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Abstract

Soil organic matter (SOM) anchors global terrestrial productivity and food
and fiber supply. SOM retains water and soil nutrients and stores more
global carbon than do plants and the atmosphere combined. SOM is also
decomposed by microbes, returning CO2, a greenhouse gas, to the atmo-
sphere. Unfortunately, soil carbon stocks have been widely lost or degraded
through land use changes and unsustainable forest and agricultural practices.
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SOM: soil organic
matter

To understand its structure and function and to maintain and restore SOM, we need a better
appreciation of soil organic carbon (SOC) saturation capacity and the retention of above- and
belowground inputs in SOM. Our analysis suggests root inputs are approximately five times more
likely than an equivalent mass of aboveground litter to be stabilized as SOM. Microbes, particularly
fungi and bacteria, and soil faunal food webs strongly influence SOM decomposition at shallower
depths, whereas mineral associations drive stabilization at depths greater than ∼30 cm. Global
uncertainties in the amounts and locations of SOM include the extent of wetland, peatland, and
permafrost systems and factors that constrain soil depths, such as shallow bedrock. In consideration
of these uncertainties, we estimate global SOC stocks at depths of 2 and 3 m to be between 2,270
and 2,770 Pg, respectively, but could be as much as 700 Pg smaller. Sedimentary deposits deeper
than 3 m likely contain >500 Pg of additional SOC. Soils hold the largest biogeochemically active
terrestrial carbon pool on Earth and are critical for stabilizing atmospheric CO2 concentrations.
Nonetheless, global pressures on soils continue from changes in land management, including the
need for increasing bioenergy and food production.

to the bacteria, tumblebugs, scavengers,
wordsmiths—the transfigurers, restorers

—A.R. Ammons, Garbage

1. INTRODUCTION

Soils and soil organic matter (SOM) are the foundation of terrestrial life. The dynamic accumu-
lation and distribution of SOM arise from stabilization and destabilization processes that in turn
are influenced by biotic, abiotic, and anthropogenic factors (Figure 1). Biotic factors such as the
amount, chemical composition, and relative allocation of plant inputs are critical regulators of
SOM, as is the soil food web arising from the diverse community of soil organisms. Important
abiotic factors include climate, mineralogy, landscape position (e.g., slope and aspect), and the
abundance of fires. Increasingly, anthropogenic factors control and change SOM distributions.
Such factors include fire, nitrogen deposition, climate change, land use, and tillage and other
management practices that alter soil biota and aggregates. Examining the roles of these factors
and how they interact to control the balance of terrestrial SOM is a primary focus of this review.

Our understanding of how SOM is formed and stabilized is changing rapidly. New technologies
and studies are highlighting key interactions among plant carbon allocation, soil biota, and mi-
croaggregates and soil structure. For example, the ecological and evolutionary relationships found
in food webs help determine the balance between carbon lost through respiration and the amount
of plant carbon inputs stabilized in soils, as influenced by free-living soil microbes, mycorrhizae,
and plant roots. New evidence suggests that thermal acclimation and adaptation by microbes, local
evolution of microbial community assemblages, mycorrhizal status, and the presence or absence
of native and invasive earthworms can play key roles in determining soil carbon content and its
response to environmental changes. A deeper understanding of the ecological controls on soil
carbon is needed if we are to create models of carbon balance under changing patterns of climate,
land use, and other factors.

Empirical studies generally focus on single-parameter controls of carbon turnover, including
mineralogical control of SOM chemistry and accumulation (e.g., Torn et al. 1997, Kaiser &
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Figure 1
Some of the many factors important for the formation and retention of soil organic matter (SOM). The factors shown here provide the
outline for the topics covered in this review, including plant inputs (Section 2), belowground food webs and other biotic factors
(Section 3), minerals and abiotic factors (Section 4), global stocks and distributions of SOM (Section 5), and vulnerabilities and
opportunities for restoring SOM (Section 6). Soil horizons marked are O (the surface organic horizon), A (the topmost mineral horizon
that contains higher concentrations of partially decomposed organic matter than in lower horizons), B (subsoil, a zone of weathering
products and material leached from the A horizon), and C (primarily weathered bedrock).

Guggenberger 2000, Parfitt et al. 2002, Plante et al. 2006, Kramer et al. 2012), climate/temperature
control of SOM stability (e.g., Townsend et al. 1997, Leifeld & Fuhrer 2005, Giardina et al. 2014,
Lef èvre et al. 2014), and detrital quantity and chemistry effects on SOM formation and stability
(Hobbie 2000; Sayer 2006; Fekete et al. 2014; Lajtha et al. 2014a,b; Huang & Spohn 2015).
These studies have yielded surprising results and nonlinearities; for example, the relationship
between litter inputs and carbon sequestration in soil can be positive, negative, or neutral, possibly
because of carbon saturation (Stewart et al. 2009, Chung et al. 2010, Mayzelle et al. 2014), priming
(Sulzman et al. 2005, Kuzyakov 2010), or both. Nitrogen addition through atmospheric deposition
or fertilization might accelerate initial litter decomposition but nevertheless promotes soil carbon
stabilization. Most existing carbon models, on the other hand, assume static linear relationships
between carbon inputs and transformation of carbon pools to more stable forms ( Jackson et al.
2000, Liski et al. 2002, Gottschalk et al. 2012, Wieder et al. 2013).

SOM is also a major component of the global carbon cycle; it contains more carbon than do
plant biomass and the atmosphere combined (Schlesinger 1990, Field & Raupach 2004). Despite
the key role of SOM in Earth’s operating systems, interactions among the biological, chemical,
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SOC: soil organic
carbon

NPP: net primary
productivity

and physical processes regulating SOM turnover are not well understood or well represented
in ecosystem-scale models or Earth system models (Amundson 2001, Todd-Brown et al. 2013,
Wieder et al. 2013, Xu et al. 2014). These interactions are critically important for understanding
and predicting carbon cycle responses to environmental change at ecosystem, continental, and
global scales. For example, increases in carbon uptake by plants under rising atmospheric CO2

may be partially offset by the accelerated loss of soil carbon due to plant-induced stimulation of
microbial decomposition (Drake et al. 2011, Phillips et al. 2012).

Understanding the ecological and physical controls over SOM is critical for maintaining a bal-
anced carbon cycle, increasing food and fiber production, and safeguarding species and ecosystem
services. Despite our recognition of its importance, soil carbon stocks have been widely lost or de-
graded through land use changes and unsustainable forest and agricultural management practices.
Management practices for restoring soil organic carbon (SOC) are therefore important tools to
slow the rise in atmospheric CO2.

The goal of this review is to examine the state of knowledge for the stocks of, inputs to, and
outputs from SOM around the world. Section 2 examines carbon inputs to SOM from plants,
including the critical importance of above- and belowground allocation for SOM formation.
Section 3 discusses a second biotic factor, belowground food webs and their diversity, for effects
on net carbon sequestration. Section 4 reviews critical abiotic interactions with biotic factors,
including fire and temperature, and mixing processes such as those by earthworms and plowing.
Section 5 evaluates global SOM stocks and depth distributions, acknowledging some uncertainties
concerning bedrock depths, double counting of carbon stocks in mineral soils and peat, and other
factors.

In each section, we recommend areas for future research and highlight some of the greatest
uncertainties in the science of SOM today. In Section 6 we also prioritize some opportunities for
enhancing SOM through management and briefly discuss vulnerabilities for SOM, processes that
oxidize it and release CO2 to the atmosphere. As in any brief review, we lack the space to cover
many important topics, including advances in molecular ecology relevant to decomposition and
mineralization (González-Chang et al. 2016) and detailed discussions of how to more explicitly
incorporate SOM distributions and dynamics into global models (Luo et al. 2016).

2. PLANT PRODUCTION AND ALLOCATION EFFECTS ON SOM

Climate, soils, topography, and land use interact to determine vegetation types and thus the
amount, location, timing, and composition of carbon inputs to soil. Because both the amount and
the vertical distribution of SOM are strongly influenced by vegetation ( Jobbágy & Jackson 2000),
land use often alters SOM formation and respiration through changes in net primary productivity
(NPP), the dominant species in plant assemblages, and plant allocation. Harvesting and grazing
in human-dominated landscapes change not only productivity but also the proportion of above-
and belowground inputs. Managing carbon inputs and relative allocation, for instance, through
selection for deep roots or for greater belowground allocation in crops (Kell 2011), has been
suggested as a way to increase SOM formation and stabilization in such systems (Bolinder et al.
2007, Eclesia et al. 2016). However, plant breeding has traditionally selected for aboveground
yields alone; therefore, potential trade-offs between yield and root production must be carefully
evaluated (DeHaan et al. 2005). New tools for monitoring root systems and in situ SOM in the
field are needed (Molon et al. 2017).

Increasing aboveground biomass sequesters carbon from the atmosphere, but increases in
biomass do not necessarily lead to immediate or long-term increases in SOC storage. Models of
ecosystem carbon balance, such as the Rothamsted carbon model, generally assume a strong, direct
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CARBON ALLOCATION

Greater plant productivity often increases SOM stocks, but rarely linearly. Better understanding is needed to predict
the carbon saturation capacity of soils and to quantify the higher percentage of carbon inputs retained in SOM
derived from belowground inputs compared with those from aboveground inputs.

GPP: gross primary
productivity

CUE: carbon use
efficiency

relationship between NPP, litter inputs, and SOC accumulation (Liski et al. 2002, Gottschalk et al.
2012), yet there is little direct evidence for such a simple relationship. Accounting for ecosystem
differences in carbon allocation of gross primary productivity (GPP) and its partitioning between
above- and belowground plant tissues improved simulations of global woody carbon fluxes and
storage in multiple ecosystem models (Ise et al. 2010). Many forests, for instance, show little
or no change in total soil carbon content through time following harvesting (Nave et al. 2010),
even though the forest stand and ecosystem first lose carbon and then regain it through regrowth
(Lajtha et al. 2014b).

Soils have a finite capacity to sequester carbon and can saturate, decoupling litter inputs and
carbon sequestration (Stewart et al. 2009, Chung et al. 2010, Mayzelle et al. 2014). The saturation
level depends in part on climate and soil mineralogy. Biochemical composition and the quantity
of carbon inputs matter as well, however (see Section 4). Adding both simple and complex organic
substrates to soil frequently increases turnover of native SOM, termed priming (Kuzyakov et al.
2000, Knicker 2011). As a result, the stoichiometry of plant inputs can alter microbial growth
and carbon retention on clay and silt soil particles, thus determining long-term SOC storage
(Manzoni et al. 2012b). Increased SOM losses due to priming may similarly open space on clay
and silt particles that can be refilled by microbial detritus, maintaining SOC stocks but increasing
turnover (Mazzilli et al. 2014).

The lack of a linear relationship between NPP and SOM accumulation may also be related
to changes in carbon allocation between above- and belowground biomass and the differential
retention or stabilization of inputs to SOM (see the sidebar titled Carbon Allocation). Globally,
allocation patterns combined with vertical root distributions strongly affect SOC depth distri-
butions ( Jobbágy & Jackson 2000). Partitioning of GPP to belowground components changes
with plant species and ecosystems, ranging from less than 10% in croplands to ∼60% in native
grasslands; in forests, ∼20% of total NPP was allocated to roots ( Jackson et al. 1997, Parton et al.
1998, Poorter et al. 2012). Because shrublands and grasslands have greater carbon allocation to
root systems than forests or croplands have, they usually show higher SOM stocks, even when
accounting for climate, soil texture, and other factors ( Jobbágy & Jackson 2000). Therefore, some
changes in SOM stocks after land use change have been attributed to altered carbon allocation of
the new vegetation (Guo & Gifford 2002, Eclesia et al. 2016).

The proportion of plant tissue carbon incorporated into SOM is greater for belowground
biomass than for aboveground litter inputs, although this relationship is poorly captured in most
simulation models (Rasse et al. 2005, Bird et al. 2008, Mazzilli et al. 2015). The importance of root
inputs for SOM formation is likely attributable to both their chemical composition and, almost
certainly, their presence in the soil; upon death, they immediately interact with soil minerals,
microbes, and aggregates. Roots tend to be characterized more by aliphatic compounds that
are readily sorbed to mineral surfaces, and their composition (and that of root exudates) can
increase microbial carbon use efficiency (CUE), defined as the ratio of microbial growth to carbon
uptake, more than litter can. High CUE promotes microbial growth and carbon stabilization in
mineral-associated soil pools, and low CUE favors biomass respiration (Manzoni et al. 2012a). Both
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Table 1 Proportion of aboveground and belowground biomass contributing to SOM formation in agricultural field studies
performed in situ using primarily isotopic approaches

Vegetation type or treatment

Belowground
carbon inputs

retained in SOM
(%)

Aboveground
carbon inputs

retained in SOM
(%) Ratio Reference

Conventional agriculture 35% 4.8% 7.4 Kong & Six 2010

Low-input agriculture 65% 4.9% 13.2 Kong & Six 2010

Organic agriculture 91% 3.6% 25.6 Kong & Six 2010

Mixed C3 and C4 crops 36% 4.0% 9.0 Ghafoor et al. 2017

Mixed C3 and C4 fertilized crops 18% 10% 1.8 Ghafoor et al. 2017

Maize 61% 5.0% 12.2 Mazzilli et al. 2015

Soybean 80% 3.0% 26.7 Mazzilli et al. 2015

Rye cover crop, 5 months 26% 5.2% 5.0 Austin et al. 2017

Rye cover crop, 12 months 27% 3.5% 7.7 Austin et al. 2017

Rye cover crop 24% 5.9% 4.1 Austin et al. 2017

Maize 21% 12% 1.7 Bolinder et al. 1999

Maize 38% 11% 3.5 Balesdent & Balabane 1996

Maize 73% 14% 5.1 Clapp et al. 2000

Maize, fertilized 58% 16% 3.6 Clapp et al. 2000

Vetch 49% 13% 3.7 Puget & Drinkwater 2001

Maize 34% 8.0% 4.3 Barber 1979

Mix C3 and C4 crops 39% 17% 2.3 Kätterer et al. 2011

Average, median 46%, 39% 8.3%, 6.6% 8.1, 5.0

chemical composition and soil proximity may operate simultaneously to increase the microbial
CUE of roots, but experiments performed with undisturbed roots systems grown in soil show
higher root carbon retention rates in the soil than do litterbag or incubation experiments where
the soil is disturbed. This result suggests that soil proximity plays an important role, but root
exudation of labile carbon compounds may also be important (Rasse et al. 2005).

Stable isotopes and fallow experiments allow researchers to estimate the proportion of roots
and litter stabilized in the soil in undisturbed conditions. An analysis of 10 primarily stable iso-
tope experiments from the field with roots grown in situ (i.e., excluding litterbag, incubation, or
disturbed-soil experiments) suggests that 45% of belowground inputs on average are stabilized as
SOM compared with only 8% for aboveground carbon inputs through litter, a fivefold difference
(Table 1). All these experiments, however, were conducted in agricultural systems, highlighting
the need to understand differences between above- and belowground inputs for SOM formation
in more natural conditions. The overall effect of roots and exudates on SOM formation is complex
(Lajtha et al. 2014a). Priming effects, variable aggregate formation, and root associations with my-
corrhizae can change the quantity and quality of belowground carbon inputs and SOM formation
(Shahbaz et al. 2016).

2.1. Emerging Research Questions for Plant Production, Allocation, and SOM

The relationship between plant inputs to soil and SOM formation is often represented (and
modeled) as being linear, although evidence suggests otherwise. SOM formation and stabilization
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SOIL FOOD WEBS

Fungi and bacteria are the primary organisms controlling plant litter decomposition and the products that form
SOM. The soil fauna has complex interactions with the soil microbial community, but their effects on net soil
carbon sequestration are not well understood. The efficiency of the incorporation of plant litter into SOM may
depend heavily on soil mineralogy and the interactions among soil minerals and the soil food web.

are complex and affected particularly by the type of plant residues and by plant allocation. Future
research should focus on the following questions:

1. What is the relative contribution of roots compared with that of litter inputs to the accu-
mulation of SOM under different vegetation types, soil conditions, land uses, and climates?

2. Is the higher CUE of root litter compared with that of aboveground litter explained by
differences in chemical composition or root-soil interactions?

3. What is the fate of nutrients such as nitrogen and phosphorus from aboveground and be-
lowground organic matter respired during decomposition, and what is their role in SOM
formation?

4. In consideration of trade-offs with production, how feasible is it to manage plant allocation
patterns in managed landscapes to sequester SOM but maintain growth and yield?

3. BELOWGROUND FOOD WEB ECOLOGY

Soil fauna communities are often diverse, and these organisms form complex food webs in the soil
(Figure 1) that include termites, mites, nematodes, arthropods, rotifers, collembolans, isopods,
ants, spiders, and earthworms (Wolters 2000). These organisms can be herbivores that feed on
plant roots, saprotrophs that process dead or decaying organic matter, and consumers that feed
on other soil organisms (Wagg et al. 2014). Whereas much attention has been given to the role of
aboveground plant and animal species on ecosystem functioning and carbon dynamics, the func-
tional role of soil food web composition in net carbon sequestration is less well known (see the
sidebar titled Soil Food Webs). Anthropogenic influences affect the structure (e.g., composition
and diversity) and function (e.g., productivity) of both terrestrial and aquatic biota and the be-
lowground soil food web. Many observational and experimental studies have shown that elevated
CO2, elevated nitrogen deposition, and agricultural management affect the species composition
and diversity of soil organisms (Wardle et al. 1995, Moore et al. 1996, Osler & Sommerkorn
2007, de Vries et al. 2013). Agricultural activity, for example, including tilling, strongly reduces
the biomass of most feeding groups in the soil food web (Eisenhauer et al. 2012). As SOM turnover
is the result of the ecological interactions among soil organisms that feed on plant litter inputs,
it is logical to assume that both biotic and abiotic factors will also affect processes that determine
both the turnover and the stabilization of SOM.

Microbes, soil fauna, and their interactions exert strong controls on the rates, pathways, and
fates of plant litter decay (Beare et al. 1992, Cárcamo et al. 2000, David 2014), both through di-
rect consumption and transformation of plant detritus and through shredding and fragmentation,
which provide increased surface area for microbial activity (Moore et al. 2004). Soil animals also
directly affect the population sizes and composition of microbes that colonize and degrade plant
litter, and this effect can be either positive or negative, as these organisms both consume microbes
and provide substrates, including bodies and fecal pellets, for microbial colonization. However,
these controls and interactions differ substantially in the soil mineral matrix owing to interactions
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with soil aggregates, soil pores, and mineral surfaces, as well as to activities such as bioturba-
tion (Vetter et al. 2004). Whereas the activity of soil fauna has been shown to increase nutrient
turnover and litter decomposition (e.g., Wagg et al. 2014), the direct effects of soil fauna on net
SOM stabilization or destabilization are less well studied; thus, soil animals are generally excluded
from most global models of SOM processes (Wall et al. 2008). In a litter labeling experiment,
Soong et al. (2016) found that suppression of microarthropods slowed plant litter mass loss during
the first 18 months of decomposition but did not alter the total amount of carbon and nitrogen
incorporated into the soil after complete litter mass loss. Grandy et al. (2016) similarly concluded
that the direct effects of soil fauna are stronger on litter decomposition than on SOM stabilization.

In contrast to these studies, other reports suggest that specific soil taxa may significantly modify
soil carbon dynamics and pools. For example, dung beetles in particular increase plant productivity
and soil nutrient content by burying surface-deposited manure (Bang et al. 2005). Presumably, this
increase in plant productivity, especially in grasslands, is associated with greater soil carbon pools.
In pastured livestock operations, particularly in the tropics, dung beetles help mitigate greenhouse
gas emissions and aid carbon sequestration in part by increasing grass growth, aerating soil, and
delivering manure carbon to mineral surfaces (Slade et al. 2016). Thus, it is not surprising that
fragmentation of intact tropical forest ecosystems, which strongly decreases population sizes of
forest-dwelling dung beetles, decreases soil nutrient availability and tree productivity (Nichols
et al. 2008).

As large, abundant, structure-forming ecosystem engineers, earthworms have profound di-
rect influence on litter decay and soil carbon stability and, further, deterministic effects on other
organisms (Lavelle et al. 1997). Earthworm feeding, digestion, transportation, and casting in ag-
gregates move aboveground inputs belowground (Bossuyt et al. 2006), which may in turn move
litter residues more quickly into more stable mineral-associated carbon pools. Earthworm func-
tional groups are defined largely by eating strategies that differ in the amount and form of organic
matter ingested and the degree of mixing with mineral soil as it passes through the gut and is
excreted as casts throughout the soil profile (Curry & Schmidt 2007). Detritivores feed at or near
the soil surface on plant detritus, and include epigeic earthworms, which restrict feeding to the
organic-rich surface horizons, and anecic earthworms, which preferentially feed at the surface on
litter but reside in burrows in deeper horizons (Lavelle 1988). Geophages, also termed endoge-
ics, eat SOM and dead roots deep in the soil while also consuming mineral soil (Bouché 1977).
Earthworm burrows provide aeration, preferential flow paths for water, and surface area for the
development of microbial hot spots, which are small soil volumes with greater process rates than
the surrounding sites associated with earthworm activity and casts (Kuzyakov & Blagodatskaya
2015). Groffman et al. (2015) noted that earthworms in a northern hardwood forest increased the
microbial biomass carrying capacity of soils and the flow of nitrogen into stabilized SOM.

The earthworm dilemma, akin to the soil carbon dilemma, whereby one must simultaneously
accumulate and decompose SOM to derive the potential benefits ( Janzen 2006, Lubbers et al.
2013), is an apparent paradox in the functioning of earthworms in soil ecosystems. Earthworms
may improve soil fertility, increase soil structure development, and improve infiltration, especially
in agricultural systems (Zhang et al. 2013, Bertrand et al. 2015). Although it is only through
accelerated decomposition and increased aggregation that earthworms increase net carbon se-
questration in the soil (Six et al. 2004, Lubbers et al. 2013), the introduction and spread of invasive
earthworms can be detrimental to soil carbon sequestration, particularly in regions where no na-
tive earthworms were present (Hendrix et al. 2008). Invasive species can decrease detrital inputs
to soil and fundamentally change SOM chemistry (Filley et al. 2008, Crow et al. 2009, Szlavecz
et al. 2011). Thus, studies of the effects of earthworms on soil carbon dynamics are mixed and
have not yet shown conclusive effects of earthworms on soil carbon pools.
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AM: arbuscular
mycorrhizae

The direct effects of the microbial community on the balance between carbon stabilization
and destabilization are clearer. In particular, mycorrhizae, and the nature of the mycorrhizal as-
sociation, play a large role in soil carbon stabilization. Plant carbon allocation to mycorrhizal
symbionts can be large, especially in nutrient-poor or boreal ecosystems (Clemmensen et al.
2013), and turnover of the mycorrhizal external mycelium can be the dominant pathway by which
carbon enters the SOM pool (Godbold et al. 2006). Orwin et al. (2011) used a model to demon-
strate that organic nutrient uptake by mycorrhizae can significantly increase soil carbon storage,
especially under nutrient-limited conditions. They suggested that the increased carbon storage
was due both to an increase in plant carbon fixation and to subsequent increased carbon inputs
to soil through mycorrhizal fungi, as well as reduced decomposition from the increased nutri-
ent limitation of saprotrophs. Gadgil & Gadgil (1971) hypothesized that competition between
saprotrophic and mycorrhizal fungi for limiting resources in SOM would suppress saprotrophic
decomposition rates, resulting in greater sequestration of soil carbon, a phenomenon known as
the Gadgil effect. Recent research (Averill et al. 2014, Averill & Hawkes 2016) demonstrated that
ecosystems dominated by plants with symbiotic ectomycorrhizal fungi store more carbon in soils
than ecosystems dominated by arbuscular mycorrhizal (AM)-associated plants. These researchers
hypothesized that ectomycorrhizal fungi produce enzymes to degrade and sequester organic nitro-
gen from plant litter, which limits soil nitrogen available for microbial communities to decompose
SOM and release carbon to the atmosphere.

At the same time, mycorrhizae may also stimulate the decomposition of soil carbon to mine
nutrients and thus paradoxically destabilize soil carbon pools. Even AM fungi that do not have
saprotrophic capabilities appear able to degrade organic patches, possibly by exuding labile carbon
substrates to enhance saprotrophic microbes (Hodge & Fitter 2010). The effects of mycorrhizae
on soil carbon balance are thus complicated by the interplay between carbon stabilization effects
and soil carbon priming effects (Brzostek et al. 2015).

Controversy surrounds the differing roles bacteria and fungi have in net SOM accumulation.
Fungi-dominated communities may accumulate more soil carbon than bacteria-dominated systems
because fungi produce more recalcitrant compounds and because they have higher CUE than
bacteria do, although some recent analyses question this conclusion (Six et al. 2006). Soil fungi
have a dominant role in the formation of soil macroaggregates (soil particles >2,000 µm), which
sequester carbon from microbial decomposition (Peng et al. 2013).

Microbial CUE is often expressed as the ratio of growth to carbon uptake (Geyer et al. 2016);
thus, systems with high CUE have lower respiratory losses of substrate than do systems with low
CUE and therefore, presumably, store more soil carbon. Microbial growth efficiencies, along with
mineral-matrix interactions with specific carbon compounds, are now thought to be dominant
forces controlling soil carbon stabilization (Schmidt et al. 2011, Bradford et al. 2016). Expanding
on this paradigm, Cotrufo et al. (2013) postulated the microbial efficiency-matrix stabilization
(MEMS) framework. This framework hypothesizes that although interactions of organic materials
with the soil mineral matrix are the ultimate controllers of SOM stabilization over long timescales,
a microbial filter that either delivers organic products to this matrix or respires plant-derived
carbon to the atmosphere is the critical link between plant litter and products available for
stabilization. As such, microbial substrate use efficiency and the potential ability of the products
of microbial decay to stabilize on soil minerals are critical controls determining SOM formation.
Cotrufo et al. (2013) also suggest that recalcitrant organic matter inputs reduce microbial
CUE; therefore, relatively labile substrates, which are used more efficiently by microbes, are
responsible for a greater proportion of mineral-stabilized soil carbon. A study by Manzoni et al.
(2012a) showed that CUE decreases with increased temperature, suggesting that CUE, and SOM
formation, might decrease with global warming. Other studies, however, have demonstrated
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thermal adaptation of microbes to long-term warming (Bradford et al. 2008), implying that global
temperature rise may not significantly increase soil respiration rates or decrease CUE.

3.1. Emerging Research Questions for Belowground Food Webs
and Soil Ecology

Although it is well established that microbes and soil fauna exert strong controls on the rates
and pathways of plant litter decay, their role in soil carbon stabilization is less clear. Mycorrhizae
have a strong role in carbon stabilization in many ecosystems, but the relative role of fungi in soil
carbon stabilization, compared with that of bacteria, is not well characterized. Several questions
deserve particular attention:

1. How critical is understanding microbial physiology to predicting future changes in soil
carbon stocks with climate change?

2. Will microbial CUE be altered by global warming, will thermal adaptation occur, or will
broad changes in the microbial community lead to unexpected changes in soil carbon stabi-
lization patterns?

3. How will changes in future vegetation patterns affect detrital inputs to soil and the stabi-
lization of these inputs?

4. Do soil fauna need to be added to models of SOM that include microbes?

4. MINERAL INTERACTIONS WITH THE BIOTIC WORLD

Biological activity is most intense near the soil surface (Taylor et al. 2002). In this shallow zone of
the soil, litter and root plant inputs continually replenish and sustain a fresh carbohydrate source
for biological activity (Figure 1) (Oades 1967, Cheshire 1979, Hu et al. 1997). Micro-aggregation,
physical protection, interaction with carbon compounds, and bacteria and fungi help retain SOM
(Figures 1 and 2) (Oades 1984). This shallow zone of the soil is also highly vulnerable to many
disturbance processes that mix the soil, such as windstorms, earthworm activity (bioturbation),
and plowing (Bohlen et al. 2004, Kramer et al. 2004, Hupy & Schaetzl 2006). Other factors that
influence surface SOM include fire, fluctuating rainfall, soil saturation, and temperature effects.
As a result, surface soil carbon pools are constantly being rejuvenated through inputs and respired
away as CO2 (Trumbore et al. 1996). Soil minerals play a relatively limited role in stabilizing
carbon in shallower soils compared with deeper soils in part because lighter, free-particulate
organic matter is more prevalent and because new litter and root inputs provide a steady supply
of nonmineral-associated (free) particulate organic matter (Figure 1; Table 1). Priming effects of
rapidly respiring light-fraction SOM also result in mineral-associated carbon loss in this region
(Lajtha et al. 2014b). Most studies to date indicate rapid turnover associated with the active layer
of the soil zone (Trumbore et al. 1996, van der Voort et al. 2016).

Many studies of litter decomposition demonstrate that litter biochemistry can determine the
decomposition rate and fate of residual products (Bonanomi et al. 2013). However, at greater
depths in the soil (>30 cm), minerals such as clays and silts increasingly stabilize most of the
organic matter and determine accessibility to microbes; organic matter biochemistry appears to
play a less important role in SOM stability at these depths. Temperature and soil moisture regimes
become increasingly stable at depth (Hall et al. 2016) as well; thus, variability in environmental
conditions is greatly reduced and the impact of soil mineral chemistry becomes more pronounced.

A significant (>50%) component of the global soil carbon pool can be found at these greater
depths ( Jobbágy & Jackson 2000) (Table 2). Most (>90%) organic matter deeper than 30 cm
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Figure 2
Role of minerals in the subsoil in driving patterns of soil organic matter accumulation and biochemistry, and
the resultant carbon-to-nitrogen (C/N) ratio of the soil depth profile, for an Oxisol soil. (a) Proportion of
mineral-associated carbon content across density fractions and with depth. (b) Bulk soil patterns of C/N ratio
relative to those of mineral-associated density fractions with depth. All data are from Kramer et al. (2017).

is associated with (i.e., sorbed to) minerals (Figure 2). Biological activity is severely reduced,
and, increasingly, abiotic factors such as soil mineral chemistry drive organic matter dynamics
(Schrumpf et al. 2013). Secondary minerals (1:1 and 2:1 clays, amorphous and crystalline) interact
with organic matter via hydrogen bonding, van der Waals interactions, and inner-sphere com-
plexation (Kleber et al. 2015). Mineral surface area is also an important control on the amount of
SOM retained (Mayer 1994). Less reactive mineral particles with low surface area preferentially
accumulate microbially derived nitrogen-rich proteins (Sollins et al. 2009, Kramer et al. 2017).
In contrast, more reactive mineral particles (Fe and Al oxyhydroxides) preferentially sorb to aro-
matic acids, compounds with an abundance of carboxyl/carbonyl functional groups (Kaiser &
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MINERAL INTERACTIONS

Mineral interactions more than biochemical composition determine the stability of deeper SOM. The importance
of this abiotic factor in regulating organic matter chemistry and quantity with depth highlights the need to address
both biotic and abiotic factors and their interactions in soil.

Guggenberger 2000, Kramer et al. 2012). In either case, the accumulation of secondary minerals
in the subsoil horizon results in significant accumulation of carbon in this portion of the soil zone.

Once associated with minerals, there are numerous factors that may affect the long-term per-
sistence of organic matter. These factors include the ease of desorption (Mikutta et al. 2007,
Bachmann et al. 2008); microbial accessibility (Ekschmitt et al. 2008), especially to organic matter
held in micropores (van Loosdrecht et al. 1990, Zimmerman et al. 2004); and conformational
changes upon binding that render enzymes ineffective (van Loosdrecht et al. 1990). Retention
mechanisms that bind strongly and mostly irreversibly (e.g., ligand exchange) likely confer the
longest-term stability to organic matter (Kramer et al. 2012), whereas organic matter retained by
weak electrostatic attractions and noncoulombic (i.e., van der Waals forces) interactions may be
easier for microbes to access and thus have shorter residence times in soils.

Soil temperature and pH in the soil profile are influenced by rainfall amount, aboveground
biomass, and air temperature (Slessarev et al. 2016). In wet climates, soil pH declines and soils
can remain waterlogged for at least some portion of the year, retarding microbial decomposition
of soil carbon (Keiluweit et al. 2016). In very cold climates, soil at depth is frozen year-round
(permafrost), which may also limit soil drainage. These additional environmental controls act in
concert with soil mineralogy in the subsoil. Although less prevalent at the global scale, water-
logged soils result in mineral-free organic matter accumulation and can produce vast areas of peat
or Histosols.

At even greater depth, such as in the C horizon or in highly weathered parent material (sapro-
lite), SOM concentration and mineral associations decline appreciably, owing mostly to the preva-
lence of primary minerals. Such minerals have a low specific surface area and are unreactive.
However, even in this portion of the soil zone, total organic matter accumulation can be appre-
ciable because of the extent of this zone, as occurs, for instance, in a deep saprolite, a deeply
weathered bedrock zone common in the tropics.

To date, most studies have concluded that SOM at depths greater than 30 cm is composed
more of microbially derived materials than of plant-derived materials and is associated primarily
with soil minerals (see the sidebar titled Mineral Interactions) (Schmidt et al. 2011, Schrumpf
et al. 2013). Recent radiocarbon studies indicate that most of the deeper soil carbon is older, and
turnover is slower, indicating it is unlikely to respond rapidly to warming global temperatures
(He et al. 2016, van der Voort et al. 2016). The low rates of carbon accumulation observed across
chronosequence sites also indicate that SOM pools are unlikely to accumulate carbon or rapidly
increase carbon sequestration with warming temperatures (Schlesinger 1990).

Other abiotic factors such as disturbance events, including land use change, soil erosion from
landslides, hurricanes, and earthquakes, can impact both surficial and subsoil carbon. The principal
effects are redistribution of mineral-associated SOM either across the land surface or with depth
and accelerated decomposition due to increased aeration of the soil. Eventually, these disturbance
processes, combined with effects of topography, result in a net export of mineral-associated SOM
to ocean environments through fluvial processes, although the role of mass export of SOM via
riverine loss is not well understood (Syvitski et al. 2003, Galy et al. 2015).
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Pg: petagram (1015 g)

HWSD: Harmonized
World Soil Database

WISE30sec:
ISRIC-WISE
Harmonized Global
Soil Profile Data
(version 3.1)

4.1. Emerging Research Questions for Biotic–Abiotic Interactions and SOM

Soil minerals exert strong controls on the rates and pathways of SOM accumulation, but the
relationship between biotic processes and soil mineral interactions remains less clear. Soil minerals
have a strong role in carbon stabilization in many ecosystems. However, the relative roles of
different types of organic matter–mineral interactions are not well characterized globally.

1. How will interactions between biotic processes (e.g., NPP, detrital inputs, and microbial
activity) and carbon retention on mineral surfaces be altered by climate change?

2. Do soil minerals and their interactions with biotic processes need to be included in future
SOM models?

3. How can abiotic and biotic factors be incorporated into land surface and Earth system models
to reduce future uncertainty?

5. SOM STOCKS

5.1. Estimates of Total Soil Carbon Stocks Globally
and at Specific Depths

Soils hold the largest biogeochemically active terrestrial carbon pool on Earth (Figure 3). Esti-
mates of its size were first made in the 1950s. Later updates have ranged by a factor of at least
six, from 500 to 3,000 Pg SOC (Scharlemann et al. 2014). Most estimates converged to 1,100 to
1,500 Pg SOC for the top meter of soil but remain more variable for deeper soils (Schlesinger
1977, Post et al. 1982, Batjes 1996, Jobbágy & Jackson 2000).

Geospatial products to map SOC typically rely on digitized soil maps combined with soil profile
databases (e.g., Reich 2006, Batjes 2016). The Harmonized World Soil Database (HWSD; FAO
2012) has been widely used in global carbon cycle applications (Todd-Brown et al. 2013, Köchy
et al. 2015). The recent WISE30sec database (Batjes 2016) updates the HWSD to include infor-
mation from Köppen-Geiger climate maps and a soil profile dataset with improved representation
at northern high latitudes.

At local and regional scales, most modern soil inventories are based on digital soil mapping
techniques. Soil properties in a given location are predicted on the basis of soil profile reference
data combined with remotely sensed data, climate, terrain, and other variables (McBratney et al.
2003). Using machine-learning techniques, Hengl et al. (2017) modeled soil properties for the
world at a resolution as fine as 250 m. Such high-resolution gridded datasets of SOC and other
soil variables are increasingly important for global modeling and validation.

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
(a) The estimated soil organic carbon (SOC) stocks to a depth of 2 m based on data in the WISE30sec
dataset (Batjes 2016). (b) The estimated depth to bedrock in a dataset (Pelletier et al. 2016) that partitions
bedrock into three depth categories for upland hillslopes, upland valley bottoms, and lowlands. (c) The
amount of SOC in panel a that would be decreased if SOC accumulation were constrained by the bedrock
depths shown in panel b. The estimates of depth-constrained SOC stocks in panel c were interpolated from
observations in the WISE30sec dataset by fitting a regression of log(depth) to log(SOC) through the
reported SOC stocks of the different depths reported for each map polygon. For each polygon, one
regression was fitted for interpolations shallower than 100 cm and another regression was fitted for
interpolations between 100 and 200 cm. The interpolation was used if R2 > 0.9 and P < 0.05; otherwise, the
closest reported SOC stock in that polygon was used. All analyses were performed using geographic
information systems software (ArcGIS 10; ESRI, Redlands, CA) in relevant equal-area projections.
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GLOBAL DATASETS

Estimates of amounts and controls for SOM distributions are improving rapidly, owing in part to analyses of
>100,000 soil profiles in global databases. High-resolution gridded datasets of soil properties are also becom-
ing available and will be important for broad-scale modeling and validation. Global uncertainties concerning the
amounts and locations of SOM include the extent of wetland, peatland, and permafrost systems and the extent to
which factors such as shallow bedrock constrain soil depths.

SON: soil organic
nitrogen

OC: organic carbon

Estimates of SOC and SON (soil organic nitrogen) that incorporated depth distributions
provided new insight into the amounts, biotic and abiotic controls, and vulnerabilities of SOC.
Batjes (1996) provided the first global estimate of SOC to a depth of 2 m, adding 911 Pg C to the
previous estimate for the top meter of soil. Jobbágy & Jackson (2000) provided the first estimate
of SOC to a depth of 3 m (2,344 Pg SOC, or 56% more than the 1,502 Pg in the top meter)
and included depth functions by plant functional type and biome. They found that the relative
distribution of SOC with depth had a stronger association with vegetation type than with climate,
through factors such as belowground allocation, but the opposite was true for absolute SOC
amounts. Permafrost and peatland regions typically have deeper SOC profiles than temperate and
tropical systems do, as determined primarily through soil coring and sampling (e.g., Harden et al.
2012, Hugelius et al. 2014, Loisel et al. 2017).

Previous global estimates for SOC have not included regional permafrost data or SOC stocks
separated by biome or by peatland/permafrost categories (e.g., peatlands without permafrost,
peatlands with permafrost, and mineral permafrost soils). We present a new estimate for global
SOC content by overlaying a global soil database with regional permafrost data, reconciling
regional estimates, and providing biome-based totals (Table 2). The global SOC stock in the
upper 2 m of soil is 2,273 Pg C, with the boreal forest biome containing 623 Pg, or 27% of the
global total (Table 2). Peatlands contain 543 Pg SOC, most of it in boreal, temperate broadleaf
and tropical, moist broadleaf forest biomes; permafrost regions contain 582 Pg SOC, or 26% of
the global total (Table 2).

Global soil databases have no data for soil deeper than 2 m (see the sidebar titled Global
Datasets). If we extrapolate the data in Table 2 to include soil depths of 2–3 m using the biome
depth distributions in Jobbágy & Jackson (2000), we find an additional 199 Pg SOC for nonper-
mafrost mineral soils. For the permafrost region, the third meter of soil is estimated to hold
207 ± 42 Pg C (Hugelius et al. 2014); for peatlands outside permafrost areas, we estimate
∼92 Pg OC (organic carbon) for the global 2–3 m depth (assuming an OC concentration
multiplier of 0.5 to calculate the 2–3-m depth carbon content from the 1–2-m depth incre-
ment, and assuming a mean peat depth of 2.3 m). Thus, the global total soil carbon pool to a
depth of 3 m is estimated as 2,800 Pg C. Deeper (>3 m) deposits include an additional ∼300–
500 Pg OC in the permafrost region (Schuur et al. 2015), ∼30–50 Pg C in tropical peatlands, and
an unknown quantity of OC in other environments with deep sediments such as deltas, floodplains,
and loess deposits.

5.2. Uncertainties and Opportunities for Improving Estimates of SOC

Despite recent advances, estimates of global SOC stocks and distributions remain limited by
insufficient data for many regions. Boreal and arctic regions are relatively remote and under-
sampled, even though they contain more OC than the atmosphere does (Tarnocai et al. 2009).
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Estimates of peatland carbon are also strongly limited by a lack of peat bulk density data (Köchy
et al. 2015).

Another concern with estimates of SOC content is that wetlands, peatlands, and permafrost soils
are defined differently across countries and scientific disciplines. Wetland and shallow freshwater
lakes are difficult to distinguish using remote sensing approaches and are sometimes classified
differently. Most soil classification systems distinguish peatlands (organic soils) from mineral soils
on the basis of whether surface peat accumulates to a depth of at least 40 cm. However, inventory
estimates usually define peatlands as having at least 30 cm of near-surface peat and typically include
the full depth of peat rather than only 1 or 2 m ( Joosten & Clarke 2002). Based on inventories and
different ways of scaling peat area to OC stocks, an estimated 3.8–4.4 M km2 of global peatlands
store 450–650 Pg OC in the top 2 m ( Joosten & Clarke 2002, Yu et al. 2010, Loisel et al. 2017).
Our estimate in Table 2 is 543 Pg OC. Tropical peatlands cover only 0.38–0.66 M km2 but are
typically deeper and store as much as 82–92 Pg OC (Page et al. 2011). An additional ∼15 Pg OC
is stored in southern hemisphere peatlands (Yu et al. 2010).

Permafrost soils have their own uncertainties. Permafrost cover is locally irregular and in-
cludes an upper active layer, ranging from a few decimeters to several meters in depth, that thaws
seasonally. As a consequence, the estimated soil carbon is roughly equally divided between perma-
nently and seasonally frozen soils. An additional complication is that ∼300 Pg of the permafrost
region soil carbon is stored in peatlands, which must not be counted twice when summing separate
peatland estimates (Loisel et al. 2017).

In light of the large potential of soil carbon stocks at depth, another global source of uncertainty
is the extent to which shallow bedrock restricts the depth of SOM pools and biological activity
(Figure 3b). Functions for extrapolating SOC and SON contents overestimate the amount of
organic matter if bedrock is shallower than the extrapolated depth. Although estimates of the
depths of soil and other surficial material (e.g., regolith) are available at coarse scales and for
some regions (Soller et al. 2009), particularly using geophysical approaches (Miller et al. 1999,
Jayawickreme et al. 2014), global datasets have been sparse. Pelletier et al. (2016) recently published
a modeled dataset gridded at 30 arcsec (∼1 km) based on input data for topography, climate, and
geology.

We applied the Pelletier et al. (2016) dataset of bedrock depth to global soil carbon from the
WISE30sec database (Figures 3b,c). This reduces our current global estimate of SOC stocks by
nearly one-third, from 2,047 to 1,354 Pg C for the top 2 m of soil (Figure 3). The main differences
in mapped soil depth distributions occur in boreal and arctic regions, where bedrock potentially
constrains peat and permafrost soils. The reduction for 1-m SOC stocks is more modest, ∼10%,
from 1,425 to 1,277 Pg C, because the WISE30sec database partly accounts for shallower soils. We
do not yet know the appropriateness of applying such a bedrock depth dataset to estimates of SOM;
it has been validated primarily with data from lower latitudes rather than global data. Generating
the strongest possible dataset of soil and bedrock depths will improve estimates of SOM pools as
well as other variables important for biogeochemistry and global primary production, including
soil nutrient availability and water holding capacity.

5.3. Emerging Research Questions for Global SOM Stocks,
Distributions, and Controls

Soils hold more than twice as much carbon as the atmosphere and play a crucial role in carbon
cycling, food production, and water and nutrient retention. Estimates of where SOM is found
and how deep it lies have improved considerably, but the science is still data limited. New global
datasets coming online will help fill part of the data gap; additional sampling beyond temperate
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systems in North America and Europe is especially needed. Answers to the following important
research questions could help close the data gap:

1. How can we better constrain the distributions of peatland and permafrost systems, the
amount of SOC and SON they contain, and their vulnerability to a warming climate?

2. How can computational approaches enhance our understanding of depth distributions for
SOM and their biotic and abiotic controls?

3. How can we best improve and verify estimates of bedrock depth and its influence on the
global content of SOC and SON?

6. SOM VULNERABILITY, OPPORTUNITIES, AND MITIGATION

Soil carbon is vulnerable to oxidation and release to the atmosphere through a variety of human
activities (Figure 1), including land use disturbance and the effects of climate change. The greatest
human-induced loss of SOC has come from the conversion of native forests and grasslands to
annual crops (Paustian et al. 1997, Lal 2004). Understanding the role of agricultural management
on SOC stocks is therefore critical both for predicting future carbon fluxes and for devising best-
management strategies to mitigate and reverse soil loss. Globally, native soils lost on average
43.1 ± 1.1% of their original topsoil carbon after conversion to agriculture (Wei et al. 2014).

The effects of forest management on SOC are less consistent. A meta-analysis by Nave et al.
(2010) suggested that whereas forest floor litter carbon was lost with forest harvest and manage-
ment, losses of mineral soil carbon were not significant, and that losses were neither permanent
nor unavoidable. However, some studies have suggested that Spodosols in particular might be sus-
ceptible to carbon loss from harvest and that deep mineral pools change more rapidly after harvest
than previously thought (e.g., Diochon et al. 2009, Lacroix et al. 2016, although see Hoover &
Heath 2015), especially over many decades or centuries (e.g., Dean et al. 2017).

Mitigating and even reversing these land use effects, however, are both possible and desirable
(Minansy et al. 2017). A meta-analysis of afforestation effects on SOC storage in US states and
Canadian border provinces found that land conversion to forest increased SOC by 21% (Nave
et al. 2013). However, a global analysis at 153 sites to depths of 30 cm showed that the effects of
afforestation on SOC and SON were insignificant except for pine plantations, where SOC and
SON decreased by 15% and 20%, respectively (Berthrong et al. 2009). The initial status of the
land is critical to the interpretation of afforestation studies. A degraded system often gains SOM
with afforestation or other management; a healthy, native ecosystem may sometimes lose it. The
depth at which the comparison is made is also important, as less is known about the long-term
effects in deeper soils (Richter & Markewitz 1995).

The adoption of soil conservation practices such as reduced tillage, improved residue manage-
ment, reduced bare fallow, and conservation reserve plantings has stabilized, and partially reversed,
SOC loss in North American agricultural soils (Paustian et al. 2016). Using results from 142 soil
studies, Piñeiro et al. (2009) showed that setting aside former agricultural land through the Con-
servation Reserve Program and similar programs generated greater greenhouse gas benefits than
did planting corn for ethanol on the same land for 40 years, at similar cost. Improved grazing
management, fertilization, sowing legumes, and improved grass species are additional ways to
increase soil carbon by as much as 1 Mg C ha−1 year−1 (Conant et al. 2017).

Over the next century, most projected land use change is expected to arise from repurpos-
ing existing agricultural land rather than clearing native forests (Watson et al. 2014). Emerging
land use activities that combine carbon sequestration with crop production offer great promise
to increase global SOM while sustainably meeting food and fiber production for an increasing
human population (Francis et al. 2016). Machmuller et al. (2015) demonstrated the potential of
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emerging land use activities to result in economically profitable, more sustainable farming prac-
tices that significantly increase soil carbon stocks in degraded lands of the southeastern United
States. During the two- to six-year period after conversion of row crop farming to management-
intensive dairy grazing, the authors found that soil carbon stocks increased rapidly and attained
pre-European native carbon stock levels. Other changes included year-round forage, reduced
chemical fertilizer inputs through increased manure use, and increased water-holding capacity
and cation exchange capacity of soil. Better global data on land management practices and land
cover types will improve estimates of global SOM cycling and stocks. The Food and Agriculture
Organization, for example, maintains a global database of conservation agriculture by land area
and country (http://www.fao.org/ag/Ca/6c.html). However, to our knowledge there is no spa-
tially explicit or gridded dataset of tillage or crop rotations at the global level; such data are readily
available only for relatively wealthy countries. These types of data would improve our estimates
of not only SOM stocks and potential for losses and mitigation, but also the emissions of trace
gases such as methane and nitrous oxide.

Soil carbon stocks are widely predicted to change with climate warming, but the magnitude
and, in some cases, even the sign of the change are unclear. A recent meta-analysis showed that
topsoil carbon loss with one degree of warming depended strongly on the size of the standing soil
carbon stocks (Crowther et al. 2016). Because arctic regions have the largest standing soil carbon
stocks and are predicted to warm at rates greater than those at mid-latitudes (Cohen et al. 2014),
most warming-induced soil carbon losses are likely to occur at northern latitudes. Crowther et al.
(2016) calculate that a business-as-usual climate scenario could drive the loss of 55 ± 50 Pg C from
upper soil horizons by 2050, which is ∼12–17% of expected anthropogenic emissions. However,
their meta-analysis did not include warming effects on the deeper soils that store the bulk of SOC
in northern soils, which could increase SOC oxidation, and did not account for many ecosystem
responses that could enhance SOC stocks, such as increased NPP. Studies on the effect of climate
warming on SOC in permafrost, including deeper deposits, project permafrost soil carbon losses
of 12.2–33.4 (medium warming) to 27.9–112.6 Pg C (high warming) by the end of this century
(Koven et al. 2015). Carbon stocks in northern peatlands are potentially vulnerable to local or
regional disturbances, including lowered water tables or greater fire frequencies, but most studies
suggest that peatlands will remain a weak carbon sink rather than a net source into at least the
near future (Loisel et al. 2017).

Ecosystem and Earth system models can improve their representations of SOM by adding
modifiers and microbial attributes that influence SOM formation and stabilization across scales.
Simple bacteria-to-fungi ratios can be useful for estimating rates of decomposition, particularly
for older, highly weathered systems with relatively high inputs and stocks, which are vulnerable
to losses in the absence of mineral protection mechanisms (Doetterl et al. 2015). Several re-
cently updated models, for example, derive heterotroph respiration rates on the basis of microbial
biomass pools (e.g., Todd-Brown et al. 2012). These models rely on modifiers for this known
oversimplification, but a lack of global data for aggregate turnover, as it contributes to substrate
accessibility for microbes, is one of several factors limiting this approach. Whether using older or
newer models, a central question remains: How many soil factors are needed to adequately cap-
ture soil dynamics, particularly across scales? Bioinformatics and molecular genetic tools provide
a growing opportunity to link soil functions by using trait-based metagenomics, and community-
level microbial functional traits may be one link from local-scale processes to large-scale global
models (Wieder et al. 2015). However, the potential benefits of these approaches, and the use
of microbially explicit models in general, to improve global estimates of SOM dynamics must be
weighed against the costs of increased model complexity and the lack of global microbial datasets
needed to parameterize the models.
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Finally, anthropogenic greenhouse gas emissions have altered the planet’s climate, including
temperatures, precipitation, and vapor pressure deficit, and will continue to do so. Additional
changes are apparent in the patterns and extremes of weather and in the frequency, intensity, and
severity of disturbances. All the factors, knowledge, and skill illustrated through the examples in
this review will be needed to project the effects of climate change on SOM. Global pressures on
soils are coming from continuing changes in land management, such as the need for increasing
bioenergy and food production. For these reasons and more, furthering progress in experiments,
synthesis, and modeling of SOM will remain a research priority for decades.
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