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ABSTRACT

Forest soil organic carbon (SOC) is one of the largest terrestrial C pools, and it is not static. Soils are inherently
dynamic; furthermore, global change and management can alter how much C is stored in a forest soil and how it is
distributed across depths or functionally distinct pools. Over management-relevant timescales, forest soil C varies
more across spaceddue to fundamental factors such as parent material, climate, and vegetationdthan it does over
time, except in cases of abuse (which deplete SOC). In this review, we discuss the stocks and management of forest
SOC through the lens of 13 Global Ecological Zones (UN FAO climate-vegetation units) and 17 major soil types
(IUSS WRB Reference Soil Groups). We use these spatial units to constrain generalizations derived from a wide-
ranging literature survey and qualitative synthesis aimed at four objectives. For each ecological zone, we: (1)
identify key SOC vulnerabilities in the context of global change and management, (2) discuss management
strategies for minimizing SOC losses associated with those vulnerabilities, and (3) suggest opportunities for
increasing SOC through management. As our fourth objective, within each ecological zone, we contextualize SOC
management considerations according to the unique properties possessed by its most widespread soils, in order to
add meaningful detail to this global review, anticipate where exceptions will occur, and provide a tractable basis
for management intended to affect SOC. Key generalizations are: (1) SOC pools at or near the surface are vul-
nerable to disturbances that alter the processes responsible for maintenance of those pools; management that
restores or maintains those processes can often reverse SOC losses over decadal timescales. (2) SOC in subsoils is
typically less vulnerable to short-term losses, but the factors that promote this stability are difficult to manipulate
in a positive direction through management. (3) SOC is one integral component of forest ecosystems, and as such
is often not managed directly but through its interactions with other parts, such as the vegetation, according to
constraints imparted by fundamental bottom-up factors (parent material and soil characteristics).

Why is forest soil carbon important?
Soils comprise the largest terrestrial carbon (C) pool, holding w1500 Pg C. In forests, soils typically
contain more than half, and often more than three-quarters, of the total C stock. Carbon held in soils
tends to be much older (i.e., cycles more slowly) than C in other ecosystem pools, but it is not inert: C
inputs to (e.g., dead roots, fungal and bacterial cells and residues, arthropod exoskeletons, leaf litter)
and outputs from (e.g., via leaching, decomposition, and emission by fire) represent very large, nearly
closely balanced fluxes that cycle globally significant quantities of C. Thus, C held in soils is critically
important for its feedbacks to atmospheric CO2 pollution and climate change, as well as a myriad of
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other forest ecosystem services tied to the soil organic matter (SOM) of which C is the principal con-
stituent. Chief among these services are the retention and provision of plant-limiting nutrients, immo-
bilization of toxic substances, mediation of hydrological processes that influence water quality and
quantity, and provision of astounding biologic diversity that is the source of many human medicines.
All of these ecosystem services make soil C important; in this chapter, we focus primarily on soil C as
a foundational part of forest ecosystems, their internal functions and sensitivity to management and
global change.

Scale and scope of this chapter
In order to be effective, any global assessment of forest ecosystems requires a spatial framework that
balances broad generalization with meaningful specificity. In this chapter, we attempt to strike this bal-
ance by using a high-level ecoregional framework developed by the United Nations Food and Agricul-
tural Organization: the Global Ecological Zone (GEZ) framework (Map 1; FAO, 2013). The GEZ
framework uses a hierarchical approach to first stratify Earth by climate domains (tropical, subtropical,
temperate, boreal, polar) and, within each domain, into GEZs defined by regional differences in

Map1. Global Ecological Zones (GEZs; FAO 2013). In this chapter, we place forest SOC management in a three-

level spatial framework by exploring differences among domains (tropical, subtropical, temperate, and boreal),

the 3-4 GEZs within each domain, and the most extensive Reference Soil Groups (RSGs) within each GEZ.
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climate and/or vegetation composition and structure. The GEZ system was developed with expert
input by Earth scientists from institutions worldwide, and while its exact borders sometimes differ
from other large-scale spatial frameworks (e.g., regional or national maps), it has several advantages
here. Most importantly, it is hierarchical in relation to increasingly localized ecoregional frameworks
used in many countries. Our approach to discussing soil C management is similarly hierarchical: first,
we briefly describe global-to-domain level considerations, and then move into detail by surveying lit-
erature from the individual GEZs within each domain. In some GEZs, we follow this hierarchical
framework down to finer ecoregional levels, such as topographically or climatically distinct regional
landscapes. However, because this chapter pertains as much to soils as it does to forests, the most spe-
cific spatial units that we consistently discuss are the Reference Soil Groups (RSGs; Table 11.1 and
IUSS WRB Working Group, 2006) present in each GEZ. Similar to GEZs, RSGs are a working clas-
sification created by an international body. The 17 RSGs discussed in this chapter (32 are defined) are
recognizable in the field based on diagnostic horizons, properties, and soil materials. Further, the hori-
zons, properties and materials that define RSGs are critical factors influencing the amount, distribu-
tion, and forms of SOC present in a soil. As a result, RSGs can explain why the same management
activity may produce different results across RSGs, or predict where existing variation in SOC stocks
will likely be insensitive to management. Through this combination of GEZs (high-level climate and
vegetation units) and RSGs (fundamental “soil types”), we work hierarchically downwards across the
scales at which we can confidently present generalizations about forest soil C to researchers, managers,
and policy makers concerned with specific geographies.

Having considered issues of scale, we next address the question of scope: what is forest soil C? In
reality, soil C consists of a continuum of compounds differing in their origins, chemical and physical
properties, cycling rates, and vulnerabilities to management and global change. We simplify this com-
plexity, as we do with spatial scale, by using a categorical approach: we discuss pools of soil C, differ-
entiated according to distinct chemical and physical properties. At the highest level of this distinction,
we distinguish two pools: soil inorganic C versus soil organic C (SIC and SOC, respectively). Soil
inorganic C is not usually considered a pool of direct interest to global change or management, is
not inert, and represents a significant fraction of the C in some soils (Lal and Kimble, 2000;
Sanderman, 2012; Tan et al., 2014). As the “skeleton” of the myriad organic compounds in soil,
SOC is intimately associated with elements that are predominantly present in soil in organic forms,
such as nitrogen (N) and phosphorus (P), as well as elements comprising the mineral matrix, such
as silicon (Si), aluminum (Al), and iron (Fe) (Heckman et al., 2018; von Luetzow et al., 2008; Rasmus-
sen et al., 2018). Researchers have long sought to physically and chemically fractionate SOC (or the
SOM of which it is a major constituent) into functionally distinct pools that can be meaningfully inter-
preted, modeled, or used to assess effects of management and global change on soils. For years, the
dominant paradigm that SOM consisted of chemically recalcitrant residues formed during the decay
of plant litter guided these fractionation procedures (Adair et al., 2008; Sutton and Sposito, 2005).
More recent research diverges from this top-down, litter decomposition-based view, arguing that the
integration of microbial processes and organo-mineral interactions control SOC/SOM storage and
turnover (Kallenbach et al., 2016; Lehmann and Kleber, 2015; Sollins et al., 1996). This paradigm shift
is important because it drives, and is driven by, the methods used to measure SOC. In turn, our ability
to detect SOC changes due to global change and management evolves with conceptual models and
methods. Ultimately, it is important to remember that forest soil C is defined by operational methods,
and it is the consistent implementation of standard methods that allows us to measure and report a com-
mon commodity in the context of global change and management.
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Table 11.1 Key properties of Reference Soil Groups (RSGs) detailed in this chapter.

RSG Description Parent materials Physiography

Acrisols Subsoil enriched in low-
activity clay, low in base
cations and base
saturation, high in Al

Acidic rocks and residuum;
strongly weathered clays

Old, undulating to hilly
landforms in warm, wet
climates

Albeluvisols Albic horizon protruding
irregularly into clay-enriched
subsoil

Glacial till; lacustrine, fluvial,
or eolian deposits

Young, level to undulating
landforms in temperate to
boreal climates

Alisols Subsoil enriched in high-
activity clay, low base
saturation, occasional albic
horizon

Basic rocks, residuum, or
unconsolidated materials

Hilly to undulating
topography in wet, warm
climates

Andosols Very deep, porous soils with
abundant, stable
complexes of organic
matter-metal hydroxides

Acidic to basic volcanic
ejecta or silicon-rich
materials

Undulating to mountainous
topography in humid
climates from tropics to
arctic

Cambisols Little altered from parent
materials; subsoil has weak
structural/physical/
chemical development

Medium to fine-textured
materials from any rock type

Level to mountainous
terrain; all climates

Cryosols Frost-affected soils with or
without frozen water

Glacial till; eolian, alluvial,
colluvial materials

Level to mountainous
terrain in boreal to arctic
climates

Ferralsols Highly weathered soils high
in Al/Fe hydroxides, modest
contents of low-activity clays

Basic rocks;
unconsolidated materials
rich in silicon

Old level to undulating
landforms in very wet, very
warm climates

Histosols Soil formed in organic
matter

Organic (peat to muck)
materials derived mostly
from plant detritus

Level or depressional
landforms, high water table
or precipitation, from
tropics to arctic

Leptosols Thin, very rocky soils Rock or unconsolidated
coarse materials

Dissected topography,
eroding areas; all climates

Lixisols Subsoil enriched in low-
activity clays, high base
saturation

Unconsolidated, strongly
weathered, fine-textured
materials

Old erosional or
depositional landforms;
warm, seasonally dry
climate

Luvisols Subsoil enriched in high-
activity clay, high base
saturation

Glacial till; eolian, alluvial,
colluvial materials

Level to undulating terrain;
cool to warm climates

Kastanozems Organic-rich topsoil over
clay- or carbonate-rich
subsoil (grassland-forest
transitional soils)

Eolian deposits or other
unconsolidated materials

Level to mountainous
terrain in dry climates with
wide temperature extremes

Nitisols Deep clay soils with strong
structure, high iron

Fine-textured weathering
products of neutral to basic
rocks

Level to hilly landforms in
wet, very warm climates
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From this point forward, we refer to forest soil C as a stock: a measured amount of SOC per unit
area, at a given time. To make comparisons straightforward across large scales (Table 11.2), we report
SOC stocks in Mg C ha�1, to a standardized depth of 1 m, acknowledging that some soils are shallower
and some are deeper. To provide greater detail regarding the vertical distribution of SOC, we recognize
three distinct parts of forest soil profiles: (1) organic horizons, which typically hold the most recently
deposited, fastest-cycling SOC, and which is the most responsive to disturbance and management; (2)
surface mineral horizons, which hold a mixture of actively cycling, recently released detrital C that
tends to be less sensitive to surface disturbance than organic horizons; (3) subsurface mineral soil hori-
zons that are even more buffered from surface disturbances and typically hold C that is even older,
more slowly cycling, and more intimately associated with minerals. Each of these three horizons pos-
sesses a continuum of SOC that cycles at different rates; the maximum level of detail we provide into
this complexity is based upon density fractionation (Crow et al., 2007). The separation of soils into
discrete fractions based on density has become a widely applied technique in forest soils, and is usually
executed to yield three pools: (1) a free light fraction, made up of particulate, non-mineral associated
SOM that originates from root, fungal or leaf detritus; (2) an occluded light fraction, which includes
older, low-density particulate organic matter that is physically protected within soil aggregates; and (3)
the heavy or high density fraction, which includes non-particulate organic material intimately associ-
ated with clay- or silt-sized minerals, and usually contains the oldest (as determined by 14C) C in soil.

What controls variation in forest soil C?
There are two types of variation in forest SOC that challenge attempts to detect impacts of global
change or management. First, temporal variation: soils (and thus SOC) are dynamic even without dis-
turbances or management, albeit typically over long timescales. Second, three-dimensional spatial var-
iation in most properties of forest soils (but particularly SOC) can create substantial differences in
observations only meters apart. Together, large spatial variation, background temporal dynamics,

Table 11.1 Key properties of Reference Soil Groups (RSGs) detailed in this chapter.dcont’d

RSG Description Parent materials Physiography

Phaeozems Organic-rich topsoil over
clay- or carbonate-rich
subsoil (grassland-forest
transitional soils)

Glacial till; eolian or
unconsolidated deposits of
basic materials

Level to undulating terrain
in humid continental
climates

Podzols Coarse soils with subsoils
enriched in organic matter-
metal-hydroxide complexes

Glacial till; alluvial or eolian
deposits, weathering
products of siliceous rocks

Level to hilly landforms in
boreal or other humid
climates

Regosols Weakly developed soils Unconsolidated fine
materials

Depositional landforms in
all climates

Vertisols Soils comprised of shrink-
swell clays that churn and
mix during drying/re-
wetting cycles

Sediments or rock
weathering products high in
shrink-swell clays

Level or depressional
landforms in climates with
distinct wet and dry
seasons
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Table 11.2 Area, mean and standard deviation of the SOC stock (to 1 m) for the three most extensive

Reference Soil Groups within the forest lands of each Global Ecological Zone.

Global Ecological
Zone (GEZ)

Reference Soil Group
(RSG)

Area
(*106 km2)

1 m SOC (Mg C
haL1)

s (Mg C
haL1)

Tropical rain Ferralsols 5.13 171 120

Forest Acrisols 4.82 184 134

Nitisols 0.49 466 250

Tropical moist Ferralsols 2.99 112 53

Forest Acrisols 1.76 140 71

Lixisols 0.49 87 25

Tropical dry Ferralsols 0.88 105 42

Forest Lixisols 0.72 83 22

Luvisols 0.57 91 41

Tropical mountain Acrisols 0.60 209 86

Systems Andosols 0.50 493 195

Cambisols 0.48 223 135

Subtropical humid Acrisols 1.58 146 78

Forest Luvisols 0.45 142 105

Alisols 0.37 181 69

Subtropical dry Luvisols 0.24 147 44

Forest Cambisols 0.17 184 64

Leptosols 0.05 159 64

Subtropical Luvisols 0.92 213 101

Mountain systems Cambisols 0.34 207 88

Leptosols 0.18 142 73

Temperate Cambisols 0.54 287 178

Oceanic forest Podzols 0.27 530 243

Andosols 0.16 557 223

Temperate Podzols 1.15 321 131

Continental forest Luvisols 1.15 212 144

Albeluvisols 1.13 351 163

Temperate Cambisols 1.63 263 116

Mountain systems Podzols 1.16 355 122

Luvisols 0.56 185 68

Boreal coniferous Cryosols 3.59 567 330

Forest Podzols 2.93 430 196

Albeluvisols 2.55 417 254

Boreal tundra Cambisols 1.82 623 277

Woodland Cryosols 1.04 626 252

Histosols 1.03 1078 629
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and typically small impacts or slow responses to management or global change make it difficult to
attribute and quantify changes in forest SOC. This persistent reality informs our approach to under-
standing variation in SOC.

Soil C is closely linked to many soil properties and processes, which makes conceptual models
describing how soils form (Dokuchaev, 1879; Marbut, 1927; Jenny, 1941; Simonson, 1959) helpful
for appreciating C storage and turnover in forest soils. Previous reviews of models (Bockheim
et al., 2005; Richter, 2007; Richter and Yaalon, 2012) identify four general themes relevant to variation
in forest SOC: (1) Soil properties develop through interactions among soil-forming factors [climate,
organisms, topography, and parent material] operating through time. (2) Factors of soil formation
set the conditions within which soil-forming processes operate. (3) Four processes operating within
soils drive the development of soil horizons; these are gains, losses, transfers, and transformations
of energy and matter. (4) Intrinsic feedbacks and thresholds operating within soils make them subject
to change, even in the absence of external environmental changes. The soil-forming state-factor model
has been used as a framework in several SOC reviews (Scull et al., 2003; Trumbore, 2009; Chaopricha
and Marı́n-Spiotta, 2014), and individual studies often attempt to test it directly (e.g., Schaetzl et al.,
2015; Silva et al. 2007). Such studies often show the influence of a single factor, but they also acknowl-
edge that in most cases, interactions among factors drive soil property development, including SOC
stocks. Human actions, including management, have received explicit recognition as soil forming fac-
tors (Yaalon and Yaron, 1966; Richter and Yaalon, 2012; Smith et al., 2016), but except where land use
change is intense and persistent, anthropogenic effects are typically less significant sources of variation
than factors such as climate, soil texture or vegetation (Guo and Gifford, 2002; Laganiere et al., 2010;
Nave et al., 2010; Mulder et al., 2015; Cook et al., 2016; Wan et al., 2018).

SOC vulnerability and management across Earth’s forests
Management to achieve a defined goaldincluding the sustaining or increasing of SOC through inter-
ventiondis most clearly evaluated when it represents an alternative to a baseline condition. Many
management studies show no net change in SOC, some show SOC loss, and a few show gains. Effects
of management on forest SOC are discussed here in the context of SOC vulnerability to loss, which we
consider a conservative approach to SOC stewardship, because it is easier to lose SOC than gain it.
Indeed, given its many vulnerabilities, it is challenging enough to conserve SOC, much less actively
increase it. Globally, forest SOC is vulnerable to climate change, land use and altered disturbance

Table 11.2 Area, mean and standard deviation of the SOC stock (to 1 m) for the three most extensive

Reference Soil Groups within the forest lands of each Global Ecological Zone.dcont’d

Global Ecological
Zone (GEZ)

Reference Soil Group
(RSG)

Area
(*106 km2)

1 m SOC (Mg C
haL1)

s (Mg C
haL1)

Boreal mountain Cryosols 3.69 414 170

Systems Cambisols 2.67 385 157

Podzols 1.83 401 153

Statistics were calculated using SoilGrids250m (Hengl et al., 2017), and GlobCover (forest land only; ESA and UCLouvain,
2010). See text for description of spatial units (GEZs and RSGs) and discussion of SOC management considerations.
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regimes; management offers tools and approaches for reducing vulnerability by avoiding or mitigating
losses and, in some cases increasing SOC relative to baseline conditions. Because most management
studies show no net change in SOC, our recommendations for SOC management are necessarily cau-
tious, and two considerations are critical. First, throughout this section, we review and report on only
forest SOC management. For example, for areas that are no longer forest, we only include literature on
conversions back to forest. Further, for this review we ask “compared to what?” How the baseline con-
dition is defined against which SOC change is expressed can profoundly alter the apparent effects
of management. For example, reforestation of degraded landsdspecifically defined as lands where
uses have caused physical deterioration of soil structure, including substantial losses of organic
matterdcan produce apparently very large SOC gains compared to the degraded condition. As another
example, for forests with regularly scheduled harvest interventions, the benefits of retaining harvest
residues for SOC management are likely to be minor, while harvesting and utilizing the residues
can result in other important benefits. In this section, we summarize the broadest (global to
domain-level) patterns and organize more detailed information around Tables 11.2 and 11.3, which
stratify global forests into the GEZ framework and report the physical properties and key vulnerabil-
ities of distinct RSGs.

Global to domain-level patterns
In forests of the tropical domain, major sources of SOC vulnerability are forest degradation (e.g., due
to overgrazing, fuelwood or high-grade selective harvesting), deforestation (including forest conver-
sion to croplands or pastures), and native forest conversion to tree plantations. Forest zones within
the subtropical domain face many similar global change and land use pressures as tropical forests,
but also encompass the management activities practiced within the many short-rotation plantations
of this domain, which is home to some of Earth’s most commercially valuable forests. In both tropical
and subtropical domains, mountainous zones, which are typically cooler and wetter, tend to have sig-
nificantly greater SOC stocks (in terms of SOC density to 1 m depth) than other zones, although highly
weathered deep soils under lowland forests can contain larger SOC stocks when extrapolated over their
often deeper soil profiles. In temperate forests, key SOC vulnerabilities are associated with harvest
practices (e.g., residue removals), and the importance of fire increases as climate dries, especially
in seasonally dry zones. In the boreal domain, fire is the dominant source of forest SOC vulnerability,
especially in the context of expanding mineralization seasons and accelerating thaw of soil permafrost.
In each of these domains, from tropical to boreal, mountainous ecological zones contain steep altitu-
dinal gradients and island effects, which compress spatial patterns of SOC variation and thus pose
challenges to forest and SOC management. Similarly, wetland forests can occur from the tropics to
the boreal forests, and are defined as having persistently saturated soil conditions, which can result
in the formation of deep organic soils containing high densities of SOC. Carbon in these soils is highly
vulnerable to management related changes to wetland hydrology, such as ditching and drainage, or
vegetation conversions that alter the balance between precipitation and evapotranspiration and facili-
tate microbial decomposition. Importantly, we note that this review does not explicitly consider wet-
land forests (see Chapter 9), despite their often unique vegetation, hydrologic properties, management
aspects, and typically very high SOC densities.

Beneath our generalizations about SOC at global to ecological domain levels exists critical site-to-
site (and within-site) variation. Some of this variation can be explained by variation in the properties
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Table 11.3 Key vulnerabilities, management strategies for minimizing SOC losses, and opportunities

for increasing SOC through management, by Global Ecological Zone (GEZ).

FAO Global
Ecological Zone

Key SOC
vulnerabilities in
context of global
change/
management

Management
strategies for
minimizing SOC
losses

Opportunities for
increasing SOC
through
management

Key
considerations

Tropical rain forest Deforestation;
native forest
conversion to
plantation; drought

Prevent grass
invasions that inhibit
reforestation;
agroforestry

Active reforestation;
facilitate N-fixer
establishment;
fertilization

Management
effects vary by land
use intensity and
duration, and
plantation spp.

Tropical moist
deciduous forest

Deforestation;
native forest
conversion to
plantation; drought

Fire management;
prevent grass
invasions that inhibit
reforestation;
agroforestry

Active reforestation;
facilitate N-fixer
establishment

Tropical dry forest Deforestation; forest
degradation; fire;
desertification

Fire management;
prevent grass
invasions that inhibit
reforestation

Active reforestation;
facilitate N-fixer
establishment

Soils in different
forest life zones
differ in C stocks as
a function of
precipitation

Tropical mountain
systems

Deforestation;
native forest
conversion to
plantation; erosion

Landscape mosaic
of forest fallows;
selection of high-
SOC species for
plantation

Soil erosion control;
deliberate
reforestation

Subtropical humid
forest

Native forest
conversion to
plantation; short-
rotation harvesting

Rotations must be
long enough to
recover SOC;
mixed-species
plantations

Reforestation;
selection of high-
SOC species or
genetic families for
plantation

Subtropical dry
forest

Overgrazing;
drought; fire;
regeneration failure

Thinning to
decrease fuels;
reforestation of
burned-over areas;
grazer density
control

Retain residues
during salvage
logging; reforest
degraded soils with
high-SOC species

In reforestation
consider density,
fire tolerance, and
feedbacks to fuel
loads

Subtropical
mountain systems

Deforestation for
cropping or grazing;
climate-land use
interactions

In plantations, select
high-SOC species,
reforest eroded
slopes

Temperate oceanic
forest

Conversion of native
forest to plantation;
wildfire in seasonally
dry ecoregions

Fuel management; if
native forest is
converted, select
high-SOC species.
If cut, leave residues

Reduce extent of
harvest area on a
landscape level to
allow long-term C

Continued
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Table 11.3 Key vulnerabilities, management strategies for minimizing SOC losses, and opportunities

for increasing SOC through management, by Global Ecological Zone (GEZ).dcont’d

FAO Global
Ecological Zone

Key SOC
vulnerabilities in
context of global
change/
management

Management
strategies for
minimizing SOC
losses

Opportunities for
increasing SOC
through
management

Key
considerations

or compensate
removals with
fertilization

accumulation in soil
and vegetation

Temperate
continental forest

Wildfire; harvest
residue removal
through burning or
extraction

Manage fuels and
use prescribed fire;
reforest burned or
harvested lands;
retain harvest
residues

N-fertilization;
afforestation;
reforestation of
marginal croplands

Harvest usually
impacts only
O-horizons;
residue ¼ fuel in dry
climates

Temperate
mountain systems

Wildfire, erosion,
and resulting forest-
to non-forest
conversion

Fuel management Introduce/favor tree
species that are
faster-growing,
more tolerant of
heat or drought

Compound
disturbances (e.g.,
salvage harvest
after fire) can have
additive impacts on
SOC

Boreal coniferous
forest

Wildfire and
resulting transition
to less productive
forests

Decrease fire
extent/severity by
incorporating young
stands into
landscape mosaic;
lighter harvest
removals (thin vs.
clearcut, retain
residues and
stumps)

Fell residual wood to
drive paludification;
transition from
spruce to fast-
growing aspen
w/high SOC or fire-
adapted pines with
fast SOC recovery

Slow growth and
large O-horizons
mean C losses can
be very large and
slow to recover.
Drainage and
Sphagnum
influence spatial
variation in fire C
losses.

Boreal tundra
woodland

Fires; longer
mineralization
season; permafrost
thaw

Forest tree
expansion has
variable effects on
SOC

Fertilization
improves tree
growth/litter inputs
and inhibits
decomposition,
which increases O
horizons

Boreal mountain
systems

Thawing
permafrost, insect
outbreak – fire
interactions

Encourage forest
establishment on
mountain tundra;
reforest burned
slopes

Chemically distinct
SOC pools differ in
vulnerability to loss
upon thaw

See accompanying text and subsequent tables for further discussion, key considerations, and references.
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that allow soils to be categorized into RSGs, which in turn provide a basis for more nuanced interpre-
tations of SOC management. As we consider individual GEZs in the remainder of this chapter, we will
use RSGs to inform our views on vulnerability and management. For example, distinct RSGs often co-
occur at landscape levels and are indicative of important management considerations, e.g., differing
mechanisms of SOM stabilization or the potential for hydrologic transport of groundwater C. As
another example, some GEZs possess RSGs that are so different as to pose clearly different challenges
and opportunities for SOC management. In all our discussions of RSGs, we attempt to use published
literature specific to the GEZ under consideration to link SOC back to fundamental differences in soil
properties and processes of formation.

Patterns within domains: tropical domain
Tropical rain forest and tropical moist deciduous forest zones
Within the tropical climate domain (all months without frost), rain and moist forest zones differ by the
length of their dry seasons (�3 months of dry weather for rainforest; 3e5 months for moist forest).
Soil C stocks differ for tropical wet versus moist forest life zones (Marı́n-Spiotta and Sharma,
2013; Post et al., 1982), yet many of the key SOC vulnerabilities, management strategies for mitigating
SOC losses, and opportunities for increasing SOC are similar. On a global basis, these zones are very
closely co-distributed, and often intergrade rather than separate along abrupt boundaries (Staal et al.,
2016). Total areas of the two zones are about 17 million km2 for the rain forest, and 13 million km2 for
moist deciduous forest; globally, forest vegetation constitutes 60%e70% of the land cover in these
zones.

Critical SOC vulnerabilities stem from deforestation for pasture or cropland use or mining
(Alvarez-Berros and Aide, 2015; Cusack et al., 2016; Fearnside and Barbosa, 1998; Lugo and Brown,
1993), grass invasion in disturbed areas that inhibits forest re-establishment (Balch et al. 2015; Cusack
et al., 2015), and native forest to plantation conversion (Chiti et al., 2014; Guillaume et al., 2015).
Changes in drought frequency and magnitude, extreme rainfall events, and atmospheric N deposition
are also expected to alter SOC dynamics in tropical rain forests (Cusack et al., 2016). Because SOC
losses due to deforestation vary in magnitude (Ostertag et al. 2008) and can be reversed (Don et al.,
2010), reforestation is generally an effective SOC loss mitigation strategy (Cusack et al., 2016; Silver
et al., 2000). Accelerated rates of SOC recovery (Paul et al. 2002) or even net gains relative to native
forest are possible when N-fixing tree species are planted (Macedo et al., 2008); fertilization (either
with N or base cations) may also increase SOC, even in native forests (Cusack et al., 2011, 2018).

Land use change in tropical rain and moist forests has represented such a large share of global ter-
restrial C emissions to the atmosphere in recent decades (Houghton, 2003) that there has been consid-
erable attention to the role of soils in this net flux. However, while land use effects on, and trajectories
of, C in aboveground biomass are predictable, soils are much more difficult to generalize (Powers and
Marı́n-Spiotta, 2017). Complicating matters, geographic bias in field study locations precludes extend-
ing the inferences from studies that do show net change in SOC with land use because these tend to be
on sites with unique ecosystem factors (e.g., soil classification, climate) that are not widely represented
across the tropical domain (Powers et al., 2011). This problem is exacerbated by the fact that soil prop-
erties and climate are important controls on SOC in their own right, as well as in interaction with land
use and management (Marı́n-Spiotta and Sharma, 2013; Brown and Lugo, 2017; Weaver et al., 1987).
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For highly weathered soils of the wet and humid tropics, sorption to Al and Fe hydroxides or low-
activity clays is the principal mechanism for SOC stabilization (Tables 11.1 and 11.4). Organic C that
is associated with Al and Fe hydroxides or low-activity clays typically constitutes�80% of all SOC in
these soils, and while this C typically has slower turnover rates than free particulate SOC, turnover can
be surprisingly rapid e on the order of decades e especially following land use changes. This high-
lights the fact that for Ferralsols (the most extensive RSG in the tropical rain and moist forest zones),
the maintenance of soil C stocks is strongly dependent on continuous inputs from the highly productive
vegetation. This contrasts with Acrisols, the second most extensive soil across tropical rain and moist
forests, which possess clay-rich subsoils that impart greater stability to adsorbed organic matter than
do Al and Fe hydroxides. As a result, Acrisols tend to have higher C stocks (Table 11.2), and the pres-
ence of clay-stabilized C may mitigate C losses associated with rapid turnover in other SOC pools.
Furthermore, although also strongly weathered, Acrisols still have some residual primary minerals,
permitting further production of C-stabilizing clays and hydroxides within the soil profile.

Overall, SOC stocks and SOM stabilization mechanisms of Ferralsols and Acrisols suggest three
principal constraints on SOC change in the context of management. First, rapid changes in SOC can
occur with land use change; losses of relatively old, mineral-associated SOM and gains of fresh (light
fraction) SOM may occur simultaneously, resulting in no apparent net change in bulk SOC stocks
(Marı́n-Spiotta et al., 2009). Second, more significant clay-stabilization mechanisms may make Acri-
sols somewhat less vulnerable to rapid SOC losses due to land use or management changes, but slower
to regain lost C against larger background levels; their higher primary mineral contents also likely
make them less susceptible to severe degradation. Third, because vegetation productivity is often
nutrient-limited (P, N, base cations), particularly after intensive agricultural or pasture use, fertilization
to increase detrital C inputs to soil is an effective way to increase SOC in reforested soils. Between
these and other soils that are widespread across tropical rain and moist forests, the relative sensitivity
of vegetation and SOC to fertilization is probably inversely related to inherent fertility, such that the
greatest results will be observed on Ferralsols, followed by Acrisols, followed by, e.g., Nitisols.

Table 11.4 Management considerations and supporting references for key RSGs discussed in the

combined tropical rain þ moist deciduous forest GEZs.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Ferralsols 42 SOC can turn over very
rapidly, requiring sustained
C inputs to maintain stocks

Hall et al. (2015); Hughes
(1982); Johnson et al.
(2011a,b); Marques et al.
(2011); Wagai and Mayer
(2007)

Acrisols 34 Clay stabilization imparts
somewhat greater stability
to SOC than the Al/Fe
hydroxides of Ferralsols

Krull et al. (2002); Soares
and Alleoni (2008)

Nitisols 3 High structural stability and
SOC stabilization potential
due to high clay content

IUSS WRB Working Group
(2006)
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Likewise, if fertilization does increase primary production and C inputs to soil, the capacity for stabi-
lizing some of that C on mineral surfaces is likely greatest for Nitisols, intermediate for Acrisols, and
least for Ferralsols.

Tropical dry forest zone
Forests cover approximately one-half (w4.7 million km2) of the tropical dry ecological zone, which
has 5e8 dry months per year. While these forests share some of the key SOC vulnerabilities of the
tropical rain and moist forest zones, such as forest degradation, deforestation, and grass invasion
(Cusack et al., 2015; Griscom and Ashton, 2011, Freifelder et al., 1998) they are more susceptible
to fire and savannization (Sivakumar 2007; Vargas et al., 2008). The most effective means of mitigat-
ing SOC losses in tropical dry forest are therefore the judicious management of land uses that can lead
to forest degradation, such as grazing and fuelwood harvesting. In disturbed forests, preventing further
deterioration of site productivity through fire control and the exclusion of grasses that increase fire sus-
ceptibility aids in maintaining forests, along with supplemental planting to maintain canopy cover
(Griscom and Ashton, 2011). Where forests are lost, they can be challenging to recover due to inter-
actions between drought and invasive grasses, but reforestation can be a successful way to increase
SOC, and N-fertilization may also help (Silver et al., 2000; Marin Spiotta and Sharma, 2013; Cusack
et al., 2015). Direct surface organic amendments (or, in a harvesting context, residue retention) can
help retain soil water, which can enhance survivorship of planted trees during drought and in turn stand
productivity.

Tropical dry forests are distributed across a wide range of soils and have the lowest SOC stocks in
the tropical domain. Ferralsols are still most extensive (19% of forest area), and their management con-
siderations are similar to the wetter tropical forest zonesdnamely, they are dependent on sustained C
inputs to maintain SOC stocks, are prone to rapid SOC turnover when land use changes, and have less
ability to recover from severe disturbances due to their advanced weathering state. Lixisols, Luvisols,
and Vertisols are also extensive, and these soils differ substantially from Ferralsols in their properties
and management (Tables 11.1 and 11.5). Lixisols and Luvisols have similar pedogenesis, possessing
low-clay surface soils over high-clay subsoils. Because the topsoils of both of these RSGs have limited
structural stability, physical disturbances can readily break down aggregates and release previously
physically-protected SOC that cycles more slowly, and likely takes longer to recover, than the non-
protected, free light fraction of SOC that responds most rapidly to changes in land management
and use. The heavy clay Vertisols, with their extreme shrink-swell dynamics and vertical mixing, cre-
ate a different set of considerations for SOC management. Although shrink-swell dynamics can inhibit
reforestation after pasture abandonment in the dry tropics, the use of soil amendments and drought-
tolerant plant species can increase reforestation success and also incorporate surface C inputs to con-
siderable depths (Werden et al., 2017). Furthermore, while much of the research on soil amendments in
Vertisols has been conducted in agricultural settings, the large area of these soils under tropical dry
forests is worthy of attention as an opportunity for increased SOC sequestration, especially in the con-
text of agroforestry (Srinivasarao et al., 2014).

Tropical mountain systems
Globally, approximately one-third of the 6.6 million km2 of tropical mountain systems is forested, and
these systems are closely co-distributed with other ecological zones of the tropical climate domain. In
areas of high precipitation, tropical mountain systems share some sources of SOC vulnerability with
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wet tropical forest zones. Namely, native forest conversion to plantation, grazing, or cultivation are
often associated with decreased SOC (de Blecourt et al., 2013; Girmay et al., 2008; Tesfaye et al.,
2016), although reforestation can partly reverse SOC losses due to forest land use changes on some
soils (Cusack et al., 2016; Don et al., 2010; Lugo and Brown, 1993). Tropical mountain systems
are unrivaled in the tropical domain in their degree of heterogeneity in climate, landforms, soils,
and vegetation types (Ponette-Gonzalez et al., 2014), however, and therefore possess unique SOC vul-
nerability and management considerations. Steep slopes make erosion a key source of SOC vulnerabil-
ity (Walker and Shiels, 2008), and climate change-vegetation-SOC interactions in these highly
heterogeneous zones are complex (Alvarez-Arteaga et al., 2013; Martin and Fahey, 2014). Due to
the high degree of spatial variability in physiographic factors, ecosystems, and soils, landscape
approaches to management (e.g., delineating and prescribing management based on soil-
topographic units) are useful for prioritizing areas for intervention or protection (Jeyanny et al., 2013).

Many of the RSGs that are extensive in adjacent ecological zones are also extensive in tropical
mountain systems, including Acrisols (21% of forest area in tropical mountain systems), Ferralsols
and Luvisols (13% each). However, tropical mountain systems also have large areas of soils that
are distinct from other tropical zones. These are the Andosols, which form in volcanic parent materials,
and Cambisols, which form in relatively young alluvial or colluvial deposits common in erosional-
depositional montane settings. Compared to the older landscapes and soils of non-mountainous trop-
ical zones, these mountain system soils are often relatively young. Andosols are rapidly weathered,
forming abundant short-range-order minerals and stable organo-mineral complexes, whereas Cambisols
show little parent material alteration and thus have very low contents of the illuvial clays or Al and Fe
hydroxides that provide stable binding sites for SOM (Table 11.1). Soil C management considerations
of Ferralsols and Acrisols in mountain systems are consistent with other tropical zones (e.g.,

Table 11.5 Management considerations and supporting references for key RSGs discussed in the

tropical dry forest GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Lixisols 15 Topsoils have limited
structural stability, making
aggregate-protected SOC
vulnerable to physical
disturbance

Garcia-Oliva et al. (2006)

Luvisols 12 Physical vulnerability is
similar to Lixisols, but high-
activity subsoil clays may
promote stronger sorption
of SOC

Fonte et al. (2010); IUSS
WRB Working Group
(2006)

Vertisols 11 High content of heavy clay
and vertical mixing may
promote deep incorporation
and clay stabilization of
surface organic inputs

Hua et al. (2014);
Leinweber et al. (1999);
Quin et al. (2014)

228 CHAPTER 11 Soil carbon management



Table 11.4; although their stocks are considerably higher-see Table 11.2), while the management con-
siderations of Andosols and Cambisols are as different as their physical properties (Table 11.6). Most
importantly, due to their high capacity to rapidly accumulate organo-metal SOM, Andosols hold much
more SOC than other soils in tropical mountain landscapes. Detecting management effects on bulk
SOC stocks against such a large background and spatial variability is very difficult (Homann et al.,
2008), requiring methods that isolate distinct C pools to detect change (Crow et al., 2015). In contrast,
because subsoil C in Cambisols is of limited stability due to a lack of metals and clays for stabilization,
management activities to promote deep rooting and accelerate weathering may increase SOC accumu-
lation in the long term. In terms of active management, this likely means reforestation, supplemental
planting, or plantation establishment using tree species with significant belowground C allocation to
mycorrhizae and root exudates (Aoki et al., 2012; Camenzind et al., 2018). Similarly, if maintenance
of existing SOC stocks in native forests is the management goal, ecosystems with large absolute quan-
tities (or large proportions) of ecosystem C held in soil may be prioritized for protection or minimal-
impact management (Manrique et al., 2011).

Patterns within domains: subtropical domain
Subtropical humid forest zone
Forests cover approximately one-half (3.1 million km2) of the subtropical humid ecological zone, and
these forests are some of the most productive and economically valuable on Earth. The climate of this
ecological zone is favorable, with no dry season and �8 months per year with a mean temperature
greater than 10�. However, while their climate makes these forests ideally suited to fiber and fuel pro-
duction, their global distribution on geologically old parent materials and highly weathered soils poses
some challenges to SOC management. Specifically, the key sources of SOC vulnerability in this zone
derive from the potential of intensive forest management to deplete SOM or nutrients either directly
through physical impacts, or via feedbacks with decreased vegetative production. Native forest con-
version to plantations and short-rotation harvesting are often associated with SOC decreases (Chen
et al., 2004, 2016; Fan et al., 2016; He et al., 2008; Lu et al., 2015; Lyu et al., 2017), but these impacts
are not universal (Samuelson et al., 2017) and retaining harvest residues (Butnor et al., 2012) or ameli-
orating site impacts through fertilization (Vance, 2000) can mitigate or even prevent losses.

Table 11.6 Management considerations and supporting references for key RSGs discussed in the

tropical mountain systems GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Andosols 18 High porosity and abundant
Al/Fe hydroxides promote
rapid accumulation of, and
impart stability to SOC

Baisden et al. (2013); Batjes
(2008); Lemenih et al.
(2005)

Cambisols 17 Low initial contents of clay
and metal hydroxides limits
capacity for C stabilization

Heitkotter et al. (2017);
Johnson et al. (2015)
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Furthermore, longer rotation lengths can protect against small SOC declines that may otherwise
become compounded over multiple entry cycles (Chen and Xu 2005, 2014), and mixed-species plan-
tations (Wei and Blanco, 2014), or plantings of distinct genetic families with higher belowground C
allocation may increase SOC stocks (Fox, 2000; Sarkhot et al., 2008).

Subtropical humid forests have played a leading role in the “green revolution” in forestry. Scien-
tists and managers have learned to incorporate site-level factors and vulnerabilities into a very active
approach to plantation management that sustains high levels of biomass output and long-term site pro-
ductivity (Fox et al., 2007; Nichols et al., 2010; Vance et al., 2010). Critically, many of these site fac-
tors are soil properties that either mediate the effects of, or exert greater control over SOC than the
management itself (Johnson et al., 2002; Lupi et al., 2017; Maier et al., 2012; Schoenholtz et al. 2000).

In the subtropical humid zone, Acrisols, Luvisols, and Alisols are the most extensive RSGs; other
widespread soils include Cambisols and Phaeozems. Acrisols are the most vulnerable of these soils
because their physical and chemical properties make them prone to declines in fertility and forest pro-
duction, and less able to retain or gain SOC than other RSGs (Tables 11.1 and 11.7). Specifically, the
low-activity clays of Acrisols (as compared to Luvisols and Alisols), low levels of minerals that
weather to clay (as compared to Cambisols), and low levels of organic matter (compared to
Phaeozems) render Acrisols the soils that require the greatest care in management (or the most inten-
sive inputs) to sustain or increase SOC. In terms of inputs, N addition can increase SOC stocks, but the
limited clay- or organo-mineral stabilization potential of these soils limits their capacity to retain solu-
ble organic amendments. Phaeozems imply an interesting scenario for SOC management in the con-
text of climate and vegetation change. These high-SOC soils have formed in regions where forest and
grassland vegetation have been in tension for millennia and may possess SOM-stabilizing processes
typically attributed to one or the other (but not both) of these vegetation types. That is, while physical
aggregation has been viewed as more important in grasslands, and organo-metal (Al, Fe) complexation

Table 11.7 Management considerations and supporting references for key RSGs discussed in the

subtropical humid forest GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Acrisols 50 N-fixers or fertilization can
restore diminished
productivity, but soluble
organic amendments are
poorly retained

Pegoraro et al. (2010),
2016; Zhang et al. (2014)

Alisols 12 Higher-activity clays and
mineral surfaces retain
more SOC than Acrisols,
but more susceptible to
erosion

Ma et al., 2015; Wu et al.
2017

Phaeozems 4 Multiple processes stabilize
C, promoting larger SOC
stocks than co-occurring
soils

Barthold et al. (2013);
Helfrich et al. (2010);
Rodionov et al. (1998);
Schoening et al. (2005)
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more important in forestsdresearch shows that organo-metal stabilization occurs in, and stabilizes
large amounts of SOC in Phaeozems currently supporting grassland (Masiello et al., 2004). This is
a reminder that the management of SOC cannot necessarily be achieved through the management
of vegetation, at least on the timescales of the latter.

Subtropical dry forest zone
Forests cover about one-quarter (0.6 million km2) of the subtropical dry zone, which carries a different
set of climate and land use pressures and SOC vulnerabilities along with its dry climate and generally
lower vegetation productivity. Here, grazing and changes to forest structure and soils that can result
from itdincluding grass invasions, regeneration failure, and firedare key drivers of SOC vulnerability
(Abril et al., 2005; Bonino, 2006; Conti et al., 2016; Potes et al., 2012; Wolfe and Van Bloem, 2011).
The proactive approach to avoiding SOC losses due to these drivers is to manage grazer density in
order to avoid direct, physical impacts to SOC and indirect feedbacks through vegetation change
(Assefa et al., 2017). Reforestationdwhether as supplemental planting in disturbed forests, or new for-
est establishment where it has been lostdis effective for increasing SOC, which increases with tree
density (Oubrahim et al., 2016). In the subtropical dry zone, the seasonally dry climate exacerbates
the challenge of re-establishing forests when they are lost. However, because the risk of extreme
fire is related to the density of seasonally dry vegetation and fuels and interactions with drought
and insect pests (Anderegg et al., 2015; Kolb et al., 2016), overstocking can be a source of vulnerabil-
ity, so active management to hold fuel loads at acceptably low levels mitigates fire related risk of SOC
loss (Ruiz-Peinado et al., 2013, 2017). Where fires occur, salvage logging is a common practice, and in
these cases, retention of residues is recommended in order to avoid exacerbating fire-driven SOC los-
ses (Santana et al., 2016). When plantations are established in the subtropical dry zone, it is often after
deforestation has occurred and is practiced as a remediation technique following the intervening land
use (e.g., grazing) or disturbance (e.g., fire). In these cases, plantation forestry is an active alternative to
natural regeneration, which can fail for various reasons, and is known to increase SOC. Species selec-
tion matters, as with other zones, because associated traits such as fire tolerance, N-fixation, fast
growth, deep rooting, and high root to shoot ratios, can affect whether plantings succeed, SOC
increases or decreases (Guedes et al., 2016; Hoogmoed et al., 2012, 2014; Maraseni et al., 2008;
Richards et al., 2007).

Globally, Luvisols and Cambisols are the most extensive soils in the subtropical dry zone, but
easily degraded Leptosols and Lixisols are also extensive (Tables 11.1 and 11.2). The principal distinc-
tion between Luvisols and Cambisols that informs their SOC management is how their differing devel-
opment influences their capacity for subsoil SOM stabilization (Table 11.8). Specifically, Luvisols,
with their subsoils of high-activity clays and considerable amount of remaining primary minerals
that will weather to clay, have greater capacity to stabilize SOM and buffer it from short-term changes,
which are often notable for Cambisols. Lixisols are essentially older and more strongly weathered
Luvisols; their surface soils are vulnerable to structural deterioration and the resulting loss of occluded
OM, while their subsoils are characterized by low-activity clays with less capacity for organo-mineral
stabilization. Therefore, Lixisols are a case for conservative management in that they can readily lose,
but not easily regain, SOC. Where degraded or converted to other land uses, a combination of refor-
estation (or agroforestry) and physical protection of the soil surface (e.g., amendments) is likely the
most effective means to mitigate the loss or promote the recovery of lost SOC.
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Subtropical mountain systems
Subtropical mountain systems cover w6.5 million km2 and are on a global basis about one-third for-
ested. This GEZ includes a wide range of forest and soil types because its wide, steep altitudinal gra-
dients, often spanning diverse parent materials, confer dramatically different climatic conditions over
compressed areas. At one extreme, i.e., low elevations with ocean-moderated climates, these forests
are warm, wet, productive, and dominated by subtropical tree taxa growing on mature landforms
and soils. At the other extreme, subtropical mountain systems can host temperate or even boreal (often
coniferous) tree taxa growing on high-elevation terrestrial “islands,” where landforms may have been
recently deglaciated and soils are young. Because altitude plays such a strong role in influencing the
spatial distribution of forest types and SOC stocks in subtropical mountain zones, climate change inter-
actions with other ecosystem properties and sources of SOC vulnerability are critical (Li et al., 2016;
Singh et al., 2011). For example, even baseline SOC stocks have shifted with climate change in recent
decades, though rates differ across landforms and land uses (Martin et al., 2010). In this zone, as with
others in the subtropical domain, deforestation is the principal direct source of SOC vulnerability
(Dorji et al., 2014; Falahatkar et al., 2014; Yimer et al., 2007). Losses may be mitigated if partial forest
cover is retained during the land use change, either by retaining trees on grazed parcels, or retaining
forests in a rangeland-forest mosaic (Renison et al., 2009). Nonetheless, across this ecological zone,
deforestation is occurring to open land for grazing and cultivation, and these conversions show a gen-
erally consistent signal of decreased SOC from the forest condition, especially when the land use
change is to cultivation. On the other hand, reforestation, forest-to-plantation conversion, or species
management within existing forestlands can be used to select for species that are associated with
high rates of C uptake and SOC accumulation (Jiang et al., 2011; Diaz-Pines et al. 2015; Schomakers
et al., 2017). Appropriate species and management strategies vary depending on soils, however, of
which subtropical mountain systems have a wide variety. As in the subtropical dry forest zone,

Table 11.8 Management considerations and supporting references for key RSGs discussed in the

subtropical dry forest GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Luvisols 37 Amendments or retained
residues may increase SOC
due to the stabilization
capacity of high-activity clays

Noble et al. 2000; Thomas
et al. 2007

Cambisols 25 SOC can turn over quickly;
surface residues and
pyrogenic C do not persist
due to limited SOM-stabilizing
clays and metals

Jimenez-Gonzalez et al.
(2016); Maria de la Rosa
et al. (2018)

Lixisols 7 Low clay activity of subsoil
drives loss of SOC during
deforestation; agroforestry
can mitigate losses

Beedy et al. 2010; Dawoe
et al. 2014; Garland et al.
2018
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Luvisols (46%) and Cambisols (17%) predominate, but Leptosols, Kastanozems, and Regosols are
also common.

Management of SOC on Luvisols and Cambisols in subtropical mountain systems share similar
considerations with these RSGs in other ecological zones, as influenced by their divergent physical
factors (e.g., high vs. low capacity, respectively, for SOC stabilization on clay minerals). The other
RSGs that are widespread in forests of subtropical mountain systems warrant special discussion
(Table 11.9). Watershed management and slope stabilization are important to SOC management in
subtropical mountain systems because of steep slopes and extensive areas of easily eroded soils
(Leptosols and Regosols). Leptosols, which are rocky, shallow, and typically steep, and Regosols,
which are weakly-developed soils often found forming in the alluvial deposits below eroding Lepto-
sols, are physically vulnerable soils that tend to have very low and superficial SOC stocks (Ozsoy and
Aksoy, 2011; Sevink et al., 1998). If subjected to erosion, such as after fire or forest clearing, the
limited organic matter in these soils can be lost off site and negative feedbacks to soil stability and
forest re-establishment can follow. However, the erosional-depositional processes common in humid,
mountainous systems can bury and stabilize old soil C, and weathering processes in new alluvial
deposits can create new mineral surfaces for SOM stabilization quite rapidly (Morisada et al.,
2004; Portes et al., 2016; Turk et al., 2008). Where these soils have been destabilized, re-
establishing forest vegetation and litter (or other detrital) cover is the most effective management strat-
egy for protecting soils from continued erosion. Kastanozems are noteworthy among soils of the GEZ
because they developed historically under grassland vegetation. The presence of forest on these soils
represents climate and disturbance regimes that have favored forest expansion in recent centuries, but
are likely to deteriorate as the climate warms and dries and soils on the forest-grassland continuum
transition toward RSGs that hold less SOC (Barthold et al., 2013; Dimeyeva et al., 2016; Krupenikov
et al., 2011). At present, the organic-rich Kastanozems have inherently higher productivity than Lep-
tosols and Regosols, but their SOC is similarly vulnerable to erosion in steep montane settings.

Table 11.9 Management considerations and supporting references for key RSGs discussed in the

subtropical mountain systems GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Leptosols 9 Water-stable aggregates
protect SOC and erosion,
but are vulnerable to
intensive agroforestry,
deforestation, fire

Ingelmo et al. (2001);
Kizilkaya and Dengiz
(2010); Le Bissonnais et al.
(2018); Martin et al. (2012)

Kastanozems 7 SOC in steeply sloping soils
can be protected by
mulching and organic
amendments

Baptista et al. (2015)

Regosols 5 Site access for reforestation
and slope stabilization is
difficult but necessary to
mitigate erosion, SOC
losses, and feedbacks

Hua et al. (2016);
Fernandez-Romero et al.
(2014); Lado et al. (2016)
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Patterns within domains: temperate domain
Temperate oceanic forest zone
The temperate oceanic forest GEZ occupies just over 3 million km2, and is approximately one-third
forested on a global basis. Ecosystems in this GEZ, which is characterized by an oceanic climate
with the coldest month’s mean temperature remaining above freezing, are most extensive in western
Europe, but are also distributed across maritime areas of western North America, southwestern South
America and southeastern Oceania. Forests that have developed in the moderate climate and long
growing season of this GEZ are dominated by large-stature, long-lived taxa (Nothofagus, Picea,
Pseudotsuga), and many grow on highly fertile soils. As a result, SOC stocks are larger in this zone
than in others of the temperate domain (Table 11.2). These forests are therefore economically valuable
and active management and plantations are common. However, key SOC vulnerabilities in this zone
include the conversion of native forests into plantations (Prietzel and Bachmann, 2012; Turner and
Lambert, 2000), and, in ecoregions with seasonally dry climates, wildfires capable of consuming sig-
nificant amounts of O-horizon and even mineral soil C (Homann et al., 2015). The capacity of these
forest ecosystems to accumulate large C stocks in soil, live biomass and woody debris, suggests main-
taining non-managed forests on some fraction of large landscapes may be optimal with respect to C
storage (Homann et al., 2005; Matsuzaki et al., 2013; Schulp et al., 2008). Where active management
is practiced, SOC losses may be mitigated by selection of plantation species with high SOC density
(Oostra et al., 2006; Schulp et al., 2008), grown over longer rotations than typically practiced (Gray
andWhittier, 2014). Retaining harvest residues may help maintain O-horizon and mineral soil C pools;
if these pools are diminished, their resulting nutrient removals may be mitigated with fertilization to
maintain vegetation productivity and feedbacks to SOC (Hopmans and Elms, 2009; Jones et al., 2011).
However, large trees produce significant quantities of harvest residues which, if not managed (e.g.,
chopped and scattered) can act as ladder fuels in wildfires. The diversity of soils, forests, and even gen-
otypes of economically important tree species in the temperate oceanic forest zone have spurred close
connections between research and management that optimizes practices to the unique properties of
individual sites (Chappell et al., 1991; Turner et al., 2001). Broad generalizations based upon RSGs
may therefore be useful in some situations, especially if site-specific information is limited, but do
not diminish the ability for even intensively managed forests to maintain their SOC in comparison
to the non-managed forests that are often considered the baseline (Bravo-Oviedo et al., 2015; Jurevics
et al., 2016).

Soil physical and chemical properties are an important basis for management decisions, and these
vary considerably between the three most widespread soils in this zone (Tables 11.1 and 11.10):
Cambisols, Podzols, and Andosols. Cambisols, because of their incipient development, have lower
contents of Al and Fe hydroxides and therefore less capacity to stabilize SOC (Schoening and Kogel
knabner 2006; Spielvogel et al., 2008). As a result, subsoil C in Cambisols is largely root-derived com-
pared to Podzols, which develop their larger, more stable subsoil SOC stocks via vertical translocation
of organo-mineral complexes (Rumpel et al., 2002). This difference highlights why Cambisols may be
the RSG with the greatest potential for positive SOC responses in this GEZ. Specifically, where Cam-
bisols are found in parent materials high in plant nutrients, active management of fast-growing species
may promote deep rooting and accelerated mineral weathering that creates SOM-stabilizing clays and
metal hydroxides. In contrast, the Podzols and Andosols of this GEZ possess much larger SOC stocks
than in other zones, arguing for management approaches that aim to maintain SOC stocks rather than
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attempt to increase them (a questionable proposition). In a sense, Podzols are the logical conclusion of
soil development and SOC accumulation the cool, wet climate of this GEZ. Their high SOC densities
result from a large pool of physically vulnerable C in fire-vulnerable surface detritus (the O horizon),
some of which is transferred into subsoils where C is more stable but nonetheless vulnerable to climate
change and disturbance (Pengerud et al., 2014; Sanborn et al., 2011). Podzols and Andosols share the
metal hydroxide mechanism of SOM stabilization, but Andosols have several differences with impli-
cations for their SOC management. Namely, Andosols tend to be deeper soils, have greater porosity
and rootability, lower bulk density, and possess well-developed hierarchical aggregates that provide
an additional mechanism of C stabilization (Asano and Wagai, 2014; Parfitt, 2009; Takahashi and
Dahlgren, 2016). As a result, physical properties and SOC stocks on Andosols are probably less sus-
ceptible to deleterious management impacts than on Podzols.

Temperate continental forest zone
The temperate continental zone, which is slightly less than one-half forested, covers nearly 12 million
km2 and as a result spans a very wide range of climates, forest, and soil types. It is likely the best-
studied zone in many aspects, including SOC management. Similar to temperate oceanic forests, key
SOC vulnerabilities include wildfires and harvest residue removals (e.g., by slash burning or “whole
tree” biomass harvesting). Negative impacts of residue removal are not the norm (Vance, 2018), but
some reviews indicate that removing residues sometimes causes SOC losses, and a prudent approach
is therefore to retain them to ensure that C stocks and the other ecosystem services they support are main-
tained (Janowiak and Webster, 2017; Thiffault et al., 2011). Nonetheless, harvest residues are potential
fuel in many temperate continental forests, so managing them (e.g., chip and scatter, broadcast burn)
may mitigate against larger problems (and SOC losses) occurring due to uncontrolled high-severity fires.

Table 11.10 Management considerations and supporting references for key RSGs discussed in the

temperate oceanic forest GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Cambisols 48 Residue retention can
minimize compaction on fine-
textured soils and may
promote SOC accumulation

da Costa et al. (2016);
Klaes et al. (2016)

Podzols 21 Maintenance of SOC
depends upon stability of
climate, absence of
disturbance, continued C
inputs via detritus and soluble
organic matter

Pengerud et al. (2014);
Sanborn et al. (2011)

Andosols 15 Organomineral and
aggregate-bound C pools are
large and resistant to
disturbance; physical
structure is resilient to
compaction

McNabb and Boersma
(1993); Panichini et al.
(2017)
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In general, prescribed fires and low-severity wildfires generally cause smaller SOC losses than high-
severity wildfires, justifying proactive burning or allowing low-severity fires to burn as a way to manage
SOC (Bennett et al., 2017; Jandl, 2007; Nave et al., 2011). Over large areas and long timescales, fuel
reduction treatments (with or without prescribed fire) have uncertain effects on the C balance of fire-
prone ecosystems and soils (Restaino and Peterson, 2013), but that is small comfort to individual forest
owners and managers concerned with protecting SOC on specific lands. This highlights the importance
of site- and project-specific plans for management involving harvest residues and fuels.

Unlike residue and fuel management, reforestation is an activity that has generally very consistent
and positive impacts on SOC, across a range of spatial levels and project sizes. Whether after harvesting,
fire, or other disturbances or intervening land uses, reforestation and afforestation increase SOC stocks in
temperate continental forests over decadal timescales (Cunningham et al., 2015; Laganiere et al. 2010;
Nave et al., 2013, 2018a; 2019). Where tree establishment is on previously non-forested lands, affores-
tation has the dual benefit of increasing SOC density and increasing forest area. Additions of N to forests
are another way to increase SOC stocks in the temperate continental GEZ. Increases vary depending on
many factors, including the form and timescale over which N is input, but commercial-scale fertilizer
applications, inclusion or retention of N-fixing vegetation, and high rates of atmospheric N deposition
are all associated with SOC increases (Hoogmoed et al., 2014; Johnson and Curtis, 2001; Nave et al.,
2009). However, over-addition of N can cause its own set of problems (e.g., soil greenhouse gas emis-
sions, eutrophication of water bodies), and may not be the factor that controls primary production in
many ecosystems or C storage in many soils. Thus, these general patterns should be informed by
site-level constraints and knowledge of the unique properties of their soils.

The most widespread soils in the temperate continental zone are a relatively even mix of Podzols,
Luvisols, and Albeluvisols. Podzols and Luvisols differ substantially in many ways, including parent
material, morphology, dominant soil-forming processes and mechanisms of SOM stabilization
(Table 11.2; Sanborn et al., 2011; Lavkulich and Arocena, 2011). However, they are frequent associ-
ates at landscape to hillslope levels, where they are hydrologically coupled and even intergrade mor-
phologically as Albeluvisols. Thus, despite differences in properties that inform their physical
vulnerabilities (e.g., to compaction) and SOC management (e.g., Al-hydroxide vs. clay mineral C sta-
bilization), these soils are justifiably considered as a coupled system (Table 11.11). In other words,
management occurring on one of these soils may produce impacts on another. For example,
organo-mineral C that is released from an upland Podzol subsoil following harvesting may be laterally
transported in groundwater through a closely associated hillslope Albeluvisol, and ultimately stabi-
lized on clay minerals in a low-lying Luvisol. This potential raises an important issue: attempts to
quantify management impacts on SOC, typically as a stock change on the site where the management
occurs, may be missing farther-reaching responses and therefore under-estimating effects. Where these
soils are present as discrete units, differences in their properties do afford some clearer distinctions in
terms of SOC management. For example, SOC in the coarse-textured, drought-prone Podzols is more
vulnerable to loss via fires, and severe fires may render reforestation difficult. In contrast, the clayey
Luvisols, which can be wet to the point of developing stagnic conditions, may afford opportunities to
gain SOC (or mitigate its loss in a warming, drying climate) through hydrologic management that
maintains saturated conditions that drive organic matter persistence. As another example, to the degree
that plant production and detrital inputs are responsible for C stocks in these soils (e.g., the O hori-
zons), the acidic, low-fertility Podzols may show stronger N-fertilization responses than Luvisols,
where many dominant tree taxa are calciphilic and limited by base cations.
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Temperate mountain systems
Temperate mountain systems cover approximately 5 million km2 on Earth, and are overall about 40%
forested. Similar to mountain systems of other domains, temperate mountain systems have highly het-
erogeneous topography, parent materials, climate, soils, and forests. This variability is enhanced
because portions of most temperate mountain systems were glaciated until the recent past; thus,
even within localized areas, soils may span orders of magnitude in their ages, SOC stocks and asso-
ciated forest cover types (Whelan and Bach, 2017; Zhou et al. 2016). Despite their uniquely high spa-
tial heterogeneity, temperate mountain forests share fire as a major source of SOC vulnerability with
the other temperate forest GEZs. However, post-fire erosion is a more significant consideration in
mountains due to steep topography and orographically-enhanced precipitation (Baird et al., 1999;
Bormann et al., 2008; Cui et al., 2014). Severe or repeated fires can cause drastic changes in vegetation,
such as forest to meadow (Buma and Wessman, 2013; Fletcher et al., 2014; Kashian et al., 2006).
Because of the potential for significant declines in SOC and forest area, stem density and fuel manage-
ment treatments such as thinning with harvest residue removals may avert or mitigate SOC losses that
occur with severe wildfires (Agee and Skinner, 2005; Page-Dumroese and Jurgensen, 2006). As with
any system, context, site specific details and tactics matter, as do the nature, number, sequence and
timing of disturbances-all sources of variation that are highlighted by the variability in SOC responses
to harvesting and fuel management (Buma et al., 2014; Esquilin et al., 2008; Jang et al., 2016;
Kranabetter and Macadam, 2007; Switzer et al., 2012). As the fuel loading consequences of long-
term fire suppression, lack of management, and increasing wildfire threat due to climate change con-
tinue to undergo positive feedbacks in temperate mountain systems, decreases in SOC are likely
(Kashian et al., 2013; Littell et al., 2009). In the context of dramatically shifting baselines (e.g., veg-
etation cover, SOC stocks, and “normal” fire seasons), climate-adaptive forest management strategies
may help maintain (or mitigate the loss) of SOC. Specific approaches can include assisted migration of
adventive species that have evolved under hotter, drier climates, individual genotypes or families from
widely distributed species, or upslope treeline migration. These approaches can increase forest struc-
tural complexity, SOC, and their resilience to disturbances and climate change (Bojko and Kabala,

Table 11.11 Management considerations and supporting references for key RSGs discussed in the

Temperate Continental Forest GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Podzols 22 O horizon and organo-mineral
subsoil C may be destabilized
by harvesting or climate
change

Rothstein et al. (2018);
Ussiri and Johnson (2007)

Luvisols 22 SOC is overall less vulnerable
than Podzols due to thinner O
horizons and subsoil C
stabilization via clay minerals

Lavkulich and Arocena
(2011)

Albeluvisols 21 Destabilized SOC may be
hydrologically transported
across soil-landscape units

Bockheim (2003), 2011;
Gillin et al. (2015)
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2017; Chmura et al., 2011; Hof et al., 2017). In this regard, the significant variation in climate, phys-
iography, and tree genoytpes in temperate mountain systems confers an advantage on climate change-
informed forest management, because the performance of distinct lines and populations of key species
has long been empirically tested across a range of conditions (Campbell, 1991). Looking to the future,
seed zone guidelines such as those provided by Campbell (1991) and others may become very useful
for plans involving assisted migration of genotypes, families, or species.

Soils of temperate mountain systems include Cambisols (38%), Podzols (27%), and Luvisols
(13%). Detail on these soils from previous sections will not be duplicated here. Rather, three specific
cases furnish examples of how highly compressed spatial variation and interactions between topogra-
phy, climate, vegetation, and soil in temperate mountains can be used to inform SOC management.
First, higher elevations and shaded slope aspects may represent physiographic refugia for protecting
high-SOC, climate-threatened soils such as Podzols (Nauman et al., 2015). Because of the strong
role that snowmelt and acidic vegetation inputs play in driving SOC maintenance in the coarse-
textured Podzols, this may be an RSG whose SOC is readily managed by manipulating forest cover
types or establishing keystone tree species. Seconddand in contrast– the finer-textured Luvisols,
with their higher water holding capacity and inherent fertility, may be suitable for more aggressive
management tactics (e.g., harvest residue removals, forest floor scalping) that can exert negative
impacts on soil and plant productivity on more drought-prone or low-fertility soils (Page-Dumroese
et al., 2010). Third, comparing SOC stocks in temperate mountains (Table 11.2) to RSGs that formed
during historic grassland-forest tension in this GEZ (Chernozems, 177 Mg C ha�1; Kastanozems,
141 Mg C ha�1) suggest potential for major SOC losses if forest RSGs are converted to grassland
RSGs through increasingly frequent, extensive and severe fires. Thus, Chernozems and Kastozems
may be priority areas for active fuel management, fire control, and reforestation in order to maintain
forests and their higher SOC stocks.

Patterns within domains: boreal domain
Boreal coniferous forest zone
At nearly 19 million km2, the vast boreal coniferous forest zone is over three-quarters forested. Like
other GEZs, SOC in this zone is fire-vulnerable (Harden et al. 2000). In boreal forest, severe fires not
only emit large amounts of C from biomass and soils to the atmosphere, but can convert closed-canopy
black spruce forests with massive moss, woody debris, and SOC stocks to forest types that are less
productive and hold less SOC, such as open-canopy spruce-lichen woodlands (Bastianelli et al.,
2017; Bond-Lamberty et al., 2007). Because high-severity fires can be very extensive in this GEZ,
one option to mitigate assumed, future fire-induced SOC losses is to use harvesting to create young,
low-fuel stands in landscapes dominated by older, high-fuel stands where the former may act as fire-
breaks (Boulanger et al., 2017). On the other hand, because vegetation grows slowly, O-horizons hold
much of the SOC, and C cycles slowly, C removed from these ecosystems takes a long time to replace
(Prescott et al., 2000). Thus, considerable research has been devoted to whether SOC stocks are gen-
erally susceptible to loss as a function of harvest removals. Research suggests there may be less SOC
loss from thinning than clearcutting (Kishchuk et al., 2016; Kreutzweiser et al., 2008), and that avoid-
ing removal of residues and stumps minimizes SOC loss (Clarke et al., 2015; Jiang et al., 2002; Pare
et al., 2002; Walmsley and Godbold, 2010). Opportunities to increase SOC mostly pertain to active
interventions in areas that have already burned, where the default management is often “hands-off.”

238 CHAPTER 11 Soil carbon management



In such settings, felling residual (burned and unburned) snags directly augments O horizons with
inputs of slowly decomposing woody material, and can feed back to accelerated O-horizon accumu-
lation via paludification (Hagemann et al., 2010; Jacobs et al., 2015). In the context of climate change,
managing vegetationdwhether following fire, or in its absencedto transition from slow-growing con-
iferous taxa with high SOC density (e.g., Picea spp.) to faster-growing taxa with reasonably large SOC
stocks (e.g., Populus tremuloides, Luckai et al., 2012) or more fire-tolerant species with fast rates of
postfire SOC recovery (e.g., Pinus banksiana, Norris et al., 2009) may, in the long term, have a net
positive effect on SOC stocks compared to no intervention. Species selections aimed at increasing
SOC stocks may be more realistic in northern European boreal coniferous forests, where management
is more widespread, but evidence there is ambivalent regarding the influence of species on SOC stocks
(Berg et al., 2009; Stendahl et al., 2010).

As in other GEZs, SOC stocks vary widely in the boreal coniferous forest, most notably with
hydrology, bryophyte cover, and soil characteristics (Harden et al., 1997; Kranabetter, 2009; Shetler
et al., 2008). The most extensive RSGs are Cryosols (25%), Podzols (20%), Albeluvisols (18%),
Cambisols (16%), and Histosols (11%). The extensive area and very high SOC density of Cryosols
is alarming in the face of a warming climate and the vulnerability of permafrost SOC (Schuur
et al., 2015). Rising temperatures and the additional warming to which Earth is committed due to
past and present CO2 emissions suggest that some share of the SOC in Crysols will not remain frozen.
Thawing of Cryosols and emission of permafrost C could conceivably be delayed in key areas by fell-
ing snags and trees (as mentioned above for promoting paludification), insulating the soil with deep
organic detritus and possibly increasing snowpack accumulation and albedo (Gray 1975; Troendle
and King, 1985). That said, current SOC stocks in this RSG (Table 11.2) suggest that transitions
from Cryosols to Albeluvisols, Podzols, or Cambisols would maintain SOC stocks at 75%e85% their
current values. Furthermore, where saturation persists (or expands as permafrost melts) and inhibits
decomposition, SOC may even increase: on average, Histosols have 65% higher SOC densities than
Cryosols in the boreal coniferous forest zone. While this speculation is based on assumptions that
are themselves sensitive to changing climate, it highlights three management activities that could con-
ceivably maintain SOC stocks in key areas. First, maintain inputs of organic matter to the soil surface,
e.g., through harvest residue retention, as to keep soils as cold and wet as possible. Second, where pos-
sible, manage hydrology directly, as through impoundments, to maintain or increase saturation. Third,
where critical soil transitions occurdespecially on formerly frozen upland soilsdutilize active man-
agement to minimize fires, reforest after disturbance, and select for the southernmost species that will
tolerate current and future disturbance regimes for a given soil texture and drainage condition. For the
latter of these three activities, this likely means more nutrient-demanding taxa such as P. tremuloides
and P. tremula (and, perhaps Betula spp. currently more common to the south) on finer-textured, more
cation-rich Albeluvisols, and southern genotypes of P. banksiana and P. sylvestris on coarser and more
acidic soils likely to develop into Podzols.

Boreal tundra woodland
The boreal tundra woodland ecological zone (10 million km2), which is about one-half forested, spans
a range of woody plant densities from shrub tundra to woodland. This GEZ has received much atten-
tion for SOC vulnerability to permafrost thaw due to warmer soil temperatures, longer mineralization
seasons, and feedbacks involving wildfires and hydrology (Hobbie et al., 2000; O’Donnell et al., 2011;
Wilmking et al., 2006). As forests expand into tundra during permafrost thaw, detrital inputs to soil
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may increase, but changes in SOC may occur in either direction (Hartley et al., 2012; Parker et al.,
2015; Steltzer, 2004). In contrast to this ambiguity, it is clear that N inputs have positive effects on
SOC. In northern Europe, where a larger fraction of boreal tundra woodlands are managed or subject
to atmospheric N deposition, N inputs can improve tree growth for economic purposes, while increas-
ing detritus inputs, slowing decomposition, and increasing C storage in O-horizons (Berg, 2000; Hyvo-
nen et al., 2007; Makipaa, 1995; Prescott, 2010). If active management follows forest expansion into
this GEZ, it is likely possible to increase SOC storage through N-fertilization. However, C accumula-
tion in surface detritus and litter is not without risk; these materials are fuels and fire management will
therefore be critical to realize the potential C gains associated with fertilization.

The most widespread soils in the boreal tundra woodland are Cambisols, Cryosols, and Histosols,
where the SOC densities of these widely distributed soils are 10%e30% higher than boreal coniferous
forests and 70%e130% than temperate continental forests (Table 11.2). Superficially, these three soils
are quite distinct (Table 11.1), but in boreal landscapes they often inter-grade based on their depth to
permafrost and amounts of organic versus mineral materials. The presence of mineral soil materials is
a critical factor for SOC management in these soils because it can determine whether SOC that was
previously frozen or saturated has secondary stability via clay minerals, Al and Fe hydroxides, or
Ca bridging (Table 11.12; Tarnocai and Bockheim, 2011; Shaw et al., 2008). In many cases, physical
changes due to warming and drying (e.g., drainage, subsidence) can be sufficient to shift soils currently
classified as Cryosols or Histosols to Cambisols, the latter of which are frequent associates on warmer,
drier, or higher topographic positions in Cryosol or Histosol-dominated landscapes. The extensive area
of Cambisols in this GEZ indicates the very wide range of parent materials, landforms, vegetation
types, and SOC stocks associated with these soils, highlighting the difficulty of generalizing at broad
scales. In ecoregions, landscapes, or landforms where Cambisols are reasonably accessible, freely
drained, and capable of supporting forest, they afford the widest latitude in SOC management options
because of their physical characteristics. Because their limited degree of development in many places
results from low vegetation productivity and short thaw seasons, practices that increase forest stocking

Table 11.12 Management considerations and supporting references for key RSGs discussed in the

Boreal tundra woodland GEZ.

Reference Soil
Group (RSG)

Percent of
forest area

Management
considerations References

Cambisols 38 Burning, site-dependent
warming and drying may
increase C transfer to and
stabilization in subsoils over
long timescales

Smith et al. (2011); Shaw
et al. (2008)

Cryosols 22 Mineral soils have C
stabilization mechanisms that
organic Cryosols lack;
accessibility for management
is likely to decline with thawing

Tarnocai and Bockheim
(2011)

Histosols 21 Saturated conditions are
critical to protect SOC from
mineralization and fire

Hugelius et al. (2014)
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and production rates (e.g., supplemental planting, fertilization) on climatically favorable sites may in
the long run lead to SOC gains as detrital inputs accumulate and pedogenesis advances. The very high
SOC densities of Histosols in the boreal tundra woodland (nearly double those of Cryosols) reflects the
difficulty of constraining their distribution and depth (Hugelius et al., 2014), but suggests that thawing
alone does not mean the release of all C held in Cryosols.

Boreal mountain systems
Boreal mountain systems (14 million km2 and about two-thirds forested) represent an extreme tension
zone in the context of climate change-they combine the vulnerability of permafrost SOC with strong
localized contrasts in landforms, climate, vegetation, fire, and hydrology, all of which strongly affect
SOC stocks and distributions (Johnson et al., 2011a,b). Because these mountain systems intergrade
with temperate mountain systems, they share several similar sources of vulnerability; most notably,
insect outbreak and fire interactions, which will likely continue to advance northwards as climates
warm (Kurz et al., 2013). Similarly, the tundra-to-forest transition that is occurring laterally in boreal
tundra woodlands is also occurring with altitude in boreal mountain systems. This transition clearly
increases C storage in aboveground vegetation, but because its impacts on SOC are difficult to general-
ize (Kammer et al., 2009; Kirdyanov et al., 2012), it is not clear whether assisted upslope treeline
migration can be used to increase SOC. However, because the intensification of wildfires now occur-
ring in temperate mountain systems will likely advance into the boreal domain, reforestation will
become an important means of mitigating SOC losses due to fire. Where possible, selecting species
with climate-fire interactions in mind will help ensure rapid and robust reforestation, in order to
more quickly restore forest cover in what will likely be an increasingly challenging environment
for forest establishment as climate change progresses (Cai et al., 2013).

The most widespread soils in boreal mountain systems are similar to other boreal zones, including
Cryosols (39%), Cambisols (29%), and Podzols (20%), but there are relatively fewer Histosols (9%)
and a notable presence of Andosols (2%). In some ways, boreal mountain systems are similar to tem-
perate mountain systems in terms of SOC management, most notably in that topography may be a use-
ful tool for maintaining soils with large, vulnerable SOC stocks in the face of climate change (e.g.,
Cryosols) on north slopes and high elevations (Bockheim and Munroe, 2014; Dymov et al., 2013).
On the other hand, while management might conceivably be used to promote SOC gains in Histosols
through forest or hydrologic management (e.g., via tree felling or impoundment) in more low-lying,
low-relief boreal zones, steep topography evidently limits Histosol development in boreal mountain
systems and indicates why such activities are not favorable here. The Andosols of boreal mountain
systems, while low in proportion, still occupy >200,000 km2; given their greater extent and very
high productivity in temperate zones to the south, the potential appears to exist for more intensive man-
agement to follow the warming climate northwards.

Concluding remarks
In this chapter, we assessed forest SOCmanagement across discrete ecological zones and soil types. This
survey was not comprehensive, but intended to identify broad generalizable patterns while recognizing
important site and landscape-level variability. This review also was intended to be an inclusive and
defensible representation of management activities that affect forest SOC. Recognizing that soils are
diverse and offer many exceptions, we offer three generalizations that guide our understanding of vul-
nerability of SOC to global change, and how management may aid in maintaining or enhancing SOC:

SOC vulnerability and management across Earth’s forests 241



• Where soils store large fractions of C in O horizons or topsoils, disturbances that alter the
processes maintaining those stocks (e.g. detrital inputs, saturated or frozen conditions) increase
SOC vulnerability; management that restores or maintains those processes may have a positive
effect on SOC storage. At best, that positive effect may be a net gain, but mere recovery of lost
SOC is the more realistic (and nonetheless challenging) target.

• Carbon held in subsoils may be less vulnerable to short-term losses (e.g. by wildfire or erosion)
due to physical isolation, aggregation, or organo-mineral association, but when it is negatively
impacted by disturbances, management options for recovery are few, and likely slow to
materialize.

• Given that SOC is only one of the many components that comprise the integrated unit that we
call a forest ecosystem, soils and C stocks are not managed in isolation of other ecosystem
components. Managing SOC may be best achieved by managing other factors, such as vege-
tation, according to the limits imposed by still other factors such as climate and landform.
Viewed as a part of the whole, forest soil C benefits become one outcome of management
activities directed at the entire system, which may take decades to appreciate. Likewise,
management to influence SOC can have unintended or undesirable impacts on other compo-
nents, and is thus best considered in context.

Ultimately, there is a clear need for more researchdespecially on operational treatments and con-
trolled experimentsdto fill spatial and conceptual gaps in our understanding, and to extend the time-
scales over which we measure changes in forest SOC. Timescale becomes all the more important
when considering that forests, soils, research agendas, researchers and forest managers all change,
and at different rates. Research agendas change quickly, and with them the terminology, context and jus-
tification for studies of forest soil C. Thorough reviews (e.g., McFee and Kelly, 1995) and seminal works
(e.g., Romell and Heiberg, 1931; Lutz and Chandler, 1946) as relevant today as ever, become forgotten as
new agency directives and funding sources evolve. Researchers and managers with experience in forest
SOC leave the field or retire; those most persistent have careers long enough to witness a full cycle of
change in forest vegetation following a management intervention at a site they know well. Soils, how-
ever, have histories that vastly exceed those of agencies, people, and treesdthey are recorders. Soils
present evidence of events that have occurred over much longer timescales than do other parts of forest
ecosystems, such as the vegetation with which people are so often concerned. Soils are just as readily
modified by global change and direct intervention, but their changes are more difficult to observe and
may take longer to manifest than what we observe aboveground. Similarly, when abused, soils take
long to recover, especially at the depths where the most stable, oldest SOC is typically sequestered.
In sum, these realities influence not only our attempts, but our methods and abilities to detect manage-
ment impacts on forest soils, and assess their role in longer-term biosphere C sequestration.
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