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A Agricultural land use is estimated to have resulted in loss of 133 Pg C

Sanderman et al. 2017 PNAS



1. Soil carbon saturation
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T o slow down rising levels of atmospheric CO; the "4 per
1000 (4PI{K]0} mitiative was launched at the COP21
conference in Paris fhttp: oy, 4p10|)|}.org). This initiative aims at
a yearly 4% (0.4%) increase in global agricultural soil organic
carbon (SOC) stocks. If applied to all (also nonagricultural)
soils, such a C sequestration rate could in theory fully
compensate increases in atmospheric CO,—C levels of 4300
Tg yr_'. We question the feasibility of the 4p1000 goal, using
basic stoichiometric arguments. Seil organic matter (SOM)
contains nitrogen {N) as well as C, and it is unclear what will be
the origin of this N.

Implementing the 4pl{MM) initiative on all agricultural seils

pollution impacts. However, these surpluses are not evenly
distributed but highly concentrated in specific regions, notably
China.” There are also substantial differences between land
uses: surpluses are large in soils under intensive agricultural and
horticultural management but small in low intensity grazed
rangelands and small-holder arable cropping (for instance, in
Africa). Even if the N surpluses were more evenly distributed,
they would first have to be accumulated by crops in order to
supply organic C to the soil The rate of N accumulated in
global cropland residue is estimated to be ~30 Tg N yr_l',; far
less than the 100 Tg N yr ™' required. Furthermore, as a
Consequence of environmental regulations, intensive efforts to
decrease N surpluses are anticipated over the coming decades.’
Thus, the increase in plant N uptake that is needed to meet the
4pl000 goals is unrealistic.

As plant material has higher C-to-N ratios than 50M, a
steady increase in the C-to-N ratio of SOM could fadlitate soil
C sequestration without extra N. However, it is difficult to see
how the required increase in the C-to-N ratio of SOM (0.08
per }'::u'}l could be achieved and sustained; with the exception
of peat, soils globally tend to move toward a C-to-N ratio of 12
and we do not know of 2 mechanism to increase this without
also reducing the capacity of soil to supply N.

As increasing soil C content is almost always desirable for
improving soil quality and functioning, the 4p 1000 initiative is
landable. Since the 4pl000 initiative was introduced, several
studies assessed approaches to meet its goals f:_g., ref 5).
However, these assessments overlooked limitations imposed by
nutrient availability. We condude that the stated 4p1000 goal of
sequestering 1200 Tg C yr~' in agricultural soils is unlikely to
be met, due to stoichiometric constraints.

We argue for a more spatially diversified strategy for climate
change mitigation from agricultural soils. In agricultural soils
with low C sequestration potential, mitigation efforts should
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Abstract

The role of soil organic carbon (SOC) sequestration as a ‘win-win® solution to both
climate change and food insecurity receives an increasing prometion. The opportunity
may be too good to be missed! Yet the tremendous complexity of the two issues at
stake calls for a detailed and nuanced examination of any potential solution, ne matter
how appealing. Here, we critically re-examine the benefits of global SOC sequestra-
tion strategies on both climate change mitigation and food production. While esti-
mated contributions of SOC sequestration to climate change vary, almost none take
SOC saturation into account. Here, we show that including saturation in estimations
decreates any potential contribution of SOC sequestration to climate change mitiga-
tion by 53%-81% towards 2100. In addition, reviewing more than 21 meta-analyses,
we found that observed yield effects of increasing SOC are inconsistent. ranging from
negative to neutral to positive. We find that the promise of a win-win outcome is
confirmed only when specific land management practices are applied under specific
conditions. Therefore, we argue that the existing knowledge base does not justify the
current trend to set global agendas focusing first and foremost on SOC sequestration.
Away from climate-smart soils, we need a shift towards soil-smart agriculture, adapta-
tive and adapted to each local context, and where multiple soll functions are quanti-
fied concurrently. Only such comprehensive assessments will allow synergies for land

bility to be imised and

ic requirements for food security to be
fulfilled. This implies maving away from global targets for SOC in agricultural soils.
SOC sequestration may occur along this pathway and contribute to climate change
mitigation and should be regarded as a co-benefit.

KEYWORDS

climate change mitigation, food security, soil carban sequestration, soil multifuncticnality,
trade-off




The Wild West of carbon markets
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Premise of C credits: certain agricultural practices can lead
to net decreases in atmospheric CO,,

The global carbon cycle
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Annual ASOC |

SOC Stock

C credits as averted CO,-C emissions:

The counterfactual challenge

A+ Adding cover crop
2015 12021 2030
—— '—-_-—I-.—-m
g Carbon credit =
ASOC from adding cover crop -
L S
Difference between two soil samplings
True carbon credit \\
Old practices
Hypothetical business as usual
- After adding cover crop
L L 1 ’
2015 2021 2030

Business as usual is the

counterfactual; usually
/ missed in most C credit

programs

Guan et al. 2023 Earth Science Reviews 243: 104462



Proposed methods to decrease SOC

Reforestation || |

Avoided forest conversion | l _ | |

Forests

Biochar—crop residue | |

Cover cropping || [N T |

Trees in annual croplands ||| | |

Avoided grassland conversion || [ ] ]

Grazing—optimal intensity |||

Climate mitigation

B Low-cost

Grazing—legumes ||| o Cost-effective
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Peatland restoration || |

Other benefits
Avoided peat impacts || Air
== Biodiversit
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SOC mitigation potential in 2030 (GtCO,e yr ')

Bossio et al. 2020 Nature Sustainability
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How are ANC credfield> 0 me

Two components to a C credit:

1. GSoil (organic) C stocks >
2. Greenhouse gases (GHGS)
Carbon dioxide / CO,
Methane / CH, (84x CO,)
Nitrous oxide / N,O (298x CO,)

Measurement

ASOC stocks: multiyear scale
AGHG: weekly scale

Hydraulic probing in fall 2022 GHG measurement
for30-36 0 car bon sweoeckklsy é. rain, sh




How to increase precision of fleld-scale SOC stocks?

, = Example of sign-up for C credits
Map Satellite : Note emphasis on field-scale

1: SIGN UP You map (or import) some or all of you@eld boundaries)nd

enroll in Carbon by Indigo.

2: MAKE CHANGES |You add new practices that increase soil carbon and reduce
emissions on your farm, with agronomic support from Indigo.

3: RECORD DATA You record your historical and current season management
data in re platform, and Indigo takes soil samples
on {gsubset of field

4: CALCULATE Indigo calculates the carbon credits generated on your farm,

IMPACT based on greenhouse gases sequestered and abated.

5: VERIFY RESULTS |Independent carbon credit issuers verify carbon credits.

6: GET PAID After Indigo sells credits to corporate buyers and other
organizations, you get paid for the carbon credits you earn.

Keyboard shortcuts | Map Data | Terms of Use



Carbon (and N balance) and linkages with greenhouse gas (G
emissions: direct quantification vs mass balance
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Example of C fluxes used in

balance approach
(Guan et al. 2024)
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Carbon (and N balance) and linkages with greenhouse gas (G
emissions: direct quantification vs mass balance
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Upscaling will
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Accuracy to be
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Guan et al. 2023 Earth Science Reviews 243; 104462



Challenge: variability!
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Scale-up option #1: combine empirical measurements and
remote (or proximal) sensing with modeling

SOC stock
(Mg/ha)

Proximal sensing + Remote sensing
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Scale-up option #2: reduce sampling density
- ) e e -
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Field-based estimates are averages of different points
a 0.00000075 acre (1.50 diam

A 84 acre
A 0.5 acre
sampling grid

SOC stock Mg/ha -

60 90 120 150 Potash et al 2022 Geoderma 411:115693



How to design sampling strategies for SOC stock?

A Estimating SOC stocks at the field scale by measurements requires

entails two (statistical) steps:

1. A sampling design selects locations at which to take measurements
2. An estimator combines those sample measurements to estimate mean SOC
stock across the field

A Typical: simple random sampling
A Alternative ways:

1. Stratified sampling that incorporates auxiliary information (covariates) in the
selection of sample locations

2. Balanced sampling selects samples that are spatially representative ( 6 gr i d
square-sized field)

Several choices must be made to design a stratification



What are ways to design stratified sampling for
SOC stock determination?

SOC stock (Mg/ha -

60 90 120150 Potash et al 2022 Geoderma 411:115693



Auxiliary variables: accessible and related.
Can we use them to design sampling strategies?

Aspect (0) Sentinel-2 SOCI Slope (0)

- 300 8
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200
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100

topographic wetness index
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16
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10

SSURGO SOC stock (Mg/ha) SSURGO Map Unit

— 200 catiin
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: 150
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50

(0]



SOC Stock (Mg/ha)

Auxiliary variables: accessible, and
sometimes causally related to SOC stock

Aspect (°) Easting (m) Northing (m) Sentinel-2 SOCI
200 - R°=0.00 200- R°=0.00
150 - 150~
100 - 100 -
50 - 50
6 260 460 660 0 200 460 5 é 7
Slope (°) \ SSURGO SOC stock (2Mg/ha) TWI , SSURGO Map Unit
200 - R"=0.04 200- R"=0.16 200~ R"=0.21 R2 0. 17
o ® 100 -
100 - 0= ®' % \
&
o N
50 - \\)@ (b(\rg,@ QR P @\\,b
T«

100 150 10 15



Lower sampling density
needed to achieve
same accuracy
stratified or balanced,
compared to simple

Across sampling
densities, stratified
and balanced
maintain advantage
(+15% precision) over
random sampling

12.5% Strategy

+45% sampling

= density to achieve - simple
© 10.0%- —
% +.Same precision « Stratified
= "
© 7.5%-" -»- Balanced
)
o
5.0%- . 1, .
0.8 0.36 1.2 0.55 1.60.73
Sample density (samples/ha) (samples/ac)
% Stratified - Simple Balanced - Simple Balanced - Stratified
QE) 30.00/0'
3 20.0%- ~ ~
a o -
o 0.0% [t - o - - - e~ - - 5
Z -10.0%-
©
< 08 12 16 08 12 16

Sample density (samples/ne



That was just one field

Does It scale?

Eight field sites across the
North Central region

Potash et al. Geoderma. In revision.



