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Introduction

Soil organic matter (OM) is a pervasive material composed
of carbon (C) and other elements. It includes the O horizon
(e.g., litter and duff), senesced plant materials within the
mineral soil matrix, dead organisms (including macroorgan-
isms and microorganisms), microbial and root exudates, and
organic materials adhering to mineral surfaces. Soil organic
carbon (SOC) is a very dynamic component of the soil; each
year, the amount of SOC processed by microorganisms
within the soil is roughly equal to the amount of inputs from
plant detritus. The pervasive dynamic nature of SOC is key
to the ecosystem services, or “the benefits people obtain
from ecosystems” (Millennium Ecosystem Assessment
2003), that SOC provides.

Sidebar 2.1 Tool and research needs pertaining to
soil organic carbon

* A mechanism to transfer knowledge about the new
SOC paradigm to forest and rangeland managers
and use that knowledge to develop best manage-
ment practices for building up SOC
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e Quantitative models of SOC stabilization and vul-
nerability designed for management applications
(e.g., Forest Vegetation Simulator with SOC
module)

e Improved linkage of Ecological Site Descriptions
to management actions that impact SOC

e Synchronization of SOC data across multiple agen-
cies and sampling initiatives

* Models that link forest health and drought resis-
tance to changes in SOC

Soil organic carbon is an essential indicator of soil health.
Soil health refers to the “ability of soil to function effectively
as a component of a healthy ecosystem” (Schoenholtz et al.
2000, p. 335). The quantity and quality of SOC are linked to
important soil functions including nutrient mineralization,
aggregate stability, trafficability, permeability to air, water
retention, infiltration, and flood control (Box 2.1). In turn,
these soil functions are correlated with a wide range of eco-
system properties. For example, high SOC in mineral soils is
usually associated with high plant productivity (Oldfield
et al. 2017), with subsequent positive implications for wild-
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Box 2.1 Benefits of Soil Organic Matter and Soil Carbon

Soil carbon (C), a major component of soil organic
matter (SOM), provides several benefits for the func-
tion of forests, rangelands, and other wildlands. In
addition, soil C is correlated to many other properties
that enhance ecosystem services and is thus a strong
indicator of soil health. Many of these ecosystem ser-
vices are interdependent: Promoting soil C buildup
starts a chain reaction that ultimately improves many
facets of ecosystem health. Among the benefits of soil
C and soil organic matter are that they:

Boost nutrient storage—soils with high soil C tend to
have high nutrient content, promoting growth of
trees and forage. About 99% of soil nitrogen (N) is
found within SOM. In addition, SOM provides
much of the cation exchange capacity essential for
making nutrients available to plant roots.

Enhance soil structure—SOM holds soil particles
together through adhesion and entanglement, reduc-
ing erosion and allowing root movement and access
to nutrients and water.

Act as a large biological carbon store—through stabi-
lization mechanisms (see text), the formation of soil
C feeds a major reservoir of global C. With the right
management, increases in soil C storage can be
large enough to offset a portion of anthropogenic
greenhouse gas emissions.

Enhance plant carbon sequestration—by increasing
nutrient and water availability, soils with high soil C
and organic matter support increased growth of for-
ests, rangelands, and wildlands, leading to increased
uptake of atmospheric CO,.

Increase ecosystem water storage—through enhanc-
ing soil structure and increasing soils’ effective sur-
face area, SOM increases the amount of water that
can be retained in the soil for plant and downstream
use, reducing evaporative and runoff losses.

Purify drinking water—the effects of SOM on water
holding capacity and soil structure help to enhance
soil’s resilience to erosion. Soil organic matter also
plays a role in reducing the bioavailability of pollut-
ants. These functions contribute to SOM’s strong
role in purifying water for human uses.

Detoxify soil—by affecting nutrient availability and
soil structure, and by serving as an energy source
for microbes, SOM plays an important role in main-
taining soil health. By reducing the content, bio-
availability, and mobility of compounds, SOM
supports soil’s ability to detoxify pollutants that
occur as a result of chemical spills or
contamination.
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life habitat, distribution, and abundance. Consequently, eco-
system services can be degraded when SOC is altered or lost
from forest or rangeland sites. Measuring and monitoring
SOC levels can lead to a more complete understanding of
ecosystem and soil health at a particular site; indices of soil
health incorporate measures of SOC and can be used to track
changes in soil health over time and in response to manage-
ment activities (Amacher et al. 2007; Chaer et al. 2009).
Soils account for the largest pool of terrestrial organic C
globally, with an estimated 2.27-2.77 x 10" kg or 2270-2770
petagrams (Pg) of C in the top 2-3 m of soil (Jackson et al.
2017). This represents a pool that is two to three times larger
than the atmospheric and biotic C pools. North American and
US soils (all soil orders) store about 366 Pg C and 73.4 Pg C,
respectively, in the top 1 m (Liu et al. 2013; Sundquist et al.
2009; USGCRP 2018). Most of the SOC stock in the United
States is in nonintensively managed lands such as forests
(Fig. 2.1), wetlands, and rangelands (Liu et al. 2012, 2014).
Across land uses, most SOC is concentrated near the surface,
where it may be vulnerable to loss; 74.5% of North America’s
SOC occurs in the top 30 cm of mineral soil (Batjes 2016;
Scharlemann et al. 2014). Most assessments of SOC pools
represent only mineral SOC and have omitted organic soil
horizons that sit on top of the mineral soil, despite the impor-
tance of O horizons as a source of OM for building SOC. In
this chapter we will refer to “O horizons” and “forest floors”
when talking about organic soil horizons on top of the min-
eral soil, “mineral soil” when discussing mineral-dominated
soil horizons, SOC as mineral soil organic C, and “soil” as
everything from the O horizon and deeper. If included in the
above estimates, O horizons would increase the global SOC
pool estimates by about 43 Pg (Pan et al. 2011) or about 2%
of the total SOC pool. However, O horizons are more impor-
tant in forests than in rangelands. Domke and others (2016,
2017) found that forest floor O horizons accounted for about
12% of the SOC pool; forest SOC had a density of about
63 Mg ha~! and litter represented roughly 8 Mg ha~! across all
USDA Forest Service (hereafter, Forest Service) Forest
Inventory and Analysis (FIA) plots (Fig. 2.2; Box 2.2).
Accurate assessment and ongoing monitoring of national
SOC stocks are a critical first step to understanding how
management activities can impact this national resource.
Because the SOC pool is large compared to other C pools
(especially the atmosphere), a small change in SOC can pro-
duce a large change in atmospheric carbon dioxide (CO,)
levels. For example, a global decrease in SOC of 5% in the
upper 3 m would resultin 117 Pg of C released into the atmo-
sphere, causing an increase in the atmospheric C pool (829
Pg in 2013) of 14%, i.e., from 400 ppm to 456 ppm CO,.
Conversely, sequestering a small percentage in this large C
pool translates into a substantial increase that is globally rel-
evant. Site-level studies suggest that reforestation and other
land-use and management changes increase SOC by 0.1-
0.4 Mg C ha™' year”!, and a national-scale (conterminous
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Fig. 2.1 (a) Map of soil C stores predicted at Forest Service Forest Inventory and Analysis plots. (b) Map of uncertainty in predictions of soil C
stores at these plots. (Source: Domke et al. 2017)

United States) analysis suggests that reforesting topsoils are In the past few decades, there have been several coordi-
accumulating 13-21 x 10° kg or 13-21 teragrams (Tg) C nated efforts to assess national-level SOC stocks in a statisti-
year.”! with the potential to sequester hundreds more tera- cally robust manner (Box 2.2). Such assessments provide a
grams C within a century (Nave et al. 2018). baseline for detecting future change in United States
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Fig. 2.2 (a) Map of litter (forest floor) C stores predicted at Forest Service Forest Inventory and Analysis plots. (b) Map of uncertainty in predic-

tions of litter C stores at these plots. (Source: Domke et al. 2016)

SOC. Yet there are some limitations to national-scale assess-
ments. One is varying depth of soil and, consequently, SOC
stocks across the country. Most assessments do not consider
soil deeper than 1 m, even though deeper soil can be an
important reservoir of SOC (Harrison et al. 2011).

Furthermore, in any study of SOC on a specific site, it is dif-
ficult to detect SOC changes less than about 25% (e.g.,
Homann et al. 2001) due to soil heterogeneity (Fig. 2.1b) and
sampling and measurement error. Though controlled experi-
ments (e.g., laboratory incubations) demonstrate that some
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Box 2.2 Assessing the Nation’s Soil Organic Carbon
Stores

There have been many efforts to characterize soil
organic carbon (SOC) at a national scale. A major
challenge to accurate accounting of SOC is the high
spatial variability of SOC content, which results in
large uncertainties and may preclude the detection of
change over time. Each effort has slightly different
goals and objectives, but they all emphasize free and
open data availability.

The USDA Forest Service's Forest Inventory and
Analysis (FIA) program (https://www.fia.fs.fed.us/
library/brochures/docs/Forest_Health_Indicators.pdf)
reports on the status and trends of the nation’s forest
resource, across all ownerships. The field campaign of
FIA collects information on the area of forest land and
its location; the species, size, and health of trees; and
total tree growth, mortality, and removals by harvest
and land-use change. In 2000, the Forest Service
greatly enhanced the FIA program in several ways. It
changed from a periodic survey to an annual survey
(the field crew returns to each plot every 5 or 10 years),
and it expanded the scope of data collection to include
soil, understory vegetation, tree crown conditions,
coarse woody debris, and lichen community composi-
tion on a subsample of plots. It also increased our
capacity to analyze and publish the underlying data as
well as information and knowledge products derived
from it. To facilitate forest SOC estimation, FIA col-
lects data on litter thickness and mass, C content, min-
eral soil bulk density, and rock fraction at repeatable
depth intervals (0—10 cm, 10-20 cm) (O’Neill et al.
2005). These measurements can be used in combina-
tion with other site attributes and ancillary information
to generate robust, statistically sound estimates of for-
est floor and litter C (Domke et al. 2016) and SOC
(Domke et al. 2017) at a national scale. An advantage
of FIA over other assessment efforts is the repeated
nature of the survey; eventually, change in soil proper-
ties over time may be possible to detect. However, the
spatial density of the subsample of FIA plots where
soil data are collected is very low (1 plot per
103,000 ha), so subnational assessments should con-
sider additional soil data such as those collected by the
national forests or Natural Resources Conservation
Service (NRCS).

Rapid Carbon Assessment (RaCA; https://www.
nres.usda.gov/wps/portal/nres/detail/soils/survey/?cid
=nrcs142p2_054164) was initiated in 2010 as an orga-
nized, coordinated effort led by NRCS to systemati-
cally sample and measure SOC across the United
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States using a consistent and repeatable methodology.
Data are intended to represent a snapshot in time of the
national inventory of SOC under various land covers
and differing agricultural management. This assess-
ment sampled 6017 plots across the country and
emphasized statistically reliable and defensible meth-
ods. Forthcoming analyses from RaCA data will repre-
sent a comprehensive accounting of SOC stocks under
major land-use categories across the United States,
regardless of ecosystem type or land ownership
status.

National Cooperative Soil Survey (NCSS; https://
www.nres.usda.gov/wps/portal/nrcs/main/soils/sur-
vey/partnership/ncss) is a nationwide partnership of
Federal, regional, state, and local agencies and private
entities and institutions that was created to document
soil taxonomy using consistent methods. Participants
cooperate with each other to gather information about
soils using common or shared procedures. Natural
Resources Conservation Service runs soil surveys at
the county level. The Forest Service conducts soil sur-
veys in many of its national forests, as does the
Department of the Interior’s National Park Service in
some national parks. An important product of the
NCSS is the Gridded Soil Survey Geographic
(gSSURGO) database, a spatial data layer (10 m reso-
lution) of various soil properties derived from soil
series that are mapped, delineated as “map units.” Each
map unit is linked to specific soil properties in a com-
prehensive database, which includes SOC. However,
gSSURGQO is not intended to be a statistically robust
map of SOC. The spatial accuracy of specific soil attri-
butes is not defined and may vary widely across the
United States. In addition, gaps exist in gSSURGO in
areas where soil survey data are not available, such as
regions or counties that have not been mapped yet.

The International Soil Carbon Network (ISCN;
https:/fiscn.fluxdata.org) is an ad hoc research coordina-
tion network that “facilitates data sharing, assembles
databases, identifies gaps in data coverage, and enables
spatially explicit assessments of soil C in context of
landscape, climate, land use, and biotic variables”
(ISCN n.d.). Data are derived from independent research
projects, so they represent a wide range of geographic
coverage, temporal resolutions, and methods.

perturbation will cause change (e.g., soil warming), it can be
difficult to detect this change in the field. The inclusion of
rocks larger than 2 mm in samples, changes in texture, and
sensitivity of SOC stocks to bulk density all contribute to
error in assessing SOC (Jurgensen et al. 2017; Page-
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Dumroese et al. 1999). Improved measurement technology
and statistical methods that account for different sources of
uncertainty may help overcome these challenges and allow
for the detection of more subtle changes in SOC.

While essential for national soil C accounting purposes,
nationwide assessments like FIA may not be helpful for
regional or local management challenges due to their coarse
spatial resolution. In 1976, the National Forest Management
Act was enacted and set forth three points that would
necessitate soil monitoring and analysis on national forests
to inform planning. The first point was that land management
could not produce substantial or permanent impairment of
site productivity. Second, trees could be harvested only
where soil, slope, or watershed conditions would not be irre-
versibly damaged. Last, harvesting had to protect soil, water-
shed, fish, wildlife, recreational, and aesthetic resources. In
support of national forest managers’ decision-making, soil
monitoring standards and guidelines were developed nation-
wide to determine baseline soil properties and identify
changes associated with harvesting (Neary et al. 2010). In
addition, many national forests have developed and main-
tained soil monitoring protocols unique to their needs. For
example, the Monongahela National Forest in West Virginia
has a long-running soil monitoring program (>20 years) that
originated from the need to understand acid deposition
impacts on soil and water health. It is important to recognize
that National Forest System data may not include SOC nor is
it incorporated into national-scale assessments. Many
national forests lack funding and personnel to sample and
analyze harvest-unit soil and vegetation changes, hindering
the ability of local managers to consider SOC benefits and
impacts when developing management plans. Remote sens-
ing using light detection and ranging (LiDAR) or high-
resolution satellite images can help quantify aboveground
forest C (e.g., Gonzalez et al. 2010), and, where available,
SOC can be predicted by using near infrared reflectance
hyperspectral proximal data combined with remote sensing
data (Gomez et al. 2008). In most cases, however, efforts to
quantify changes in SOC must rely on archived soil samples
combined with new sampling and analysis to determine
changes in surface and subsurface pool sizes.

Mechanisms of Mineral Soil Organic Carbon
Stability and Vulnerability: An Emerging
Paradigm

For a long time, our understanding of SOC distribution and
vulnerability was limited by the traditional SOC conceptual
model in use for many decades. Arising from advances in
technology that allow fine-scale molecular and microbial
investigations of SOC interactions with mineral soil, a new
conceptual framework of SOC stabilization and destabiliza-

tion is being developed that improves our ability to predict
SOC behavior. Important advances have been made in our
knowledge of the source and stabilization mechanisms of
mineral-associated SOC.

Organic matter quality is used as a general descriptor for
the combination of the chemical structure and elemental
composition of OM that influences decomposition.
Historically it was thought that the ability of an organism to
effectively decompose OM was directly related to the mate-
rial’s molecular composition (such as lignin content) and
concentration of nutrients (such as nitrogen (N)). These con-
cepts are still useful when describing decomposition dynam-
ics of organic soils or organic soil horizons, but measures of
OM quality have been elusive. Furthermore, these concepts
break down in attempts to describe the dynamics of SOC
associated with horizons dominated by mineral materials.

The relative importance of aboveground sources (e.g., lit-
terfall) and belowground sources (e.g., fine roots) of SOC is
key to understanding impacts of disturbance and manage-
ment on SOC. It is now understood that across many ecosys-
tems most SOC is derived from root inputs and not
aboveground inputs. In fact, root inputs may account for five
times as much SOC as aboveground sources (Jackson et al.
2017). The intimate association of mineral soil and roots
may be the primary cause of the disproportionate importance
of roots on SOC. Historically, the focus has been on forest
floor mass or litter layer depth; however, there is a growing
recognition of the role of fine root production and turnover as
OM inputs. This knowledge will have important implications
for our ability to predict the response of SOC to disturbances
that affect aboveground and belowground sources of OM.

The old paradigm suggested that OM entering the soil had
three possible fates: (1) loss to the atmosphere as CO,, (2)
incorporation into microbial biomass, or (3) stabilization as
humic substances (Schnitzer and Kodama 1977; Tate 1987).
Humic substances were described as refractory, dark-
colored, heterogeneous organic compounds of high molecu-
lar weight which could be separated into fractions based on
their solubility in acidic or alkaline solutions (Sutton and
Sposito 2005). Advances in analytical technology have
revealed that SOC is largely made up of identifiable biopoly-
mers, and the perceived existence of humic substances was
an artifact of the procedures used to extract the material
(Kelleher et al. 2006; Kleber and Johnson 2010; Lehman and
Kleber 2015; Marschner et al. 2008).

Predicting the long-term behavior of SOC pools is diffi-
cult when using the old paradigm. Compounds thought to be
chemically recalcitrant and resistant to decomposition (e.g.,
lignin) sometimes turned over rapidly, whereas compounds
thought to be labile (e.g., sugars) were demonstrated to per-
sist for decades (Grandy et al. 2007; Kleber and Johnson
2010; Schmidt et al. 2011). These inconsistencies uncovered
key misconceptions of the old paradigm that prevented a pre-
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dictive understanding of the vulnerability of SOC to change.
As a result of such shortcomings, the conceptual model that
soil scientists use to describe SOC and stabilization is under-
going a paradigm shift toward one that emphasizes the com-
plex interactions between microorganisms and minerals in
the soil.

This new paradigm for understanding SOC stability pos-
tulates that SOC exists across a continuum of microbial
accessibility, ranging from free, unprotected particulate
materials and dissolved OM to organic substances that are
stabilized against biodegradation through association with
mineral surfaces or occlusion within soil aggregates (or both)
(Fig. 2.3) (Lehman and Kleber 2015). Under this paradigm,
interactions of the microbial community and soil minerals,
rather than characteristics inherent in the SOC itself, are the
primary regulators of the pathways of OM stabilization and
biodegradation. These factors may more accurately predict
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the behavior of SOC pools and are also more easily mea-
sured than molecular properties of SOC, leading to new pos-
sibilities for management.

Sorption to mineral surfaces and occlusion within aggre-
gates are the basic mechanisms of SOC stabilization under
the emerging paradigm. Whether OM is sorbed to the surface
of mineral soil particles or occluded depends partly on the
chemical characteristics of SOC and whether microorgan-
isms assimilate the SOC or use it as energy. Development of
the concept of substrate use efficiency (SUE; the proportion
of substrate assimilated versus mineralized or respired) has
found that the ability of an organism to effectively decom-
pose and transform the structural components of OM into
stabilized SOC is related not only to the chemical character-
istics of SOC, but also to the composition of the soil micro-
bial community (Cotrufo et al. 2013). When microorganisms
use the decomposition products of litter for energy (low

Radiocarbon abundance of density/aggregate

-
| ol L]
i

o
™
L

=

Fraction modern (*4C)
o
o

Q9
[
1

1

‘:.IIII- —
*

- ~|

= (does not

= Not stabilized

o

Bulk Free/Light Occluded

Soil fraction

B) % fractions
Heavy ‘

N v i satu rate) C) 1 ., Cdistribution among density/aggregate
fractions

g 0.8 -
2056 -
-
(& ]
§ 0.4 -

Stabilized -

saturates £ _-
( ) - =
Free/Light Occluded Heavy
Soil fraction

Fig. 2.3 (a) Conceptual model of emerging paradigm on soil organic
carbon (SOC) stabilization. (1) SOC starts as litter that is deposited on
the soil surface or belowground as senesced litter, roots, and other
forms of organic matter (OM). (2) The microbial substrate use effi-
ciency (SUE) determines whether the decomposition products of litter
remain as particulate organic matter (POM) or are used to build micro-
bial cells that eventually become dissolved organic matter (DOM). (3)
POM is stabilized within aggregates (Ag.) while DOM is stabilized on

mineral surfaces. (b) Radiocarbon abundance by soil fraction. These
different stabilization pathways lead to different stabilities as indicated
by the '“C abundance. The free/light fraction is not stabilized and has
the youngest age, indicating that it is rapidly cycling. The occluded and
heavy fractions are stabilized, cycle more slowly, and therefore have
older "C ages. (¢) Distribution of C by soil fraction. Most soil C in the
mineral soil is found in the heavy fraction associated with mineral
surfaces
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SUE), that fraction remains as particulate OM stabilized
within aggregates. Litter used for building microbial cells
(high SUE) is stabilized on mineral surfaces and eventually
becomes dissolved OM as a result of microbial exudation
and death or lysis. Aggregate and mineral stabilized pools of
C have a limited capacity and are said to saturate at a certain
level. In contrast, free particulate matter is thought to have no
upper threshold or a very high threshold.

Whether OM is stabilized within aggregates, through
sorption on mineral surfaces, at depth, or in recalcitrant
materials such as char, the presence of stabilized SOC is
thought to be an ecosystem property: a property that arises as
aresult of an exchange of material or energy among different
pools and their physical environment. Consequently, under-
standing the mechanisms that are important to the overall
residence time of SOC as well as its response to a changing
environment (Schmidt et al. 2011) will be valuable for moni-
toring and managing SOC. Further development and study of
this paradigm are likely to find several interacting pathways
to stabilize C in soils that involve microbial accessibility and
chemical recalcitrance.

Application of the New Paradigm
to Assessing Soil Carbon Vulnerability

Vulnerability of SOC (mineral soil and O horizons) to change
refers to the susceptibility of SOC to change in the face of
disturbance. Change could mean either increases or
decreases, but usually the concern is with loss of
SOC. Vulnerability of SOC can be described in terms of
resistance and resilience (defined below). Soil C stores could
resist losses as the result of a perturbation, or they could be
resilient and recover SOC lost due to the perturbation. A sys-
tem that is not affected by disturbance (scenario 1 in Fig. 2.4)
is thought to be resistant to change. However, a system that
loses SOC because of a disturbance, and regains lost SOC

post-disturbance, is resilient but not resistant (scenario 2 in
Fig. 2.4). In scenario 3 (Fig. 2.4), the system has not resisted
the disturbance and has not recovered, so it is neither resis-
tant nor resilient.

These concepts are important because SOC loss and
recovery can affect the C storage of landscapes over long
timescales. Thus, the implications of SOC management and
response to change need to be considered on a larger scale in
both geographic extent and time. Due to heterogeneity of
disturbance and time since disturbance on the landscape and
over time, the system that resists change (scenario 1) will
store the most SOC in the landscape over time, followed by
2 and then 3. Therefore, SOC in these systems increases in
relative vulnerability from 3 to 1, with 3 being the most vul-
nerable to losses.

The vulnerability of SOC to change depends on the par-
ticular forcing (e.g., climate change, fire regime shift, inva-
sive species, disturbance). Furthermore, there are usually
interactions among forcing variables. For example, increased
occurrence of wildfire will probably precede an ecosystem
shift caused by climate change. This type of situation could
result in scenario 3, where SOC is lost and not recovered.
Humans could hasten these sorts of shifts in SOC content
through certain management decisions, as in the case of
intensive forest harvesting or grazing areas that may be sus-
ceptible to species shifts caused by climate change (Noss
2001; McSherry and Ritchie 2013).

With this new SOC paradigm comes a fresh approach to
studying and predicting the response of SOC to disturbance,
climate, environmental change, or management. The stabil-
ity of any pool depends on the magnitude of, and controls on,
its fluxes (inputs and outputs) (Fig. 2.5). The inputs are the
quantity and quality of C fixed by the primary producers and
altered by abiotic processes (e.g., fire); the outputs are regu-
lated by microbial accessibility and microbial activity.
Anything that changes the (1) quantity of OM inputs, (2)
quality of OM inputs, (3) microbial accessibility, or (4)

Mean SOC

— 1
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9 2
3 3
]
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=
& | disturbance
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=
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Fig. 2.4 Diagram of soil organic carbon (SOC) responses to distur-
bance. (a) The vulnerability of SOC to change depends on timescale,
frequency and magnitude of change, and recovery. In scenario 1, soil C
is stable through time, whereas in scenarios 2 and 3, a perturbation

1 2 3

causes SOC to decrease. In scenario 2, SOC recovers to predisturbance
levels; in scenario 3, it does not. (b) The mean SOC content over time
would be highest for scenario 1, which never lost SOC, followed by 2
and 3
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Fig.2.5 Schematic showing Controls on Controls on

the soil organic carbon (SOC) quantity and microbial

pool in balance with its inputs quality of accessibility

and outputs, which are inputs and activity

regulated by primary Inputs from sSoC Outputs from
production, quality of inputs, primary heterotrophic
controls on microbial production Pool respiration

accessibility of SOC, and
microbial activity

microbial activity will affect the magnitude and stability of
the SOC pool. Examples of factors that could affect these
inputs and outputs are listed next and will be referenced in
the context of specific disturbances in the following
paragraphs.

Changes affecting quantity of OM inputs—shifts in pro-
ductivity; the removal or addition of biomass by fire, har-
vesting, or mulching

Changes affecting quality of OM inputs—change in spe-
cies; changes in allocation of production (especially
belowground versus aboveground production); transfor-
mation of biomass by pyrolysis

Changes affecting microbial accessibility—destruction of
aggregates; destabilization of redox-active minerals;
inputs of active minerals (e.g., ash deposition); changing
the OC saturation state; changes to the quality and quan-
tity of SOC inputs, which could affect priming (stimula-
tion of decay of stabilized SOC); changes in the
distribution of SOC with depth through erosion and depo-
sition, leaching, bioturbation, and other influences

Changes affecting microbial activity—change in soil tem-
perature and moisture, nutrient availability, freeze-thaw
patterns, oxygen availability (i.e., redox), pH, or salinity;
change in nutrient status from additions of substances
such as herbicide or additions of N and sulfur from acid
deposition

Soil Carbon Vulnerability Under Key
Disturbances

Climate Change and Increasing Carbon
Dioxide

As a primary factor in soil formation, climate has profound
effects on SOC cycling (Jenny 1941). Quantity and quality
of OM inputs will be impacted as warming temperatures and
shifting precipitation regimes will lead to transitions in forest
and rangeland plant communities (Clark et al. 2016).
Microbial accessibility may be impacted as temperature and
moisture changes alter rates of mineral complexation and
leaching. Finally, microbial activity itself is sensitive to
changes in temperature and moisture availability. In addition

to changes directly tied to climate, increases in CO, concen-
tration will alter plant productivity, affecting the quantity of
C inputs to soil, as well as the relative contributions of roots
and shoots to SOC, potentially increasing root-derived OM
inputs (Phillips et al. 2012). Some have also shown that litter
quality will change or that species shifts could take place
which change the quality of C inputs to soil (MacKenzie
et al. 2004).

Impacts of climate change on SOC have been assessed by
using manipulation experiments, ecosystem modeling, and
field sampling along climate gradients (climosequences).
Globally, studies of soil incubations report an increased loss of
SOC from bulk soil under warmer temperatures (e.g., Sierra
et al. 2015). Northern latitudes are expected to bear the brunt
of this loss as permafrost thaws and decomposition is ampli-
fied, as shown by soil warming experiments (Schuur et al.
2015). Despite indications of increased mineralization of
SOC, coupled Earth system-climate models suggest a change
in global SOC pools of =72 to +253 Pg (USGCRP 2018).
Projections of increasing SOC with warming are primarily a
result of a modeled increase in SOC of northern latitude soils,
driven by the effect of increased plant productivity on C inputs
to soil (Genet et al. 2018). Recent field experiments show that
shrub expansion in tundra, a phenomenon tied to climate
change, may also promote stabilization of SOC (Lynch et al.
2018). This complex response of the soil-plant system to
warming highlights the importance of a multifaceted approach
to understanding climate change impacts on SOC stocks.

Climosequences are an approach that may better approx-
imate a whole-ecosystem, longer-term response of SOC to
climate change than short-term incubations. There is some
indication of reduced SOC in warmer areas compared to
cooler areas (Lybrand et al. 2017; Wagai et al. 2008). Along
a tropical forest chronosequence, there was no trend in SOC
storage or stabilization across a warming temperature gradi-
ent despite large increases in plant-driven inputs (Giardina
et al. 2014). These results suggest that a temperature-driven
reduction in stabilized SOC could offset increases in SOC
inputs projected with climate change. Such projections
emphasize the need for maintaining bulk density, aeration,
and other soil properties that promote aggregation and
mineral-associated stabilization under a warming climate.

Carbon dioxide fertilization effects on plant growth may
lead to increases in plant productivity in some ecosystems
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(Hickler et al. 2008) or changes in litter quality (e.g., Henry
et al. 2005). Historically, higher productivity was thought to
increase SOC stocks (Harrison et al. 1993). However, results
of large-scale CO, enrichment experiments have not shown
substantial increases in SOC as a result of CO, fertilization
(Hungate et al. 1997; Schlesinger and Lichter 2001).
Increased C inputs in these experiments were found to be
disproportionately partitioned into rapidly cycling, nonstabi-
lized SOC pools. Additionally, increases in root exudates
have been shown to have a priming effect across many soils,
stimulating the decay of SOC previously stabilized through
mineral association (Sulman et al. 2014).

Precipitation changes may impact SOC cycling in ways
independent of simply increasing or decreasing average soil
moisture, with effects especially pronounced in arid and semi-
arid ecosystems such as grasslands and deserts. Shifts in the
timing of rainfall, rather than amount alone, have been shown
to alter microbial activity via enzyme and nutrient dynamics
(Ladwig et al. 2015). Precipitation event size and timing, which
affect soil moisture levels between events, are a strong control
over microbial mineralization of C in arid systems (Cable et al.
2008). In addition, moving from smaller, more frequent rainfall
events to fewer, larger events can increase arid grassland pro-
ductivity, thus increasing inputs of organic matter to soil
(Thomey et al. 2011). Although more research is needed on the
topic, especially in semiarid woodlands, shifts in microbial
activity and plant production due to changing rainfall patterns
are likely to affect SOC storage in water-limited ecosystems.
Advances in understanding precipitation impacts on SOC are
nonetheless overshadowed by the great uncertainty in projec-
tions of precipitation changes (IPCC 2014).

Fire

Fire can have many effects on SOC through changing the
quantity and quality of C inputs to soil, such as the forest
floor, and affecting conditions that control microbial activity
and access to SOC. Fire, whether a prescribed burn or wild-
fire, has important first-order effects on SOC that are tied to
fire intensity and duration of heating (Neary et al. 1999). Fire
that mineralizes surface OM will reduce total C pools (SOC
plus forest floor) and OM inputs to SOC. Fires in organic
soils, such as peatland, are difficult to control, can persist for
long periods of time, and combust large amounts of SOC
(Reddy et al. 2015). In mineral soils, at least partial con-
sumption of the O horizon is common in wildfires, especially
in shrubby or forested sites with high fuel loading near the
surface (Neary et al. 1999). Even controlled prescribed burns
can generate enough heat to consume the forest floor and
reduce O horizon and SOC storage (Boerner et al. 2008;
Sackett and Haase 1992; Sdnchez Meador et al. 2017).
Depending on soil bulk density and parent material, soil
heating is usually strongly attenuated with depth in the min-

eral soil profile, and depths as shallow as 2.5 cm may be well
buffered from SOC combustion during light surface fires
(DeBano et al. 1977). Nonetheless, there is the potential for
high loss of SOC via combustion during fire given high sur-
face SOC concentrations. Soils start to lose significant SOC
when soil temperatures exceed about 150 °C, temperatures
achievable in surface soil during many burns and at depths
greater than 2.5 cm during a moderate- or high-intensity burn
(Araya et al. 2017; Neary et al. 1999). Previous research has
quantified thresholds of soil heating for loss of different chem-
ical fractions of SOC (Gonzalez-Pérez et al. 2004); however,
in light of the new SOC paradigm, loss of aggregates may be
a more valuable indicator for overall SOC storage postfire. In
a soil-heating laboratory experiment, soils exposed to temper-
atures that would be expected in high-intensity, high-severity
fires had proportionately less SOC stored in macroaggregates
than soils exposed to low temperatures (Araya et al. 2017).
Even temperatures found in low- and moderate-severity burns,
if long enough in duration, can degrade soil aggregates
(Albalasmeh et al. 2013). Progress in this area is still inhibited
by a lack of understanding of how common measures of burn
severity, such as crown or duff consumption, relate to measur-
able soil effects (Kolka et al. 2014).

The first-order loss of SOC via combustion may be par-
tially offset by creation of heat-altered C such as soot, char-
coal, or biochar, collectively known as pyrogenic C (pyC).
However, it may be difficult to detect significant increases in
pyC from just one fire. Factors controlling pyC formation and
accumulation are complex and likely to vary by soil type, cli-
mate, and ecosystem (Czimczik and Masiello 2007). In a fire-
prone ponderosa pine (Pinus ponderosa) forest in Colorado,
there was no difference in pyC content in the soil between
recently burned and unburned areas, implying a role for ero-
sion or legacy of past burns, or both, in present-day pyC con-
tent (Boot et al. 2015). In the same wildfire, postfire erosion
and sedimentation were found to be an important control over
spatial distribution of pyC (Cotrufo et al. 2016). DeL.uca and
Aplet (2008) estimate that charcoal may account for 15-20%
of the total C in temperate, coniferous forest mineral soils and
that some forest management activities (e.g., salvage logging,
thinning) may reduce soil pyC content and long-term storage.

Second-order impacts of fire on the O horizon and SOC
may take longer to become manifest. These effects result from
fire’s direct impact on soil microbial biomass, soil chemical
characteristics, and plant productivity. After high-severity wild-
fire, the soil microbial community can shift in composition and
size, which can impact microbial SOC transformations
(Knelman et al. 2017; Prieto-Fernandez et al. 1998). Fire-
induced increases in soil pH and an initial increase in N avail-
ability can also affect microbial activity and mineralization of
the O horizon and SOC (Gonzalez-Pérez et al. 2004; Hanan
et al. 2016; Kurth et al. 2014; Raison 1979). A darkening of the
surface and decrease in surface albedo can raise soil tempera-
tures, increasing SOC mineralization rates. Loss of vegetation
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can reduce the forest floor. The bare soil surface is left vulner-
able to erosion, exposing deeper SOC for decomposition and
loss as CO,. However, it is unclear whether postfire erosion
could increase SOC sedimentation enough to outweigh CO,
losses (Cotrufo et al. 2016; Doetterl et al. 2016). A meta-anal-
ysis found that 10 years postfire, SOC increased across multi-
ple forested sites, which could be attributed to a combination of
secondary effects and pyC creation (Johnson and Curtis 2001).
In areas that have repeated burning, these secondary fire effects
accumulate over decades, with net effects on SOC that may
vary by ecosystem type. A recent meta-analysis found an over-
all increase in SOC in frequently burned forests, yet a decrease
in SOC in frequently burned grasslands (Pellegrini et al. 2017).
These changes are thought to be largely tied to effects of fire on
nutrient availability and plant productivity. Organic soils may
lose exceptionally large amounts of C due to indirect effects of
wildfire. In permafrost soils, wildfire increases the active layer
depth, ultimately leading to increased C loss as CO, in the long
term (Zhang et al. 2015a, b).

To understand the role that management can play in fire-
SOC dynamics, we can consider how the reported effects are
linked to fire behavior, which depends on fuel loading, weather,
and topography. For example, slash piles can generate
extremely high soil temperatures when burned. These tempera-
tures, which are higher than typical broadcast burns, lead to
chemical and microbial community transformations with
potential feedbacks to SOC processing (Esquilin et al. 2007,
Massman and Frank 2005). Slash piles in ponderosa pine forest
in Arizona were found to have lower SOC in the top 15 cm of
mineral soil 7 months after burning (Korb et al. 2004). However,
high soil moisture and reduced bulk density near the surface
can decrease surface heating (Frandsen and Ryan 1986).

Sidebar 2.2 Positive and negative effects of
pyrogenic carbon on soils

Positive
Carbon sequestration

Negative

Toxicity to plants, microbes,
soil animals, invertebrates
CO, capture Carrier of contaminants
Improving aggregate stability
and water holding capacity

Carbon fluxes

Stabilization of contaminants

Sorption or removal of
pollutants
Catalyst for microbes

Heavy metals
Altering soil pH

Organic chemical release

Pyrogenic C (i.e., char, biochar, black carbon) may
not exactly follow the emerging paradigm of SOC stabi-
lization. Pyrogenic C is the product of incomplete com-
bustion of OM and fossil fuels (see Chap. 7) and exists
along a continuum of increasing alteration relative to its
original OM from char to soot. It has been found that
pyC can persist in soils and sediments for centuries to
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millennia and so is thought to be resistant to degrada-
tion. In addition, pyC affects many factors important for
SOC stabilization. It increases cation exchange capacity
(Liang et al. 2006), promotes water and nutrient reten-
tion, and reduces soil bulk density, encouraging micro-
bial activity. Pyrogenic C is also highly utilized by
ectomycorrhizal fungi (Harvey et al. 1976). The mecha-
nism by which pyC resists degradation is thought to
result from its complex molecular structure of con-
densed aromatic rings. However, pyC is often found in
association with mineral surfaces and within soil aggre-
gates (Brodowski et al. 2006; Wagai et al. 2009), sug-
gesting that it may promote these stabilization processes,
which in turn allow it to resist decomposition. We cur-
rently lack nationwide estimates of pyC in soil, although
a recent global analysis estimated that pyC represents
about 14% of total SOC (Reisser et al. 2016).

The first-order loss of SOC via combustion may be par-
tially offset by creation of heat-altered C such as soot, char-
coal, or biochar, collectively known as pyrogenic C (pyC).
However, it may be difficult to detect significant increases in
pyC from just one fire. Factors controlling pyC formation and
accumulation are complex and likely to vary by soil type, cli-
mate, and ecosystem (Czimczik and Masiello 2007). In a fire-
prone ponderosa pine (Pinus ponderosa) forest in Colorado,
there was no difference in pyC content in the soil between
recently burned and unburned areas, implying a role for ero-
sion or legacy of past burns, or both, in present-day pyC con-
tent (Boot et al. 2015). In the same wildfire, postfire erosion
and sedimentation were found to be an important control over
spatial distribution of pyC (Cotrufo et al. 2016). DeLuca and
Aplet (2008) estimate that charcoal may account for 15-20%
of the total C in temperate, coniferous forest mineral soils and
that some forest management activities (e.g., salvage logging,
thinning) may reduce soil pyC content and long-term
storage.

Harvesting and Thinning

Forest operations, such as harvesting and thinning, alter SOC
by reducing C input quantity via forest floor and root OM
inputs as the stand regenerates. In addition, microbial acces-
sibility and activity are altered through the disturbance of the
soil surface, which changes temperature and moisture regimes.

As aresult of high heterogeneity in SOC, it can be exceed-
ingly difficult to detect change as a result of forest harvesting
in any specific study. The results of many individual experi-
ments are synthesized in meta-analyses and can be used to
detect changes that are broadly consistent across studies,
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even when heterogeneity obscures treatment effects within a
single study. A few meta-analyses and review articles con-
clude that the net effect of harvest is a reduction in SOC,
with forest and soil type determining the magnitude of C loss
(Jandl et al. 2007; Johnson and Curtis 2001; Nave et al.
2010). Nave and others (2010) reported an 8% average
reduction in SOC stocks after harvesting over all forest and
soil types studied. Even whole-tree harvesting (but leaving
roots in the soil) for biomass production may have little long-
term effect on mineral SOC stocks if O horizons are left
undisturbed (Jang et al. 2016; Powers et al. 2005). In general,
postharvest reductions in SOC have been shown to occur as
a result of soil disturbance during harvesting and site prepa-
ration (Achat et al. 2015a, b; James and Harrison 2016).
However, advances in the understanding of how harvesting
impacts belowground processes are difficult because most
studies focus on the first 30 cm of the soil profile or even just
the forest floor. Harrison and others (2011) report that for a
variety of ecosystems and treatments, valid estimation of
changes in ecosystem C was not even possible without sam-
pling soil deeper than 20 cm. Therefore, these losses are pri-
marily the result of a reduction in litter layer mass and
organic matter inputs from growing trees; they may also
reflect the sampling challenges of accurately tracking forest
floor C over time (Federer 1993; Yanai et al. 2000).

Thinning of forest stands, as opposed to harvesting for
timber, is a common practice to achieve various silvicultural
objectives. Effects of thinning on inputs to SOC are variable,
depending on residue management. Residues of the thinning
process include the main parts of the cut trees: bole, branches,
leaves, and the associated roots that have been severed. All of
these components have a trajectory toward decomposition,
which is, in general, accelerated due to the physical distur-
bance. Varying the timing (Schaedel et al. 2017) or intensity
(D’Amore et al. 2015) of thinning may mitigate C losses.
Forest thinning and competition control have a much smaller
impact on soil characteristics and therefore affect SOC
stocks less than forest biomass harvesting operations.
Protection of natural forests through the use of intensively
managed forests may also provide the benefit of C sequestra-
tion (Ouimet et al. 2007) or result in a release of C to the
atmosphere (Harmon et al. 1990). Furthermore, herbicide
application to improve seedling growth has been shown to
have a positive impact on C storage aboveground but a nega-
tive impact on belowground C (Markewitz 2006).

Biomass harvesting and removal of woody residues by
burning or for bioenergy are a concern in many forest eco-
systems because of the potential adverse impacts on produc-
tivity (Janowiak and Webster 2010), ectomycorrhizae
(Harvey et al. 1976), long-term nutrient cycling (Harmon
et al. 1994), soil moisture content (Maser et al. 1988), N,
fixation (Jurgensen et al. 1987), and regeneration success
(Schreiner et al. 1996). Harvey and others (1981) noted that

harvesting has the potential to disturb soils and reduce the
amount of woody residues, particularly in dry forest types.
Howeyver, several studies have shown that coarse wood reten-
tion has very little effect on SOC or nutrients (Busse 1994),
perhaps because all soils have been affected by coarse wood
at some time (Spears et al. 2003). However, coarse wood
functions as a C storage pool, creates wildlife forage areas,
enhances fungal diversity, provides erosion control, and
increases moisture retention. In addition, if soils have very
low buffering capacity due to soil parent material chemistry
and historical impacts of atmospheric deposition, biomass
harvesting reduces the total amount of nutrients left on-site.
Nutrient removal is particularly marked on sites that are
extremely nutrient limited as a result of long-term anthropo-
genic acidification, overgrazing, wildfire, or excess OM pil-
ing and burning. Understanding inherent soil chemistry and
composition, resilience to nutrient losses, and ecosystem
dynamics dependent on nutrient cycling throughout a rota-
tion or longer is necessary for assessing long-term sustain-
ability (Jang et al. 2015).

Livestock Grazing

Rangelands, despite their lack of forest floor, can contain high
amounts of SOC because grasses allocate a high percentage
of biomass to roots. Rangeland SOC stocks are related to
plant productivity, but management activities can have impor-
tant effects on SOC stocks (Silver et al. 2010). Grazing by
livestock can influence numerous factors that have control
over SOC content with complex interactions that make it dif-
ficult to predict the net effect on SOC. Directly, grazing influ-
ences the quantity of OM that returns to the soil. Indirectly,
grazing affects OM quality by altering plant physiology and
ecological processes. Secondary feedbacks can occur if nutri-
ent removal through grazing reduces grassland productivity.

Studies show that grazing rate, duration, and intensity can
interact with wind erosion, site properties, and restoration
activities to cause both increases and decreases in SOC
(Pifieiro et al. 2010). Herbivores alter the quality of OM
inputs by reducing C/N ratios of plant shoots and roots.
Lower C/N ratios in plant litter increase decomposition rates
and net N mineralization by reducing microbial demand for
N; that is, N stocks are high enough to promote mineraliza-
tion despite immobilization through microbial assimilation
(Frank and Groffman 1998). These changes in decomposi-
tion rates suggest that microbial activity and substrate use
efficiency are changed and that while decomposition rates
may increase a return of CO, to the atmosphere, a portion of
the C will return to the soil in dissolved forms that may be
stabilized on mineral surfaces.

Grazing management techniques intended to increase for-
age production may also increase the quantity of inputs to
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SOC, thus accumulating atmospheric C as a C sink (Conant
et al. 2001). Nitrogen is typically the nutrient limiting pri-
mary production in grasslands and thus SOC content (Pifieiro
et al. 2010). Maintenance of SOC is possible with grazing
management systems that maintain N content and grassland
productivity. High stocking rates tend to lead to decreased
production (Conant et al. 2001), so systems such as slow
rotation grazing with moderate stocking levels will increase
vegetative heterogeneity and increase soil aggregate stability
(Conant and Paustian 2002; Fuhlendorf and Engle 2001).

Soil stability is important for aggregation and microbial
accessibility of SOC. Grazing can increase rates of erosion,
which exports SOC from a site. Indeed, grazing in arid and
semiarid systems can lead to a destabilization of soil surfaces
that subsequently leads to losses of soil nutrients to wind and
water erosion (Neff et al. 2005). Losses in soil nutrients can
lower fertility, which can reduce plant productivity. As with
postfire erosion, however, it is unclear whether this process
increases sedimentation rates that outweigh other losses.

Local adaptations of grazing systems have been shown to
increase net primary productivity, N storage, and, as a result
of these pathways, SOC storage (Pifieiro et al. 2010). Abrupt
changes in intensity in grazing systems ultimately reduce net
C storage in soils by the alteration of plant communities
through the direct action of grazing. When slow-growing
native plants adapted to low disturbance are intensively
grazed, SOC is lost through the alteration of plant roots, N
availability, decomposition of plant litter, and the control of
the soil microbial community (Klumpp et al. 2009).

The response of SOC to grazing depends on multiple fac-
tors: climate, soil properties, landscape position, plant com-
munity composition, and grazing management practices
(Pifieiro et al. 2010; Reeder and Schuman 2002). Considering
the sensitivity of rangelands to seasonal drought, for exam-
ple, can help predict impacts of grazing on SOC stocks.
Southwestern rangelands are particularly sensitive to
drought; annual net C loss is a common occurrence due to
low grassland productivity during drought years (Svejcar
et al. 2008). In these instances, managers may reduce graz-
ing intensity during drought periods to ensure recovery of
grassland productivity the following year. The effects of
reduced stocking rate on SOC in rangelands remain highly
uncertain, however, and data are lacking in arid southwestern
systems (Brown et al. 2010).

Nutrient Additions

The addition of fertilizing nutrients to mineral soils, through
either nutrient management or N deposition (acid rain), can
result in gains, losses, or no change in SOC stocks; the out-
come depends on a large number of factors, not all of them
known (Blagodatskaya and Kuzyakov 2008; Jandl et al.

2007; Janssens et al. 2010). Forest fertilization has been
shown to increase or decrease SOC by increasing productiv-
ity, shifting production to aboveground vegetation compo-
nents, increasing SOC mineralization rates, and depressing
certain enzyme activity (Jandl et al. 2007; Van Miegroet and
Jandl 2007). Effects of forest fertilization on SOC have been
found to be site specific, but most studies show an increase in
SOC stocks (Johnson and Curtis 2001).

Agroforestry may also benefit from planting N-fixing
shrubs and trees as an economical N source for crops (Danso
et al. 1992). Nitrogen-fixing tree species are associated with
higher forest SOC; accumulation of SOC has been reported
to be about 12—15 g of C for every gram of N fixed (Binkley
2005). The mechanisms leading to this SOC increase are
incompletely understood but are thought to differ from the
direct effects of N fertilization (Binkley et al. 2004; Forrester
et al. 2013). Research suggests that OM derived from the
N-fixing Acacia species is more protected from decomposi-
tion than litter from other trees in mixed stands (Forrester
et al. 2013). Most research on the subject has been conducted
outside of the United States; more studies are needed that
focus on N-fixing trees, such as Alnus species, and forest
management practices specific to the United States.

On a global scale, the largest source of nutrient additions
to forest soils is atmospheric N deposition derived from both
natural and anthropogenic sources. Anthropogenic N, from
fossil fuel combustion and recirculated cropland fertilizers,
accounts for about 60% of the approximately 130 Tg of N
deposited globally each year (Kanakidou et al. 2016).
Chronic N addition experiments consistently show that SOC
increases under higher N availability (Frey et al. 2014). This
result has been attributed to greater productivity due to the
fertilization effect, as well as reductions in OM decomposi-
tion. Frey and others (2014) found that in addition to more C
stored in tree biomass, there were significant shifts in SOC
chemistry due to shifts in the microbial community (fewer
fungi). Increases in SOC were attributed to a reduction in
decomposition rate due to the lower abundance of fungi in
the soil.

Tree Mortality

Carbon stocks in the forest floor and soil may be impacted
when high levels (>50% canopy loss) of tree mortality result,
such as that caused by drought and bark beetles (subfamily
Scolytinae) in Western US pine and spruce (Abies spp.) for-
ests and by invasive pests (detailed in the next section). Mass
tree mortality effects on SOC are similar to effects of har-
vesting, but with the following important differences: (1)
Mortality occurs more slowly than most harvesting opera-
tions; (2) mortality events do not usually kill as many trees as
are harvested in a typical operation; and (3) dead trees are
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commonly in place throughout the mortality event, although
some limited postmortality harvesting is conducted in high-
use areas (e.g., national forest campgrounds).

Mortality events result in a reorganization of detritus over
multiple years, impacting OM inputs to SOC formation
(Edburg et al. 2012). Root OM inputs to the soil may increase
as trees die but may later decline due to reduced live tree
density; as a result, microbial activity in the rhizosphere is
altered after tree mortality (Warnock et al. 2016). Litterfall is
expected to increase in the first few years following mortality
as dead trees drop their needles and fine branches; afterward,
litterfall will decline, reducing forest floor mass in the longer
term (Zhang et al. 2015b). Longer-term inputs to the soil are
larger branches and boles, as wind topples standing dead
trees throughout the next decade and beyond. Thus, mortal-
ity will change the rate and type of OM matter input to the
soil. Shifts in nutrient dynamics could alter SOC mineraliza-
tion rates, as soil-extractable N levels increase and SOC/N
ratios decrease (Clow et al. 2011; Morehouse et al. 2008;
Trahan et al. 2015). Finally, changes in microclimate post-
mortality, brought about by canopy loss and decreases in
transpiration, could impact detrital C processing (Berryman
et al. 2013). The duration of these effects depends on how
fast the remaining living trees expand their canopies to com-
pensate for the loss of the overstory.

As aresult of this reorganization of detritus, some changes
in SOC cycling have been detected following mortality
events. Evidence from stable isotopes suggests shifts in C
substrate type used for root and heterotrophic respiration
starting in the first year after tree mortality (Maurer et al.
2016). Some studies have reported decreases in microbial
biomass C (MBC) and increases in the aromaticity of dis-
solved organic C (DOC) in the soil, which may impact SOC
stabilization (Brouillard et al. 2017; Kana et al. 2015; Trahan
et al. 2015). Despite these changes in SOC substrates and
cycling rates, changes in SOC stocks following tree mortal-
ity events are often undetectable and, on average, minor
compared to impacts on soil respiration, DOC, and MBC
(Morehouse et al. 2008; Zhang et al. 2015b). This suggests
that though individual process rates may be affected by tree
mortality, the balance between inputs to and outputs from the
SOC pool may be constant enough to lead to undetectable
changes in SOC.

Changes in SOC may be difficult to detect because they
could be highly dependent on the amount of tree mortality. In
bark beetle-impacted lodgepole pine (Pinus contorta) forests
of Colorado, soil respiration 8§ years after mortality depended
on the relative amount of living versus dead trees (Brouillard
et al. 2017). However, plot-level impacts of biotic distur-
bance may not scale predictably to the forest or watershed.
Measured plot-level increases in extractable N and DOC fol-
lowing a bark beetle outbreak, for example, were not detected
at the watershed scale in the Rocky Mountains in Colorado
(Clow et al. 2011; Rhoades et al. 2017). This result suggests

that landscape-scale patchiness in outbreaks could be impor-
tant for buffering negative effects of mortality on SOC.

Invasive Species

Invasive species can alter nutrient and C cycling, as well as
soil physical properties, all of which can affect SOC stocks.
Exotic invasions impact factors important for OM quantity
and quality and microbial activity, such as nutrient mineral-
ization, N-fixation by soil bacteria, mycorrhizal inoculation,
decomposition and aeration of soils by earthworms (subor-
der Lubricina), and aggregation of soils by fungi (Wolfe and
Klironomos 2005).

The function of many ecosystems depends on regular dis-
turbance, for example, to foster plant renewal and regenera-
tion, but disturbance can also be detrimental by promoting
invasion of nonnative and weedy plants (Hobbs and Huenneke
1992). Initial invasiveness is caused by chronic disturbance
which disrupts the native nutrient and OM cycling that
increases plant nutrient availability (Norton et al. 2007). In
grasslands, disturbance and subsequent weed invasion can be
caused by either temporary increases in nutrients or reduced
competition from plant canopies and roots (Hobbs and
Huenneke 1992), although the research is still unclear about
the relative importance of these processes.

Several hypotheses have been offered to explain why
exotic plants are so successful in disturbed ecosystems: (1)
inherent properties of the invading plant (such as earlier col-
onization than native vegetation); (2) vegetation factors
(such as species composition, richness, and heterogeneity);
(3) soil microbial dynamics; and (4) climate factors such as
rainfall amount and timing, aridity, and humidity (Blank and
Sforza 2007). In the absence of disturbance, there are other
factors such as plant-fungal interactions that may alter soil
nutrient dynamics (Brundrett 2009) and contribute to under-
story plant invasion (Jo et al. 2018). Arbuscular mycorrhizal-
dominant forests, which are characterized by thin litter layers
and a low soil C/N ratio relative to ectomycorrhizal-dominant
forests, are invaded by exotic plants to a greater extent (Jo
et al. 2018). Other factors that may influence the invasion of
exotic plants may be more indirect, for example, external
factors such as deer (Odocoileus spp.) browsing or earth-
worm invasion (Nuzzo et al. 2009).

Plant invasion leads to a shift in plant species composition,
which can influence ecosystem properties such as N accumu-
lation and cycling, SOC storage, water availability and run-
off, and disturbance regime (Mack et al. 2001). Nitrogen
cycling may be a particularly sensitive indicator of changes in
species composition, and changes to N cycling are prevalent
during biological species invasions (Ehrenfeld 2003; Mack
et al. 2001). The impacts of nonnative plant species on SOC
are largely system- and plant-dependent. Scott and others
(2001) and Ehrenfeld and others (2001) found increased SOC
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under invasive grasses and shrubs in a grassland and decidu-
ous forest, respectively. These changes in SOC were attrib-
uted to higher inherent productivity of the invasive species
relative to the native vegetation. On the other hand, Bradley
and others (2006) found no change in SOC pools as a result
of cheatgrass (Bromus tectorum) invasions in shrublands of
the western United States. Invasive cogongrass (Imperata
cylindrica) in the southeastern United States has higher litter
decomposition rates than native vegetation, which has impli-
cations for SOC production and turnover (Holly et al. 2009).

Earthworms increase fragmentation and decomposition of
litterfall and contribute to the formation of mull humus types,
in which organic surface layers are mixed into the mineral
soil. Therefore, they play an important role in C and N cycling
in forest soils. However, exotic earthworms from Europe and
Asia have invaded recently glaciated soils in northern temper-
ate forests in North America (Alban and Berry 1994; Dymond
et al. 1997; Scheu and Parkinson 1994). These novel soil
engineers are affecting SOC and nutrient dynamics (Burtelow
et al. 1998; Groffman and Bohlen 1999), including a loss of C
from the soil profile (Alban and Berry 1994; Langmaid 1964).
Invasive earthworms can eliminate the forest floor, decrease
C storage in the upper soil mineral horizons, and reduce the
soil C/N ratio (Bohlen et al. 2004).

Invasive forest pests and diseases alter ecosystem func-
tioning of the forest, potentially leading to effects on
SOC. Some exotic pests eventually cause forest mortality
(see previous section), but many result in lesser disturbance
than mortality events by affecting only a few trees or by
causing defoliation without killing the tree. Recently, insects
have expanded into previously climatically restricted geo-
graphic areas, and their activity induces a change in C
sequestration (Kretchun et al. 2014).

Although invasive pests are relatively common in temper-
ate forests, their effect on C pools is poorly understood.
Studies on catastrophic disturbances from wildfire or clear-
cutting indicate a substantial loss of aboveground and below-
ground C (Amiro et al. 2006; Humphreys et al. 2006;
Thornton et al. 2002). These results are similar to a study
conducted in the Pine Barrens of New Jersey, where defolia-
tion by the gypsy moth (Lymantria dispar) reduced C stor-
age at the landscape scale (Clark et al. 2010). Modeled
infestations of hemlock woolly adelgid (Adelges tsugae)
indicate that, with inputs of dead wood and roots, mineral
soil and forest floor C pools may remain static or increase in
the long term (Krebs et al. 2017). In addition, modeled inva-
sive gypsy moth defoliation episodes indicate a shift in over-
story species, but not a decrease in SOC in the short term
(Kretchun et al. 2014). Similarly, in New Hampshire, where
emerald ash borers (Agrilus planipennis) attacked a mixed
hardwood forest, there were no short-term changes in soil
microclimate, respiration, or methane oxidation under the
trees; these results were attributed to the sandy soil, which

diffused soil responses (Matthes et al. 2018). There are scant
data on many plant, animal, insect, and pathogen invasive
species, their impact on SOC, and how managers can effec-
tively change land management to alter invasive species
effects on ecosystem services. The impact of invasive pests
on SOC is likely to be site- and species-specific. Soil scien-
tists will play a key role in quantifying these impacts by mea-
suring changes in SOC during land management or after
insect outbreaks.

Managing for Soil Organic Carbon in Forests
and Rangelands

As previously mentioned, SOC is critical for maintaining a
host of ecosystem services. It is vulnerable to loss through
events, either natural or human-induced, that remove large
amounts of soil or OM inputs to soil, such as the forest floor
or plant biomass (Table 2.1). Certain management actions

Table 2.1 Loss or gain in soil organic carbon (SOC) from key distur-
bances in forests, rangelands, and wildlands
Magnitude
Direction of | of SOC
Disturbance type | SOC effect effect References
Biotic Loss 2% Zhang et al.
disturbance (+/—1%) (2015a, b)
(insects, disease)
Wildfire Loss 0—4% Johnson and
(<10 years) Long-term | Curtis (2001) and
Gain gain of 8% | Page-Dumroese
(>10 years) and Jurgensen
(2006)
Windthrow Gain in pit 28% Bormann et al.
or mound (1995)
area
Hurricane Gain 9% Sanford et al.
(1991)
Prescribed fire Loss 0-1% Boerner et al.
(2008) and
Sanchez Meador
et al. (2017)
Thinning and Gain 2% Séanchez Meador
burning etal. (2017)
Warming Loss 1-8% Dieleman et al.
(2012) and Lu
et al. (2013)
Harvesting Loss 8% Johnson and
Gain (+/—3%) Curtis (2001) and
8% Nave et al. (2010)
(+/— 8%)
Grazing Gain 1-7% per | Chaplot et al.
(conversion to year (2016) and
improved) Minasny et al.
(2017)
Woody Gain 1% per Neft et al. (2009)
encroachment year
into grasslands
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post-disturbance can counteract such losses. Application of
organic amendments such as biochar or simply leaving har-
vest residues in place can nearly double existing SOC (Achat
et al. 2015a, b; Liu et al. 2016; Page-Dumroese et al. 2018).
Shifting land management priorities to place more value on
C management practices may help encourage best practices
for building up SOC pools on forest and rangeland sites.

Fuels management that aims to reduce the risk of high-
severity wildfire could help mitigate SOC losses (Page-
Dumroese and Jurgensen 2006; Neary et al. 1999). Prescribed
fire is a common fuels reduction treatment on many federal
lands. During prescribed fires, managers can control fire
intensity and severity to reduce the amount of C that will be
released into the atmosphere as CO, and increase the conver-
sion of wood to pyC. One way to control burn intensity is by
lowering fuel loadings on the soil surface before a prescribed
burn. Slash pile size, season of burning, and soil texture and
moisture will all determine the amount of SOC remaining in
the soil after a prescribed burn (Busse et al. 2014).

Land managers are likely to have few options for seques-
tering SOC during a wildfire, but active management on for-
est lands can reduce the intensity and severity of fires. By
using mechanical practices such as thinning, masticating,
chipping, and mowing to reduce wildfire hazard, managers
can restore healthy forests, limit damage from wildfire, and
alter C storage. However, the loss of total site C during fuel
treatments will negate any fire-prevention benefits if the site
is unlikely to burn anyway. Therefore, risk for high-severity
fire should be weighed against C removal benefits if main-
taining ecosystem C over landscapes for the long term is the
goal (Boerner et al. 2008; Krofcheck et al. 2017). Second-
order negative impacts of high-severity fire on SOC can be
mitigated by taking action to reduce postfire erosion and
speed up the regrowth of vegetation postfire. Mulching treat-
ments slow soil erosion and have the extra benefit of adding
C to the mineral soil (Berryman et al. 2014; Robichaud et al.
2013).

In the short term, thinning forest stands reduces the
amount of OM inputs and thus SOC storage (Jandl et al.
2007); it also changes the microclimate and therefore decom-
position of OM inputs. Forest floor decomposition is tempo-
rarily stimulated because of warmer and wetter soil
conditions, and SOC may decrease (Piene and Van Cleve
1978). Although forest thinnings can reduce C pools in the
forest floor and mineral soil (Vesterdal et al. 1995), the over-
all effect on SOC may be rather small (Johnson and Curtis
2001). Whole-tree harvesting may have a greater impact on
C reserves than thinnings or cut-to-length harvesting.
However, 5 years after clear-cutting and OM removal on the
Long-Term Soil Productivity study sites, there were no
changes in SOC (Sanchez et al. 2006). These results high-
light the resilience of some soils to harvest-induced losses of
C and the importance of leaving roots and stumps on-site

after harvesting to help maintain SOC (Powers et al. 2005).
This means that best management practices for harvesting
should take into consideration soil texture, climatic regime,
and inherent OM levels. In addition to selecting the most
appropriate harvest methods, site preparation method selec-
tion can help improve SOC. Increasing the intensity of site
preparation (e.g., soil mixing, stump pulling) increases SOC
losses (Johannsson 1994; Nave et al. 2010; Post and Kwon
2000).

Management to reduce C flux from rangelands is impor-
tant because rangelands are thought to have 30% of global
terrestrial C stocks (Schuman et al. 2002). Many rangeland
sites are dominated by near-surface C, so one method to
reduce losses is to protect the surface mineral soil by increas-
ing plant cover to lessen wind and water erosion (Booker
et al. 2013). Grazing management can also prevent vegeta-
tive state transitions (e.g., increasing or decreasing woody
plants), reduce soil disturbance, and limit bare soil exposure.
For example, heavy grazing can contribute to a transition
from grasses and forbs to invasion of woody shrubs, which
choke out grasses (Russell and McBride 2003) or provide
cover for wildlife (Laycock 1991). Different results on
rangeland sites are due to varying soil moisture regimes
(Booker et al. 2013); therefore, best management practices
must be tailored to soil texture and climatic regime.

Compared to other disturbances like wildfire and harvest-
ing, biotic disturbance effects on SOC storage appear to be
minor. Site management may have a bigger impact on SOC
storage than the disturbance event itself. Removing hazard
trees or harvesting beetle-killed timber for wood products or
bioenergy in a system already disturbed may lead to undesir-
able consequences for SOC storage. Avoiding soil compac-
tion may promote conditions that favor SOC aggregation and
stabilization.

Invasive species affect SOC storage and sequestration
capacities differently from native species. For example,
nonnative annual grasses that dominate in former sagebrush
(Artemisia spp.) ecosystems have resulted in SOC losses
(Prater et al. 2006), but when woody species replace grasses,
SOC increases (Hughes et al. 2006). These differences in
SOC sequestration are tied to local soil moisture regimes. All
invasive species are difficult to manage because there is often
more than one invader, and different species have different
effects on SOC pools. Therefore, management is likely to
entail identifying the species and then deciding whether
action is needed to control the spread of the population
(Hulme et al. 2008; Peltzer et al. 2010).

Other opportunities for increasing SOC during land man-
agement can be found with the use of soil amendments.
Chipping or masticating nonmerchantable wood and using
this material as a mulch (rather than burning it) can maintain
surface SOC. In addition, biochar created from logging resi-
dues can be used to increase SOC on forest, rangeland, or
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mine sites (Page-Dumroese et al. 2017). Biochar additions to
soil also have the benefit of increasing cation exchange capac-
ity and soil moisture, further promoting SOC formation and
stabilization. Biochar may have a positive effect on soil
microbial populations as well (Steinbeiss et al. 2009). Soil
amendments can also increase rangeland SOC. Long-term
manure additions were found to increase SOC stocks by
about 18 Mg ha~! in California rangelands (Owen et al. 2015).

Links to Institutional Initiatives

There is growing awareness of soils as a key mitigating influ-
ence on global C cycles. Soils are emerging as a point of
emphasis for maximizing the natural sinks available for C as
offsets for increasing atmospheric greenhouse gas concen-
trations. Careful development of management plans that
consider SOC goals within each of the disturbance scenarios
outlined in this chapter could have a large multiplier effect
on global C storage. Recognition of the impact of small SOC
gains across large areas is the first step in impacting the over-
all global C budget.

Complementary initiatives in enhancing soil health pro-
vide a focal area for both increasing production and main-
taining SOC gains or at least limiting or eliminating losses of
SOC. As mentioned in the Introduction, SOC is an essential
component of indices developed to indicate soil health.
Widespread adoption of such indices would enhance our
ability to track, maintain, and improve soil health across our
nation’s lands. Indeed, SOC turnover is critical to productive
and healthy soils, and the new SOC paradigm presented at
the beginning of this chapter can also serve as a rich frame-
work for understanding the components of a healthy soil and
valuing the maintenance of SOC. The potential for soils to
store C and mitigate climate change has recently garnered
significant attention with government agencies as well as the
public (Barker and Polan 2015; Leslie 2017). Accordingly,
several initiatives, briefly described in the following para-
graphs, have been launched in an attempt to improve our
appreciation and utilization of soils in the context of food
security and climate change.

The “4 per 1000” Initiative (https://www.4p1000.0rg/) aims
to increase SOC content through implementation of sus-
tainable agricultural practices and thereby draw down
atmospheric CO, concentrations. This program was
launched by France in 2015 at the COP 21 (the 21st
Conference of the Parties, held by the United Nations
Framework Convention on Climate Change).

The National Soil Health Action Plan (https://soilhealthinsti-
tute.org/) lays out strategies and best practices for safe-
guarding and enhancing the vitality and productivity of
soils. This plan was drawn up for the United States by the

Soil Health Institute, an independent, multipartner orga-
nization. The plan was developed over 4 years with input
from agronomists, government agency leaders, scientists,
and nongovernmental organizations.

The Soil2026 Initiative' seeks to improve integration of soil
survey and soil laboratory data streams while incorporat-
ing digital soil mapping. The Soil2026 campaign,
launched by the USDA National Cooperative Soil Survey,
will produce a complete soil inventory of the United
States by 2026 along with establishing standards for digi-
tal soil mapping methods.

Key Findings

e Globally, SOC is the largest terrestrial pool of C. In the
United States, most of this stock is found in forests and
rangelands. It is an important provider and indicator of
vital ecosystem services, such as nutrient and water
cycling and C sequestration.

* Many scientific advances have been made in the past
decade that have led to a better understanding of controls
over SOC stabilization. Research shows that predicting
vulnerability of SOC under disturbance can be aided by
considering factors related to the quantity and quality of
OM inputs and soil microbial accessibility and activity.

e Both natural and human-caused disturbances have
degraded SOC stocks across the United States. Climate
change, overgrazing, overharvesting, and catastrophic
wildfire have emerged as the greatest concerns. Effects on
SOC degradation are expected to be more severe when
two or more of these disturbances interact with each other.

e Careful management can partially mitigate SOC degrada-
tion as well as promote rebuilding of SOC post-
disturbance. In general, actions that promote retention
and growth of native vegetation (fuels management,
reforestation, and invasive weed control) and leave or add
organic residues on-site will increase SOC stocks.

Key Information Needs

* Climate change effects on SOC remain highly uncertain.
Specifically, research is needed to better understand how
expected increases in precipitation and temperature vari-
ability—rather than changes in the mean—impact SOC
vulnerability.

'Lindbo, D.L.; Thomas, P. 2016. Shifting paradigms — Soil Survey
2026. [Presentation and poster]. Resilience emerging from scarcity and
abundance; meeting of the American Society of Agronomy—Crop
Science Society of America—Soil Science Society of America; Nov.
6-9, 2016; Phoenix, AZ.
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e Future research on SOC needs to measure both surface
soil (0-30 cm) and soil deeper than 30 cm, preferably up
to at least 1 m, including understanding the contribution
of deeper roots to OM inputs to SOC.

e There are limited data on many plant, animal, insect, and
pathogen invasive species, their impact on SOC, and how
managers can effectively change land management to
alter invasive species effects on ecosystem services.

» Estimates of changes in SOC over time are highly uncer-
tain due to soil heterogeneity and rock content.
Concentrated efforts to standardize technological and sta-
tistical solutions for dealing with uncertainty could help
better constrain future SOC predictions.

e There is a lack of studies that examine how forest and
rangeland management actions interact with global
change phenomena (e.g., shifting plant communities,
altered fire regimes) to influence SOC vulnerability.

* Most of our understanding of forest and rangeland SOC
involves only a snapshot in time or very short-term
(2—4 years) studies, leaving managers unable to predict
longer-term impacts of decisions on SOC. Longer-term
studies (longer than a rotation) of forest management
effects (e.g., Adaptive Silviculture for Climate Change
(Nagel et al. 2017)) are needed.

e There is a need to provide managers with the science
needed to develop best management practices for enhanc-
ing SOC within the scope of the Forest Service 2012
Planning Rule (USDA FS 2012).
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