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A B S T R A C T   

How much C can be stored in agricultural soils worldwide to mitigate rising carbon dioxide (CO2) concentrations, 
and at what cost? This question, because of its critical relevance to climate policy, has been a focus of soil science 
for decades. The amount of additional soil organic C (SOC) that could be stored has been estimated in various 
ways, most of which have taken the soil as the starting point: projecting how much of the SOC previously lost can 
be restored, for example, or calculating the cumulative effect of multiple soil management strategies. Here, we 
take a different approach, recognizing that photosynthesis, the source of C input to soil, represents the most 
fundamental constraint to C sequestration. We follow a simple “Fermi approach” to derive a rough but robust 
estimate by reducing our problem to a series of approximate relations that can be parameterized using data from 
the literature. We distinguish two forms of soil C: ‘ephemeral C’, denoting recently-applied plant-derived C that is 
quickly decayed to CO2, and ‘lingering C,’ which remains in the soil long enough to serve as a lasting repository 
for C derived from atmospheric CO2. First, we estimate global net C inputs into lingering SOC in croplands from 
net primary production, biomass removal by humans and short-term decomposition. Next, we estimate net 
additional C storage in cropland soils globally from the estimated C inputs, accounting also for decomposition of 
lingering SOC already present. Our results suggest a maximum C input rate into the lingering SOC pool of 0.44 Pg 
C yr− 1, and a maximum net sequestration rate of 0.14 Pg C yr− 1 – significantly less than most previous estimates, 
even allowing for acknowledged uncertainties. More importantly, we argue for a re-orientation in emphasis from 
soil processes towards a wider ecosystem perspective, starting with photosynthesis.   

1. Introduction 

“How many piano tuners are there in Chicago?” Enrico Fermi famously 
posed this question to illustrate how seemingly intractable problems can 
be resolved, crudely but reliably, by parsing them into a series of esti-
mable entities (Von Baeyer, 1993). The population of Chicago was then 
about three million, he said; if average family size was four, and one in 
three families had pianos, the city had about 250,000 pianos. Assuming 
that pianos were tuned every five years, and each tuner serviced four 
pianos per day for 250 days each year, then Chicago must have about 50 
tuners. 

Ecology has many such “Fermi problems”, seemingly impenetrable 
quandaries for which inventive back-of-the-envelope algorithms can be 
instructive (Harte, 1988; Weinstein and Adams, 2008). A notable 
example in soil science today is the amount of carbon (C) that could be 

withdrawn from the atmosphere by adopting soil C-building practices on 
croplands globally (Lal, 2019). Clearly, defensible estimates of achiev-
able C gains would inform policies urgently needed to reduce the serious 
buildup of atmospheric CO2: if soils can be induced to mop up a large 
fraction of fossil C-derived CO2, then assertive policies promoting this 
avenue are warranted (Zomer et al., 2017); conversely, if augmented 
stores of persisting C are modest relative to emissions, then such policies 
may distract from more effectual strategies (Schlesinger and Amundson, 
2019). 

1.1. Past approaches for estimating global C sequestration potential in 
soils 

Potential soil C sequestration rates have been estimated in several 
ways. One approach, perhaps the simplest Fermi computation, is to 
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assume that existing C stocks can be incrementally increased by a con-
stant fraction per year (Approach 1, Table 1). For example, the widely- 
publicized “4 per 1000” initiative proposed that “An annual growth rate 
of 0.4% in the soil carbon stocks … in the first 30 to 40 cm of soil, would 
significantly reduce the CO2 concentration in the atmosphere …” (http 
s://www.4p1000.org/). If applied only to agricultural soils (not to all 
soils), it would “effectively offset 20–35% of global anthropogenic green-
house gas emissions” (Minasny et al., 2017), although underlying as-
sumptions in this estimate have been questioned (De Vries, 2018; 
VandenBygaart, 2018; White et al., 2018). Zomer et al. (2017), using a 
slightly modified approach from Sommer and Bossio (2014), estimated 
that soil C sequestration in croplands worldwide could amount to 0.90 to 
1.85 Pg C yr− 1, or 26 to 53% of the “4 per 1000” target. Although 
commendably straightforward, the “4 per 1000” approach begs the 
question: Does this rate – 0.4% per year – have any empirical founda-
tion? And is it reasonable to assume, as this approach implies, that ab-
solute C gain per ha will be greater in soils already high in C (Batjes, 
2019; Franko and Ruehlmann, 2018)? Perhaps for these reasons, the ‘4 
per 1000’ value has increasingly been framed more as ‘aspirational 
target’ than as quantitative estimate (Amelung et al., 2020; Minasny 
et al., 2018; Soussana et al., 2017). 

A second approach, among the earliest, is to estimate potential soil C 
gains based on partial recovery of soil C previously lost (Approach 2, 
Table 1). Cole et al. (1996, 1997), for example, proposed that if half to 
two thirds of historical losses (about 55 Pg C) could be recovered over 
50–100 years, then soil C sequestration would amount to 0.4 – 0.6 Pg C 
yr− 1 for 50 yr. Recent studies propose that cumulative soil C losses have 
exceeded 100 Pg C (Lal, 2018; Sanderman et al., 2017b), implying 
greater potential for C gain using this approach. But projecting future 
gains from past losses poses several questions: Is the pre-cultivation C 
stock a defensible measure of maximum C storage under conditions and 
land use vastly different from those under which the soils developed? 
Can we know reliably the amount of soil C lost, since original soil C was 
never measured? And how do we estimate the fraction of past losses that 
can realistically be restored (Powlson et al., 2022)? 

In a third approach (Table 1), potential C sequestration is estimated 

using complex bottom-up calculations, wherein predicted responses to 
individual C-promoting practices (Mg C ha− 1 yr− 1) are multiplied by the 
potential area (ha) over which such practices can be applied. One such 
calculation yielded a technical potential of about 1.3 Pg C yr− 1 on 
agricultural lands globally, of which 0.4 – 0.7 Pg C yr− 1 was estimated to 
be economically feasible (Smith, 2008; Smith et al., 2007). Paustian 
et al. (2016) elevated these estimates, by including additional potential 
gains from enhanced inputs of root-derived C (about 0.3 Pg soil C yr− 1) 
and biochar (about 0.4 Pg C yr− 1). More recently, Lal (2018) proposed a 
‘technical potential’ on arable lands of 0.5 to 1.2 Pg C yr− 1 with addi-
tional amounts on degraded lands and on lands under pasture, perma-
nent crops, or urban management for a total of 1.45 to 3.44 Pg C yr− 1. 
Such bottom-up estimates, however, are almost intractably complex, 
with expected C gains from individual practices prohibitively uncertain. 
To cite one example: reduced tillage is among the most widely- 
advocated options for sequestering C on croplands throughout the 
world (Bruce et al., 1999; Minasny et al., 2017; Pacala and Socolow, 
2004; Post et al., 2004; Smith et al., 2007; Sperow, 2016; Thomson et al., 
2008; World Bank, 2012; Zhang et al., 2014; Zomer et al., 2017). But 
despite decades of research, questions remain about the extent to which 
such practices actually increase soil C stocks rather than merely re- 
arranging C in the soil profile (Angers and Eriksen-Hamel, 2008; 
Baker et al., 2007; Chatterjee, 2018; DeLuca and Zabinski, 2011; Manley 
et al., 2005; Meurer et al., 2018; Paustian et al., 2016; Powlson et al., 
2014). For no-till and all other C-conserving practices, rates of soil C 
gain are highly variable, reflecting complex interactions of land history, 
soil properties, climatic conditions, and agronomic setting (Virto et al., 
2012; Yang et al., 2013). Notably, soil C gain is not a function of the 
current practice alone, but rather of the change in practice and therefore 
depends on land use history. Thus, for example, land now under no-till 
practices might be gaining C if recently converted from a degradative 
system (Nicoloso et al., 2020), but might be losing C if recently converted 
from grassland (DuPont et al., 2010). To estimate C gains, therefore, it is 
not enough to know the area of land under given practices; you also need 
to know the preceding practices, and how long the new practice has been 
in place, because any C accrual wanes with time (Poulton et al., 2018). 
And when multiple practices are implemented together, their effects are 
not always additive, but subject to inscrutable interactions (Alhameid 
et al., 2017; Triberti et al., 2016). Predicting global C gains via this 
approach therefore involves staggering complexity with commensurate 
uncertainty. 

1.2. Input of photosynthetically-derived C as primary driver of soil C 
change 

The preceding approaches are soil-focused, implying that C seques-
tration is dictated by the capacity of soil to store additional C. But soil C 
storage is a product of the entire ecosystem, not of soil processes alone; 
indeed, it is plants, not soils, that pull CO2 from the air. For a given area 
of land, net storage of atmospheric C in soil is the difference between 
input to soil of C from photosynthesis on that land and loss of C as CO2 or 
CH4 from biotic metabolism of accumulated C (including respiration of 
re-located C in erosional deposits or leachates): 

ΔCsoil = Ci − Cm (1)  

where: 

ΔCsoil = change in soil C storage (Mg C ha− 1yr− 1).  

Ci = input of C to soil from photosynthesis occurring on that land 
area (excluding input of imported C from photosynthesis elsewhere)  

Cm = losses of C to atmosphere via metabolism (mostly CO2), 
including respiration of C translocated via erosion or leaching. Soil C 

Table 1 
Summary of mathematical approaches to estimate potential rate of soil C gain in 
cropland soils globally.  

Approach Equation Examples 

1 Cr ¼ S * Fs 

where: 
Cr = C sequestration rate (Pg C yr− 1); 
S = global C stock (Pg C) 
Fs = fractional increase in Cr (Pg C Pg 
C− 1yr− 1) 

https://www.4p1000.org/; 
Minasny et al. (2017)  

2 Cr ¼ L * FL / t 
where: 
Cr = C sequestration rate (Pg C yr− 1); 
L = accumulated loss of global C stock 
(Pg C) 
FL = fraction of past loss recoverable 
(Pg C / Pg C) 
t = time over which recovery occurs 
(yr) 

Cole et al. (1996, 1997)  

3 Cr = Ʃx
i=1 Ʃ

y
j=1

(
Ai,j*ri,j

)

where: 
Cr = C sequestration rate (Pg C yr− 1); 
Ai,j = area of adopted C-conserving 
practice i (109 ha) in region j 
ri,j = C sequestration rate for practice i 
(Mg C ha− 1 yr− 1) in region j 

Smith et al. (2007, 2008)  
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eroded or leached from a given unit of land but stored elsewhere is 
not lost to the atmosphere. 

The primary driver of soil C gain, therefore, is input of 
photosynthetically-fixed C from net primary productivity (NPP). Rate of 
decay (Cm), of course, also affects net soil C change, but it generally 
follows C input: as C stocks build with higher C input, microbial activity 
tends to intensify in response so that, in time, rates of C loss and gain 
converge and C stocks reach a quasi-steady state. An increase in soil C 
stock, therefore, simply reflects the temporary lag between plant- 
derived C inputs and the eventual catch-up of the slowly-accelerating 
decay rate (Odum, 1969). Management can influence rate of decay 
temporarily – for example, reducing tillage may slow decay in semi-arid 
lands by suspending residues in desiccated layers (Helgason et al., 2014) 
– but as available C accumulates, decay eventually catches up to input. 

Not surprisingly, therefore, early studies showed a strong linear 
relationship between plant-derived C input and management-induced 
changes in soil C content (Larson et al., 1972; Paustian et al., 1992). A 
sampling of recent studies confirms that this direct relationship holds in 
diverse settings throughout the world (Table S1). For example, in a 
comprehensive review of soil C dynamics in tropical croplands (214 
cases in 48 studies in 13 countries), Fujisaki et al. (2018) concluded that 
“the SOC accumulation rates increased linearly with C inputs, and the con-
version rate of C inputs to SOC was 8.2 ± 0.8%”. 

Although soil properties such as texture and mineralogy affect C 
retention by influencing stabilization processes (Krull et al., 2003), such 
mechanisms are evidently subservient to the dominant effects of C in-
puts. According to some hypotheses, soils may reach ‘saturation’, 
beyond which soil C stocks are no longer responsive to variations in 
residue input (Chen et al., 2019; Stewart et al., 2007), but this typically 
occurs only at C concentrations exceeding those in most cropland soils. 
In an oft-cited example, Campbell et al. (1991) found no significant 
relationship between estimated residue C input and C stocks, but the soil 
already had high C reserves (61 to 67 Mg C ha− 1 to 0.15 m), perhaps 
concealing small responses. A recent modeling study (Martin et al., 
2021) concluded that approximately 95% of croplands in France are 
unsaturated. In the end, regardless of the protection of organic substrate 
by a soil, any increase in soil C depends ultimately on how much 
photosynthetically-derived C is added. Even ‘stabilized’ C is not 
perfectly inert, and is subject to gradual decay (Parton et al., 1988). 

The substantial loss of soil C after converting natural ecosystems to 
cropland – the alleged gap available for future ‘sequestration’ (in 
Approach 2; Table 1) – largely reflects the sharply-reduced inputs of 
biotic C to soil (Crews and Rumsey, 2017; Janzen, 2004; McLauchlan, 
2006; Nyawira et al., 2017). In ‘natural’ ecosystems, most of the C 
trapped by photosynthesis – about 90% – escapes herbivory and fire 
(Coleman et al., 2004; Gessner et al., 2010), eventually reaching the soil 
where it quickly decays, leaving behind the persisting remnants that 
comprise the bulk of soil organic matter. In croplands, by comparison, a 
large fraction of the NPP is harvested and exported from the system 
(Barnosky et al., 2012); that, after all, is the point of farming: to direct 
photosynthate into products for use elsewhere. The impressive yield 
increases in cereals in recent decades, for example, have been achieved 
largely by improving harvest index, the fraction of above-ground 
biomass destined for harvest (Parry et al., 2011). Typically, now, 
about one third of total NPP of crop plants is removed from the 
ecosystem (Bolinder et al., 2007). Furthermore, croplands usually have 
lower NPP than ‘natural’ ecosystems despite agronomic developments in 
recent decades (Haberl et al., 2002; Krausmann et al., 2013). With lower 
total NPP, of which a large share is removed, return of biomass C to soil 
is much lower in croplands than in the systems they replaced, leading 
inevitably to lower soil C stocks. Therefore, merely re-tuning practices in 
a system fundamentally designed for massive C removal seems unlikely 
to restore the substantial troves of C once lost. 

The main factor preventing restoration of SOC lost in croplands is not 
constraints in soil properties but limits in C input dictated by necessary 

removal of plant C (Bruni et al., 2021; Riggers et al., 2021). With bur-
geoning demands for food, fiber, and fuel, a large share of NPP from 
croplands must be exported. Removal of crop residues has approxi-
mately tripled in the last century (Krausmann et al., 2013), a trend 
unlikely to be reversed, given expanding demands for biofuel and other 
uses (Cherubin et al., 2018; Karlen et al., 2015; Karlen and Johnson, 
2014). Thus, C stocks will likely never approach pre-cultivation levels on 
many croplands, regardless of the efforts to store more C in soil, so that 
pre-cultivation C stocks are a dubious benchmark for potential re- 
accumulation (Approach 2, Table 1) (Poulton et al., 2018). Similarly, 
the estimates of soil C accrual based on improved practices (Approach 3, 
Table 1) will remain elusive without enhanced plant-derived C return to 
soil. Merely dampening decay of existing reserves cannot compensate 
for the relentless siphoning of plant C to urgent uses outside the 
ecosystem. In short: if we are to increase soil C stocks, where will the 
additional C come from? 

2. An alternative: estimating potential C sequestration from 
plant C inputs 

As an alternative to earlier approaches, we propose that 
management-induced gain in soil C can be roughly estimated from 
amounts of photosynthetically-derived C available to replenish soil 
organic matter. In this approach, we distinguish two forms of soil C: 
‘ephemeral C’, denoting recently-applied plant-derived C that is quickly 
decayed to CO2, and ‘lingering C’, which remains in soil long enough to 
serve as lasting repository for atmospheric C. Much of the ‘lingering’ C 
may be comprised of microbial necromass, stabilized by interaction with 
soil minerals (Liang et al., 2020) (we use ‘lingering’ in place of ambig-
uous terms such as ‘recalcitrant’ and ‘stable’, which erroneously imply a 
pool that is inherently inert or refractory (Kleber, 2010)). ‘Ephemeral C’ 
consists of incompletely-processed plant debris and accounts for much of 
the short-term fluctuations in soil C; it is quickly replenished but just as 
quickly depleted. Because this fraction turns over quickly, releasing 
nutrients and energy, it is crucial for soil productivity and biodiversity 
but it cannot be a reliable, enduring storehouse for excess atmospheric 
C. It is ‘lingering’ C that we hope to augment as a store of excess at-
mospheric CO2. 

On the premise that building enduring soil C is fundamentally a 
function of C inputs, potential C sequestration in cropland soils globally 
can be approximated using the following two simple steps (Fig. 1):  

Step 1: Estimate net C inputs to ‘lingering’ soil organic matter. 

Fig. 1. Schematic overview of carbon flows in agroecosystems, depicting pools 
and coefficients used in our approach to estimate annual change in global 
carbon stocks in cropland soils, as presented in Equation [3]. 

H.H. Janzen et al.                                                                                                                                                                                                                              
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CiL = P*(1 − k1)*k2 (2)  

where: 

CiL = net C input to ‘lingering’ soil C (Pg C yr− 1). ‘Lingering C’ here 
refers to plant-derived C which persists in soil for > 5 years.  

P = net primary productivity on all cropland, globally (Pg C yr− 1)  

k1 = net fraction of NPP exported (Pg C exported / Pg C NPP). 
‘Exported’ C refers to C in harvested products not returned to crop-
land, directly or indirectly (e.g., in manure)  

k2 = fraction of added plant C that persists in soil for > 5 yrs 
(Pg C retained / Pg C added) 

The three parameters in equation [2] can be readily approximated 
from the literature. Estimates of annual net photosynthesis (P) on 
croplands globally vary somewhat, but typically amount to about 10% 
of global terrestrial NPP. A rigorous recent study estimated global 
cropland NPP to be 5.25 ± 0.46 Pg C yr− 1, including below-ground C 
(Wolf et al., 2017; Wolf et al., 2015). This is the amount of C removed 
annually from the atmosphere by photosynthesis in all croplands world- 
wide, and represents the source of new soil C. 

A large share of the NPP, however, is removed from croplands and 
quickly respired or combusted back to CO2 (Poeplau et al., 2017). Ac-
cording to Wolf et al. (2015), about 2.59 Pg C is removed annually from 
croplands, 2.05 in products and 0.54 in residues. Some of this, however, 
is returned to cropland in manure. We estimate, based on Wolf et al. 
(2015) and discussions with Oene Oenema, that manure production 
from cropland harvest is about 0.4 Pg C yr− 1. Allowing for storage losses 
and other uses for manure, we assume manure C recycled to cropland 
globally is about 0.3 Pg C yr− 1. Thus, net removal is about 2.29 Pg C 
yr− 1, k1 is approximately 0.44, and annual return of photosynthetically- 
derived C to croplands is about 2.96 Pg C yr− 1. 

Plant residue added to soil is transient and most of its C is quickly 
returned to CO2. Studies using isotopic tracers find consistently, across 
different climates and soils, that about 80 to 90% of added C is lost from 
soil within a few years of application. For our approximation, we assume 
that 15% of the added litter C is ‘lingering’, remaining in soil for>5 years 
(k2 = 0.15). The use of 5 yrs duration is arbitrary, but recovery of 
applied C generally follows 1st-order kinetics, with rapid initial decay, 
waning after several years (Gregorich et al., 2017; Jenkinson and Aya-
naba, 1977). Thus, plant-derived C retention changes only slowly after 5 
years; for example, C recovery is not much less after 10 years than after 
5 years. 

Based on these assumptions, the net C input to ‘lingering’ soil organic 
matter in croplands (Ci in equation [1]) is about 5.25 * (1 – 0.44) * 0.15 
= 0.44 Pg C yr− 1 (Table 2). As with all Fermi solutions, this estimate is 
approximate, and carries a significant confidence interval. But it seems 
unlikely, based on simple Monte Carlo simulation, that reasonable co-
efficients in Equation [1] would yield estimates much>0.6 Pg C yr− 1 

(Suppl. Fig. 1). 

Step 2: Account for turnover of C previously stored in soil. 
Our estimate (0.44 Pg C yr− 1), however, represents an unattainable 

upper bound of potential soil C sequestration because it does not yet 
account for the slow decay of previously-stored ‘lingering’ C; that is, 
equation [2] assumes that C already stored in soil is inert. To illustrate 
how the decomposition of this indigenous soil C further limits net SOC 
gain, we can append an additional term, which crudely estimates its 
gradual turnover: 

Cg = CiL − H*k3 (3)  

= [P*(1 − k1)*k2 ] − (H*k3) (4)  

where: 

Cg = net annual gain in global soil C stocks on croplands (Pg C yr− 1) 
H = global stock of soil C in cropland soil (Pg C to 30 cm), conser-
vatively assumed to be all ‘lingering C’ 
k3 = fraction of SOC stock decayed per yr in surface 30 cm (Pg C 
decayed yr− 1 Pg SOC− 1) 

= 1/R 
where R = mean residence time (MRT) of C in surface 30 cm (years). 

The C stock of all cropland soils is about 140 Pg C to a depth of 30 cm 
(Zomer et al., 2017). Additional amounts occur at lower depths, but this 
C turns over only slowly (Balesdent et al., 2018), and can be assumed 
(erring on the side of over-estimating net sequestration) to be almost 
inert on scales of years to decades. The mean residence time (MRT) of C 
in surface soil varies widely, depending on climate, soil properties, soil 
depth, organic matter composition, and how MRT is defined (Baisden 
and Parfitt, 2007; Balesdent et al., 2018; Chen et al., 2013; Mills et al., 

Table 2 
Estimated parameters for our approach, as used in Equations 1–4 as well as in our Monte Carlo simulation (Fig. 2, Suppl. Fig. 1). For rationale and references, see 
description in text.  

Parameter Description Unit Estimate s.d. Limits 

P Global net primary productivity Pg C yr− 1 5.25 0.46 > 0 
k1 Net fraction of NPP exported Pg C Pg C− 1 0.44 0.044 0–1 
k2 Fraction of added plant C that persists in soil for >5 yrs Pg C Pg C− 1 0.15 0.015 0–1 
H Global stock of soil C in croplands (0–30 cm) Pg C 140 14 > 0 
R Mean residence time yr 500 200 > 0  

Fig. 2. Distribution of annual C gain (Cg) estimates from Monte Carlo analysis 
of Equation [4]. The X-axis was truncated to eliminate very small density values 
for x < -0.4 and x > 0.8. For parameter estimates see Table 2, for a detailed 
explanation of the Monte Carlo analysis, see the Supplementary Information. 
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2014; Paul, 2016; Sierra et al., 2018; Trumbore, 1993). Chen et al. 
(2013) estimated a MRT of the global C pool of 21.0 to 23.2 years for the 
1960 to 2008 period, but that was for a depth of 20 cm; the MRT of the C 
in the 0 30 cm layer is likely longer, owing to increasing residence time 
with depth (Balesdent et al., 2018). 

By definition, the MRT of ‘lingering’ C equals total stock (Pg C) 
divided by the annual rate of decay (Pg C yr− 1) (Carvalhais et al., 2014). 
If the ‘lingering’ C stock is at steady state (i.e., annual decay = annual 
input), then MRT of this ‘lingering’ C is equal to C stock divided by 
annual input. Assuming for simplicity that C stock of ‘lingering’ C is 140 
Pg C (Zomer et al., 2017) and input to ‘lingering’ C is 0.44 Pg C yr− 1, 
then MRT = 140 Pg C / 0.44 Pg C yr− 1 = 318 years. The actual value will 
be slightly smaller because a small portion of global C stocks at any given 
time is composed of ‘ephemeral’ C. 

To estimate annual indigenous soil C turnover, we assume a MRT of 
500 years, longer than that of most measured values, both to err on the 
side of over-estimating possible soil C gain and to allow for any slowing 
of decay through adoption of practices such as no-till. Then, if the total 
organic C stock of cropland soil to 30 cm depth = 140 Pg C (Zomer et al., 
2017), annual loss of ‘lingering’ soil C amounts to about 0.3 Pg C yr− 1, 
and potential soil C sequestration in cropland soils world-wide is in the 
order of about 0.44 – 0.3 = 0.14 Pg C yr− 1 (Fig. 2). The relationship 
between assumed MRT and estimated C sequestration is asymptotic 
(Fig. 3). At MRT values less than approximately 320 yr, turnover of 
global C stocks negates any benefits from incoming C inputs, and net 
change is zero or even negative. Even if our estimate of MRT is too low, 
or if MRT is increased by practices such as no-till, this will only have 
limited effect on net C storage; for example, at MRT = 1000 years, the 
estimated annual soil gain increases only to about 0.3 Pg C yr− 1. 

Any increase in SOC in response to higher C input, of course, cannot 
increase indefinitely (Johnston et al., 2017; Schiefer et al., 2018). As the 
pool of ‘lingering’ soil C increases, C loss from decay also increases, both 
because of 1st order kinetics (Caruso et al., 2018) and because protective 
mechanisms are progressively less effective as soil C builds up (Lehmann 
and Kleber, 2015). In time, therefore, the value of the second term in 
equation [3] approaches that of the first term, and soil C gain subsides to 
zero. To phrase it another way, soil C responds only to a change in 
amount of plant C added; if there has been no change in residue addi-
tions in recent decades, soil C attains a quasi-steady state and changes 
only gradually, if at all. 

3. Summary of proposed estimate 

Our approach suggests that about 0.44 Pg C yr− 1 can be added to 
lingering soil C stocks in croplands globally. But allowing for the slow 
turnover of existing C stocks, the potential net accumulation is much 

less, perhaps about 0.14 Pg C yr− 1. This estimate, like all Fermi algo-
rithms, is crude but, based on our tentative assumptions, the amounts of 
biomass C available for SOC replenishments will likely constrain annual 
global C sequestration in cropland soils to 0.14 (±0.1) Pg C yr− 1 (Fig. 2), 
roughly 1.5% of current anthropogenic emissions (which are about 10 
Pg yr− 1; Friedlingstein et al. (2021)). 

Based on our rough Fermi estimate, soil C sequestration in croplands 
is a laudable, worthy goal as part of a phalanx of other measures, but it 
cannot supplant drastic reduction in fossil fuel emissions to suppress 
rising CO2 concentrations. It is indeed an opportunity that “should be 
neither dismissed nor exaggerated” (Bossio et al., 2020). We need every 
feasible strategy to combat the threat of climate change; but overly 
optimistic projections for soil C gains may dilute the urgency of other 
strategies, notably of reducing fossil C emissions. 

Additional C may be sequestered in soils on grazing lands, which 
could also be estimated using the approach described above. Achieving 
discernible soil C gains may be more difficult in these lands than in 
croplands, however, because many grazing lands are comparatively arid 
(with modest C inputs), not amenable to management change, and 
spatially variable, hampering verification (Briske et al., 2013). Soil C 
gains from organic inputs such as biochar could also be readily incor-
porated into our approach, but these gains count as atmospheric C 
removal on croplands only if the biochar was derived from photosyn-
thesis on those lands, or if biochar amendment promoted photosynthesis 
(Equation [1]). 

Like all Fermi solutions, our proposed framework yields only rough 
estimates, but may help establish reasonable bounds of C sequestration 
potential. As understanding develops and new insights emerge, the co-
efficients in the framework can be easily updated to generate progres-
sively more robust estimates. At this stage, perhaps, the precise value of 
potential C sequestration is less important than the approach for 
deriving it. 

4. Implications 

The approach described here, while furnishing approximate esti-
mates, also offers several directions for continuing research towards 
augmenting soil C. Firstly, it justifies rigorous efforts to promote 
photosynthesis (total plant yield) in agricultural ecosystems. The higher 
the NPP, the more C is available for both harvest and replenishment of 
soil organic matter. One strategy, for example, is continued research 
toward greater use of perennial crops, including forages, which maintain 
photosynthesis for longer durations, and allocate more C to plant parts 
not subject to harvest and removal, notably in rooting systems (Glover 
et al., 2010). Where perennial systems are not feasible, their benefits can 
be mimicked by extending and enhancing photosynthesis through 
measures such as cover cropping, diversified cropping schemes, judi-
cious crop nutrition, and promoting perennials in unharvested land-
scape areas (Asbjornsen et al., 2014; King and Blesh, 2018). A small 
increase in NPP across all croplands globally (increasing P, equation [4]) 
might offer greater lasting benefit for soil C accrual than merely re- 
directing new plant C to more stable soil C fractions (increasing k2, 
equation [4]). Moreover, enhanced C input allows for higher soil C 
accumulation and more benefits from decay, thereby circumventing the 
C dilemma of having to choose between accumulating soil C or using it 
to promote soil functions through its decomposition by biota (Janzen, 
2006; Sanderman et al., 2017a). 

If augmenting soil C depends on promoting NPP, then availability of 
other nutrients, notably nitrogen (N), becomes important (Albrecht, 
1983; Loveland et al., 2014; Van Groenigen et al., 2017; Zaehle, 2013). 
For example, if soil C is to be increased by 0.14 Pg C yr− 1 and the C:N 
ratio of soil organic matter is 12:1, then that C gain requires an addi-
tional 12 Tg N yr− 1, either from increased N input or reduced N losses. 
When a soil is a sink for C, it is also a sink for N, which may limit N 
fertility without compensatory measures. 

Our calculation also emphasizes the importance of maximizing 

Fig. 3. Relationship between estimated annual soil carbon gain and mean 
residence time (yrs) of soil carbon, excluding recent additions. Mean residence 
time = 1/k3 (see Equation [4]). 
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return of plant C to soil (k1 in Equation [4]), either directly or as recycled 
by-products, such as animal manure, biochar, and ‘wastes’ from indus-
trial processing of cropland harvests. The growing demands for agri-
cultural biomass as a feedstock for renewable fuels (Karlen et al., 2015) 
and other uses amplifies the importance of k1 in dictating potential soil C 
gains. Equation [4], therefore, provides a framework for navigating the 
inevitable trade-offs arising from limitations of available plant biomass. 
Every tonne of biomass C trapped by photosynthesis can be removed or 
returned to replenish soil organic matter – never both. In some cases, 
societal demand may favor removal of plant biomass for different use 
rather than returning it to soil for soil C replenishment. For that reason, 
our estimates of soil C sequestration represent an upper bound (a tech-
nical potential), not a projected rate of soil C accrual. 

The Fermi approach we outline also upholds the view that biological 
C stock is a product of interwoven ecosystem processes – notably 
photosynthesis – rather than of soil processes alone. Any effort to 
measure and maximize soil C storage must therefore adopt an ecological 
perspective including all biota within and upon the soil in their myriad 
interactions. This means tracing more fully and cohesively the fate and 
flows of plant C into and through entire cropland ecosystems. Perhaps 
the greatest uncertainty resides in rhizospheric C fluxes; because below- 
ground measurements are laborious, the amounts and fate of C entering 
the soil via roots and their exudates remain inadequately quantified 
(Amos and Walters, 2006; Kramer et al., 2012; Paul, 2016; Pausch and 
Kuzyakov, 2018; Pett-Ridge and Firestone, 2017). For example, some 
studies suggest that retention of root C in soil organic matter is greater 
than that of above-ground residues (Berti et al., 2016; Ghafoor et al., 
2017; Jackson et al., 2017; Menichetti et al., 2015; Xu et al., 2021); but 
others report the converse (Tahir et al., 2016) or no discernible differ-
ence (Hu et al., 2018). Such calculations obviously depend on reliable 
estimates of root C inputs to soil organic matter. Unlike above-ground 
parts, roots are always decaying; hence any one-time measure cap-
tures only a fraction of the C allocated annually to roots. If current es-
timates of root-derived C input are conservative, then the estimate of 
potential C gain from equation [4] might increase slightly (increased P, 
decreased k1). A recent synthesis, however, suggests that only 5–6% of 
NPP in croplands is allocated to net rhizodeposition (Pausch and 
Kuzyakov, 2018) – substantially less than in grasslands, and well within 
the uncertainty associated with the assumed NPP in our calculations. 

Our estimate of potential cropland C sequestration is almost an 
order-of-magnitude below current emissions from land use change 
(currently ~0.9 (±0.7) Pg C yr− 1; (Friedlingstein et al., 2021)). There-
fore, policies and research efforts to preserve C already stored in the 
biosphere deserve at least as much attention as efforts to sequester new 
stores, especially in light of projected expansion of cropland area 
(Molotoks et al., 2018). Many of these, such as reducing food waste or 
shifting food preferences, extend outside the usual purview of soil sci-
ence, demanding a trans-disciplinary approach. 

Plant biomass, a repository of solar energy and plant nutrients, is an 
increasingly valuable commodity, in demand for many uses beyond soil 
C sequestration for climate mitigation. The growing shortage of this 
resource dictates careful thought on how best to invest this precious 
material, recognizing inevitable trade-offs. 

5. Conclusions 

Our approach suggests that the maximally achievable rate of C 
sequestration in arable lands globally is most likely in the order of 
0.1–0.2 Pg C yr− 1, around 1.5% of current annual anthropogenic CO2 
emissions. Soil C sequestration on croplands, therefore, offers significant 
but modest benefits, insufficient to forestall drastic efforts to reduce 
emissions from fossil C and degradative land use change. 

More important than the numerical value of our estimate, perhaps, is 
the change in orientation: what matters in projecting soil C change is not 
past losses but future C inputs. This reorientation shifts the emphasis 
from a myopic focus on soil processes, intent on stashing away soil C, to 

a wider ecosystem perspective of C cycling, encompassing the role of 
plants as agents of atmospheric CO2 withdrawal, with photosynthesis at 
its core. 

Our approach offers a quantitative reminder that preserving existing 
stores of C in ecosystems is at least as important as accumulating new 
stores of C. Despite past losses, agricultural ecosystems still hold large 
reserves of C. Prudent farming practices, by avoiding expanded culti-
vation, may help to hold in place even larger pools of C in grasslands, 
forests, and other non-arable lands. Leaving grasslands unplowed, 
wetlands undrained, and forests uncut surely is as important as leaving 
coal unburnt. 
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Sutton, A.J., Sweeney, C., Tanhua, T., Tans, P.P., Tian, H., Tilbrook, B., Tubiello, F., 
van der Werf, G., Vuichard, N., Wada, C., Wanninkhof, R., Watson, A., Willis, D., 
Wiltshire, A.J., Yuan, W., Yue, C., Yue, X., Zaehle, S., Zeng, J., 2021. Global Carbon 
Budget 2021. Earth Syst. Sci. Data Discussions 2021 (1–19), 1. https://doi.org/ 
10.5194/essd-2021-386. 

Fujisaki, K., Chevallier, T., Chapuis-Lardy, L., Albrecht, A., Razafimbelo, T., Masse, D., 
Ndour, Y.B., Chotte, J.L., 2018. Soil carbon stock changes in tropical croplands are 
mainly driven by carbon inputs: a synthesis. Agric. Ecosyst. Environ. 259, 147–158. 
https://doi.org/10.1016/j.agee.2017.12.008. 

Gessner, M.O., Swan, C.M., Dang, C.K., McKie, B.G., Bardgett, R.D., Wall, D.H., 
Hattenschwiler, S., 2010. Diversity meets decomposition. Trends Ecol. Evol. 25 (6), 
372–380. https://doi.org/10.1016/j.tree.2010.01.010. 

Ghafoor, A., Poeplau, C., Katterer, T., 2017. Fate of straw- and root-derived carbon in a 
Swedish agricultural soil. Biol. Fertil. Soils 53 (2), 257–267. https://doi.org/ 
10.1007/s00374-016-1168-7. 

Glover, J.D., Culman, S.W., DuPont, S.T., Broussard, W., Young, L., Mangan, M.E., Mai, J. 
G., Crews, T.E., DeHaan, L.R., Buckley, D.H., Ferris, H., Turner, R.E., Reynolds, H.L., 
Wyse, D.L., 2010. Harvested perennial grasslands provide ecological benchmarks for 
agricultural sustainability. Agric. Ecosyst. Environ. 137 (1–2), 3–12. https://doi.org/ 
10.1016/j.agee.2009.11.001. 

Gregorich, E.G., Janzen, H., Ellert, B.H., Helgason, B.L., Qian, B.D., Zebarth, B.J., 
Angers, D.A., Beyaert, R.P., Drury, C.F., Duguid, S.D., May, W.E., McConkey, B.G., 
Dyck, M.F., 2017. Litter decay controlled by temperature, not soil properties, 
affecting future soil carbon. Glob. Change Biol. 23 (4), 1725–1734. https://doi.org/ 
10.1111/gcb.13502. 

Haberl, H., Krausmann, F., Erb, K.H., Schulz, N.B., 2002. Human appropriation of net 
primary production. Science 296 (5575), 1968–1969. https://doi.org/10.1126/ 
science.296.5575.1968. 

Harte, J., 1988. Consider a Spherical Cow: A Course in Environmental Problem Solving. 
University Science Books, Sausalito, CA.  

Helgason, B.L., Gregorich, E.G., Janzen, H.H., Ellert, B.H., Lorenz, N., Dick, R.P., 2014. 
Long-term microbial retention of residue C is site-specific and depends on residue 
placement. Soil Biol. Biochem. 68, 231–240. https://doi.org/10.1016/j. 
soilbio.2013.10.002. 

Hu, T., Sorensen, P., Olesen, J.E., 2018. Soil carbon varies between different organic and 
conventional management schemes in arable agriculture. Eur. J. Agron. 94, 79–88. 
https://doi.org/10.1016/j.eja.2018.01.010. 

Jackson, R.B., Lajtha, K., Crow, S.E., Hugelius, G., Kramer, M.G., Pineiro, G., 2017. The 
Ecology of Soil Carbon: Pools, Vulnerabilities, and Biotic and Abiotic Controls. In: D. 
J. Futuyma (Ed.), Annual Review of Ecology, Evolution, and Systematics, Vol 48. 
Annual Review of Ecology Evolution and Systematics. Annual Reviews, Palo Alto, 
pp. 419–445. 

Janzen, H.H., 2004. Carbon cycling in earth systems – a soil science perspective. Agric. 
Ecosyst. Environ. 104 (3), 399–417. https://doi.org/10.1016/j.agee.2004.01.040. 

Janzen, H.H., 2006. The soil carbon dilemma: Shall we hoard it or use it? Soil Biol. 
Biochem. 38(3), 419-42410. 1016/j.soilbio.2005.10.008. 

Jenkinson, D.S., Ayanaba, A., 1977. Decomposition of c-14-labeled plant material under 
tropical conditions. Soil Sci. Soc. Am. J. 41 (5), 912–915. https://doi.org/10.2136/ 
sssaj1977.03615995004100050020x. 

Johnston, A.E., Poulton, P.R., Coleman, K., Macdonald, A.J., White, R.P., 2017. Changes 
in soil organic matter over 70 years in continuous arable and ley-arable rotations on 
a sandy loam soil in England. Eur. J. Soil Sci. 68 (3), 305–316. https://doi.org/ 
10.1111/ejss.12415. 

Karlen, D.L., Beeler, L.W., Ong, R.G., Dale, B.E., 2015. Balancing energy, conservation, 
and soil health requirements for plant biomass. J. Soil Water Conserv. 70 (5), 
279–287. https://doi.org/10.2489/jswc.70.5.279. 

Karlen, D.L., Johnson, J.M.F., 2014. Crop residue considerations for sustainable 
bioenergy feedstock supplies. BioEnergy Res. 7 (2), 465–467. https://doi.org/ 
10.1007/s12155-014-9407-y. 

King, A.E., Blesh, J., 2018. Crop rotations for increased soil carbon: perenniality as a 
guiding principle. Ecol. Appl. 28 (1), 249–261. https://doi.org/10.1002/eap.1648. 

Kleber, M., 2010. What is recalcitrant soil organic matter? Environ. Chem. 7 (4), 
320–332. https://doi.org/10.1071/en10006. 

Kramer, S., Marhan, S., Ruess, L., Armbruster, W., Butenschoen, O., Haslwimmer, H., 
Kuzyakov, Y., Pausch, J., Scheunemann, N., Schoene, J., Schmalwasser, A., 
Totsche, K.U., Walker, F., Scheu, S., Kandeler, E., 2012. Carbon flow into microbial 
and fungal biomass as a basis for the belowground food web of agroecosystems. 
Pedobiologia 55 (2), 111–119. https://doi.org/10.1016/j.pedobi.2011.12.001. 

Krausmann, F., Erb, K.H., Gingrich, S., Haberl, H., Bondeau, A., Gaube, V., Lauk, C., 
Plutzar, C., Searchinger, T.D., 2013. Global human appropriation of net primary 
production doubled in the 20th century. Proc. Natl. Acad. Sci. U. S. A. 110 (25), 
10324–10329. https://doi.org/10.1073/pnas.1211349110. 

H.H. Janzen et al.                                                                                                                                                                                                                              

https://doi.org/10.1038/s41586-018-0328-3
https://doi.org/10.1038/nature11018
https://doi.org/10.1038/nature11018
https://doi.org/10.1002/ldr.3209
https://doi.org/10.1002/ldr.3209
https://doi.org/10.1016/j.eja.2016.03.005
https://doi.org/10.1016/j.agee.2006.05.013
https://doi.org/10.1038/s41893-020-0491-z
https://doi.org/10.1038/s41893-020-0491-z
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0075
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0075
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0075
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0080
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0080
https://doi.org/10.5194/bg-18-3981-2021
https://doi.org/10.4141/cjss91-036
https://doi.org/10.1002/ece3.4586
https://doi.org/10.1038/nature13731
https://doi.org/10.1038/nature13731
https://doi.org/10.1080/09064710.2018.1431307
https://doi.org/10.1016/j.still.2018.11.001
https://doi.org/10.1016/j.gloplacha.2012.10.006
https://doi.org/10.1590/1678-992x-2016-0459
https://doi.org/10.1590/1678-992x-2016-0459
https://doi.org/10.1023/a:1009731711346
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0135
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0135
https://doi.org/10.3390/su9040578
https://doi.org/10.3390/su9040578
https://doi.org/10.1016/j.geoderma.2017.05.023
https://doi.org/10.1016/j.geoderma.2017.05.023
https://doi.org/10.1890/100063
https://doi.org/10.1016/j.agee.2009.12.021
https://doi.org/10.1016/j.geoderma.2018.02.006
https://doi.org/10.1016/j.geoderma.2018.02.006
https://doi.org/10.5194/essd-2021-386
https://doi.org/10.5194/essd-2021-386
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1007/s00374-016-1168-7
https://doi.org/10.1007/s00374-016-1168-7
https://doi.org/10.1016/j.agee.2009.11.001
https://doi.org/10.1016/j.agee.2009.11.001
https://doi.org/10.1111/gcb.13502
https://doi.org/10.1111/gcb.13502
https://doi.org/10.1126/science.296.5575.1968
https://doi.org/10.1126/science.296.5575.1968
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0200
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0200
https://doi.org/10.1016/j.soilbio.2013.10.002
https://doi.org/10.1016/j.soilbio.2013.10.002
https://doi.org/10.1016/j.eja.2018.01.010
https://doi.org/10.1016/j.agee.2004.01.040
https://doi.org/10.2136/sssaj1977.03615995004100050020x
https://doi.org/10.2136/sssaj1977.03615995004100050020x
https://doi.org/10.1111/ejss.12415
https://doi.org/10.1111/ejss.12415
https://doi.org/10.2489/jswc.70.5.279
https://doi.org/10.1007/s12155-014-9407-y
https://doi.org/10.1007/s12155-014-9407-y
https://doi.org/10.1002/eap.1648
https://doi.org/10.1071/en10006
https://doi.org/10.1016/j.pedobi.2011.12.001
https://doi.org/10.1073/pnas.1211349110


Geoderma 416 (2022) 115810

8

Krull, E.S., Baldock, J.A., Skjemstad, J.O., 2003. Importance of mechanisms and 
processes of the stabilisation of soil organic matter for modelling carbon turnover. 
Funct. Plant Biol. 30 (2), 207–222. https://doi.org/10.1071/fp02085. 

Lal, R., 2018. Digging deeper: A holistic perspective of factors affecting soil organic 
carbon sequestration in agroecosystems. Glob. Change Biol. 24 (8), 3285–3301. 
https://doi.org/10.1111/gcb.14054. 

Lal, R., 2019. Conceptual basis of managing soil carbon: Inspired by nature and driven by 
science. J. Soil Water Conserv. 74 (2), 29A–34A. https://doi.org/10.2489/ 
jswc.74.2.29A. 

Larson, W.E., Morachan, Y.B., Clapp, C.E., Pierre, W.H., 1972. Effects of increasing 
amounts of organic residues on continuous corn .2. Organic carbon, nitrogen, 
phosphorus, and sulfur. Agron. J. 64(2), 204-&10.2134/ 
agronj1972.00021962006400020023x. 

Lehmann, J., Kleber, M., 2015. The contentious nature of soil organic matter. Nature 528 
(7580), 60–68. https://doi.org/10.1038/nature16069. 

Liang, C., Kastner, M., Joergensen, R.G., 2020. Microbial necromass on the rise: The 
growing focus on its role in soil organic matter development. Soil Biol. Biochem. 
150, 410. 1016/j.soilbio.2020.108000. 

Loveland, P.J., Conen, F., van Wesemael, B., 2014. Total carbon and nitrogen in the soils 
of the world: commentary on the impact of Batjes (1996). Eur. J. Soil Sci. 65 (1), 4–9. 
https://doi.org/10.1111/ejss.12114_1. 

Manley, J., Van Kooten, G.C., Moeltner, K., Johnson, D.W., 2005. Creating carbon offsets 
in agriculture through no-till cultivation: A meta-analysis of costs and carbon 
benefits. Clim. Change 68 (1–2), 41–65. https://doi.org/10.1007/s10584-005-6010- 
4. 

Martin, M.P., Dimassi, B., Dobarco, M.R., Guenet, B., Arrouays, D., Angers, D.A., 
Blache, F., Huard, F., Soussana, J.F., Pellerin, S., 2021. Feasibility of the 4 per 1000 
aspirational target for soil carbon: A case study for France. Glob. Change Biol. 27 
(11), 2458–2477. https://doi.org/10.1111/gcb.15547. 

McLauchlan, K., 2006. The nature and longevity of agricultural impacts on soil carbon 
and nutrients: A review. Ecosystems 9 (8), 1364–1382. https://doi.org/10.1007/ 
s10021-005-0135-1. 

Menichetti, L., Ekblad, A., Katterer, T., 2015. Contribution of roots and amendments to 
soil carbon accumulation within the soil profile in a long-term field experiment in 
Sweden. Agric. Ecosyst. Environ. 200, 79–87. https://doi.org/10.1016/j. 
agee.2014.11.003. 

Meurer, K.H.E., Haddaway, N.R., Bolinder, M.A., Katterer, T., 2018. Tillage intensity 
affects total SOC stocks in boreo-temperate regions only in the topsoil-A systematic 
review using an ESM approach. Earth-Sci. Rev. 177, 613–622. https://doi.org/ 
10.1016/j.earscirev.2017.12.015. 

Mills, R.T.E., Tipping, E., Bryant, C.L., Emmett, B.A., 2014. Long-term organic carbon 
turnover rates in natural and semi-natural topsoils. Biogeochemistry 118 (1–3), 
257–272. https://doi.org/10.1007/s10533-013-9928-z. 

Minasny, B., Arrouays, D., McBratney, A.B., Angers, D.A., Chambers, A., Chaplot, V., 
Chen, Z.S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., Hedley, C., Hong, S.Y., 
Mandal, B., Malone, B.P., Marchant, B.P., Martin, M., McConkey, B.G., Mulder, V.L., 
O’Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., Paustian, K., Pan, G.X., 
Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C.C., 
Vagen, T.G., van Wesemael, B., Winowiecki, L., 2018. Rejoinder to Comments on 
Minasny et al., 2017 Soil carbon 4 per mille Geoderma 292, 59–86. Geoderma 309, 
124–129. https://doi.org/10.1016/j.geoderma.2017.05.026. 

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, A., 
Chaplot, V., Chen, Z.S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., Hedley, C.B., 
Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, B.G., Mulder, V.L., 
O’Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., Paustian, K., Pan, G.X., 
Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C.C., 
Vagen, T.G., van Wesemael, B., Winowiecki, L., 2017. Soil carbon 4 per mille. 
Geoderma 292, 59–86. https://doi.org/10.1016/j.geoderma.2017.01.002. 

Molotoks, A., Stehfest, E., Doelman, J., Albanito, F., Fitton, N., Dawson, T.P., Smith, P., 
2018. Global projections of future cropland expansion to 2050 and direct impacts on 
biodiversity and carbon storage. Glob. Change Biol. 24 (12), 5895–5908. https://doi. 
org/10.1111/gcb.14459. 

Nicoloso, R.S., Amado, T.J.C., Rice, C.W., 2020. Assessing strategies to enhance soil 
carbon sequestration with the DSSAT-CENTURY model. Eur. J. Soil Sci. 71 (6), 
1034–1049. https://doi.org/10.1111/ejss.12938. 

Nyawira, S.S., Nabel, J., Brovkin, V., Pongratz, J., 2017. Input-driven versus turnover- 
driven controls of simulated changes in soil carbon due to land-use change. Environ. 
Res. Lett. 12 (8), 9. https://doi.org/10.1088/1748-9326/aa7ca9. 

Odum, E.P., 1969. Strategy of ecosystem development. Science 164(3877), 262-+
10.1126/science.164.3877.262. 

Pacala, S., Socolow, R., 2004. Stabilization wedges: Solving the climate problem for the 
next 50 years with current technologies. Science 305 (5686), 968–972. https://doi. 
org/10.1126/science.1100103. 

Parry, M.A.J., Reynolds, M., Salvucci, M.E., Raines, C., Andralojc, P.J., Zhu, X.G., Price, 
G.D., Condon, A.G., Furbank, R.T., 2011. Raising yield potential of wheat. II. 
Increasing photosynthetic capacity and efficiency. J. Exp. Bot. 62(2), 453- 
46710.1093/jxb/erq304. 

Parton, W.J., Stewart, J.W.B., Cole, C.V., 1988. Dynamics of c, n, p and s in grassland 
soils - a model. Biogeochemistry 5 (1), 109–131. https://doi.org/10.1007/ 
bf02180320. 

Paul, E.A., 2016. The nature and dynamics of soil organic matter: Plant inputs, microbial 
transformations, and organic matter stabilization. Soil Biol. Biochem. 98, 109–126. 
https://doi.org/10.1016/j.soilbio.2016.04.001. 

Pausch, J., Kuzyakov, Y., 2018. Carbon input by roots into the soil: Quantification of 
rhizodeposition from root to ecosystem scale. Glob. Change Biol. 24 (1), 1–12. 
https://doi.org/10.1111/gcb.13850. 

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G.P., Smith, P., 2016. Climate- 
smart soils. Nature 532 (7597), 49–57. https://doi.org/10.1038/nature17174. 

Paustian, K., Parton, W.J., Persson, J., 1992. Modeling soil organic-matter in organic- 
amended and nitrogen-fertilized long-term plots. Soil Sci. Soc. Am. J. 56 (2), 
476–488. https://doi.org/10.2136/sssaj1992.03615995005600020023x. 

Pett-Ridge, J., Firestone, M.K., 2017. Using stable isotopes to explore root-microbe- 
mineral interactions in soil. Rhizosphere 3, 244–253. https://doi.org/10.1016/j. 
rhisph.2017.04.016. 

Poeplau, C., Reiter, L., Berti, A., Katterer, T., 2017. Qualitative and quantitative response 
of soil organic carbon to 40 years of crop residue incorporation under contrasting 
nitrogen fertilisation regimes. Soil Res. 55 (1), 1–9. https://doi.org/10.1071/ 
sr15377. 

Post, W.M., Izaurralde, R.C., Jastrow, J.D., McCarl, B.A., Amonette, J.E., Bailey, V.L., 
Jardine, P.M., West, T.O., Zhou, J.Z., 2004. Enhancement of carbon sequestration in 
US soils. Bioscience 54 (10), 895–908. https://doi.org/10.1641/0006-3568(2004) 
054[0895:Eocsiu]2.0.Co;2. 

Poulton, P., Johnston, J., Macdonald, A., White, R., Powlson, D., 2018. Major limitations 
to achieving “4 per 1000” increases in soil organic carbon stock in temperate 
regions: Evidence from long-term experiments at Rothamsted Research, United 
Kingdom. Glob. Change Biol. 24 (6), 2563–2584. https://doi.org/10.1111/ 
gcb.14066. 

Powlson, D.S., Poulton, P.R., Glendining, M.J., Macdonald, A.J., Goulding, K.W.T., 2022. 
Is it possible to attain the same soil organic matter content in arable agricultural soils 
as under natural vegetation? Outlook Agric. https://doi.org/10.1177/ 
00307270221082113. 

Powlson, D.S., Stirling, C.M., Jat, M.L., Gerard, B.G., Palm, C.A., Sanchez, P.A., 
Cassman, K.G., 2014. Limited potential of no-till agriculture for climate change 
mitigation. Nat. Clim. Chang. 4 (8), 678–683. https://doi.org/10.1038/ 
nclimate2292. 

Riggers, C., Poeplau, C., Don, A., Fruhauf, C., Dechow, R., 2021. How much carbon input 
is required to preserve or increase projected soil organic carbon stocks in German 
croplands under climate change? Plant Soil 460 (1–2), 417–433. https://doi.org/ 
10.1007/s11104-020-04806-8. 

Sanderman, J., Creamer, C., Baisden, W.T., Farrell, M., Fallon, S., 2017a. Greater soil 
carbon stocks and faster turnover rates with increasing agricultural productivity. Soil 
3 (1), 1–16. https://doi.org/10.5194/soil-3-1-2017. 

Sanderman, J., Hengl, T., Fiske, G.J., 2017b. Soil carbon debt of 12,000 years of human 
land use. Proc. Natl. Acad. Sci. U. S. A. 114 (36), 9575–9580. https://doi.org/ 
10.1073/pnas.1706103114. 

Schiefer, J., Lair, G.J., Luthgens, C., Wild, E.M., Steier, P., Blum, W.E.H., 2018. The 
increase of soil organic carbon as proposed by the “4/1000 initiative” is strongly 
limited by the status of soil development - A case study along a substrate age 
gradient in Central Europe. Sci. Total Environ. 628–629, 840–847. https://doi.org/ 
10.1016/j.scitotenv.2018.02.008. 

Schlesinger, W.H., Amundson, R., 2019. Managing for soil carbon sequestration: Let’s get 
realistic. Glob. Change Biol. 25 (2), 386–389. https://doi.org/10.1111/gcb.14478. 

Sierra, C.A., Hoyt, A.M., He, Y., Trumbore, S.E., 2018. Soil organic matter persistence as 
a stochastic process: age and transit time distributions of carbon in soils. Glob. 
Biogeochem. Cycle 32 (10), 1574–1588. https://doi.org/10.1029/2018gb005950. 

Smith, P., 2008. Land use change and soil organic carbon dynamics. Nutr. Cycl. 
Agroecosyst. 81 (2), 169–178. https://doi.org/10.1007/s10705-007-9138-y. 

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S., 
O’Mara, F., Rice, C., Scholes, B., Sirotenko, O., Howden, M., McAllister, T., Pan, G., 
Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., Smith, J., 2008. 
Greenhouse gas mitigation in agriculture. Philos. Trans. R. Soc. B-Biol. Sci. 363 
(1492), 789–813. https://doi.org/10.1098/rstb.2007.2184. 

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B.A., Ogle, S., 
O’Mara, F., Rice, C.W., Scholes, B., Sirotenko, O., 2007. Agriculture. In: Metz, B., 
Davidson, O. (Eds.), Climate change 2007. Cambridge University Press, Cambridge, 
UK, Mitigation, pp. 497–540. 

Sommer, R., Bossio, D., 2014. Dynamics and climate change mitigation potential of soil 
organic carbon sequestration. J. Environ. Manage. 144, 83–87. https://doi.org/ 
10.1016/j.jenvman.2014.05.017. 

Soussana, J.F., Lutfalla, S., Smith, P., Lal, R., Chenu, C., Ciais, P., 2017. Letter to the 
Editor: Answer to the Viewpoint “Sequestering Soil Organic Carbon: A Nitrogen 
Dilemma”. Environ. Sci. Technol. 51(20), 11502-1150210.1021/acs.est.7b03932. 

Sperow, M., 2016. Estimating carbon sequestration potential on US agricultural topsoils. 
Soil Tillage Res. 155, 390–400. https://doi.org/10.1016/j.still.2015.09.006. 

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2007. Soil carbon 
saturation: concept, evidence and evaluation. Biogeochemistry 86 (1), 19–31. 
https://doi.org/10.1007/s10533-007-9140-0. 

Tahir, M.M., Recous, S., Aita, C., Schmatz, R., Pilecco, G.E., Giacomini, S.J., 2016. In situ 
roots decompose faster than shoots left on the soil surface under subtropical no-till 
conditions. Biol. Fertil. Soils 52 (6), 853–865. https://doi.org/10.1007/s00374-016- 
1125-5. 

Thomson, A.M., Izaurralde, R.C., Smith, S.J., Clarke, L.E., 2008. Integrated estimates of 
global terrestrial carbon sequestration. Glob. Environ. Change-Human Policy 
Dimens. 18 (1), 192–203. https://doi.org/10.1016/j.gloenvcha.2007.10.002. 

Triberti, L., Nastri, A., Baldoni, G., 2016. Long-term effects of crop rotation, manure and 
mineral fertilisation on carbon sequestration and soil fertility. Eur. J. Agron. 74, 
47–55. https://doi.org/10.1016/j.eja.2015.11.024. 

Trumbore, S.E., 1993. Comparison of carbon dynamics in tropical and temperate soils 
using radiocarbon measurements. Glob. Biogeochem. Cycle 7 (2), 275–290. https:// 
doi.org/10.1029/93gb00468. 

H.H. Janzen et al.                                                                                                                                                                                                                              

https://doi.org/10.1071/fp02085
https://doi.org/10.1111/gcb.14054
https://doi.org/10.2489/jswc.74.2.29A
https://doi.org/10.2489/jswc.74.2.29A
https://doi.org/10.1038/nature16069
https://doi.org/10.1111/ejss.12114_1
https://doi.org/10.1007/s10584-005-6010-4
https://doi.org/10.1007/s10584-005-6010-4
https://doi.org/10.1111/gcb.15547
https://doi.org/10.1007/s10021-005-0135-1
https://doi.org/10.1007/s10021-005-0135-1
https://doi.org/10.1016/j.agee.2014.11.003
https://doi.org/10.1016/j.agee.2014.11.003
https://doi.org/10.1016/j.earscirev.2017.12.015
https://doi.org/10.1016/j.earscirev.2017.12.015
https://doi.org/10.1007/s10533-013-9928-z
https://doi.org/10.1016/j.geoderma.2017.05.026
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1111/gcb.14459
https://doi.org/10.1111/gcb.14459
https://doi.org/10.1111/ejss.12938
https://doi.org/10.1088/1748-9326/aa7ca9
https://doi.org/10.1126/science.1100103
https://doi.org/10.1126/science.1100103
https://doi.org/10.1007/bf02180320
https://doi.org/10.1007/bf02180320
https://doi.org/10.1016/j.soilbio.2016.04.001
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1038/nature17174
https://doi.org/10.2136/sssaj1992.03615995005600020023x
https://doi.org/10.1016/j.rhisph.2017.04.016
https://doi.org/10.1016/j.rhisph.2017.04.016
https://doi.org/10.1071/sr15377
https://doi.org/10.1071/sr15377
https://doi.org/10.1641/0006-3568(2004)054[0895:Eocsiu]2.0.Co;2
https://doi.org/10.1641/0006-3568(2004)054[0895:Eocsiu]2.0.Co;2
https://doi.org/10.1111/gcb.14066
https://doi.org/10.1111/gcb.14066
https://doi.org/10.1177/00307270221082113
https://doi.org/10.1177/00307270221082113
https://doi.org/10.1038/nclimate2292
https://doi.org/10.1038/nclimate2292
https://doi.org/10.1007/s11104-020-04806-8
https://doi.org/10.1007/s11104-020-04806-8
https://doi.org/10.5194/soil-3-1-2017
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1016/j.scitotenv.2018.02.008
https://doi.org/10.1016/j.scitotenv.2018.02.008
https://doi.org/10.1111/gcb.14478
https://doi.org/10.1029/2018gb005950
https://doi.org/10.1007/s10705-007-9138-y
https://doi.org/10.1098/rstb.2007.2184
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0470
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0470
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0470
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0470
https://doi.org/10.1016/j.jenvman.2014.05.017
https://doi.org/10.1016/j.jenvman.2014.05.017
https://doi.org/10.1016/j.still.2015.09.006
https://doi.org/10.1007/s10533-007-9140-0
https://doi.org/10.1007/s00374-016-1125-5
https://doi.org/10.1007/s00374-016-1125-5
https://doi.org/10.1016/j.gloenvcha.2007.10.002
https://doi.org/10.1016/j.eja.2015.11.024
https://doi.org/10.1029/93gb00468
https://doi.org/10.1029/93gb00468


Geoderma 416 (2022) 115810

9

Van Groenigen, J.W., Van Kessel, C., Hungate, B.A., Oenema, O., Powlson, D.S., Van 
Groenigen, K.J., 2017. Sequestering Soil Organic Carbon: A Nitrogen Dilemma. 
Environ. Sci. Technol. 51 (9), 4738–4739. https://doi.org/10.1021/acs.est.7b01427. 

VandenBygaart, A.J., 2018. Comments on soil carbon 4 per mille by Minasny et al. 2017. 
Geoderma 309, 113-114. 10.1016/j.geoderma.2017.05.024. 

Virto, I., Barre, P., Burlot, A., Chenu, C., 2012. Carbon input differences as the main 
factor explaining the variability in soil organic C storage in no-tilled compared to 
inversion tilled agrosystems. Biogeochemistry 108 (1–3), 17–26. https://doi.org/ 
10.1007/s10533-011-9600-4. 

Von Baeyer, H.C., 1993. The Fermi Solution: Essays on Science. Random House, New 
York.  

Weinstein, L., Adams, J.A., 2008. Guesstimation: Solving the World’s Problems on the 
Back of a Cocktail Napkin. Princeton University Press, Princeton, N.J.  

White, R.E., Davidson, B., Lam, S.K., Chen, D.L., 2018. A critique of the paper ’Soil 
carbon 4 per mille’ by Minasny et al. (2017). Geoderma 309, 115-117. 10.1016/j. 
geoderma.2017.05.025. 

Wolf, J., Asrar, G.R., West, T.O., 2017. Revised methane emissions factors and spatially 
distributed annual carbon fluxes for global livestock. Carbon Balanc. Manag. 12, 24. 
https://doi.org/10.1186/s13021-017-0084-y. 

Wolf, J., West, T.O., Le Page, Y., Kyle, G.P., Zhang, X.S., Collatz, G.J., Imhoff, M.L., 2015. 
Biogenic carbon fluxes from global agricultural production and consumption. Glob. 
Biogeochem. Cycle 29 (10), 1617–1639. https://doi.org/10.1002/2015gb005119. 

World Bank, 2012. Carbon Sequestration in Agricultural Soils, 67395-GLB. World Bank, 
Washington, D.C.  

Xu, H., Vandecasteele, B., De Neve, S., Boeckx, P., Sleutel, S., 2021. Contribution of 
above- versus belowground C inputs of maize to soil organic carbon: Conclusions 
from a C-13/C-12-resolved resampling campaign of Belgian croplands after two 
decades. Geoderma 383, 7. https://doi.org/10.1016/j.geoderma.2020.114727. 

Yang, X.M., Drury, C.F., Wander, M.M., 2013. A wide view of no-tillage practices and soil 
organic carbon sequestration. Acta Agric. Scand. Sect. B-Soil Plant Sci. 63 (6), 
523–530. https://doi.org/10.1080/09064710.2013.816363. 

Zaehle, S., 2013. Terrestrial nitrogen - carbon cycle interactions at the global scale. 
Philos. Trans. R. Soc. B-Biol. Sci. 368 (1621), 9. https://doi.org/10.1098/ 
rstb.2013.0125. 

Zhang, H.L., Lal, R., Zhao, X., Xue, J.F., Chen, F., 2014. Opportunities and challenges of 
soil carbon sequestration by conservation agriculture in China. In: Sparks, D.L. (Ed.), 
Advances in Agronomy, Vol 124. Elsevier Academic Press Inc, San Diego, Advances 
in Agronomy, p. 1. 

Zomer, R.J., Bossio, D.A., Sommer, R., Verchot, L.V., 2017. Global sequestration 
potential of increased organic carbon in cropland soils. Sci. Rep. 7, 810. 1038/ 
s41598-017-15794-8. 

H.H. Janzen et al.                                                                                                                                                                                                                              

https://doi.org/10.1021/acs.est.7b01427
https://doi.org/10.1007/s10533-011-9600-4
https://doi.org/10.1007/s10533-011-9600-4
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0530
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0530
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0535
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0535
https://doi.org/10.1186/s13021-017-0084-y
https://doi.org/10.1002/2015gb005119
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0555
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0555
https://doi.org/10.1016/j.geoderma.2020.114727
https://doi.org/10.1080/09064710.2013.816363
https://doi.org/10.1098/rstb.2013.0125
https://doi.org/10.1098/rstb.2013.0125
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0575
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0575
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0575
http://refhub.elsevier.com/S0016-7061(22)00117-3/h0575

