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Abstract

Soil organic carbon (SOC) sequestration is a key function of natural and semi-
natural ecosystems. Restoring this property in terrestrial ecosystems has become
central to the EU's climate change mitigation and adaptation strategies. However,
SOC sequestration is a widely misunderstood concept. The different methodo-
logical approaches used to investigate and compare SOC stock under sustainable
agricultural practices play a key role in reinforcing misconceptions about this
complex process. This commentary paper aimed not only to provide a clear defi-
nition of SOC sequestration, but also to interpret the results that can be obtained
for SOC stock change estimation using the SOC stock difference and the paired
comparison methods, as well as to identify the soil carbon-related processes that
achieve climate mitigation. SOC sequestration can be defined as the progressive
increase in a site's SOC stock compared with pre-intervention via a net depletion
and transfer of atmospheric CO, into the soil, where it is retained as soil organic
matter (SOM), by plants, plant residues, or other organic solids such as the mate-
rial derived from the organic fraction of farming solid waste, which can be used as
a fertilizer (e.g., manure, compost, biochar, and digestate), and that is produced
or derived from that land unit. To date, the most appropriate way to determine
whether a land unit's soil is a sink or rather a source of atmospheric CO, is to
implement the SOC stock difference method, provided the non-occurrence of car-
bon exchange between ecosystems.

KEYWORDS

climate change mitigation, paired comparison method, sink of atmospheric CO,, soil organic
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1 | INTRODUCTION climate change mitigation (FAO, 2019; IPCC, 2019), in
light of the fact that soil represents the largest terrestrial
carbon pool (Scharlemann et al., 2014). In this paper, we

mainly focus on agro-ecosystems since agricultural soil

Soil organic carbon (SOC) sequestration has received in-
creased attention worldwide as a possible strategy for
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has been progressively depleted of its SOC content and
thus acts as a net CO, source. Therefore, sustainable soil
management practices have a large potential to bridge the
gap between food provisioning and climate regulation
(Sanderman et al., 2017). Particularly, SOC sequestration
entails a net removal of atmospheric CO, through plant
photosynthesis and carbon (C) storage in the soil eco-
system in the form of SOC (Lal, 2004). Net atmospheric
CO, removal implies a positive difference between the C
retained in the soil and the C released from soil hetero-
trophic respiration. In spite of the fact that most authors
agree with this definition, the reported SOC sequestration
results usually reflect only reduced SOC losses or differ-
ences in SOC stock between paired plots and rarely net
SOC sequestration (Olson et al., 2014a, 2014b; Sanderman
& Baldock, 2010; Seidel et al., 2023). As already pointed
out by several studies (Lal et al., 2015; Lorenz & Lal, 2014;
Olson, 2013; Olson et al., 2014a, 2014b, 2016, 2017, Olson
& Al-Kaisi, 2015; Powlson et al., 2011; Sanderman &
Baldock, 2010; Seidel et al., 2023), the concept of SOC se-
questration is widely misunderstood, and this controversy
is deeply rooted in the SOC investigation methodology im-
plemented. In fact, considering that direct measurement
of CO, fluxes between soil and the atmosphere requires
sophisticated and expensive technologies (e.g., continu-
ous soil chamber measurements), usually the most used
methodology for net SOC sequestration estimation in-
volves soil sampling and SOC stock change measurement
(Paustian et al., 2019). The stock difference method is the
most accepted methodology (IPCC, 2006), by means of
which net SOC sequestration is assumed to correspond
to the increase in SOC stock observed after the measure-
ments are performed on the same plot at two different
times. However, since the stock difference method requires
time and long-term experiments, this approach is often
replaced by the paired comparison method (Conteh, 1999;
Davis et al., 2004), which compares SOC stock content
of two experimental plots, with same site characteristics
(soil type, slope, etc.), but with different managements
or land cover types, at one point in time. In accordance
with the latter method, SOC sequestration corresponds
to the relative differences in SOC storage among the two
investigated plots. The paired comparison method is also
referred to as “space-for-time” (SFT) substitution since
the follow-up C stock in the control plot is assumed to
correspond to the pre-treatment SOC stock of the treat-
ment plot, under the hypothesis that the SOC stock was
in equilibrium state. Most misconceptions about SOC
sequestration derive from this empirical assumption, as
we are going to demonstrate. In short, while providing a
theoretical background, the objectives of this work are (a)
to clearly and unequivocally provide a definition of SOC
sequestration together with other processes implicated

in carbon dynamics, which are often and erroneously re-
ferred to as SOC sequestration (e.g., reduction in soil CO,
emissions, increase in SOC stock, and reduction in SOC
stock losses); (b) to distinguish the two main methods for
SOC stock change determination and clarify the interpre-
tation of their respective results; and (c) to identify those
soil C-related processes under which climate change mit-
igation is achieved.

2 | DISCUSSION

Anthropogenic agricultural activities interacting with soil-
atmosphere C fluxes can be characterized according to
different perspectives or approaches, answering different
research questions: (i) a methodological perspective (e.g.,
what can be inferred from a methodological point of view?);
(ii) an atmosphere-centric perspective (e.g., is the level of
CO, increasing or decreasing?); and (iii) a soil-centric per-
spective (e.g., is the soil gaining or losing SOC?).

2.1 | Methodological perspective

In the scientific literature, the SOC stock change (ASOC
Mg Cha™") for a given sustainable soil management (SSM)
practice is experimentally determined by implement-
ing either one of two different methodologies (Arevalo
et al., 2009; Rytter & Rytter, 2020): (1) The SOC stock dif-
ference method (Eq. 1 below) and (2) The paired compari-
son method (Eq. 2 below).

ASOC = (SOC stock t; — SOC stock t,) 1)

where, ASOC: SOC stock change, expressed in mega-
grams per hectare (Mg C ha™). SOC stock t,: follow-up
C stock, that is, C stock measured after the experiment,
expressed in megagrams per hectare (Mg C ha™"); SOC
stock t,: baseline C stock, that is, C stock measured be-
fore the experiment, expressed in megagrams per hectare
(Mg C ha™).

ASOC =SOC stock tr (f;) —SOC stock ¢ (t;)  (2)

where, SOC stock tr (¢,): follow-up C stock for the treatment
plot, that is, C stock measured after the experiment in the
treatment plot, expressed in megagrams per hectare (Mg C
ha™1); SOC stock c (t,): follow-up carbon stock for the con-
trol plot, that is, carbon stock measured after the experiment
in the control plot, expressed in megagrams per hectare
(MgCha™1).

When comparing both methodologies to clarify the
different effects of SSM practices on SOC stocks, different

85U8017 SUOWWIOD SA 81D 3edtdde aup) Aq peusenob a1 sajole YO ‘SN JO Sa|NI Joj Aeiqi8UIJUO AB]IA UO (SUO N PUOD-PUE-SWS)ALI0O"AB | IM Aled 1[oul [UO//SANL) SUOIPUOD pue SWLB | 8U1 89S *[202/20/50] U0 Akeiqiauliuo A8im ‘Akeiqi ysiied Aoy Aq 600ET WINS/TTTT'OT/I0P/WO A8 | I Ale.q1|BulUO'S [euIN0sssa//:sdny wiosy pepeoiumod ‘T ‘%202 ‘sv.2S.yT



PETERSSON ET AL.

SoilUse

results are obtained (Figure 1). Considering the two equa-
tions presented above, it is possible to note that posi-
tive ASOC values calculated using the “stock difference
method” imply SOC pool gain by SSM at year 20, which
is an absolute SOC stock increase over time compared
with the stock at base period (t,; year 0) (Figure 1a,b,d). In
the case represented by Figure 1c, the same methodology
shows an absolute decrease in SOC stock compared with
the stock at baseline (f,; year 0). In the paired compari-
son method, the business-as-usual (BAU) trend (blue line)
corresponds to the control plot in the experimental design
and ASOC is calculated as the difference at ¢, (year 20) be-
tween the stock in the treatment plot (SSM practices) and
the control plot (BAU) of paired sites. Therefore, ASOCs
represent a relative variation between managements, land
uses, or cover types. By implementing paired comparison
method, positive ASOCs emerge in all 4 cases (Figure 1a—
d) even when the soil at ¢, results in a net SOC stock de-
pletion compared with its initial content (¢;) as shown in
case Figure 1c.
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Therefore, in accordance with FAO (2022) we sug-
gest referring to the ASOC calculated by implementing
the “stock difference method” as “absolute SOC stock
change” (ASOC,ps) while that calculated by imple-
menting the “paired comparison method” as “relative
SOC stock change” (ASOCgg), in order to avoid any
misinterpretation.

From a positive ASOC value calculated using the
“paired comparison method,” it is possible to infer only
that the sustainable management is slowing SOC losses
(Figure 1c) compared with the BAU trend, which is
taken as a benchmark, unless there is evidence that the
SOC stock in the BAU management maintained an equi-
librium state during the experiment (e.g., neither losing
nor gaining C, Figure 1a). In the other conditions (see
“Figure 1b—d”), without the initial SOC level measure-
ment, it is not possible to determine whether a positive
ASOCgg, is connected to an increase in SOC stock or
to a reduction in carbon losses. Moreover, for these sce-
narios the magnitude and the sign (positive or negative)
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FIGURE 1 Soil organic carbon theoretical evolutions under business-as-usual (BAU) practices as compared to the adoption of

sustainable soil management (SSM) practices. The x-axes represent time, expressed in years. The y-axes represent SOC stock, expressed as
Mg C ha™". ASOC represents the variation in SOC stock content of a land unit induced by SSM after 20years with respect to the baseline
SOC stock content (according to the stock difference method) or the difference in SOC stock content at one point in time (year 20) between
a treatment plot where SSM is applied and a control plot (according to the paired comparison method). Every graph represents a different
scenario: (a) lands where SOC levels have reached equilibrium and it is possible to increase levels through SSM; (b) lands where SOC is
increasing but can be further increased through SSM; (c) lands where SOC is decreasing and it is possible to stop or mitigate losses in SOC
levels; or (d) even reverse such fall through SSM. Source: FAO, 2022. Global Soil Organic Carbon Sequestration Potential Map - GSOCseq
v.1.1. Technical report. Rome. https://doi.org/10.4060/cb9002en
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of relative SOC stock change differ from absolute SOC
stock change.

Since scale measurements differ (i.e., absolute and
relative), ASOC calculated by means of these two differ-
ent methodologies cannot be assumed to be equivalent,
unless the equivalence is appropriately verified through
simultaneous implementation of both methodologies
on the same experimental site. Moreover, the mea-
sured ASOC might not correspond to the net C removal
from the atmosphere and storage into soil, therefore to
SOC sequestration. In fact, ASOCgg; and ASOC,gg are
methodological-centred perspective definitions and do
not explain the processes implicated in determining
ASOC stocks. To identify these processes, we need to
introduce other three terms linked to the atmosphere-
centric perspective: SOC sequestration, SOC accumula-
tion, and soil CO, emission reduction.

2.2 | Atmosphere-centric perspective
“SOC sequestration” has been defined by Olson (2013)
and Olson et al. (2014b), as the “[...] process of transfer-
ring CO, from the atmosphere into the soil of a land unit
through unit plants, plant residues and other organic sol-
ids, which are stored or retained in the unit as part of the
Soil Organic Matter (SOM). [...] The sequestrated SOC
process should increase the net SOC storage during and
at the end of a study to above the previous pre-treatment
baseline.”

A land unit is an ecologically homogeneous tract
of land (Zonneveld, 1989), whose dimensions and
boundaries are set by the researcher with the aim of
identifying a representative sample of the object of in-
vestigation. Therefore, it could be anything from an ex-
perimental plot, parcel, or field to a whole farmland or
portion thereof or even a forest, pasture, or landscape
(Olson, 2013).

In light of the above definition, for SOC sequestration to
happen, the following conditions must be jointly satisfied:

1. There has been an increase in a land unit's SOC
stock compared with pre-treatment levels;

2. Plants, plant residues, and other organic solids respon-
sible for such increase derive from that same land unit;

3. A net reduction in atmospheric CO, is achieved, con-
tributing to climate change mitigation.

Condition (A) excludes the paired comparison
method as the increase in SOC using this method may
result from a reduced emission (see Figure 1c,d), while
condition (B) excludes the contribution of organic solids
and plant residues produced out of the boundaries of

that land unit. Condition (C) instead excludes the reduc-
tion in soil CO, emissions from the definition of SOC
sequestration, which, however, delivers climate change
mitigation.

When condition A is satisfied, but B is not, the SOC
stock increase mechanism should be termed “SOC ac-
cumulation.” In this case, there is no climate change
mitigation benefit neither with SOC sequestration nor
with reduction in soil emissions. In accordance with
Lorenz and Lal (2014), Lal et al. (2015), and Powlson
et al. (2008, 2011), although external organic C inputs
might increase SOC stock over time, there is still no net
C removal from the atmosphere but rather a transfer
of organic C from one biogenic pool to another (Olson
et al., 2014b). We propose the term SOC accumulation
to describe absolute SOC stock increase linked to exter-
nal C inputs not coupled with SOC sequestration. This
often is linked to organic amendment (OA) application
to a land unit, which delivers high quantities of C ulti-
mately deriving from carbon fixation by plants grown
out of that land unit boundaries. SOC accumulation is
therefore the effect of a C exchange between produc-
tion systems/land units rather than a SOC sequestration
process. The definition of the land unit boundaries may
change the results of the assessments: at the regional/
national level, the application of OA produced within
regional/national boundaries could be considered as
SOC sequestration, while this could not be the case
when the system boundaries are defined at the farm
level and the OA is purchased on the market. On the
contrary, OA delivers SOC sequestration when organic
compounds are produced and applied within the same
land unit while determining an increase in SOC stock.
In the case of grazed pasture land, we advance the hy-
pothesis that SOC sequestration is occurring: vegetation
grown on that land unit is returned to that land unit in
the form of fresh manure, after undergoing a process of
digestion (e.g., bacterial/microbial) and transformation
by gut microbiome. Moreover, in mixed farms, if animal
feed and bedding materials (e.g., hay and straw) are pro-
duced within the farm boundaries and farmyard manure
is applied and redistributed within farmland, we suggest
that SOC sequestration is still occurring. The same cri-
teria could be applied to compost, biochar, slurry, and
anaerobic digestate: whatever the process plant biomass
may undergo (pyrolysis, composting, and digestion),
if its by-products are applied to the same land unit in
which it grew, any increase in SOC stock should be rec-
ognized as SOC sequestration. Another case in which
SOC accumulation occurs is when, through erosion and
water runoff, SOC is transferred from a land unit to a
depositional site out of that land unit. This phenome-
non may alter SOC stock of both land units (e.g., eroded
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fields lose SOC and depositional plots gain SOC) with
no implications for climate change. In fact, SOC lost
from eroded fields is not released into the atmosphere
as CO,, and SOC gained in depositional fields is not se-
questered C, as it derives from another land unit (Olson
et al., 2016). However, if eroded and depositional plots
belong to the same land unit, the net SOC stock balance
results unaltered, with no implications neither from a
soil-centric perspective nor from an atmosphere-centric
perspective. The latter phenomenon, which should be
termed “horizontal redistribution within a land unit,”
does not change the net SOC balance therein.

In contrast, the term “soil CO, emission reduction”
should be used for reduced soil CO, emissions from SOC
as consequence of sustainable management practices
compared with a BAU scenario, when soil acts as source in
both managements or when—in the best-case scenario—
soil in SSM delivers zero net soil CO, emissions, although
never transforming into a sink. Cases c and d in Figure 1
reflect soil CO, emission reduction through SSM compared
with BAU. Soil CO, emission reduction is therefore the re-
sult of an inhibition of SOC mineralization, photochemical
decomposition, oxidation and/or biodegradation, or even
wildfire, which, according to Pellegrini et al. (2022), could
result in loss or accumulation of soil carbon depending on
the ecosystem. Mineralization is a biological process op-
erated by soil heterotrophic organisms, which obtain en-
ergy from SOM with production of CO, re-emitted to the
atmosphere. Generally, mineralization rate is positively
correlated with oxygen concentration in soil, nitrogen and
water availability, soil temperature, and labile SOC com-
ponents (Paustian et al., 1997; Stockmann et al., 2013).
Oxygen infiltration in soil can be minimized by reduced
soil disturbance, such as reduced intensity tillage, no till,
and minimum till, and also increased soil compaction. In
this latter case, the scientific literature on the topic sug-
gests positive and negative effects on SOC mineraliza-
tion Beylich et al. (2010). Soil temperature in hot season
may be diminished by mulching practice and shadowing.
Enhanced oxidation and mineralization may be a conse-
quence of soil water and wind erosion and surface runoff,
which is likely to occur in sloped fields intensively tilled
with bare soil. Notwithstanding negative agricultural and
environmental externalities such as land degradation and
soil loss driven by erosion, only avoided emissions by soil

TABLE 1 Climate mitigation effect of SOC processes.

SOC process

Sequestration Yes
CO, emission reduction Yes
Accumulation No

™ WiLEY-

erosion prevention through SSM from a land unit should
be accounted as soil CO, emission reduction.

and Management

2.3 | Soil-centric perspective

From a soil-centric perspective, SOC stock levels either
increase over time (i.e., SOC stock gain) or decrease over
time (i.e., stock losses) or neither (i.e., stock equilibrium
state). However, SOC gain and losses do not necessarily af-
fect climate change since they might be the result of SOC
accumulation, SOC transport through erosion within the
same land unit (horizontal redistribution), or erosion and
transport through another land unit. These SOC dynamics
should not be confused with the sink or source function of
soils, which are functions related to the effect on atmos-
pheric CO, concentration (i.e., atmosphere-centric con-
cepts). In this context, the term SOC retention should be
used when the rate of SOC loss is decreased with respect to
BAU, by reduction in mineralization/oxidation rates and/
or surface runoff, erosion, and leaching. SOC retention
should not be confused with soil CO, emission reduction,
since SOC retained not necessarily derives from reduced
mineralization, photochemical decomposition, oxidation,
and biodegradation only, which are the processes responsi-
ble for soil CO, emissions, but may be the result of the com-
bination of reduced mineralization, surface runoff, erosion,
and leaching. Therefore, SOC retention is defined from a
soil-centric perspective (i.e., SOC is less depleted) and does
not necessarily have an impact on climate change. Soil acts
as C sink only when net SOC sequestration is occurring
and as C source when net release takes place (Table 1).

3 | CONCLUSIONS

We attempted to clarify the contribution of processes and
practices on the C cycle by reinforcing the definition of
three different terms: SOC sequestration, SOC accumula-
tion, and soil CO, emission reduction. These definitions re-
flect an atmosphere-centric perspective and identify real
climate change mitigation deriving from net atmospheric
C removal (i.e., SOC sequestration), climate change miti-
gation through decreased soil CO, emissions (i.e., soil CO,
emission reduction), and no climate change mitigation

Climate change mitigation Notes

Soil is a net CO, sink
Soil is a net CO, source or in equilibrium state

SOC stock increases, yet CO, sequestration is
performed outside the system boundaries
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effect when C is transferred from one terrestrial pool to
another (i.e., SOC accumulation). To clarify the temporal
dynamics of organic C for a specific land-use category or
management, both the paired comparison method and the
SOC stock difference method should be implemented in
experimental studies. The SOC stock difference and the
paired comparison methods are not equivalent but are
both useful and can be considered complementary tools
to investigate and achieve a wider understanding of the
research object. The paired comparison method detects
improvements in SOC in a sustainable management sce-
nario compared with a dynamic BAU, that is, when it
is expected that the SOC is not in a steady state but it is
undergoing an increasing or decreasing trend over time
(provided that the counterfactual site has the same bio-
physical characteristics than the test site). The SOC stock
difference method provides more precise net stock change
because of a variation in agricultural management over a
land unit over time, on the basis of the assumption that the
initial SOC would not have changed over time; moreover,
provided that no SOC accumulation occurs, this method
is the only one capable of unequivocally proving SOC se-
questration from the atmosphere.
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