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Editorial on the Research Topic

Carbon Storage in Agricultural and Forest Soils

Current estimates of global soil C, in both inorganic and organic forms, are slightly over
4,000 Pg C, which is more than five times the amount of carbon currently in the atmosphere
or, put differently, is equivalent to about 400 times the amount of C released yearly to the
atmosphere by fossil fuel combustion or cement production. Therefore, even a small drop, of the
order of a percent, of the amount of carbon contained in soils, due to a rise in ambient temperature
and a resulting stimulation of microbial metabolism, could lead in the long run to a very noticeable
increase in atmospheric C in the long run and a devastatingly positive feedback to climate change.
Conversely, a small increase in the amount of carbon held in soils, brought about for example by a
shift in agricultural or forest management practices, could, even if it is in some small measure,
contribute to climate change mitigation if brought to scale. Moreover, the amount of soil organic
matter also influences the architecture of soils, and therefore their ability to transmit and retain
water, which has important consequences in terms of mitigating floods, preventing erosion,
providing adequate moisture for plants, and recharging aquifers. In addition, soil organic matter
represents an important reservoir for nutrients and is thus of central importance for soil fertility
and securing food production.

Because of this crucial importance of soil organic matter storage to a range of issues of great
concern to human societies, researchers have devoted a significant and rapidly growing amount of
attention to the topic over the last 2 decades. Progress has beenmade in a number of respects, and the
consensus is stronger than ever in most parts of the world that soil carbon contents need to be
brought back to levels they had several decades ago, before the adoption of industrial agricultural
practices. Many difficult questions, however, remain unanswered at this stage and continue to be the
object of sometimes intense debates, for example concerning the temperature dependence of the fate
and dynamics of soil organic matter in differently managed soils (e.g., Moinet et al., 2019; Moinet
et al., 2020; Gutières et al., 2021; Laub et al., 2021), the practical problems that priming may pose to
efforts to store more carbon in soils (e.g., Kaštovská et al., 2021; Thilakarathna and Hernandez-
Ramirez, 2021), the impact of inorganic carbon compounds on the dynamics of soil carbon storage
(e.g., Ferdush and Paul, 2021; Raza et al., 2021), or the relative potential of various agricultural or
forest management practices to preserve or even increase carbon stocks in the future (Rumpel et al.,
2018; Amelung et al., 2020; Baveye et al.; Baveye, 2021; Gao et al., 2021; Rumpel and Chabbi, 2021;
Berthelin et al., 2022).

In this general context, the present Research Topic (RT) was launched with the intent to serve as
an outlet for manuscripts that would address one or several of the many interwoven facets of carbon
storage in soils. Indeed, SOC sequestration is the result of an array of dynamic biological, chemical
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and physical processes (Figure 1). Briefly, plant inputs in the
form of aboveground and belowground litter and root exudates
condition the physiology of the soil microbial communities. Soil
microbes directly assimilate some low molecular weight (LMW)
molecules and produce extracellular enzymes to degrade high
molecular weight (HMW) plant inputs. The LMW can be 1) lost
quickly by respiration, 2) stabilized by mineral interaction or 3)
used by microbes to mobilize stabilized SOM compounds.
Ultimately, most soil organic matter may originate from
accumulation of microbial necromass.

The RT was intended to attract articles describing
experimental research (in laboratory or field settings),
involving extensive monitoring, or based on computer
modelling. We particularly welcomed manuscripts that
attempted to elucidate the complex physico-chemical and
microbiological processes that control the storage of carbon in
soils, as well as the environmental factors and land management
strategies that influence them.

Of the seven articles that constitute this RT, five describe
original research. Two of them deal with agricultural practices,
whereas the other three focus on forests. Among the two
agriculture-oriented ones, Lago et al. investigated the effects of
agricultural management practices and earthworm additions on
soil C losses, both in terms of CO2 emissions and dissolved
organic carbon (DOC), in relation to the amount of bioavailable
soil carbon. Their experimental results showed that earthworm

additions led to significant increases in their abundance in all
three management treatments, with the largest population sizes in
the case of organic farming practices. However, no significant
effect on soil C transformations were observed in response to
these increases, and instead, legacy agricultural practices overrode
macrofaunal control on C turnover. Consequently, more C was
lost from the conventional treatments than from the organic
farming practices (on average, 60% more CO2 and 53% more
DOC) as a result of conventional treatments promoting
microbially-mediated processes and hence, amplifying C
mineralization versus C stabilization. These findings provide
clear evidence of how local adaptation (at farm level) toward a
more environmentally friendly landmanagement could represent
a promising strategy to preserve soil organic matter or even
increase soil C sequestration.

The second research article by Sulman et al. focuses on the
distribution of soil carbon (SC) with depth, which, as previous
research has shown, varies among ecosystems and land uses and
is an important factor in calculating SC stocks and their
vulnerabilities. The authors fit over 40,000 SC depth profiles,
associated with a variety of land uses, both agricultural and
forested, to an exponential decline relationship with depth to
determine SC concentration at the top of the mineral soil,
minimum SC concentration at depth, and the characteristic
“length” of SC concentration decline with depth. Fitting these
parameters allowed profile characteristics to be analyzed across a

FIGURE 1 | Schematic diagram demonstrating pathways for stabilization of soil organic matter (SOM). LMW corresponds to Low Molecular Weight, and HMW to
High Molecular Weight, respectively. The green arrows represent inputs, the blue arrows to microbial processes, and the white arrows to physicochemical processes.
Redrawn from Overy et al. after modification.
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large and heterogeneous dataset. The results suggest that
historically tilled soils had more gradual decreases of SC with
depth, deeper SC profiles, lower SC concentrations at the top of
the mineral soil, and lower total SC stocks integrated to 30 cm.
The extensive profile database allowed these results to be
confirmed across different land cover types and spatial areas
within the Continental United States.

Among the other three research articles, dealing strictly with
forest soils, Merabtene et al. investigated the average amount of
organic carbon stored in forest soils of Tessala Mount in Algeria
and examined to what extent it was influenced by different plant
formations along with geographical characteristics and soil
physicochemical properties. These authors observed that the
soil organic carbon stock in the region was positively
correlated with coarse silt, elevation, and northern exposure,
but negatively with calcium carbonates contents. The
preliminary estimate of the forest soils organic carbon stock of
Tessala Mount under current natural conditions indicates an
alarming situation where the current C content is very low and
close to the critical threshold, thus exposing this area to further
and stronger degradation.

Pierson et al. assessed the response of soils to 20 years of
detrital manipulations in a wet, temperate forest in Oregon
(United States). Annual additions of low-quality (high C:N
content) wood litter to the soil surface led to a greater positive
effect on observed mean soil C concentration relative to additions
of higher-quality (low C:N content) needle litter over the 20 years
study period. Detrital input reduction treatments, including
stopping live root activity and the aboveground removal of
surface litter, led to relatively small, non-significant effects on
soil C concentrations over the 20 years study period. Far greater
negative effects on mean soil C concentrations were observed for
the combined removal of both aboveground litter and
belowground root activity, which led to an observed, yet also
non-significant, 20% decline in soil C stocks. The substantial
proportion of remaining soil C following these dramatic, long-
term reductions in above- and belowground detrital inputs
suggests that losses of C in these forest soils are not readily
achieved over a few decades of reductions in detrital input and
may require far greater periods of time or further perturbations to
the environment. Further, the observed soil C responses to
detrital manipulations support recent hypotheses regarding soil
C stabilization, which emphasize litter quality and mineral
stabilization as relevant controls over forest soil C.

The last of the research articles of the RT written by
Ražauskaité et al. present measurements that provide
comparative estimates of soil organic carbon in grassland and
forest sites at steady state. The authors developed a new approach
to interpret these values based on simulation of organic carbon
turnover in soils that are accumulating carbon, and they used this
approach to determine losses due to management operations
associated with afforestation of grassland and deforestation/
reforestation of forest stands. Using measured data obtained at
an experimental site in Scotland, the simulations of grassland
afforestation suggested that accumulation of organic carbon
under forest occurs mainly in the organic horizons, while the
deeper sandy mineral soil horizons are likely to become depleted

in organic carbon compared to grasslands. Simulations suggest
that afforestation of grasslands would increase overall soil carbon
stocks but may deplete the more stable carbon pools in the deeper
mineral horizons of the podzols.

The last two articles of the RT provide reviews of specific
aspects of the topic of the RT. In the first review article, Overy
et al. describe the various “omics” platforms (metagenomics,
metatranscriptomics, metaproteomics, and metabolomics),
which use a systems biology approach of the complex array of
processes involved in the transformation of carbon inputs into
stable soil organic matter (see Figure 1). The authors argue that
linking the data derived from these various platforms offers the
opportunity to enhance our knowledge of structure and function
of the microbial communities involved in soil carbon cycling and
stabilization. They discuss the application, potential, and
suitability of different “omics” approaches (independently and
in combination). In this context, they highlight some of the biases
associated with these approaches including limitations of the
methods, experimental design, and soil sampling, as well as those
associated with data analysis and interpretation.

The second review article, by Dynarski et al., focuses on the
uncertainty associated with the permanence of newly sequestered
soil carbon. They argue that this issue is of importance, regardless
of the reason for which one attempts to increase the carbon content
of soils. They review the evolution of the general understanding of
soil C residence times and the language used to describe it in both
scientific and policy sectors. They find that recent scientific
findings concerning soil C residence times are not taken into
account in policy discussions about soil C, and conversely,
concerns by policy makers are not clearly addressed by
scientific research. In that context, Dynarski et al. argue that
soil C longevity can best be understood to result from a
continuous movement and transformation of organic
compounds throughout the soil matrix, and show that this
definition is directly at odds with how soil C longevity is
represented in current policies. They end their article by
identifying priority areas for future research in order to answer
key policymaker questions about soil C residence times, and to help
develop new tools and benchmarks necessary to assess the efficacy
of agricultural soil C sequestration efforts.

A message that emerges clearly from these two review articles
is that the research on the storage and especially the long-term
retention of organic matter in soils has become fundamentally
interdisciplinary, out of necessity. From the broad perspective of
policy development considered by Dynarski et al., it is obvious
that sociological, political, and economical knowledge needs to be
brought together to tackle the question of permanence of soil
organic matter storage, which guarantees that soils are able to
continue fulfilling their functions in the future. Yet even from a
strictly scientific viewpoint, interdisciplinary research is essential
(Baveye and Wander). Indeed, to assess how and to what extent
part of the organic matter that is incorporated into soils and is not
readily mineralized, eventually becomes stabilized, requires a
holistic understanding of soil organic matter cycling. This
includes not only the controls of the activity of soil
microorganisms, but also the various physical and chemical
processes influencing the “sequestration” of the end-products
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of their metabolism. In this context, Overy et al. considers that
“omics” methods have been very useful, and should prove to be
even more so in the future, to unravel the complex array of
processes involved in the transformation of carbon inputs into
stable soil organic matter. To exploit fully what these “omics”
methods can tell us about the activity of soil microorganisms, soil
organic matter specialists, who until not too long ago were (bio)
geochemists by training, have to work hand in hand with
microbiologists, as well as with specialists of other disciplines
that also shed light on the environment in which these
microorganisms live.

The mention of “omics” methods raises another point that is
likely to attract attention and debate in years to come. It is the fact
that these methods, as they are currently implemented, are
macroscopic. Indeed, they all rely on the extraction of DNA
or RNA from bulk soil samples, and therefore ignore the
intricate details of the microscale heterogeneity of soils and
the organic matter in them, and consequently also the
distribution of microorganisms (Baveye, 2009; Baveye et al.,
2018). Over the last 15 years, increasing numbers of researchers
have recognized that in order to understand many soil
processes, and to be able to predict their future evolution,
especially under the unsteady conditions resulting from
climate change, the traditional macroscopic approach does
not work, and a microscopic perspective needs to be adopted
instead (e.g., Pot et al., 2022; Smercina et al., 2021) hopefully
leading in due course to novel types of macroscopic
measurements (see discussion in Baveye et al., 2018). This
conclusion has been particularly clear for soil processes
involving microorganisms. Several key studies have
demonstrated that to better understand the controls of the
growth and activity of microorganisms, and in particular the
mineralization of organic matter added to soils, observations
have to be made at the scale at which they occur, i.e., with a
resolution of a few microns, and it is anticipated that even much
smaller resolutions than that will be needed for the
understanding of the behaviour of viruses (e.g.,
bacteriophages) in soil environments. The progressive shift
from the macroscale to the microscale to increase process
understanding over the last few years has been rendered

possible by tremendous technological advances, such as the
advent of dedicated table-top X-ray computed tomography
scanners, and the development of various synchrotron-based
techniques (such μXRF or NEXAFS) as well as NanoSIMS.
Experimental research in this field has been very active and
is currently undergoing a major expansion around the world, in
particular in work that combines several different observation
techniques (e.g., Schlu€ter et al., 2019; Bandara et al., 2021; Gerke
et al., 2021). In the future, the detailed information obtained by
these methods needs to be integrated with large-scale
observations to improve soil organic matter management at
the landscape level.

As the seven articles of this RT, and the above discussion
indicate, many questions remain unanswered concerning the
long-term stabilization of organic matter in soils. There is a
widely acknowledged consensus among researchers, regardless
of their philosophical orientations or past experience, that this
long-term retention of organic matter in soils, and its effect on the
resilience of soil architecture (e.g., Vogel et al., 2021), are essential
to guarantee that soils will be able, in spite of climate change, to
continue fulfilling the key functions on which humanity depends
(Baveye et al.). As the latest IPCC report points out clearly, we
only have very limited time to gather the required knowledge. As
daunting as the challenge may be, we have to make progress
rapidly and learn while we apply most promising soil carbon
sequestration practices to confront head on the unprecedented
urgency we face.
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