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Executive Summary

Forests are expected to store additional carbon
as part of the global initiative to offset the
buildup of anthropogenic carbon dioxide (CO,)
in the atmosphere (IPCC 2007). Soil organic
carbon (SOC) stored and cycled under forests is
a significant portion of the global total carbon
stock, but remains poorly understood due to its
complexity in mechanisms of storage and inac-
cessibility at depth. This chapter first reviews
our understanding of soil carbon inputs, losses
from biotic respiration and the different soil car-
bon storage pools and mechanisms. Secondly,
the paper evaluates methods of measurement
and modeling of soil carbon. Thirdly, it summa-
rizes the effects of diverse management histo-
ries and disturbance regimes that compound the
difficulties in quantifying forest soil carbon
pools and fluxes. Alterations of soil carbon
cycling by land use change or disturbance may
persist for decades or centuries, confounding
results of short-term field studies. Such differ-
ences must be characterized and sequestration
mechanisms elucidated to inform realistic cli-
mate change policy directed at carbon manage-
ment in existing native forests, plantations, and

S.P. Price * M.A. Bradford * M.S. Ashton (P<)

Yale University, School of Forestry and Environmental
Studies, Prospect Street 360, 06511 New Haven, CT, USA
e-mail: mark.ashton@yale.edu

agroforestry systems, as well as reforestation
and afforestation. Such knowledge gains will
also provide a theoretical basis for sound, stable
investment in sequestration capacity. Lastly, the
chapter provides recommendations for further
research on those areas of soil carbon where
knowledge is either scant or absent. Key find-
ings of this review comprise what we do and do
not know about soil organic carbon — inorganic
carbon is also an important reservoir, especially
in arid soils, but is not considered here.

What We Do Know About Soil Carbon

Substantial work has been done that provides

knowledge on many processes of soil carbon

dynamics, such as:

* our understanding of how dissolved organic
matter (DOM) additions from litter infiltrate
the mineral soil.

 fine roots are the main source of carbon addi-
tions to soils, whether through root turnover or
via exudates to associated mycorrhizal fungi
and the rhizosphere.

¢ the dynamic between nitrogen deposition and
carbon storage in forest soils is different on
low-quality, high-lignin litter than on high-
quality, low-lignin litter, which provides an
explanation for many contradictory studies on
the effects of nitrogen deposition.

* roots and mycorrhizal fungi produce about half
of total respired CO,, with the balance from
heterotrophic breakdown of organic matter.
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e bacterial and fungal, as well as overall faunal
community composition, are hypothesized to
have significant affects (+) on soil carbon
dynamics.

 fossil fuel burning, particulate deposition from
forest fires, and wind erosion of agricultural
soils is expected to affect microbial break-
down of organic matter and alter forest nutri-
ent cycling.

* organic matter can be stabilized through micro-
bial action, and from these actions by biochem-
ical resistance or by physical protection within
soil aggregates or microsites. Stabilization also
occurs from poor drainage (water logging), fire
and deep charcoal burial, and is dependent on
texture and mineralogy of soil.

What We Do Not Know About Soil Carbon

More research is needed to understand how the

processes of soil carbon dynamics, that are now

becoming understood, vary across different for-
est regions and soil depths. New research is
needed that characterizes:

e controls on the depth of the organic layer by
leaching of dissolved organic carbon (DOC)
into the mineral soil.

 rates of fine root turnover among species and
biomes.

e patterns of bacterial, fungal and plant respira-
tion and responses to physical and biotic fac-
tors and stresses (such as drought, increased
temperature).

e dynamics of functionally-distinct soil carbon
pools, rather than the most-easily measured
and fractionated pools.

e the most accurate methods for quantifying
forest soil carbon stocks and fluxes.

The global nature of the carbon cycle requires

a globally-distributed and coordinated research
program, but thus far research has been largely
limited to the developed world, the top 30 cm of
the soil profile, temperate biomes, and agricul-
tural soils. Forest soils in tropical moist regions
are represented by only a handful of studies, as
are examinations of sequestration of carbon at
depth but, perhaps most importantly, the domi-
nant reservoir of soil carbon is at high latitudes
and the response of this store to climate change is
highly uncertain.
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1 Introduction

Organic carbon enters the terrestrial biosphere
primarily through photosynthesis, and is shunted
to the soil system by leaf- and debris-fall, the turn-
over (cycle of death and new growth) of roots, and
by the allocation of plant photosynthate to mycor-
rhizal fungi and saprotrophic microbes in soil
immediately surrounding roots. Plant residues are
broken down by bacteria and saprophytic fungi,
resulting in a cascade of complex organic carbon
compounds that leach deeper into the soil. Carbon
that leaves the forest soil system exits via CO,
respired by plants, bacteria and fungi (Fig. 2.1),
and through leaching of dissolved organic matter
(DOM) to groundwater and rivers (not shown in
Fig. 2.1).

The divergent respiration pathways differ in
rate, substrate preference (e.g. type of litter, root
or woody debris), and response to environmental
change, complicating our capacity to character-
ize them. Carbon that remains in soil does so
because it is stabilized by its own intrinsic chemi-
cal properties, through production of secondary
microbial compounds, by physical separation
from microbial breakdown, by molecular
interactions with metals or other bio-molecules,
or by freezing, inundation from flooding or
carbonization.

This is an introductory summary of the por-
tion of the carbon cycle that is closely linked and
affected by soil forming processes in terrestrial
ecosystems, and most importantly, in forests.
What is clear is that soil carbon, as a component
of the ecosystem, varies enormously across dif-
ferent forest biomes (Fig. 2.2), and across differ-
ent soil orders (Fig. 2.3).

In general, soil carbon is strongly associated
with rainfall distribution and therefore there is
more carbon stock in forests than in other terres-
trial ecosystems (Fig. 2.4). The nature and condi-
tion of forests, by implication, can therefore play
a critical role in soil carbon sequestration and
storage processes. In this paper the carbon in
soils is described in the form of inputs, losses,
and as that portion of carbon that remains stable
within soil. The paper proceeds with a review of
methods of quantifying soil carbon processes and
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ég Carbon losses off site

Fig. 2.1 Forest carbon flux. A conceptual diagram illus-
trating the limits of the belowground carbon cycle. Arrows
represent fluxes and boxes indicate pools; the size of each
indicates the relative rate of flux or size of pool. Litter and
coarse woody debris on the forest floor are included in the
belowground portion of the forest carbon cycle. NBP net

600

BRh (soil organic matter)

biome productivity, NEP net ecosystem productivity, NPP
net primary productivity, GPP gross primary productivity,
PS photosynthesis, R, heterotrophic (bacterial) respiration,
R, autotrophic (plant and associated mycorrhizal fungal)
respiration, CWD coarse woody debris (Source: Schulze
et al. 2000. Reprinted with permission from AAAS)
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Fig. 2.2 Distribution of world forest carbon stocks by
biome. Tropical forests worldwide contain approxi-
mately as much carbon in living plants (340 Pg) as
boreal forests contain underground (338 Pg), indicating

broad differences in carbon dynamics between biomes
(Source: Data compiled from Vogt et al. 1998; Eswaran
et al. 1995; Goodale et al. 2002; Guo and Gifford
2002)
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Fig. 2.3 Soil organic carbon (SOC) stocks worldwide, by soil order. Histosols store the majority of the world’s SOC due to
seasonal or continuous inundation, and do so at depths between 50 and 100 cm (Source: Adapted from Eswaran et al. 1995)
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Fig. 2.4 Density of soil carbon stocks worldwide. Note
the swaths of highest density across the boreal regions of
North America, Europe and Asia. Across the boreal forest
SOC stocks are spatially variable (Source: US Department

pools directly with measurements and through
modeling. It concludes with a discussion of
effects of management on the carbon in forest
soils and finally makes recommendations on what
further research and knowledge is needed and
where.

of Agriculture, Natural Resources Conservation Service,
Soil Survey Division. Washington D.C. http://soils.usda.
gov/use/worldsoils/mapindex/soc.html. Reprinted with
permission)

2 Carbon Inputs to Forest Soils

Plants absorb CO, and produce sugars under pho-
tosynthesis. Photosynthetic products are used to
drive cellular respiration and root exudation, or


http://soils.usda.gov/use/worldsoils/mapindex/soc.html
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Fig. 2.5 Synthesis of 42 studies of DOC from the tem-
perate forest biome showing annual fluxes of DOC
through the organic and mineral soil profile. The greatest
annual fluxes and greatest variability are for the lowest
humified organic layer (Oa — soil organic layer). The fig-
ure depicts a lack of studies of DOC flux from Oi and Oe
layers. DOC flux decreases with depth in the mineral soil.
Note the significant contribution of DOC from throughfall

are stored for consumption, reproduction, and/or
allocation to root, shoot and wood growth. When
leaves, branches or roots outlast their useful life
and cease to provide a net contribution to plant
growth, they senesce (i.e. cease to live). Plants
thus control the input of carbon to the soil system
via above- and below-ground carbon inputs into
forest soils from plant litter, coarse woody debris,
fine root turnover, and root exudates.

2.1 Aboveground Carbon Inputs:

Litter and Coarse Woody Debris

Carbon from aboveground sources enters the soil
system when it falls to the forest floor in the form
of dead leaves, bark, wood and/or herbivore inputs
such as greenfall, carcasses and frass. Carbon is
lost from surface organic matter as CO, by micro-
bial respiration, by mixing and incorporation of
surface organic matter into mineral soil horizons
by soil fauna, and by leaching of dissolved organic
matter (DOM) of which dissolved organic carbon
(DOC) is an important constituent.

In a synthesis of 42 studies from temperate
forests, Michalzik et al. (2001) reported that

(TF), aresult of microbial breakdown of organic matter in
the canopy. There was no significant difference between
DOC fluxes under coniferous versus deciduous forest.
Bulk bulk precipitation, TF throughfall precipitation, Oi
litter layer, Oe fermented layer, Oa humic layer, A, B and
C successively deeper mineral soil horizons (Source:
From Michalzik et al. 2001. Reprinted with permission)

precipitation was strongly positively correlated
with the flux rate of DOC from the forest floor into
the mineral soil. The concentration of DOC in
leachate from the forest floor to the mineral soil
was positively correlated with pH, suggesting that
more basic conditions favor microbial decomposi-
tion and thus DOC production. They also found
that the greatest annual fluxes and greatest variabil-
ity were in the lowest humified organic layer (Oa).
There were very few studies of DOC flux from the
upper organic layers. DOC flux decreases with
depth in the mineral soil. There was a significant
contribution of DOC from throughfall (TF), a result
of microbial breakdown of organic matter in the
canopy and also potentially from sap-sucking her-
bivores. There was no significant difference
between DOC fluxes under coniferous versus
deciduous forest (Fig. 2.5). More recent *C label-
ing studies from both Sweden and Tennessee,
USA, corroborated these results (Froberg et al.
2007a, b), indicating that most litter-derived DOC
is either respired before it reaches the mineral soil
or immobilized in the Oe and Oa surface layers of
the soil (Fig. 2.5).

In a litter manipulation study at a hardwood
forest in Bavaria, Germany the net loss of DOC
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from organic horizons was related to depth of
those horizons rather than microbial respiration.
DOM is continually leaching through the soil
profile, such that leachate at any depth will be a
combination of new litter-derived DOM and older
DOM released from humic or lower layers (Park
and Matzner 2003). DOC from older litter showed
a higher contribution of carbon from lignin and
lower biodegradability relative to fresh litter (Don
and Kalbitz 2005; Kalbitz et al. 2006). Conflicting
results from laboratory and field studies have
been hard to reconcile because of lack of experi-
mental control across studies for hydrology, as
well as nitrogen and phosphorus availability
(Kalbitz et al. 2000).

Different physical properties of litter affect
microbial colonization rates and thus litter break-
down rates (Hyvonen and Agren 2001). Litter,
coarse woody debris, and roots of trees show dif-
ferences in chemistry, rates of mass loss of litter
due to decomposition, and nitrogen dynamics by
species. It was suggested that increased atmo-
spheric CO, might lead to altered degradability of
organic matter due to chemical changes in leaf or
root chemistry (Hyvonen and Agren 2001). But it
appears from free-air CO, enrichment (FACE)
studies that species-specific differences in organic
chemistry (e.g. pine versus birch) outweigh
changes due to CO, enrichment. For temperate
forests at least, changes in species competitive
growth advantages due to heightened CO, will be
the real driver of change in litter decomposition
dynamics (King et al. 2001, 2005; Finzi and
Schlesinger 2002; Hagedorn and Machwitz 2007).
Barring limiting nutrients or water, litterfall (leaf
productivity and turnover) for any one species is
expected to increase under heightened atmo-
spheric CO, without a concomitant change in lit-
ter chemistry (Allen et al. 2000).

Recent work suggests an interesting dynamic
between nitrogen deposition and carbon storage
in forest soils. Specifically, under nitrogen depo-
sition on low-quality, high-lignin litter, decompo-
sition of the organic layer slows, while nitrogen
deposition on high-quality, low-lignin litter tends
to accelerate decomposition (Knorr et al. 2005a).
This dynamic provides an explanation for many
contradictory studies on the effects of nitrogen
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deposition. A long-term study in Michigan, USA,
demonstrated that chronic nitrogen additions
increase soil carbon storage through reduced min-
eralization of surface and soil organic matter
(Pregitzer et al. 2008), although a contrasting
study indicated increased litter mass loss under
high-nitrogen inputs using experimental micro-
cosms (Manning et al. 2008). Furthermore, the
progressive nitrogen limitation hypothesis sug-
gests that CO, fertilization effects on forest pro-
ductivity will not be realized if nitrogen is bound
to aggrading organic matter pools. Recent work
suggests that this hypothesis may be falsified if
plants compensate by shunting more carbon
belowground, to fuel the breakdown of organic
matter by soil microbes (see Phillips et al. 2011).

2.2 Belowground Carbon Inputs:
Fine Root Turnover

and Exudates

Fine roots are the main source of carbon addi-
tions to soils, whether through root turnover or via
exudates to associated mycorrhizal fungi and the
rhizosphere (the soil immediately surrounding
the roots). Quantifying fine root turnover in situ
is important but difficult because of their variable
turnover rates. Previous studies had indicated an
extremely rapid turnover of fine roots, on the order
of months to just a few years (Vogt et al. 1998).
More recent studies using radiocarbon dating,
however, indicated that fine roots were turning
over on a 5—10 year cycle (Trumbore 2006). These
opposing observations can be reconciled if the
distribution of root ages is assumed to be positively
skewed, with many small and ephemeral roots
turning over in a matter of weeks, with a long tail
of older roots surviving upwards of two decades
(Trumbore and Gaudinski 2003). Results under-
line the need to conceptualize and model root
turnover with multiple root pools rather than a
single pool with a universally-applied turnover time
(see below for a discussion of problems encoun-
tered in determining the rate of fine root turnover).

While DOM additions from leaf litter have
been extensively researched and reviewed, the
fate of DOM additions from root litter has been
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investigated rarely. Uselman et al. (2007) found
that root litter at the soil surface lost most carbon,
with decreasing percentage loss with depth of lit-
ter addition, suggesting an important role for deep
roots in adding stable carbon to the soil system. A
large scale tree girdling experiment in a Scots
pine forest in Sweden resulted in a 40% drop in
DOC, suggesting that current photosynthate con-
tributes significantly to soil DOC through ecto-
mycorrhizal fungi growing in association with
roots (Giesler et al. 2007). This finding contrasts
with the popular paradigm that DOC is primarily
the product of root decomposition, since DOC
should have increased following girdling had
decomposition been the primary avenue for DOC
production (Hogberg and Hogberg 2002; Giesler
et al. 2007). A recent Free Air Carbon Dioxide
Enrichment (FACE) experiment documented 62%
of carbon entering the SOM pool through mycor-
rhizal turnover (Godbold et al. 2006), which may
explain the close link between recent photosyn-
thesis and DOC additions to soil. In addition to
this, there is increasing evidence that roots directly
supply low-molecular weight carbon compounds
to rhizosphere soils, and that this flux may fuel
from 30 to sometimes 100% of heterotrophic soil
respiration (Van Hees et al. 2005). In contrast to
anticipated increases in this rhizosphere flux,
results are inconclusive as to the impact of elevated
CO2 on fine root production and turnover, with
some studies indicating modest positive increases
in root productivity (Luo et al. 2001b; Wan et al.
2004), while others show little or no increase
(Pritchard et al. 2001; King et al. 2005; Pritchard
et al. 2008). A recent study also showed that ele-
vated atmospheric CO, does not cause changes in
fine root chemistry; the concern was that elevated
CO, would increase recalcitrant compounds that
might slow decomposition (King et al. 2005).

3 Carbon Loss Through Root,
Fungal, and Bacterial
Respiration

Our increasing ability to measure accurately res-
piration of microorganisms in field circumstances
has focused attention on understanding processes

of carbon loss from soils. This section summa-
rizes the more recent work done on root exudates,
decomposition, and fungal and bacterial activi-
ties contributing to carbon loss from forest soils.

3.1 Root, Fungal, and Bacterial

Respiration

Roots and mycorrhizal fungi produce about half
of total respired CO,, with the balance from het-
erotrophic breakdown of organic matter (Ryan
and Law 2005). Soil respiration is commonly par-
titioned between autotrophic (plant) and het-
erotrophic (decomposition) respiration. These
lumped categories simplify complex relationships
in the soil system. For example, ectomycorrhizal
fungi are clearly not primary producers, yet respi-
ration products from ectomycorrhizal fungi are
lumped with autotrophic respiration due to their
close coupling with root processes and depen-
dence on recent photosynthate (Hogberg and Read
2006). Respiration is more accurately viewed as a
continuum from fully autotrophic photosynthesiz-
ers to fully heterotrophic predators and decom-
posers (Ryan and Law 2005). Conceptual models
and new techniques for partitioning soil respira-
tion among sources are needed (Table 2.1).

Lumping of soil respiration under hetero-
trophic and autotrophic respiration also neglects
daily and seasonal differences in CO, flux as a
result of physiological differences among bacte-
ria, fungi and plants (e.g. Bradford et al. 2008;
Allison et al. 2010). Radiocarbon dating is prov-
ing useful (Cisneros-Dozal et al. 2006; Hahn
et al. 2006; Schuur and Trumbore 2006), but
there are big differences between results from
radiocarbon dating, "*C labeling and CO, efflux
studies (Hogberg et al. 2005). New research sug-
gests tight coupling of current photosynthesis
with soil respiration, possibly via the supply of
labile carbon at the root-soil interface (Bond-
Lamberty et al. 2004; Sampson et al. 2007; Stoy
et al. 2007).

Ectomycorrhizal fungi make up a large pro-
portion of soil biomass and contribute signifi-
cantly to soil respiration but respond differently
to environmental change compared to either
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Table 2.1 Experimental methods employed to date for partitioning soil respiration among autotrophic and

heterotrophic sources
Category
Root exclusion

Physical separation
of components

Isotopic techniques

Technique
Trenching

Girdling

Gap
Components

Root excising
Live root respiration

Isotopic labelling

All roots crossing the perimeter of the treatment plot are severed;
membrane installed to prevent regrowth

Girdled trees near or within treatment plots cannot allocate
photosynthate to roots

Compare soil CO, efflux in clearcut stand to control stand

Separate litter, roots and mineral soil rom a soil core; incubate
separately; measure CO, efflux from each component

Remove roots from a fresh soil core; measure CO, efflux
immediately

Excavate roots while still attached to tree; isolate and measure CO,
efflux in situ

13C labelling in FACE or chambers; switch C3 with C4 plants

Radiocarbon

Indirect techniques ~ Modelling

Radioactive decay of '“C permits dating of photosynthetic event
Bottom-up simulation of response of soil components to biotic and

abiotic factors

Mass balance

Assume soil C is at steady state; measure rates of C addition to soil

from above- and belowground sources; subtract soil Co, efflux

Subtraction

Soil CO, efflux minus other flux components from ecosystem NPP

models and published values

Root mass regression

Regress CO, efflux at multiple sites against root biomass; y-intercept

is heterotrophic respiration
Source: Derived from Subke et al. (2006) and Hanson et al. (2000)

roots or bacteria, suggesting a need to separately
model bacterial, mycorrhizal, and root respira-
tion (Hogberg and Hogberg 2002; Langley and
Hungate 2003; Fahey et al. 2005; Groenigen et al.
2007; Hogberg et al. 2005; Heinemeyer et al.
2007; Blackwood et al. 2007). Bacterial and fun-
gal dominance, as well as overall faunal commu-
nity composition, affects soil carbon dynamics
(Jones and Bradford 2001; Bradford et al. 2002b,
2007). However, their differing responses may
cancel each other out (Bradford et al. 2002a) and
the evidence that bacterial-fungal ratios directly
affect soil carbon stocks is only correlative (see
Strickland and Rousk 2010). Further studies must
clarify understanding of underlying mechanisms
and environmental factors that characterize dif-
fering microbe responses (e.g. fungi, bacteria)
(Chung et al. 2006; Monson et al. 2006;
Blackwood et al. 2007; Fierer et al. 2007; Hogberg
et al. 2007).

In addition, earthworm effects on carbon and
nitrogen cycling are significant (Li et al. 2002;
Marhan and Scheu 2006). Fresh inputs of carbon
(i.e. priming) from organisms such as earthworms

may allow soil microbes to mine old carbon deeper
in the profile (Dijkstra and Cheng 2007; Fontaine
et al. 2007). This suggests that increased input
from leaf productivity may boost soil heterotrophic
respiration and CO, flux from soils. Priming can
lead to rapid shifts in community composition
(Cleveland et al. 2007; Montano et al. 2007). Low
molecular weight compounds, including organic
acids, amino acids and sugars, are products of
microbial breakdown and root exudation, and rep-
resent a small fraction of the total mass of carbon
cycling through soil. However, breakdown of low
molecular weight carbon compounds may con-
tribute up to 30% of total soil CO, efflux because
of extremely rapid turnover, with residence times
estimated at 1-10 h (Van Hees et al. 2005).

3.2 Respiration Responses

to Environmental Change

Under global change scenarios, nitrate deposition
from fossil fuel burning, particulate deposition
from forest fires, and wind erosion of agricultural
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soils, are expected to alter forest nutrient cycling.
The addition of nitrogen has been shown to affect
microbial breakdown of litter and SOM, the
results varying with litter type and microbial
community composition (Sinsabaugh et al. 2004,
2005; Waldrop et al. 2004). Litter quality is
important, at least for temperate forests, where
litter in high-lignin systems shows unchanged or
decreased rates of decomposition under nitrogen
deposition, while low-lignin, low-tannin systems
tend to increase decomposition rates (Magill and
Aber 2000; Gallo et al. 2005). In turn, it was
shown in northern temperate forests that the com-
position of the microbial communities changed
in response to nitrogen deposition (Waldrop et al.
2004). Based on these observations, elucidating
carbon dynamics under elevated nitrogen scenar-
ios for other biomes and across canopy tree asso-
ciations should be a priority.

Fertilization by increased atmospheric CO,
and the deleterious effects of ozone (O,), both
resulting from burning of fossil fuels, are also
expected to alter forest soil carbon cycling. In a
4-year study in experimental temperate forest
stands, Loya et al. (2003) found that a simultane-
ous 50% increase in CO, and O, resulted in sig-
nificantly lower soil carbon formation, possibly
due to reduced plant detritus inputs and/or
increased consumption of recent carbon by soil
microbes. In another study of temperate forest
soils, soil faunal communities changed composi-
tion under exposure to CO, or O, singly but, when
combined, there was no main effect (Loranger
et al. 2004). Fungal community composition was
significantly altered as a response to elevated O,
in a FACE study in Wisconsin, USA (Chung et al.
2006). The response of fungal respiration to ele-
vated CO, is so far equivocal. One study indi-
cated a rise in fungal activity (Phillips et al. 2002)
while another recorded a decrease (Groenigen
et al. 2007). As in the divergent responses under
nitrogen deposition, the result may depend heav-
ily on litter chemical properties. Soil respiration
is expected to increase under increased CO, and
O, (Andrews and Schlesinger 2001; King et al.
2004; Luo et al. 2001b; Pregitzer et al. 2006), but
some studies show conflicting results (Suwa et al.
2004; Lichter et al. 2005) or a decrease when

combined with fertilization (Butnor et al. 2003).
Overall, FACE studies indicate a net increase in
carbon storage, mostly in litter and fine root mass,
despite soil respiration increases (Allen et al.
2000; Hamilton et al. 2002), although cycling
through litter is especially rapid and sequestra-
tion in litter is likely limited (Schlesinger and
Lichter 2001).

Respiration response to temperature changes,
especially pertaining to a still-hypothetical posi-
tive feedback of warming to carbon mineraliza-
tion, is highly uncertain (Denman et al. 2007).
The original uncertainty centered on whether the
soil carbon pool should be lumped or split by rate
of turnover (Davidson et al. 2000; Giardina and
Ryan 2000), since (often small) portions of the
soil carbon pool cycle very quickly, especially
low molecular weight organic acids, and there-
fore may be more responsive to temperature than
larger, older or adsorbed compounds. Later, evi-
dence mounted for an acclimation of soils to
heightened temperatures over time, although it
now seems clear that depletion of the fast-cycling
labile carbon pool under increased initial miner-
alization rates is partly responsible for the appar-
ent downshifting in respiration over time (Luo
et al. 2001a; Melillo et al. 2002; Eliasson et al.
2005). Further experiments are needed to test the
acclimation hypothesis (see Bradford et al. 2008).
Reworking the data of Giardina and Ryan (2000),
others found that the response of the fast pool
over experimental scales obscured the slower but
ultimately more important response of the large
pool of stable carbon (Knorr et al. 2005b). A con-
sensus is still in the making concerning the impact
of warming on soil respiration, although it now
seems clear that the complex nature of SOC, and
confounding factors, including soil water con-
tent, complicate a simple determination of the
temperature effect (Davidson and Janssens 2006).
Indeed, inclusion of microbial physiology in soil
models can negate the projected positive feedback
between warming and loss of soil carbon (Allison
et al. 2010). Complicating the interpretation of
field data, soil respiration is closely coupled to
photosynthesis of the canopy, explaining some of
the apparent causal correlation between tempera-
ture and respiration in situ (Sampson et al. 2007).



The effects of soil freezing, compounded by a
decreased or absent snow pack predicted for some
temperate and boreal regions, may decrease winter
soil respiration (Monson et al. 2006). More atten-
tion has been given to drying and wetting cycles
recently, which appear to substantially increase
annual decomposition (Fierer and Schimel 2002;
Borken et al. 2003; Jarvis et al. 2007).

4 Stabilization of Carbon
in Forest Soils

Plant-derived organic molecules are stabilized
from microbial action by biochemical resistance
or by physical protection within soil aggregates
or microsites (Table 2.2 and Fig. 2.6). Microbial
decomposition can also, itself, facilitate stabiliza-
tion through the production of secondary micro-
bial products and the majority of carbon that is
most resistant to decay has microbial — and not
plant — signatures (Grandy and Neff 2008). When
assessing environmental correlates, in order of
importance for the measured stabilization of
organic matter in soils across Ohio, USA, drain-
age class was the only significant determinant of
SOM content in the upper 30 cm in forest soils,
whereas the significance of individual site vari-
ables on SOM content in non-forested soils was
firstly soil taxon, then drainage class, and lastly
texture. The low significance of these other fac-
tors on forest soils suggests different drivers of
SOM dynamics in forests (Tan et al. 2004).
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The importance of anoxic conditions for pre-
servation of organic matter in boreal peatlands is
without doubt (Fierer and Schimel 2002; Borken
et al. 2003; Jarvis et al. 2007). But in aerobic soils,
dissolved organic carbon (DOC) that leaches from
decomposing material is vulnerable to mineral-
ization and respiration as CO, by bacteria or sap-
rophytic fungi. The portion of DOM that escapes
mineralization by microbes generally does so by
sorption to soil minerals where it is stabilized as
SOC. Carbon is also stabilized when fire produces
black charcoal from organic matter. Finally, some
DOC may be flushed from the soil system during
periods of high soil water flow.

4.1 Sorption and Complexation

of Dissolved Organic Matter

In aerobic soils, texture is considered to be the
most important driver of DOC stabilization in
soil, with mineralogy an important factor that is
dependent on texture (Bird et al. 2002). Across a
1,000 km latitudinal transect in Siberia, SOC
stocks on fine-textured soils were approximately
double the stocks on coarse-textured soils (Bird
et al. 2002). The layered structure of clay results
in an extremely high surface area to volume ratio,
and clay interlayers host a multitude of cations
which provide binding sites for DOC. Clay con-
tent exerts a powerful control on the size of the
older soil carbon pool in Amazonian soils (Telles
et al. 2003). However, Giardina et al. (2001)

Table 2.2 Mechanisms of carbon stabilization in forest soils (some mechanisms are specific to soil order or biome,

while others are active in all soils)
Selective preservation

Spatial segregation Occlusion inside soil aggregates

Inherent stability due to e.g. alkyl-C chains in lipids, aromatic structures, phenolics

Sequestration within soil micropores

Coating with hydrophobic aliphatic compounds

Intercalation within phyllosilicates (clay)

Molecular interaction ~ Complexation with metal ions

Interaction with other organic molecules through ligand exchange, polyvalent cation bridges

or weak interactions

Inundation Anoxic conditions prevent abiotic oxidation and aerobic microbial respiration
Freezing Sub-freezing temperature stifles microbial respiration
Carbonization Relatively inert carbon is broken down only at millennial timescales

Source: After Lorenz et al. (2007) and Lutzow et al. (2006)
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Microbial Biomass
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Fig. 2.6 Carbon flux through terrestrial organic matter
pools (top) and relative enrichment of recalcitrant alkyl car-
bon during breakdown of more-labile compounds (bottom).

found no relation between carbon mineralization
rates and clay content in laboratory-incubated
upland forest soils. Clay content of soil is well-
correlated with SOC generally, although other
factors dominate DOC stabilization in cold or
wet climates. Sorption to the mineral matrix has
been shown to strongly preserve DOM (Kaiser
and Guggenberger 2000). Aluminum (Al) and
iron (Fe) cations are the most important interlayer
mineral binders for DOM (Zinn et al. 2007).
Besides binding to clay particles, colloidal and
soluble organic matter can form insoluble com-
plexes with Al and Fe cations, which precipitate
(Schwesig et al. 2003; Rasmussen et al. 2006;
Scheel et al. 2007). These results suggest that
whole-ecosystem carbon cycle models should
account for both soil texture and soil mineralogy
when modeling carbon fluxes (Table 2.3). Labile
DOM high in carbohydrate has a large increase in
stability due to sorption, but for DOM with a
greater proportion in complex aromatic organic
compounds stability due to sorption is relatively
small because such compounds are already rela-
tively stable. However, irrespective of proportional
increases, gross sorption of recalcitrant com-
pounds was much larger than sorption of labile

The relative composition of organic matter by carbon
structure is represented by size of type (Source: Reprinted
from Lorenz et al. 2007, with permission from Elsevier)

compounds, in fact as much as four times larger
(Kalbitz et al. 2005). Stabilization of OM by sorp-
tion therefore depends on particulars of the organic
compounds sorbed, strong chemical bonds to the
mineral soil, and/or a physical inaccessibility of
OM to microorganisms (Kalbitz et al. 2005).

4.2 Fire as a Sequestration

Mechanism

The many effects of fire on forest soils have been
reviewed by Certini (2005). In areas with frequent
fires, 35—40% of SOC was fire-derived black car-
bon. Fire can sterilize soils to depths of 10 cm or
more, and effects of sterilization may last a decade,
resulting in decreased microbial respiration. When
fire does not remove carbon from the soil system
through combustion, it tends to increase the stabil-
ity of the carbon remaining through carbonization,
reduction in water solubility, and relative enrich-
ment in aromatic groups (Certini 2005). Czimczik
et al. (2003) found that in a boreal Siberian Scots
pine forest, black carbon contributed a small per-
centage of the SOC pool while the fire reduced
the mass of the forest floor by 60%. A wildfire
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in boreal Alaska burned polysaccharide-derived
compounds preferentially, resulting in a relative
enrichment of lipid- and lignin-derived compounds
(Neff et al. 2005). There appears to be an inverse
relationship between fire frequency and complete
combustion: infrequent fire return intervals and
high intensity may result in less carbonization and
more complete combustion than in regions with
shorter fire return intervals that experience lower-
intensity fires, increased carbonization, and there-
fore increased storage (Czimczik et al. 2005).

5 Quantifying the Carbon
Under Forests

In the northern hemisphere, the carbon in soils
remains the highest uncertainty in global budget-
ing (Goodale et al. 2002) and partitioning soil res-
piration among sources to identify carbon leakage/
loss has proved to be one of the most difficult
tasks (Ryan and Law 2005). Failure to close the
soil carbon budget stems from discrepancies
between measured bulk CO, fluxes and the pre-
dictions of process models of autotrophic and het-
erotrophic respiration (Trumbore 2006). Different
methods used to accommodate study objectives
and resources make comparison difficult (Wayson
et al. 2006) and, as a result, many budgets leave
out soil carbon and litter carbon accumulations
completely (Liski et al. 2003).

5.1 Quantifying Carbon Additions

The turnover of organic matter in surface soil
layers can be quantified by direct measurement
of mass loss through litterbag studies or by “C
enrichment, litter sampling and mass spectro-
meter analysis. However, there are known
problems with both litterbag studies and '“C
enrichment as methodologies for measuring car-
bon addition to soils. Litterbags limit breakdown
of litter by soil macrofauna. The “C signature
measures the mean residence time of carbon in
the surface layer, but not the lifetime of various
recognizable litter components (e.g. from fine
roots, leaves, bark) (Hanson et al. 2005). And it

has been found that '“C-labeled carbon residence
time in fine roots, estimated at >4 years, is much
longer than the <1 year root longevity estimated
by using the minirhizotron, a small camera
lowered through a clear plastic tube to monitor the
growth of roots over time (Strand et al. 2008).

It was previously thought that radiocarbon
dating and the turnover time for roots — estimated
by laborious sorting and weighing of root pro-
duction year-to-year and then dividing total root
biomass by annual production — could be recon-
ciled if the age distribution of roots was positively
skewed (Tierney and Fahey 2002; Trumbore and
Gaudinski 2003). Current thinking on important
sources of discrepancy in estimating fine root
turnover are outlined by Strand et al. (2008) and
include: (1) the presence of different root pools
cycling at different rates; (2) the confounding
effect of stored carbohydrates, which throw off
radiocarbon estimates of age; (3) the skewed nature
of root age distribution as pointed out in Trumbore
and Gaudinski (2003); (4) lingering effects of
minirhizotron installation on root growth; and (5)
the use of median root longevity as an inaccurate
substitute for mean longevity in minirhizotron
studies. These sources of error cause radiocar-
bon methods to underestimate the importance of
fine root turnover to soil carbon cycling and the
minirhizotron method to overestimate this impor-
tance (Strand et al. 2008). Work is underway to
address these shortcomings and to deepen under-
standing of root turnover, e.g. by partitioning root
pools by branching order (Guo et al. 2008).

5.2 Partitioning Soil Respiration

Hanson et al. (2000) discuss in detail and out-
line the major classes of soil partitioning tech-
niques (summarized in Table 2.1). A comprehen-
sive review of research needs in measuring and
modeling soil respiration has been done by Ryan
and Law (2005), while Subke et al. (2006) pro-
vide an exhaustive list of soil CO, efflux parti-
tioning studies through 2006 across all terrestrial
biomes. They show that many of the techniques
for partitioning have inherent methodological
biases (Subke et al. 2006). For example, detection
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of changes, especially depletion, of the large,
slow-cycling pool of recalcitrant soil carbon
represents a significant challenge and is almost
always underrepresented, but it is essential to quan-
tifying the carbon exchange between soil and the
atmosphere. Additionally, multi-factor experiments
must be of sufficient length to allow adjustment to
treatment conditions (Ryan and Law 2005). It is
therefore better to resample the same points than to
randomly select new ones in long-term sampling
studies and inventories. Due to the spatial variabil-
ity of SOC processes, 15-20% changes in soil car-
bon stocks may be overlooked (Yanai et al. 2003).
Site variability therefore confounds broad-scale
application of flux data (Hibbard et al. 2005). There
is also a trade-off between spatial and temporal
resolution when using manual vs. automated CO,
flux measurements. Used in combination, the two
systems provide combined resolution in both
dimensions, but manual measurements are suffi-
cient for measuring integrated seasonal fluxes
(Savage and Davidson 2003).

5.3 Modeling Soil Carbon Dynamics

Many SOC models have been created for agricul-
tural systems, and may be modified to simulate for-
ested systems, in order to accommodate important
differences in management, disturbance regime,
vegetation, and biota. To date there has been only
one published model comparison for forest SOC
dynamics. Peltoniemi et al. (2007) review and
compare six process-based, multiple-SOC-pool
models of forest SOC dynamics. The review
includes an extensive comparison of model inputs
and modeled processes. More work is needed to
assess the accuracy of forest soil carbon models,
and to adapt them or develop new ones for diverse
biomes. Critically, very few countries and regions
have published long-term soil carbon datasets with
the ancillary data needed to verify model accuracy,
and there is a total lack of such inventories for trop-
ical regions. Most soil carbon process models do
not deal explicitly with peatlands, severely limiting
their applicability in some boreal regions. Wetlands
versions of the RothC and ROMUL models are
expected in the near future, and Forest-DNDC

S.P. Price et al.

includes a wetland component (Peltoniemi et al.
2007). The move toward process-based models of
SOC dynamics is hindered by poor understanding
of the different mechanisms of sequestration of
diverse classes of organic biomolecules in soils.
Model soil carbon pools must be derived from
functional classes of compounds (which must first
be characterized) with similar sequestration mech-
anisms, rather than from the most easily differenti-
ated classes of SOC based on in situ measurement
techniques or fractionation (Lutzow et al. 2006)
(Table 2.3).

Empirical models must be careful to parame-
terize at the same time step as the output (Janssens
and Pilegaard 2003). The concentration of labile
carbon, its rapid turnover, and the resultant large
CO, efflux can obscure the sensitivity of het-
erotrophic respiration to soil temperature change.
Care should be taken to control for labile carbon
concentrations when extrapolating field measure-
ments of bulk soil respiration to global change
scenarios (Gu et al. 2004).

The temperature dependence of soil is often
described by the Q,, value, which is defined by
the difference in respiration rates over a 10°C
interval. Q,, has been found to be extremely vari-
able, with a range from 1 (no effect of tempera-
ture on respiration) to 5 (five times higher
respiration rate with a 10° rise in temperature)
under different combinations of soil moisture and
soil temperature (Reichstein et al. 2003). Kinetic
properties of the many organic compounds in
soils, plus environmental constraints such as lim-
iting soil moisture or nutrients, complicate efforts
to fully explain the temperature sensitivity of
microbial respiration (Davidson and Janssens
2006). In an analysis of sources of uncertainty in
the soil carbon model SWIM, Post et al. (2008)
identified the carbon mineralization rate, carbon
use efficiency, Q, soil bulk density, and initial
carbon content as the most critically sensitive
parameters. Better models will have to differenti-
ate the direct effects of drying, wetting, and car-
bon substrate supply to soil microbes from the
indirect effects of soil water content and tempera-
ture on diffusion of carbon substrates to the micro-
bial population (Davidson et al. 2006). Work in
this area indicates that models incorporating
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realistic spatial relationships, hourly time steps,
and mechanistic workings give the most accurate
results (Hanson et al. 2004). Not all applications
will be suited to process models, however, due to
the extensive inputs required (Liski et al. 2005).
Yet, leaving out process may yield projections for
soil carbon stocks that differ to when biological
response is explicitly modeled. For example,
Allison et al. (2010) showed that by making car-
bon use efficiency temperature sensitive, micro-
bial biomass decreases with warming. This
decrease then negates the loss of soil carbon with
temperature increase that is projected with con-
ventional models, because of the reduction in
microbes that actually carry out decomposition.
Indeed, the IPPC identify such responses as sig-
nificant areas of uncertainty, with all eleven mod-
els coupling climate with carbon cycling omitting
the soil microbiology.

5.4 The Superficial Nature of Soil

Carbon Research

Studies of soil organic matter under conventional
and no-till soil management in agriculture have
been largely limited to the top 30 cm of soil. Now,
some are suggesting the need to consider SOM
deeper in the profile (Baker et al. 2007). The
same argument ought to be made for forest soil
research: rooting depths are far greater for many
tree species than field crops. Soil depth confounds
warming studies by insulating deeper soil layers
(Pavelka et al. 2007) and delaying CO, efflux
(Jassal et al. 2004; Drewitt et al. 2005). Also, a
significant portion of below-ground carbon is
deeper than 1 m (Jobbagy and Jackson 2000) and
recent research indicates that roots exert power-
ful influences on redox activity in their vicinity,
with important implications for carbon cycling
deep in the soil profile (Fimmen et al. 2008).

5.5 Quantifying Carbon Stocks

After Land Use Change

Long-term soil experiments and inventories can
elucidate SOC dynamics in ways that shorter

ones cannot. Peltoniemi et al. (2007) point out
the importance of repeated soil surveys for SOC
model verification and validation. Given the
importance of chronosequence studies for area-
based carbon budgeting under land use change
(Woodbury et al. 2007), the first unified global
network of long-term soil experiments (LTSEs)
has been formed (http://Itse.env.duke.edu/). This
network will ideally address the lack of unifor-
mity of measurements of soil carbon that so com-
plicate comparison and synthesis. There are other
problems: only 20% of soil studies measuring
SOC are in forested biomes; therefore, boreal,
tropical and warm-temperate forests are under-
represented; soil studies measuring SOC are
heavily concentrated in developed countries; and
long-term SOC studies on alfisols and mollisols
dominate, while long-term changes on oxisols,
histosols and gelisols are still poorly understood
(Fig. 2.7). Chronosequences, or space-for-time
substitutions, though useful for characterizing
soil change over centuries or millennia, may con-
fuse the effects of land use with weathering. Land
use history can be difficult to properly control for
(Richter et al. 2007) (Table 2.4). Yet perhaps of
most concern, if we can standardize methods for
quantifying soil carbon stocks, it is in selecting a
method that can robustly quantify both absolute
carbon stocks and their change with time. The
currently accepted practice of measuring soil car-
bon concentrations in the surface 30 cm of soil
suffers from the fact that soils are not static
entities. For example, soil compaction following
forest removal — or soil expansion following
afforestation — both change the mass of soil car-
bon in the surface 30 cm even when the absolute
mass of soil carbon at a location does not change.
This means that depth-independent (i.e. mass
dependent) sampling is required to resolve change
in carbon stocks with time, which involves mea-
surement of soil carbon in at least two soil cores
(a surficial core and one immediately below) at a
location (Gifford and Roderick 2003). In addition
to this, it must be recognized that soil carbon
stocks are spatially variable at the scale of only a
few meters. This means that multiple samples are
required to gain a spatial estimate for a site. Also,
this variability causes lack of statistical power to
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Fig. 2.7 Distribution of long term soil experiments
(LTSE) measuring SOC across climate zones, land uses,
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Table 2.4 Types of soil experiments that may be used to elucidate carbon dynamics and changes in carbon stocks

under land-use change

Uses and strengths

Field or lab based, experimental
control, versatile, short-term

Field based, direct soil observation,
experimental control, sample

Time

Approach scale (year)
Short-term soil <1-10
experiments

processes
Long-term soil >10
experiments

archive
Repeated soil surveys >10

Space-for-time-substitution
Computer models

>10 to>>1,000
<1 to>>1,000

Field based, direct soil observation,
regional perspective, sample
archive

Field based, highly time efficient
Versatile, heuristic and predictive,

Challenges and limitations
Extrapolation to larger scales
of space and time,
reductionist

Duration before useful data,
vulnerable to loss or neglect,
extrapolation to larger scales
Planning and operational
details, very few yet
conducted, monitoring
Space and time confounded
Dependent on observational

positively interact with all

data

approaches

Source: Richter et al. (2007). Reprinted with permission

detect change in soil carbon; so statistically non-
significant change in soil carbon does not mean
that there has not been a biologically significant
change (Throop and Archer 2008; Strickland
et al. 2010). Lastly, soil carbon must be sampled
at a landscape scale — loss of soil carbon through
erosion from one area of a forest patch might sim-
ply be redistributed within that patch in another
area that is aggrading carbon.

6 Effects of Management Regime
on Soil Carbon Cycling

The Fourth Assessment Report by the IPCC
Working Group III projects that, initially, reduc-
tion in deforestation will lead to the greatest posi-
tive increase in global carbon sequestration, due
to the current rapid rate of deforestation and the
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Table 2.5 The generalized impact of forest management
actions on carbon stocks Summary of the effects of spe-
cific forest management actions on ecosystem C stocks

Afforestation

23

3

(“+’...increases C stock, ‘—’...decreases C stock;
neutral with respect to C stock)

I+

+ Accumulation of aboveground biomass formation of a C-rich litter layer and slow build-up of the C pool in the

mineral soil
+ Stand stability depends on the mixture of tree species

—Monotone landscape, in the case of even-aged mono-species plantations

Tree species

+ Affects stand stability and resilience against disturbances; effect applies for entire rotation period; positive
side-effect on landscape diversity, when mixed species stands are established

—Effect on C storage in stable soil pools controversial and so far insufficiently proven

Stand management

+Long rotation period ensures less disturbance due to harvesting, many forest operations aim at increased stand
stability, every measure that increases ecosystem stability against disturbance

+ Different conclusions on the effect of harvesting, depending if harvest residues are counted as a C loss or a C

input to the soil

—Forests are already C-rich ecosystems — small increase in C possible; thinning increases stand stability at the

expense of the C pool size; harvesting invariably exports C
Disturbance

+Effects such as pest infestation and fire can be controlled to a certain extent

+Low intensity fires limit the risk of catastrophic events

— Catastrophic (singular) events cannot be controlled; probability of disturbance can rise under changed climatic

conditions, when stands are poorly adapted
Site improvement

+N fertilization affects aboveground biomass; effect on soil C depends on interaction of litter production by trees

and carbon use efficiency of soil microbes

+Drainage of peatland enables the establishment of forests (increased C storage in the biomass) and decreases CH,
emissions from soil, but is linked to the increased release of CO, and N,O from the soil

—Liming and site preparation always stimulate soil microbial activity. The intended effect of activating the nutrient
cycle is adverse to C sequestration; N fertilization leads to emission of potent greenhouse gases from soils

Source: Reprinted from Jandl et al. (2007), with permission from Elsevier

large associated CO, loss to the atmosphere. Over
the long term, sustainable forest management
that increases forest growing stock while also
providing timber, fiber and energy will provide
the greatest mitigation benefit at the lowest cost
to society (IPCC 2007). But the link between dif-
ferent forest management activities, deforesta-
tion, reforestation and afforestation and the net
carbon flux between soils and the atmosphere is
not well characterized (Table 2.5).

Productivity of the forest increases litter fall
and potentially sequestration; less disturbance
of soil tends to preserve soil carbon stocks; and
mixed species forests are more resilient and
therefore better systems for securing carbon in
forest soils. On the other hand, planting on agri-
cultural soils increases carbon accumulation by
soils for both conifers and broadleaf trees (Morris

et al. 2007). Although the rate of carbon accu-
mulation and sequestration within the soil profile
differs by tree species, no species effect on SOM
stability has yet been reported (Jandl et al. 2007).
Differences in plant anatomy lead to changes in
the vertical distribution of minerals and soil car-
bon when there is land use or land cover change
(Jackson et al. 2000). For example, in Fujian,
China, conversion of natural forests to planta-
tions has been linked to carbon loss (Yang et al.
2007). However, combined CO, sequestration
and timber production can be economically
maximized (Thornley and Cannell 2000). In
addition, during reforestation, soils are a slower
but more persistent sink than aboveground car-
bon, and are more stable pools than aboveground
pools for actively harvested forests (Thuille et al.
2000).
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Fig. 2.8 A simulation of carbon stocks above- and
belowground before and after forest harvesting, for a typi-
cal Central European Norway spruce forest. Assumptions

Studies in boreal forests have demonstrated that
tree harvesting generally has little long-term effect
on stabile soil carbon stocks (Martin et al. 2005),
although evidence from temperate forests of the
southeastern USA indicates that whole tree har-
vesting can be detrimental by removing nitrogen
(Johnson et al. 2002). There are no obvious long-
term effects from clearcutting that can be detected
on in-stream DOC chemistry (Johnson et al. 2002),
although clearcutting released a pulse of labile
DOC at Hubbard Brook in New Hampshire, USA
(Dai et al. 2001), probably from humic substances
at the forest floor (Ussiri and Johnson 2007).
Shortened rotations from 90 to 60 years in Finland
increased soil carbon by increasing input of litter
but did not maximize system-wide carbon seques-

include a 100 year rotation for a typical Norway spruce
stand with 25% labile SOM (Source: Reprinted from Jandl
et al. 2007, with permission from Elsevier)

tration because of increased frequency of harvest
operations (Liski et al. 2001); although others have
found that fresh carbon additions due to harvesting
operations can stimulate microbial populations to
mineralize ancient deep soil carbon (Fontaine et al.
2007; Jandl et al. 2007) (Fig. 2.8).

Plant diversity and composition effects on net
primary productivity (NPP) are becoming appar-
ent and must be accounted for (Catovsky et al.
2002). Oak forests turn SOM over faster compared
to pine, which locks up more litter for longer in the
surface layers (Quideau et al. 2001). Broadleaf
tree plantations replacing natural forest or pasture
tend not to change soil carbon stocks, while pine
plantations reduce soil carbon stocks 12-15%
(Guo and Gifford 2002). Conversion of forest to
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pasture results in a slow but marked increase in
soil carbon stocks, but this is the reverse for tilled
agriculture (Cerri et al. 2003, 2004). Pasture sys-
tems are very productive and thus larger carbon
fluxes from them indicate greater allocation of
carbon belowground (Johnson and Curtis 2001;
Johnson et al. 2002; Paul et al. 2002; Salimon
et al. 2004; Thuille and Schulze 2006).

7 Conclusion and Summary
Recommendations

This review outlined the most critical issues and
impediments to characterizing belowground car-
bon cycling in forested biomes. To further our
understanding of belowground carbon dynamics
in forests, more work is needed to characterize
the following:

 controls on the depth of the forest floor organic
layer by leaching of dissolved organic carbon
(DOC) to the mineral soil.

e responses of root carbon inputs to environ-
mental change, such as nitrogen deposition.
 rates of fine root turnover across species and

biomes.

e patterns of bacterial, fungal and plant respiration
and responses to physical and biotic forcing.

e dynamics of functionally-distinct soil carbon
pools, rather than the most easily measured
and fractionated pools.

» the most accurate methods for quantifying
forest soil carbon stocks and fluxes.

The global nature of the carbon cycle requires

a globally-distributed and coordinated research

program, but has thus far been largely limited to:

* the developed world

 the top 30 cm of the soil profile

e temperate biomes

e agricultural soils
Political and financial resources are being

mobilized to increase the stock of carbon in forest

soils despite minimal research to date about the
long-term effects of land use on SOC stocks. Key
research needs are to reduce the uncertainty in
environmental response of the mechanisms that
stabilize soil carbon inputs, and to develop and
implement appropriate methods to estimate stocks

and their change with time. Such efforts will
inform management strategies, ensuring effec-
tiveness in their intended goal of sequestering
carbon in forest soils.
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