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Earth scientists find themselves within an unsettling time-
frame in history, where they are discovering the human
impacts on the climate system while, at the same time,
being under considerable societal pressure to develop
ways to remediate it. Until sometime in the 20th century,
the combined effects of land use—both biomass removal
and soil carbon oxidation through farming—were the larg-
est source of emissions to the atmosphere (1) (Fig. 1), and,
even today, they represent roughly 10% of net emissions.
Given the 133-Gt soil carbon deficit that has accrued over
time (2), it is to be expected that, beginning about 20 y ago
(e.g., ref. 3), proposals for repaying this carbon debt,
through enhanced farming practices, began to emerge as
a climate mitigation strategy. In the intervening time, more
and longer-term studies have emerged, somewhat temper-
ing the optimism for this strategy (e.g., refs. 4–6). In a sig-
nificant, multidecadal research study established on the
former prairie landscape of southern Wisconsin, Rui et al.
(7) find that tillage and cultivar practices commonly pro-
posed to regain soil C had minimal impacts, and that the
only mechanism that began to repay the soil C debt, in the
upper 30 cm, was the conversion of the plots back to per-
manent grassland.

The amount of carbon in soils is the balance between
plant inputs and the annual loss, by microbial respiration,
of CO2. In most climatically stable native systems, this bal-
ance is close to a steady state. But soils are complex bio-
chemical systems, and the cultivation of these systems
unleashes an array of unintended consequences, including
the rapid decline, in less than a century, of around 50% of
a soil’s C. Like the mythical Pandora’s box, it is, unfortu-
nately, easier to let the C out of soil than to put it back in.
The Wisconsin Integrated Cropping Systems Trial (WICST)
was started in 1989 to examine how alternative cropping
systems perform on the loess landscapes of this region.
Included among the treatments are some of those com-
monly suggested for gradually replacing soil C stocks in US
row-crop agriculture: minimum tillage of corn and soybean
as well as organic crop rotations. Included in the initial
experiment was a managed permanent grassland treat-
ment. In 1999, three native grassland treatments were also
installed (not part of the study here). The paper by Rui et al.
(7) focuses on the differences between treatments after 29
y, revealing that only the permanent pasture had some-
what higher soil C (both in concentration [Fig. 2A] and
mass) than the other treatments. The addition of data col-
lected at the start of the experiment, and again in 2009 by
Sanford et al. (8), reveals the sluggish nature of C change
over time (Fig. 2A).

A serious problem with C sequestration efforts is
knowing the local natural “limit” to soil C imposed by the
local environmental boundary conditions (9). There are
no datasets for uncultivated Plano soils that underlie the
research site, so we do not know the original C baseline.

The C contents for the experiments fall within the range of
soil C found in three nearby soils sampled in 1962 by the
Natural Resource Conservation Service (NRCS) (Fig. 2A),
although, of course, these sites likely had approximately a
century of use before sampling, and thus may represent
the regional “new normal.”

The slowness of the C recovery might be attributed to
the challenges of capturing C while simultaneously working
the land for crop or forage production. However, in a
unique long-term prairie restoration study just 15 km
south (near Madison, WI), soil C in a 69-y-old restored prai-
rie remained at about 1/2 that of an adjacent prairie rem-
nant (10). It seems that, at least in this region of Wisconsin,
restoring significant amounts of preagricultural soil C is a
long-term proposition.

One of the important recommendations of recent
research is the need for deep soil monitoring (to a meter
or more) to accurately capture the total net soil C changes
under differing managements. This is needed because
agricultural practices change rooting depths of plants, and
also change the depth of surficial inputs (due to tillage).
Rui et al. (7), unfortunately, only report total, mineral-
associated, and particulate C to a depth of 30 cm. How-
ever, Sanford et al. (8) measured soil C at the WICST site to
a depth of 90 cm, and found that all treatments in the
WICST lost C below the upper 15 cm over the initial 20 y of
the trial (Fig. 2B). Annual crops, and some of the cultivars
chosen for the pasture mix, do not have the same deep
rooting systems as the native grassland species, which

Fig. 1. Fifty-year windows of integrated C emissions from land use versus
fossil fuel emissions. Data are from ref. 18.
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appears to be important for deep storage. Total C inputs
per year do not seem to be the sole driving force for losses,
or for the slow recovery. The native prairie near Madison is
reported to have an aboveground C input of 2,710 ± 51 kg
C�ha�1�y�1 and belowground C input of 4,880 ± 106 kg
C�ha�1�y�1, while those of the cropping systems in the
WICST are 2,240 kg C�ha�1�y�1 to 3,800 kg C�ha�1�y�1 and
1,200 kg C�ha�1�y�1 to 4,570 kg C�ha�1�y�1 for aboveground
and belowground C inputs, respectively (8).

The mechanisms for the small gains in soil C in the upper
30 cm of the managed pasture treatment are investigated
by Rui et al. (7), who find a higher amount of the total C
associated with soil minerals, along with a higher C use effi-
ciency by soil microbes and a greater microbial necromass
production, compared to other treatments. These pro-
cesses, which likely benefit from the absence of frequent
physical disturbance and from the existence of perennial
plants, provide hints as to how C slowly returns to per-
turbed soils after they regain some of their precultivation
physical conditions. Indeed, we know that undisturbed soils
must physically occlude (from microbes) large amounts of
very labile C over thousands of years, based on the very old
radiocarbon ages of the large pulse of CO2 produced by
microbes when the soil is first physically disturbed (11).

The challenges, and likely geographical differences, in
resequestering lost soil C from agricultural lands beg the

climate mitigation question: If not soil C, what then? Pro-
metheus, the Greek god of unintended consequences
(whose spouse, in some versions of the myth, was Pan-
dora), was likely created to explain a cascade of calamities
which visited, and continue to visit, humanity as a result of
its resourcefulness and innovation. The invention of farm-
ing is Promethean in scope, ambition, and consequences
(12). The global net C-equivalent emissions for agriculture
are roughly 1.5 Gt C�y�1 (13), and soil C is just a part of this
overall rate of emission, and a way to reduce it. There are
numerous other levers that may reduce these net emis-
sions, although every one of them is, in its own way, a diffi-
cult problem. Fossil fuel use for fertilizer production and
farm management combined with emissions of N2O and
CH4 dominate the farm emissions ledgers (14). For exam-
ple, at the WICST study site in Wisconsin, emissions of
N2O from the various treatments release roughly 300 kg
C-equivalents�ha�1�y�1 to 1,200 kg C-equivalents�ha�1�y�1

(15), rates roughly equivalent to rates of soil C sequestra-
tion deemed achievable under best management and/or
regional conditions (16). Policy and incentives to decarbon-
ize agroindustrial activities are a broad area of opportunity
and need, but one that is arguably a socioeconomic prob-
lem. The large emissions of greenhouse gases from soil
involve management but, ultimately, are a biological issue.
Can the new era of gene editing offer opportunities to
modify plant and microbial metabolic capabilities that will
drive down these emissions? If so, will they be socially
acceptable? Will these and other remedies, in turn, pro-
duce unintended consequences?

Whether the C sequestration trajectory of the WICST is
the rule or one of the exceptions, it forces a consideration
of the somewhat Sisyphean activity that soil C science has
found itself enmeshed in since C sequestration for climate
mitigation was first proposed more than 20 y ago. Presum-
ably, all scientists (and planetary citizens) would love to
push 133 Gt of C back into the global soil box. But this just
doesn’t appear to be an easy or rapid goal to accomplish.
Farming is a several-millennia-old experiment, one that
remains far removed from perfection. It is a complex sys-
tem, subject to unexpected feedbacks—including those of
a warming planet (17). A scientifically holistic approach to
farming has a major opportunity to integrate differing
strategies to climatically improve the system as a whole,
rather than placing undue emphasis on a single compo-
nent, organic C.

This underlies the challenge of transforming farming:
The complexity of the problem makes it a multigenerational
challenge, or even longer. The long-accrued unintended
consequences resulting from incursions into complex sys-
tems might be partially reversible, but they are not instanta-
neous. We will continue to need to eat, and the demand for
this food will increase. This requires direct use of soil. How
we do this, and simultaneously transform this ancient prac-
tice, remains uncertain.
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