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Abstract. Soil organic carbon (SOC) regulates terrestrial ecosystem functioning, provides
diverse energy sources for soil microorganisms, governs soil structure, and regulates the avail-
ability of organically bound nutrients. Investigators in increasingly diverse disciplines recognize
how quantifying SOC attributes can provide insight about ecological states and processes.
Today, multiple research networks collect and provide SOC data, and robust, new technologies
are available for managing, sharing, and analyzing large data sets. We advocate that the scien-
tific community capitalize on these developments to augment SOC data sets via standardized
protocols. We describe why such efforts are important and the breadth of disciplines for which
it will be helpful, and outline a tiered approach for standardized sampling of SOC and ancil-
lary variables that ranges from simple to more complex. We target scientists ranging from
those with little to no background in soil science to those with more soil-related expertise,
and offer examples of the ways in which the resulting data can be organized, shared, and
discoverable.
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INTRODUCTION

Soil organic carbon (SOC) plays a critical role in ter-
restrial ecosystem functioning as the dominant energy
source for microorganisms and as a fundamental control
on soil structure and ecosystem productivity. Whether

solid or dissolved, SOC is derived from aboveground
and belowground plant materials, and soil organisms
and the secondary products they synthesize (Lal et al.
2001, Schlesinger and Bernhardt 2013). Soil organic C
regulates critical ecosystem services such as nutrient pro-
visioning, water-holding capacity and soil drainage, soil
stability, and greenhouse gas emissions that can mitigate
or accelerate climate change (Davidson and Janssens
2006, Jackson et al. 2017). Containing more than three
times as much C as the atmosphere (Lal 2004) and per-
haps up to 3,000 Pg (Scharlemann et al. 2014), Earth’s
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reservoir of SOC has undergone depletion due to land
cover changes and unsustainable land management in
the Anthropocene (Paustian et al. 1997, Amundson
et al. 2015, Harden et al. 2017, Sanderman et al. 2017).
The potential to reverse these trends via management
practices is currently debated (Minasny et al. 2017,
Amundson and Biardeau 2018), but evidence suggests
that increased SOC storage in agricultural lands alone
has the potential to detectably reduce the atmospheric
CO2 burden (Griscom et al. 2017, Mayer et al. 2018).
Collectively, these observations and concerns underscore
the importance of advancing our ability to identify the
environmental conditions linked to SOC input, losses,
and retention (Smith et al. 2019) and, ultimately, to
understand the mechanisms driving patterns of SOC dis-
tributions within and among ecosystems.
Recent works highlight two phenomena that, if fully

leveraged, offer a means for significantly advancing
understanding of SOC dynamics. First, a growing num-
ber of practitioners across diverse disciplines are recog-
nizing the importance of SOC attributes as indicators of
ecological states or ecosystem processes not obviously
linked to SOC (Lange et al. 2015, Doetterl et al. 2016,
Hirmas et al. 2018, Fan et al. 2019). In addition to disci-
plines that are more traditionally aligned with SOC data
like ecosystem ecology and soil science, scientists from
the diverse realms of hydrology, pedology, geochemistry,
and community ecology are developing a new or
renewed appreciation of the importance of quantifying
SOC attributes to better understand their physical,
chemical and biological systems of interest. Second,
multiple research and observatory networks that target
SOC as a variable of interest have emerged over recent
decades (Harden et al. 2017, Malhotra et al. 2019, Wein-
traub et al. 2019; see more details in Research Networks
and Data Compilations are Powerful Means of Generating
and Leveraging Data). This has been paired with the
development of technologies needed to manage, share,
and analyze the resulting large data sets. Here, we call
for increased efforts to capitalize on these developments.
Specifically, we outline a tiered approach to best prac-
tices for standardized SOC sampling, aimed at (1)
expanding the geographic and depth extent of SOC sam-
pling and (2) maximizing the utility of the resulting data
for diverse disciplines. Via these means, we hope to
improve global understanding of SOC pools and
processes.
First, in Expanding the Global Reach and Depth of

Standardized SOC Data Will Improve Projections of the
Global C Cycle, we briefly describe why, in spite of a
myriad of extant SOC studies, more data quantifying
SOC concentrations, pool sizes, and dynamics in man-
aged and natural systems are needed for understanding
Earth’s C cycle and associated climate feedbacks. In
Diverse Scientific Disciplines Benefit from Augmenting
SOC Datasets, we provide examples of how multiple sci-
entific disciplines can benefit from such efforts, ranging
from those in which SOC is clearly relevant, to those

with more subtle, yet important linkages to SOC. We
then emphasize in Research Networks and Data Compila-
tions are Powerful Means of Generating and Leveraging
Data how existing research networks offer long-term
collections of SOC data, and highlight data compilation
and harmonization efforts that allow us to synthesize
and analyze these large, living data sets. These networks
and data sets permit diverse scientific communities to
develop and test previously unarticulated or otherwise
untestable hypotheses, including by parameterizing and
validating models.
In Sampling Opportunities, we outline a tiered mea-

surement approach, ranging from simple (Tier 1) to
more complex (Tier 3), for standardized sampling of
SOC in diverse systems depending on investigator goals
and available resources. We specifically contend that the
efforts of individual scientists from an increasingly
diverse set of disciplines will better advance understand-
ing of SOC dynamics across environmental gradients if
methods are standardized, and if results of these studies
are more integrated with network science initiatives. We
further highlight the most important ancillary variables
that enhance SOC data use within diverse scientific pur-
suits. We highlight the critical nature of quantifying
SOC concentrations and stocks (Tier 1) as well as
selected measures of soil biological, physical, and chemi-
cal attributes that can help us understand mechanisms
of SOC formation, retention, and loss at a site (Tiers 2
and 3). These tiers of sampling complexity (Fig. 1) are
targeted at scientists across disciplines, ranging from
those with little to no background in soil science to those
with more soil-related expertise, all of whom may be
interested in assessing linkages between their primary
data target(s) and SOC attributes while also contributing
to the broad effort to grow SOC databases. It is our hope
that investigators interested in quantifying SOC and
related variables in their system(s) of choice can agree on
the most valuable metrics to maximize the utility of the
resulting data to others. Finally, in Sharing Data in Its
Most Useful, Discoverable Forms, we offer prescriptive
examples of ways in which these data can be organized
and made discoverable to maximize their utility for
diverse scientific communities.

EXPANDING THE GLOBAL REACH AND DEPTH OF STANDARD-

IZED SOC DATAWILL IMPROVE PROJECTIONS OF THE GLO-

BAL C CYCLE

Existing SOC data have advanced our knowledge of
soil feedbacks to the global C cycle and climate system
in innumerable ways. Particularly exciting are recent
advances that harmonize diverse data sets (Wieder et al.
2020) to promote use of SOC data collected across space
and time. For example, large-scale SOC databases have
advanced our understanding of environmental controls
over SOC stabilization (Rasmussen et al. 2018a), SOC
responses to land management (Nave et al. 2018), and
the ecosystems in which uncertainty in SOC stocks is
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especially high (Jackson et al. 2017). Abundant data on
SOC stock sizes and timescales of SOC formation and
loss can be found in the literature (Jobbagy and Jackson
2000, Cotrufo et al. 2015, Hicks Pries et al. 2017), help-
ing investigators to parameterize and evaluate large-
scale representations of the global C cycle in models
(Luo et al. 2016, Collier et al. 2018, Zhang et al. 2020).
In spite of these advances, two categories of problems
limit our ability to gain a predictive understanding of

SOC feedbacks to the global C cycle. First, uncertainty
related to the vulnerability of this large terrestrial C pool
remains high (Todd-Brown et al. 2014, Wieder et al.
2019). Furthermore, a lack of standardized approaches
to collecting SOC and key, related data has resulted in
many data sets having limited or no utility for those hop-
ing to develop large-scale analyses.
Addressing uncertainty in SOC projections requires

additional SOC measurements from diverse ecosystems

FIG. 1. Summary descriptions of soil features and properties to quantify or characterize to gain an understanding of soil
organic C (SOC) pool sizes and mechanisms of its formation, retention, and losses. Features are arranged into three tiers represent-
ing a gradient of complexity, from the simplest (Tier 1) to those requiring greater investigator investment (Tiers 2 and 3). For all
tiers, site-level data such as latitude and longitude, landscape position, and vegetation cover and type should be collected to contex-
tualize SOC data.
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(Malhotra et al. 2019), collected in a standardized man-
ner. Soil organic C pools are poorly characterized in
multiple ecosystems and depths. For example, SOC
stocks in northern ecosystems and wetlands are very
large, but exhibit tremendous spatial heterogeneity and
thus challenge our ability to estimate their contributions
to global SOC stocks (Hugelius et al. 2013, Hengl et al.
2017, Jackson et al. 2017, Malhotra et al. 2019). Soil
sampling efforts in non-temperate regions (e.g., northern
latitudes, the tropics, northern Africa) and central Asia
have lagged behind those in other areas (Batjes et al.
2020). Worldwide, limited deep soil sampling, which
most investigators consider to be depths greater than
30 cm (Richter and Markewitz 1995), due to accessibil-
ity challenges (Richter and Markewitz 1995, Jobbagy
and Jackson 2000) limits our understanding of deep, lat-
eral, SOC heterogeneity. These gaps in coverage of SOC
data limit our ability to project SOC responses to a
changing environment (van Wesemael et al. 2011, Smith
et al. 2019), and to understand any broadscale trends in
SOC responses to changing environmental conditions
revealed by data harmonization efforts. Filling these
gaps cannot reliably occur without standardized data
collection and presentation. For example, reports of
SOC concentration without corresponding soil mass or
volume information prohibit investigators from comput-
ing SOC stock estimates. We thus argue that the pressing
demand for accurate projections of soil feedbacks to cli-
mate and land use prompts a need for augmenting stan-
dardized data sets describing SOC concentrations, pool
sizes, and links to biotic and abiotic variability in a range
of managed and natural systems across the globe.

DIVERSE SCIENTIFIC DISCIPLINES BENEFIT FROM AUGMENT-

ING SOC DATA SETS

The importance of SOC data to some disciplines is
self-evident. For example, soil microbiologists and soil
chemists rely on SOC data for fundamental informa-
tion on availability of resources for microbes and
chemical reactivity of soil, respectively. Similarly,
ecosystem ecologists, biogeochemists, and ecosystem
process modelers rely on SOC data sets to infer past
and contemporary C fluxes and ecosystem status, and
to project future terrestrial feedbacks to climate (Doet-
terl et al. 2016, Hicks Pries et al. 2017, Wieder et al.
2018). Soil organic C measurements are also part of a
constellation of data sets necessary for understanding
nutrient availability (Vicca et al. 2018) and, more
broadly, soil “health” (Doran et al. 1996), a concept
that broadly represents the productivity potential of a
soil for food, fiber, and water quality (see Soil Health
Institute in Table 1). With recent advances in our bio-
geochemical understanding of interrelated ecosystem
dynamics, the characterization of SOC concentrations
and stocks throughout soil profiles has proven invalu-
able to additional, diverse, environmental science disci-
plines (Table 2).

The science of pedology is perhaps the discipline most
obviously relevant to SOC. Visual assessments of SOC
abundance, using field-observed soil color and texture as
guides, serve as one feature in a constellation of observa-
tions that help pedologists discern and identify the hori-
zons within a given soil profile (Buol et al. 1989). Less
obvious is the important role of SOC data in under-
standing how ecological communities and populations
function. Community ecologists are increasingly recog-
nizing the strong, positive relationship between SOC
and plant diversity (Chen et al. 2018, Yang et al. 2019),
and studies of flora and fauna populations also benefit
from understanding SOC abundance. For example, the
abundance of soil-dwelling invertebrates is strongly dri-
ven by SOC contents across natural and agro-ecosys-
tems (Wang et al. 2016, Zhao et al. 2017). Studies of soil
microbial populations and communities are also invalu-
able for understanding the fundamental mechanisms
governing how soils can feed back to climate at a large
scale. For example, individual and mixed populations of
bacteria and fungi as well as field and lab studies of soil
microbial communities (Bradford et al. 2013, Frey et al.
2013, Cotrufo et al. 2015, Kallenbach et al. 2015, 2016,
2019, Min et al. 2016) reveal that microbes modify the
fraction of C allocated to biomass growth, CO2 release,
and extracellular compounds that may persist as SOC as
environmental conditions change. This mechanism is
likely responsible, in part, for the varying competitive
abilities of microbial populations under varying environ-
mental conditions (Langenheder et al. 2006).

TABLE 1. Organizations, networks, and databases for soil
organic C (SOC) data.

Organization URL

Soil Health Institute https://www.soilhea
lthinstitute.org

Long-Term Ecological Research
network (LTER)

https://lternet.edu

International LTER https://lternet.edu/interna
tional

Critical Zone Collaborative
Network (CZCN)

https://criticalzone.org

CZ Exploratory Network https://www.czen.org
National Ecological
Observatory Network
(NEON)

https://www.neonscience.org

International Soil Carbon
Network (ISCN)

https://iscn.fluxdata.org/ne
twork/partner-networks/
ltse/

International Soil Reference
and Information Centre
(ISRIC)

https://www.isric.org

International Soil Radiocarbon
Database (ISRaD)

https://soilradiocarbon.org

International Soil Carbon
Network (ISCN)

http://iscn.fluxdata.org

Soils Data Harmonization
(SoDaH)

https://lter.github.io/som-
website

International Soil Modeling
Consortium (ISMC)

https://soil-modeling.org
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TABLE 2. Examples of the utility of soil organic carbon (SOC) data (concentration, content, or depth distribution of those
attributes) for understanding mechanisms driving environmental dynamics at scales ranging from the biosphere down to the
population. Order roughly represents relevant spatial scale of studies in descending order.

Utility Scale
Example

reference(s) Implications

SOC reflects the difference between
ecosystem C gains and losses, and thus of
a system’s role in Earth’s climate.

biosphere,
ecosystem

Kasting and
Siefert (2002),
Kump (2008)

Fixed C retained in a system serves as a
contemporary demonstration of the CO2
consumption and oxygen production so critical to
the rise of atmospheric oxygen in Earth’s past.

SOC availability and rates of
mineralization modify weathering.

pedon to
watershed

Sullivan et al.
(2019)

Enhanced deep soil CO2, whether from roots or
microbial mineralization of SOC, enhances deep
soil weathering and by extension soil formation.

SOC availability influences arrangement
of soil solids and voids.

plot to
landscape

Robinson et al.
(2019)

Changing biotic influences on soil structure through
SOC dynamics alter soil hydraulic functioning.

SOC reflects degree to which a system
relies on organic matter recycling instead
of mineral weathering for nutrient
release.

ecosystem Brantley et al.
(2007, 2011)

The capacity of a system to extract nutrients from
decaying organic matter can be inversely related to
that system’s need to induce mineral dissolution
and associated soil weathering patterns.

SOC over time at multiple depths
constrains estimates of potential C
sequestration by the forest sector.

ecosystem Nave et al.
(2018)

Carbon sequestration in reforesting topsoils offsets a
small percentage of greenhouse gas emissions but
accounts for >10% of the C sequestration needed to
stabilize the forest C sink beyond the mid-21st
century.

SOC over time at multiple depths reveals
how SOC can be lost due to nutrient
demands of an ecosystem.

ecosystem Richter et al.
(1999)

Surface horizons tend to accumulate C as ecosystems
regenerate, but these effects are mitigated or even
reversed in deeper horizons due to root nutrient
uptake and subsequent organic matter decay as
microbes meet their resource demand.

SOC depth distributions across landscapes
can reveal patterns of lateral movement
of material.

ecosystem Doetterl et al.
(2016)

Erosion rates, dependent in part on soil type and
geomorphology, influence the distribution of SOC
across a landscape, the spatial distribution of its
diverse forms, and its propensity for retention vs.
loss.

SOC over time illuminates the time-
varying influence of temperature regime
on SOC stocks.

ecosystem Melillo et al.
(2017)

Global-scale, anthropogenic perturbations can
influence SOC reservoir size via temporally variable,
microbially mediated mechanisms.

SOC demonstrates effects of N deposition
on a system’s capacity to generate and
retain organic matter.

ecosystem Entwistle et al.
(2018)

Global-scale, anthropogenic perturbations influence
the SOC reservoir size via suppression of key
members of the soil microbial community.

SOC data calibrate a model
demonstrating linkages between SOC
dynamics and those of N and P.

ecosystem Muhammed
et al. (2018)

Long-term SOC measurements in arable and
grassland systems provide a means of
understanding the long-term linkages among the C,
N, and P cycles in soils.

SOC data provide a key metric for
understanding a soil’s ability to support
critical ecosystem functions.

ecosystem Janzen (2006) SOC is viewed as a metric of soil capacity to provide
nutrients, but to do so requires loss of that same
reservoir via microbial transformations.

SOC is positively linked to plant diversity. community Chen et al.
(2018)

SOC measurements can help us understand how
plant communities drive SOC-mediated ecosystem
services.

SOC is positively linked to plant diversity
even when soil microbial activity is
enhanced.

community Lange et al.
(2015)

SOC measurements can help us understand the
intersection of plant and soil microbial
communities, and how those interactions govern
SOC-mediated ecosystem services.

SOC scales with plant functional diversity. community Fornara and
Tilman (2008)

SOC accumulation rates, not just stock sizes, can be
positively influenced by complementary
combinations of plant functional groups.

SOC reveals differences in regeneration
time of diverse ecosystem attributes.

community Martin et al.
(2013)

The timescale of recovery to antecedent conditions
can differ for SOC stocks and biodiversity in some
systems.

SOC availability relative to nutrients
influences microbial C allocation and
stoichiometric plasticity.

population Min et al.
(2016)

C availability in soils governs how microbes influence
its possible fates of mineralization to CO2 vs.
biomass growth.

SOC availability promotes the success of
some microbial populations over others.

population Langenheder
et al. (2006)

Availability of organic matter and abiotic
environmental conditions govern who can prosper
in the environment, ultimately driving microbially
mediated ecosystem functions.
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Recent work also highlights how SOC data can serve
as a critical feature of understanding how soil structure
governs ecosystem functioning. Indeed, changes to SOC
abundance can prompt a switch between alternate stable
states in soil structure (Robinson et al. 2019) as soil
solids and voids shift in shape and connectivity with
SOC additions or losses (Arnold et al. 2015). Hirmas
et al. (2018) demonstrated that soil effective porosity, a
hydraulic parameter that drives soil water movement
through profiles, can change on decadal timescales, far
more rapidly than has been thought to date. The rapidity
with which this soil structural attribute appears to
change suggests that it is influenced by biotic processes,
and alterations in SOC content may be an important
driver of this soil hydro-physical characteristic (Hirmas
et al. 2018). The dynamic two-way relationship between
soil water status and SOC stocks and losses continues to
underpin our understanding of environmental controls
on SOC dynamics (Ghezzehei et al. 2019). The linkage
between SOC and soil structure necessarily means that
SOC is an important feature governing hydraulic flow
paths through and across landscapes, and thus, SOC is
directly linked to the emerging discipline of hydropedol-
ogy, which explores the interactions of hydrological and
pedological processes in the unsaturated zone (Lin
2012), as well as soil physics itself. As such, reactive
transport modelers also benefit from knowledge of SOC
abundances in diverse environmental settings. At the
pedon, hillslope, watershed, and continental scales, vary-
ing soil structural attributes can modify root C inputs
and rates of microbial mineralization of SOC, resulting
in divergent rates of soil weathering (Sullivan et al. 2019)
and water and energy fluxes (Fan et al. 2019) that pro-
vide important feedbacks to climate.

RESEARCH NETWORKS AND DATA COMPILATIONS ARE POW-

ERFUL MEANS OF GENERATING AND LEVERAGING DATA

Though SOC data are deemed useful for many disci-
plines (Vicca et al. 2018), data sets describing changes in
SOC pools over decadal and centennial timescales are
relatively rare (Richter et al. 2007). These data sets
reveal how the power to detect change depends on sam-
pling intensity in time and space, and on parameter vari-
ability at discrete depths (Mobley et al. 2019). Networks
often struggle to balance standardized data collection
across diverse environments with the unstandardized
approaches often exhibited by hypothesis-driven
research (Richter et al. 2018). Despite these challenges,
research networks provide contextual data to help us
understand and model SOC drivers and feedbacks
(Baatz et al. 2018), and offer varying degrees of stan-
dardized approaches that permit comparisons across
wide gradients and over time.
Several major research networks recognize the impor-

tance of SOC to diverse, transdisciplinary, environmen-
tal processes and make measurements of SOC
concentrations (Richter et al. 2018, Weintraub et al.

2019). These networks include the Long-Term Ecologi-
cal Research network (LTER) and the International
LTER, the Critical Zone Collaborative Network
(CZCN) and additional CZ Exploratory Network sites,
and the National Ecological Observatory Network
(NEON; Table 1). These networks focus on testing of
site-specific hypotheses (LTER, CZCN) and/or monitor-
ing (NEON, LTER). The Long-Term Agroecosystem
Research Network (LTAR; Kleinman et al. 2018) high-
lights monitoring and hypothesis testing in agricultural
systems as ecosystems across the United States. Long-
term soil experiments (LTSEs; Richter et al. 2007, Jan-
zen 2009) and networks of chronosequence sites serve as
invaluable repositories of SOC data, with sampling at
multiple depths over long time periods or across space
as described in Smith et al. (2019). Many LTSEs have
been integrated into a network to help publicize their
work (International Soil Carbon Network, ISCN;
Table 1) but operate independently; as such they repre-
sent a diversity of approaches to documenting SOC
changes over time. It is challenging to maintain well-
documented, comparable LTSE sampling and analytical
approaches over many decades (Richter et al. 2007).
However, LTSEs offer a suite of opportunities to nurture
insights about SOC dynamics over timescales often
longer than the human lifespan. Further, networks of
experimental sites, such as the Detrital Input and
Removal Treatments (DIRT) and the Nutrient Network
(NutNet) are collecting data over decades that can help
elucidate mechanisms driving SOC losses and gains fol-
lowing a perturbation.
While researchers participating in networks such as

those described above are generating large volumes of
data, other researchers are working on harmonization
and synthesis of data across sites and experiments. The
International Soil Reference and Information Centre
(ISRIC), the International Soil Radiocarbon Database
(ISRaD), and the International Soil Carbon Network
(ISCN) are examples of entities leading efforts to com-
pile soil databases. The Soils Data Harmonization
(SoDaH) is compiling SOC data from research networks
into one accessible database. A list of soil databases and
their attributes are discussed in detail in a recent review
(Malhotra et al. 2019). Briefly, the following are exam-
ples of best uses of the aforementioned networks. ISRIC
has the largest global database (containing 150,000+ soil
cores) and is best suited to questions of global variation
in carbon stocks (Batjes et al. 2020). ISCN, ISRaD, and
SoDaH, on the other hand, also describe soil C stocks,
but may be more useful for mechanistic questions as
they contain information on other soil attributes such as
pH, radiocarbon signatures and soil fractions, among
other features; SoDaH also includes time-series data.
(Malhotra et al. 2019, Lawrence et al. 2020, Wieder
et al. 2020). The International Soil Modeling Consor-
tium (ISMC) hosts diverse soil models, many of which
require SOC as input data. This landscape of emerging
“big soil data” highlights that there is room for both
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organized research networks to contribute large, stan-
dardized data sets, and for individual researchers to con-
tribute more targeted data sets from specific sites and
experiments. In concert, these data advance our ability
to understand and model the dynamics of SOC (Harden
et al. 2017, Malhotra et al. 2019), and by extension glo-
bal climate.

SAMPLING OPPORTUNITIES

Measurements of SOC will be more powerful collec-
tively if the community uses standardized approaches
and provides data for key, associated variables whenever
possible. Multiple publications describe the myriad
approaches to sampling soil for SOC measurements.
Most recently, a handbook described many C-related
measurement protocols for climate-related studies
(Halbritter et al. 2019). Below, we refer to a select few
publications. Our main aims are to provide a starting
point for practitioners who may not have a background
in soil science, but who are interested in generating SOC
data for their site(s) of interest. We offer a compilation
of well-accepted approaches for beginning and more
advanced SOC practitioners to promote method conver-
gence, reflecting the understanding that standardized
protocols promote ease of data usage. We divide recom-
mended sampling strategies into a hierarchy of sampling
and analytical complexity, ranging from basic to more
advanced. For each sampling tier, we briefly outline the
categories of questions that the resulting data can help
to address.

Tier 1: The simplest sampling scheme

The simplest recommendation for generating soil C
data requires an accurate measurement of SOC concen-
tration and bulk density at each depth (Al-Shammary
et al. 2018) or soil mass per depth (Wendt and Hauser
2013). Note that we focus specifically on SOC, and not
soil organic matter, which can only be estimated and is
difficult to reproduce (Bhattacharyya et al. 2015). Collect-
ing Tier 1 data (soil C stocks) is particularly useful for fill-
ing the spatial gaps in SOC stock estimates (see
Section Expanding the Global Reach and Depth of Stan-
dardized SOC Data Will Improve Projections of the Global
C Cycle; Batjes et al. 2020) that preclude more accurate
quantification of Earth’s SOC reservoir. It is also critical
for model evaluation and validation, because any modern
soil C model will produce estimates of total soil C stocks
as a primary output. Measurements of soil C stocks made
across sites can serve as needed tests of how accurately
models represent the combined impact of site factors
(e.g., climate factors, soil physical properties, and plant
litter inputs) on SOC contents. If the investigator plans to
expand their analyses to embrace Tiers 2 and 3, collecting
Tier 1 measurements is also required.
To accomplish this first tier of data collection, the site

must be accurately described with latitude and longitude,

landscape position (i.e., slope position or curvature,
slope angle or percent, and aspect), vegetation cover and
type. If possible, land-use history should be recorded as
well as the soil’s taxonomic grouping (see TIER 2: Addi-
tional variables most closely linked to SOC measure-
ments). Accurate sampling location details and online
soil mapping tools permit later addition of the taxo-
nomic grouping. Soils must be sampled in a way that
bulk density may be measured or later calculated for
each depth increment analyzed. This means sampling
with an intact corer of known volume rather than with a
trowel, shovel, or punch tube. In addition, care must be
taken not to compress soil horizons (distinct layers
within the soil profile, distinguished from each other via
chemical, physical, visual, and/or biological features),
which results in an overestimation of bulk density. Stan-
dard protocols for field soil sampling are outlined in
Standard Soil Methods for Long-Term Ecological
Research (Robertson et al. 1999).
Organic (O) horizons must be collected independently

from the mineral soil, and accurate records of the sur-
face area collected and O horizon depth should be made
in the field that can be linked later to their air-dry mass.
Mineral soils can be collected by absolute depth (i.e., 0–
10 cm, 10–20 cm, etc.) or by horizon identity (i.e., O
horizon, A horizon, Bt horizon; see Brady 1990 for
descriptions). If collected by absolute depth, 10-cm
increments are often used. Sampling by absolute depth is
easier in many systems, but may result in some soil hori-
zons expressed in multiple samples, and separate sam-
pling of some thinner horizons being missed entirely.
Sampling by horizon avoids these problems but requires
more pedological knowledge and results in sampling
depths that are not easily comparable across sampling
sites. The practitioner must assess their particular situa-
tion and sample accordingly. The depth to which soils
are sampled depends on the researcher’s interest, but
typically varies from relatively shallow in systems where
profiles extend mere centimeters above bedrock to 1–
2 m. In systems where the soil profile extends many
meters (Nepstad et al. 1994; Richter and Markewitz
1995), samples can be collected using auger extensions.
Because of the relative paucity of deep soil sampling,
deeper samples are especially highly valued.
An estimate of the mass of soil per volume (i.e., bulk

density) or depth interval (i.e., equivalent soil mass) is
critical for converting SOC concentration measurements
to spatial estimates of C stocks. Even small differences
in bulk density estimates can result in widely varying
estimates of SOC stocks (Throop et al. 2012, Walter
et al. 2016, Smeaton et al. 2020). As a result, care must
be taken to not compact soils when sampling for bulk
density. Methods are outlined in detail by Page-Dum-
roese et al. (1999), Walter et al. (2016), and Al-Sham-
mary et al. (2018). In soils with few rocks or rock
fragments, cylinders of known volume can be pushed
into soil, and the collected soil is dried and weighed, and
bulk density reported as grams of soil per cubic
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centimeter. Inaccuracies can result from soil com-
paction, which may be remedied with the use of a larger
cylinder. Small cylinders may also exclude roots, and
inaccuracies can arise if a corer must be moved to avoid
rocks. In soils with larger rock fragments or roots, a
small pit can be excavated, soils collected and weighed
(dry mass), and the pit volume estimated using water,
sand, or Styrofoam balls. Note that rock volume must
also be measured to accurately assess the site’s SOC
stocks. Even where rocks are rare, deep samples are diffi-
cult to collect using intact cores, and thus, bulk density
measurements must be obtained using additional, alter-
native methods such as the clod-saran method (Lal and
Kimble 2001). This approach requires that the soils have
characteristics that result in natural clods. The limita-
tions of the coring and clod methods are outlined in Lal
and Kimble (2001).
The equivalent soil mass approach has been proposed

as another means by which to determine SOC stocks,
particularly in soils prone to changes in compaction over
time (e.g., following grazing, amendments, or tillage;
Ellert et al. 2002, Wuest 2009, Wendt and Hauser 2013).
This method involves sampling soils within defined
depth intervals (e.g., 10-cm increments) throughout a
soil profile. Each sample is weighed (dry mass), and
SOC is measured on an air-dried subsample. The result-
ing SOC concentrations are fitted with soil mass using a
spline curve, generating estimates of SOC on an areal
basis to a known depth (e.g., Mg C/ha). Free software is
available to simplify the procedure (SRS1 Software;
available online).19

After sampling, measurements of SOC require air dry-
ing of the sample followed by sieving with a 2-mm mesh
to remove material >2 mm (note that some soils require
sieving prior to air-drying if drying hardens them and
prevents sieving). The <2 mm fraction is then oven dried
for analysis (often at 60°C for more than 48 h though
some investigators advocate for lower temperature to
prevent any changes in C concentration), pulverized to a
fine powder, and combusted in a CHN elemental ana-
lyzer. Note that soils with circumneutral pH or greater
should be acid treated prior to analysis to ensure that no
inorganic C pools (carbonates) are included in the C val-
ues reported. Even if pH is not measured (see TIER 2:
Additional variables most closely linked to SOC measure-
ments), online soil mapping can tell an investigator
whether carbonates are a concern. Details of the various
methods and their assumptions and drawbacks are pro-
vided in multiple papers (Midwood and Boutton 1998,
Harris et al. 2001, Walthert et al. 2010, Ramnarine et al.
2011, Bao et al. 2018).
We note that, for many soils, it is possible to obtain

total soil nitrogen (N) concentrations from the same
samples run for SOC using the dry combustion
approach on the CHN elemental analyzer. These N con-
centrations, especially when used to generate depth

distributions of soil C:N, offer one way of inferring the
propensity of soil organic matter to be retained by a soil
profile or to undergo additional microbial processing,
with associated losses of SOC via mineralization to CO2

(Sollins et al. 2006, Kramer et al. 2017). Thus, when fea-
sible, it is advantageous to collect these data along with
SOC.
Spatial heterogeneity in soil properties at scales rang-

ing from millimeters to kilometers presents a challenge
for characterizing mean soil properties and detecting
changes over time and across space (Webster and Oliver
2001, Mobley et al. 2019). Soil-sampling strategies thus
must account for spatial variation in soil attributes. We
recommend using a random or stratified random sam-
pling approach when the goal is to characterize the mean
properties of a site. This necessitates collecting many soil
cores. Variance tends to increase with area, so the num-
ber of samples should scale with the size of the site
(Boone et al. 1999, Robertson et al. 1999). However,
variance does not always scale linearly with area, mak-
ing it difficult to prescribe the number of samples needed
to estimate the mean with precision. For example, past
and present land use can alter the magnitude and domi-
nant scale of spatial variability of soil properties
(Robertson et al. 1993, Bennett et al. 2005, Fraterrigo
et al. 2005, Mobley et al. 2019). Whenever possible, vari-
ance should be directly measured for a site (i.e., by sam-
pling without compositing) and used to determine the
number of samples needed for estimating the mean and
variance within a specified confidence interval. Similarly,
empirical or model-based estimates of statistical vari-
ance (e.g., standard deviation) of SOC change can
inform sampling designs aimed at detecting temporal
changes in SOC at specified levels (Spencer et al. 2011).
Quantifying variance in soil properties is also important
in a modeling context. Relative measures of variance
that account for mean-variance scaling (e.g., the coeffi-
cient of variation or standard deviation of log-trans-
formed values; Fraterrigo and Rusak 2008) can indicate
the level of uncertainty in soil parameter estimates and
thus their potential to contribute to uncertainty in model
results (Raczka et al. 2018). If the spatial structure of
soil properties is of explicit interest, other sampling
strategies may be more efficient than random or strati-
fied random sampling. For example, a cyclic sampling
design with a repeating series of sampling points spaced
different distances apart is effective for characterizing
spatial autocorrelation at various scales (Fraterrigo
et al. 2005).

Tier 2: Additional variables most closely linked to SOC
measurements

Tier 2 measurements are useful for diagnosing the
mechanisms driving a mismatch between modeled and
measured C stocks and, more broadly, developing an
understanding of an ecosystem’s C investments below-
ground and the biological, chemical and physical19http://www.srs1software.com

Article e02290; page 8 S. A. BILLINGS ETAL.
Ecological Applications

Vol. 31, No. 3

http://www.srs1software.com


environment in which SOC resides. Four features stand
out as having explanatory power for characterizing an
ecosystem’s propensity to gain and lose SOC: root bio-
mass, soil pH, particle size distribution, and soil taxon-
omy. Root biomass can be difficult to determine because
of high variance even within one ecosystem type (Cairns
et al. 1997). However, an estimate of root biomass can
aid in models that seek to elucidate patterns of soil C
sequestration mechanisms. For a simple estimate of root
biomass, fine roots can be isolated from soil cores during
the sieving (2 mm) process. Roots are generally hand-
picked from sieves with tweezers, gently washed, air- or
oven-dried at low temperature to a constant mass, and
weighed (Viera and Rodr�ıguez-Soalleiro 2019). Large
woody roots are often estimated from allometric equa-
tions derived from aboveground plant biomass (Plugge
et al. 2016, He et al. 2018), but allometric equations
must be vegetation specific, and ideally should be site
specific.
Soil pH is one of the single most informative measures

of soil chemical properties (Thomas 1996), and has been
termed a “master variable” because of its control on
properties such as metal speciation, nutrient availability,
microbial community composition, and rates of soil
organic matter decay (Fierer and Jackson 2006, Min
et al. 2014). Stabilization mechanisms of SOC vary with
pH, varying from organo-metal complexation in acidic
conditions (pH 4–6) to organo-mineral association and
non-hydrolyzing cation interactions in neutral to basic
conditions (pH 6–8; Rasmussen et al. 2018a). Soil pH is
a measure of acidity- specifically, the H+ ion concentra-
tion in a soil–liquid mixture- and can be measured
quickly and inexpensively in the field or laboratory, with
handheld portable pH meters providing reliable and
accurate results. The recommended approach is to mea-
sure pH in a 0.01 mol/L CaCl2 solution (McLean 1982).
Soil : solution ratios vary throughout the literature
(Minasny et al. 2011), but we suggest a 1:2 air-dry soil
sample : solution ratio and mixing the solution well
with a glass stir rod prior to measurement with an elec-
trode, with results expressed as pHCa. Measuring pH in
a 1:1 soil : H2O slurry is the method most commonly
used in the field because of the availability of water, and
it too is considered robust, though typically results in
pH values slightly higher than those obtained via CaCl2.
Though recent efforts advocate for selecting multiple,

mechanistically informed variables to help predict SOC
content (Rasmussen et al. 2018a), particle size distribu-
tion remains an important tool for understanding soil C
dynamics. It is a measure of the distribution of different
particle sizes in the fraction <2,000 lm (Gee and Or
2002), and (among other features) directly controls soil
moisture availability and water movement through the
soil. Soil moisture availability moderates macro- and
microbiological activity with direct implications for the
decay of soil organic matter (Ghezzehei et al. 2019). Par-
ticle size distribution also provides a measure of the
potential reactive surface area for organo-mineral

interactions, with specific surface area and charge
increasing with decreasing particle size (Dwivedi et al.
2019). Measuring particle size distribution involves the
physical and chemical dispersion of soil particles and
then isolating particles of different sizes. The most com-
mon way to present particle size distribution data is the
partitioning of particles into three size classes: sand
(2,000–53 lm), silt (53–2 lm), and clay (<2 lm). Two
common methods of particle size analysis are the pipette
and hydrometer methods, and both are outlined in detail
in Kroetsch and Wang (2008) as well as in many other
soil manuals (Robertson et al. 1999).
We also highlight soil taxonomic classification as a

key feature to characterize, because it improves under-
standing of a site’s SOC dynamics. For example, because
clay-sized particles can retain water and offer protection
of SOC from microbial attack (Poeplau et al. 2015), a
soil pedon description that reveals the presence of an
argillic (i.e., clay-rich) horizon suggests that water and
SOC in that horizon may experience longer residence
times relative to surrounding horizons, and hints that
the soil profile has been in place long enough to experi-
ence lessivage (the downward movement of clay-sized
particles in suspension through a soil profile; Calabrese
et al. 2018). A soil’s taxonomic classification is based on
its horizons’ diverse properties, and places soils into
specified groups using unique nomenclature intended to
reveal a soil’s typical moisture, temperature, color, tex-
ture, structure, and chemical and mineral properties
(Brady 1990). Soil taxonomic classifications are often
mapped, providing spatially explicit context for the
ecosystem in which a soil is collected. Much like one
would never publish an ecological paper without provid-
ing the taxonomic classification of the species being
studied, the formal taxonomic classification of a sam-
pled soil should be included as part of data reporting
(Schimel and Chadwick 2013). One of the issues with
reporting soil taxonomic classification is the lack of
experience of non-soil scientists with soil taxonomic sys-
tems, and the diversity of soil taxonomic systems among
countries. Two of the most prevalent taxonomic systems
are the United States Department of Agriculture Soil
Taxonomy (Soil Survey Staff 1999) and the Interna-
tional Union of Soil Scientists World Reference Base
(IUSS-WRB; Food and Agriculture Organization of the
United Nations 2018). The degree of detail in soil taxon-
omy maps varies across regions and countries, but many
online sources of soil taxonomic information are avail-
able. The UN provides a useful overview of soil taxon-
omy at the FAO Soil Portal (available online).20

Relatively high resolution data for the conterminous
United States are available in an easily accessible
web/mobile device-based application through SoilWeb
(available online),21 an IUSS-WRB app for Android and
Apple provides location-based soil taxonomic

20http://www.fao.org/soils-portal/en/
21https://casoilresource.lawr.ucdavis.edu/gmap
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information (available online),22 and the International
Soil Reference and Information Centre has an app ver-
sion of its SoilGrids maps. The Soil Explorer app for
Apple devices provides location-based information
about soil taxonomy, as well as soil and landscape prop-
erties for various U.S. states, and global, high resolution
maps of soil distributions (available online).23

Tier 3: More advanced corollary data collections relevant
to SOC

Tier 3 measurements are particularly useful for pre-
dicting a soil profile’s capacity to release or retain rela-
tively persistent SOC. This tier calls for quantifying SOC
within distinct soil fractions, microbial biomass C and
fungal : bacteria ratios, soil mineral assemblage, aggre-
gate size and stability, and soil organic matter chemical
composition. These measurements are often features of
studies that evaluate underlying processes in models,
including decomposition rates of different C pools,
microbial processes, and physicochemical stabilization
of organic matter (Cambardella and Elliott 1992, Jas-
trow 1996, Sulman et al. 2014).
Identifying different fractions of SOC that have differ-

ent dominant cycling mechanisms can increase knowl-
edge of soil stabilization and destabilization processes
and connect C cycle processes with microbial activity
and functions. Specifically, SOC within distinct soil frac-
tions is linked to different degrees of availability to soil
microbes (van Gestel et al. 1996, Lupwavi et al. 2001,
Tiemann et al. 2015, Upton et al. 2019, Lavallee et al.
2020). Thus, by fractionating soil and quantifying the
SOC within each fraction, the investigator can gain a
sense of the relative vulnerability of SOC to microbially
mediated loss in that soil. There are multiple ways to
fractionate soil; most attempt to isolate pools possessing
distinct characteristics such as SOC persistence, nutrient
concentrations, and even distinct microbial communities.
Many fractionation schemes have been proposed (Six
et al. 2000, Marzaioli et al. 2010, Heckman et al. 2018)
that use either physical fractionation or selective dissolu-
tion to identify meaningful pools of SOC and to infer
SOC stabilization mechanisms. Unfortunately, the large
number of soil fractionation schemes that have been pro-
posed as means of testing different hypotheses about
SOC stabilization mechanisms has made it difficult to
conduct broad surveys across studies (different fraction-
ation methods, and their drawbacks, are discussed in
Sohi et al. 2001, von L€utzow et al. 2007, Moni et al.
2012, and Poeplau et al. 2018).
One of the most widely accepted methods is the isola-

tion of light and heavy fractions of SOC, an approach
that separates pools of C based on the degree of associa-
tion with minerals (Strickland and Sollins 1987, Bremer

et al. 1994, Sollins et al. 2006, 2009). Emerging process-
based soil C models divide C pools similarly, with the
light fraction generally mapping to relatively unpro-
tected C (i.e., C that is accessible to soil microbial
decomposers) and the heavy fraction mapping to more
physicochemically protected C that typically exhibits
greater persistence (Sulman et al. 2014, Wieder et al.
2014). This heavy fraction is linked to microbial necro-
mass (Liang et al. 2019) and soluble compounds derived
from both plants and microbes that are then sorbed and
retained on mineral surfaces (Six et al. 2006, Grandy
et al. 2007, Grandy and Neff 2008, Sulman et al. 2014,
Kohl et al. 2017). These fractionation measurements are
therefore highly useful constraints on model processes
related to the fates of diverse sources of SOC and are
fairly simple to implement. Indeed, a recent study explic-
itly discusses the importance of soil organic matter frac-
tionation approaches for addressing global-scale
environmental change (Lavallee et al. 2020). Such
approaches are methodologically fairly simple. For
example, though examining multiple density pools of
SOC is useful for detailed studies of SOC distribution
(Lajtha et al. 2014, Yeasmin et al. 2017, Crow and Sierra
2018), a one-step separation of light, or free, particulate
SOC from heavier, mineral-associated C is simple
enough to be routine. This method demonstrably isolates
chemically distinct SOC pools differing in stabilization
mechanisms, response to management, and persistence
(von L€utzow et al. 2007, Schrumpf et al. 2013, Williams
et al. 2018). Across a wide range of soils, exposing sam-
ples to sodium iodide possessing a density of between
1.3 and 1.7 g/cm3 is effective for this separation of light
from heavy material (Strickland and Sollins 1987, Jas-
trow 1996, Compton and Boone 2000, Billings 2006,
McLauchlan et al. 2006). Sometimes this approach is
applied in conjunction with the particle size fractiona-
tion approach (TIER 2: Additional variables most closely
linked to SOC measurements). Importantly, different
methods of separating SOC into fractions often result in
congruent conclusions about microbial accessibility to
SOC within each fraction (Billings 2006, McLauchlan
et al. 2006).
Soil microbes regulate the release as well as the accu-

mulation of soil C (Cotrufo et al. 2013), and therefore,
microbial biomass carbon (MBC) is also a recom-
mended Tier 3 measurement. Microbes release soil C by
promoting decay of organic matter and mineralizing
released C, or metabolizing exudates from living roots.
The megadiversity of soil microbes is partially main-
tained by variation in the types of organic matter they
metabolize. Generally, bacteria and archaea are consid-
ered to undergo relatively rapid growth while metaboliz-
ing relatively simpler compounds, while fungi appear to
grow more slowly, metabolizing complex organic poly-
mers (Shade et al. 2012, Malik et al. 2020). Knowing the
fungi : bacteria ratio of soil thus can help inform predic-
tions of soil C fluxes (Malik et al. 2016). Perhaps coun-
terintuitively, microbes also can contribute to soil C

22http://www.fao.org/soils-portal/soil-survey/soil-classification/
world-reference-base/en/
23https://apps.apple.com/us/app/soil-explorer/id996159565
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accumulation by producing metabolites and necromass
that are stabilized on minerals in the heavy C fraction.
Microbial exudates along with root exudates bind
together soil particles into micro and macroaggregates
(Bronick and Lal 2005). Fungal necromass and exudates
persist in soil (Certano et al. 2018), and therefore, high
fungal biomass is correlated with high soil C content
(Bailey et al. 2002). Measuring soil microbial biomass C
or fungi : bacteria ratios are lab-intensive methods, but
we recommend them as Tier 3 measurements to increase
our understanding and the predictability of microbially
mediated soil C fluxes. Total microbial biomass is typi-
cally measured using a fumigation-extraction method
(Brooks et al. 1985) or by substrate-induced respiration
(Anderson and Domsch 1978). The fungi : bacteria
ratio is commonly determined using phospholipid fatty
acid analysis (White et al. 1979; but see Buyer and Sasser
2012 for a high-throughput approach) or quantitative
PCR (Fierer et al. 2005). Multiple methods are com-
pared in Kaiser et al. (1992).
Clay mineral composition, including phyllosilicate

minerals and metal oxyhydroxides, is also recommended
as a Tier 3 measurement. Physical protection of SOC is
directly related to chemical and physical properties of
the mineral matrix and their various interactions with
SOC (Heckman et al. 2013). Clay mineral composition
is highly correlated with SOC content at broad scales
(Poeplau et al. 2015), a feature incorporated into SOC
modeling efforts (Sulman et al. 2014). However, other
studies have suggested that specific clay minerals might
be more explanatory of SOC stabilization (Percival et al.
2000, Sanderman et al. 2014, Yeasmin et al. 2017, Ras-
mussen et al. 2018b), and that the type of mineral pre-
sent in a given environment may determine the
availability of mineral-associated organic matter to bio-
logical degradation (Mikutta et al. 2007). In particular,
the influence of short-range order (SRO) Fe- and Al-ox-
ides and (oxy)hydroxides (largely ferrihydrite and nano-
crystalline goethite, allophane, imogolite, proto-imogo-
lite, and amorphous gibbsite) on the total amount, resili-
ence, and molecular structure of soil organic matter has
been observed in many studies (Torn et al. 1997,
Masiello et al. 2004, Rasmussen et al. 2005, Hern�andez
et al. 2012, Hall and Silver 2015, Coward et al. 2017,
Rasmussen et al. 2018a). Therefore, the measurement of
SRO metal oxides is recommended as a third-tier tool to
interpret patterns of SOC abundance and persistence
across experiments and geographic locations. The
diverse extraction methods available can result in differ-
ent information gained; Hall and Silver (2015) describe
different extractions and their benefits.
Aggregation of organic matter and mineral particles

provides another mechanism of SOC stabilization (Oades
and Waters 1991, Six et al. 2000). Soil aggregates are held
together by soil organic matter, roots, fungal hyphae, and
some cations (e.g., Ca2+) and are a sensitive indicator of
the functioning of soils, including their bulk density and
potential to store SOC and water (Tisdall and Oades

1982, Grandy and Robertson 2007). While aggregate dis-
tributions are not an adequate replacement for under-
standing in situ pore architecture, O2, or water in soils
(Keiluweit et al. 2017, Smith et al. 2017), aggregation can
be used as an integrative index of the response of soil
properties and functions to disturbance (Grandy and
Robertson 2006, Wagai et al. 2009). Quantifying the size
distributions of water-stable soil aggregates requires
weighing of dried aggregates retained on sieves of known
mesh size after being subjected to submersion in water.
Detailed instructions are available in multiple sources, but
explanatory annotations are particularly useful in Nimmo
and Perkins (2002) and USDA NRCS (2014).
The final recommendation as a Tier 3 measurement is

an assessment of SOC molecular composition. The com-
position of soil organic matter, comprised of SOC and
myriad other organic compounds that exist as particu-
late matter or chemically bound to the surfaces of soil
minerals, can be revealed via a range of advanced, non-
destructive, and relatively rapid analytical techniques.
Some of the available approaches (e.g., 13C nuclear mag-
netic resonance [13C NMR] spectroscopy [Kaiser and
Guggenberger 2000, 2001]) have historically been shown
to be useful to determine soil organic matter composi-
tion but are time and resource intensive, and have some
major limitations that make them less useful in specific
soil types (Swift 1996, Baldock et al. 2004). However,
recently there has been growing use of Fourier-Trans-
formed Infrared Spectroscopy to detect and characterize
organic functional groups in soil (Cheng et al. 2006, Kei-
luweit et al. 2010, Lee et al. 2010), microbial surfaces
(Jiang et al. 2004), and micrometer- to millimeter-scaled
aggregates (Lehmann et al. 2007, Leue et al. 2010). Fur-
ther, mid-infrared spectral libraries can reveal soil prop-
erties often linked to SOC preservation, even offering a
means of predicting soil bulk density (Dangal et al.
2019). These approaches are particularly useful for char-
acterizing the chemical composition of organic sub-
strates in vegetation, bulk soils, and density fractions
(Ellerbrock et al. 2005, Kaiser and Ellerbrock 2005).
Using Diffuse Reflectance Fourier-Transformed Infrared
(DRIFT), one can characterize the chemical composi-
tion of organic compounds and identify C functional
groups that play different roles in the interactions among
organic and inorganic compounds (Ellerbrock et al.
1999, Kaiser and Ellerbrock 2005, Leue et al. 2010),
including the role of cation bridging or ligand exchange
reactions in soil organic matter stabilization (Tombacz
et al. 2004, Kleber et al. 2007). Further, this approach is
useful for identifying the source and extent of decay of
organic matter associated with reactive minerals in soil
(Kaiser et al. 2014, Ryals et al. 2014, Hall et al. 2018).

SHARING DATA IN ITS MOST USEFUL, DISCOVERABLE

FORMS

Publishing research data benefits the scientific and
greater communities by fostering reproducibility (Poisot
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et al. 2013, Marwick et al. 2018); providing resources for
meta-analyses and parameterizing, validating, and
advancing modeling efforts; and facilitating big-picture
questions and analyses that would otherwise be impossi-
ble (Hampton et al. 2013). Given a growing appreciation
of the importance of SOC as an influence on processes
studied by diverse disciplines, there is increasing demand
for publicly available SOC data.

Data structure and documentation

We encourage those providing SOC and related data
to the broader community to adhere to the following
standards, which improve data findability, accessibility,
interoperability, and reusability (FAIR; Wilkinson et al.
2016). Investigators should always provide the original
data set (Ellis and Leek 2018), preferably in open file for-
mats (e.g., delimited, plain text rather than *.xlsx for-
mat; White et al. 2013). Adhering to “tidy” guidelines
such as those described by Wickham (2014) and Verde
Arregoitia et al. (2018) will contribute to a more effi-
cient, reproducible workflow for the investigators. As
described in TIER 1: The simplest sampling scheme, pro-
viding sufficient details for envisioning the site’s location
and ecosystem type can help the user understand the
data (White et al. 2013). Methods of sample collection
and processing and thorough descriptions of the organi-
zation and characteristics of the data are also critical to
facilitate data reuse.

Environmental data repositories and soil databases

Investigators can now submit data to any of a large
number of established data repositories spanning a wide
array of topical areas. The robust number of options can
pose a challenge to identifying the best place to share
data. A registry such as the Registry of Research Data
Repositories is a helpful resource for locating a domain-
relevant repository with appropriate features for archiv-
ing data (for example, the Environmental Data Initiative
is often used by soil scientists; available online).24,25 The
citable nature of data sets in such repositories offers
investigators the flexibility of associating authorship
with the data set distinct from that of the scholarly
works with which data sets are associated (Poisot et al.
2013), and generally promotes higher citation rates for
those works (Li et al. 2018).
Many organizations, universities, research programs,

and other platforms provide data storage and access for
projects associated with their institution or initiative. In
addition, many journals have collaborations with reposi-
tories (e.g., Soil Science Society of America Journal is a
member of the Dryad Digital Repository), and many
science societies (e.g., American Geophysical Union,
Ecological Society of America) are proactive about

publishing research data and can often provide guidance
concerning appropriate repositories. Many research net-
works (e.g., LTER, CZO (now CZCN), NEON; see
Research Networks and Data Compilations are Powerful
Means of Generating and Leveraging Data) facilitate the
storage, curation, and accessing of relevant data sets.
Once stored in a repository and associated with a digital
object identifier (DOI), a soil data set can be ingested by
existing soil databases and further improve data discov-
erability (e.g., ISRIC, ISCN). These large soil databases
compile disparate data sets into one format so that data
users may ask research questions on broad spatial scales.
Most recently, manuscripts describing the contemporary
landscape of publicly available SOC databases (Malho-
tra et al. 2019) and the status of cross-organization com-
munication about SOC (Harden et al. 2017) highlight
where SOC data sets can be deposited for reuse. The
SOC Data Rescue and Harmonization Repository facili-
tates access to SOC data via script sharing (available
online).26 The SOils DAta Harmonization (SoDaH) and
Synthesis effort provides a means for contributing SOC
data to a database comprised of LTER, CZO, and
NEON SOC data sets, and a web application (and tuto-
rial for its use) that allows exploration of the compiled
data (available online).27 Combined, these initiatives
demonstrate the rapid development of a multitude of
databases where SOC data can be found, shared, and
reused.

CONCLUSIONS

Soil organic C data and the ancillary data sets we
describe above have much to contribute to our under-
standing of the mechanisms governing Earth’s SOC
reservoir size and thus to our ability to improve climate
model accuracy. However, SOC and related data are
increasingly viewed as important for enhancing the
understanding of processes in diverse disciplines, many
of which are not traditionally considered closely linked
to soil science. Because SOC simultaneously represents
biotic production of reduced C compounds, serves as a
resource for living biota, and comprises a critical struc-
tural feature of soils, its influence on diverse disciplines
is far reaching. Thus, from population, community, and
ecosystem ecology to hydropedology and soil physics,
SOC data have been instrumental in helping scientific
communities understand processes at scales ranging
from the nanometer to the biosphere. As a result of the
tremendous diversity of disciplines in which SOC data
have proven useful, practitioners from many non-soil-re-
lated realms frequently express interest in quantifying
SOC in their system of interest. We applaud such efforts,
and emphasize the need for standardizing collection pro-
tocols. We also highlight how the development of multi-
ple national and international research networks and

24www.re3data.org
25https://environmentaldatainitiative.org/

26https://github.com/ISCN/SOC-DRaHR
27https://lter.github.io/som-website
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online repositories for SOC data make it possible to gen-
erate and share these data.
By defining a tiered sampling approach, we provide a

springboard for those who recognize the value of using
SOC as a metric for addressing their question of interest.
We offer this approach as a framework for discerning
the level of complexity an investigator may develop, and
a starting point for understanding sampling and analysis
methods. The world’s community of scholars able and
motivated to generate robust SOC data sets is broaden-
ing, and capitalizing on this growth using standardized
approaches, the rapid growth of network science, and
the burgeoning availability of analytical capacity and
durable data repositories can benefit us all.
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