [EH D [ % (UN-REDD) 28, &EIC X o T 5L 3 REDD+® 7’1
v ZA%YHR—F L, ZRIFEEICETIAL, Ll Z2EvERKoBIEEZ &ED
7uYxs M EThRAERF L vy (Bonn challenge) I X > THKR—
FEINTW3B,

In this context, the 4 per 1000 initiative can bring added value by
collaborating with multiple initiatives and by facilitating local decision making at
the field, farm, landscape and regional scales. Any practical implementation (i.e.
action plan of the 4 per 1000 initiative) will have to take into account local
circumstances and a large number of social and economic factors in order to
create useful changes for climate and for food security, while supporting the
SDGs and taking into account legitimate concerns for land rights and for human

rights, including gender equity (Montanarella, 2015).
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4. Conclusions

GSA
1 i

The global aspirational goal of the 4 per 1000 Initiative appears as a
technically feasible, no regret, and indispensable climate action. In can be
regarded as (i) technically feasible, given its alignment with technical potentials
estimated by IPCC, (ii) no-regret for its climate change adaptation and food
security benefits, adding to overall climate resilience, and (iii) indispensable for

its negative emissions.

100043 @ 4 Hg O HERBUE © o LRGP B E, S icERKTEE 7.
BEO RV, RIS 20T R 20 {TEITH S, #niE (1) IPCCIC X
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Turning the aspirational goal of the ‘4 per 1000 soil C initiative into social
and economic realities is a challenge that will require the involvement of science

to inform policy.
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A collaborative research program is planned on: i) improved knowledge of
the potential and implications (e.g. for yields, non-CO, GHG emissions, water
cycle, etc.) of SOC sequestration; ii) co-design and assessment of agricultural
and forestry strategies and practices; iii) defining and strengthening the enabling
environment including cost-benefit and value chain analyses, economic and
social dimensions, and policy options; iv) metrics and methods for low-cost
monitoring, reporting and verifying of soil C sequestration; v) training and

capacity building (4 per 1000 research program, 2017).
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This research program is needed to support action plans leading to its
adoption by multiple stakeholders and by governments worldwide, and to fully
understand its multiple implications for sustainable development in contrasted

land use and land management systems.
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