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Summary

The prospect, so alluring, of sequestering carbon (C) to mitigate CO2 build-up in air has prompted a flurry of soil
studies, but questions still linger about whether early optimism was fully justified. My objectives are to review
briefly the mechanisms of carbon accrual, consider constraints on soil C sequestration for mitigating climate, and
contemplate questions for further collective conversation. Carbon in soil is ever in flux; not a stagnant reservoir,
but a stream of atoms flowing through. Its instantaneous stock can be increased by adding more atoms to the stream
or by slowing their rate of flow to CO2. The latter (decay) is influenced by intrinsic recalcitrance of the substrate,
by protective interactions of carbon with the mineral matrix, and by the favourability of localized conditions
for biological activity. Together, these mechanisms create a continuum of susceptibility to decay. Although many
practices can abet carbon accrual, their effectiveness is constrained by the finitude of carbon gain, possible effects
on other greenhouse gas emissions, susceptibility to future loss, the difficulty of measuring gains precisely,
and the complexity of landscape-scale dynamics. In the light of these problems and prospects, I propose, as a
working hypothesis, that we focus less on carbon, and more on using wisely the energy it carries; in other words,
maximizing carbon ‘stocks’ is less critical than maintaining ‘flows’ to sustain the manifold functions performed
by ecosystems. Among its implications, this hypothesis (i) enforces an ecosystem perspective, considering all
inevitable trade-offs in the use of finite energy, (ii) emphasizes the importance of sustaining energy capture via
photosynthesis, (iii) promotes a long view, evaluating carbon flows over several decades or longer and (iv) enfolds
human aspirations, which ultimately shape carbon flows by demands on lands. Far from deflating the urgency of
soil carbon research, this reoriented perspective may move soil carbon beyond a segregated stock to its central
place as a dynamic hub in the energy cycles of our ecosystems.

Background

Building carbon content of soils is hardly a novel enterprise; astute
observers deduced millennia ago a link between carbon’s darkening
hue and the fertility of land (Virgil). Preserving and replenishing
carbon-rich organic matter has therefore been an underlying aim
of soil conservation for a very long time (Lawes & Gilbert, 1885;
Shutt, 1910). What is new, however, is the belated realization in soil
science that how we manage carbon in any field has implications far
beyond its fences (Amundson, 2001). The carbon atom circulates
unhindered within and among ecosystems, traversing all arbitrary
boundaries of space and time. And because carbon in air is
connected to carbon in soil, the question arose: can we control the
mounting CO2 in air by the way we manage carbon on land?
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This question, perhaps first posed formally by a physicist (Dyson,

1977), spurred soil-bound scientists to look belatedly skyward, see-

ing the entire biospheric carbon cycle: the ceaseless flows of carbon,

propelled by the sun, from air to plants to soil and eventually, once

stripped of solar energy, back to air again (Figure 1). This end-

less cycle has been more-or-less balanced for many millennia, until

humans began rearranging carbon flows: first by burning trees and

ploughing land, and then, more drastically, by burrowing deep into

the past, unearthing ancient carbon there. This ‘fossilized sunlight’

(Hughes, 2009), invested in carbon bonds aeons ago, is now being

combusted back to CO2 at rates approaching 10 Pg C year−1 (Peters

et al., 2013). Some of this added CO2 is absorbed, on land and at sea

(Figure 1), but only about half; the rest accumulates in air, at con-

centrations now surpassing 400 μmol mol−1 (Keeling et al., 2014),

with implications not only for climate (Lacis et al., 2010) but also

for ocean chemistry (Dupont & Pörtner, 2013).
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Figure 1 An overview of the global carbon cycle, showing main carbon stocks (Pg
C; bold font) and net flows (Pg C year−1; italics) for the period 2002–2011. Carbon
stock estimates are compiled from the following sources: Jobbágy & Jackson, 2000;
Janzen, 2004; IPCC, 2007, 2013; Archer et al., 2009 (fossil C); Moriarty & Hon-
nery, 2011. Carbon flows, from Le Quéré et al. (2013), are as follows: emissions
from fossil fuel and cement production= 8.3 Pg C year−1; annual increase in atmo-
spheric CO2 = 4.3 Pg C year−1; net removal of CO2 by oceans= 2.5 Pg C year−1;
net removal of CO2 by terrestrial ecosystems= 1.6 Pg C year−1 (the net effect of
removals by the land sink (2.6 Pg C year−1) and emissions from land use change
(1.0 Pg C year−1)).

Here, then, emerges the tantalizing prospect of carbon seques-
tration: the pool of soil carbon is so massive (about 1500 Pg C to
1 m depth, much more to greater depth (Jobbágy & Jackson, 2000;
Harper & Tibbett, 2013; Scharlemann et al., 2014)) that a tiny incre-
mental increase could withdraw some of that excess CO2 (Lal, 1997;
Paustian et al., 1997). This prospect, so enticing, has spawned a
frenzy of studies on how to ‘sequester’ carbon in soils, inundating
soil science journals and conference agendas. Underlying the opti-
mism, however, remain some lingering reservations (Schlesinger,
2000; Smith et al., 2005; Baker et al., 2007; van Kooten, 2009; Bav-
eye et al., 2011; Powlson et al., 2011; Robertson & Nash, 2013).
Ecosystems and the biosphere are unfathomably complex (‘we can
never do merely one thing’, Hardin, 1963), and so efforts to aug-
ment carbon in soils invariably instigate rippling repercussions, not
all beneficial or insurmountable.

Given the importance of soil carbon sequestration, and the lin-
gering uncertainties, I pose the following objectives: (i) to review
briefly the processes of carbon accrual, as influenced by manage-
ment, (ii) to consider constraints on soil carbon sequestration for
mitigating climate upheaval and (iii) to contemplate possible direc-
tions for future carbon research, in light of the prospects and con-
straints of carbon accrual.

Carbon sequestration: processes, practices and potential

Processes

Seen over geological time, organic matter in soil is ephemeral, its
atoms of carbon only pausing in soil, for minutes or millennia, on
their inevitable return to CO2. ‘Organic matter is a thermodynamic
anomaly atop a free energy precipice that drops off on all sides to
dispersed, stable ingredients such as carbon dioxide, water, nitrate
and phosphate’ (Hedges et al., 2000). Only in comparatively short
intervals of decades, say, or human generations, can any carbon
be considered to be ‘stable’. Thus organic carbon may be best
viewed, not as a reservoir entrapped in soil, but as a stream of atoms
flowing through. Most carbon atoms entering soil reappear in air
as CO2 within days or months; some linger for years or decades;
the rare straggler for centuries or longer. All, however, are moving,
propelled relentlessly by thermodynamics to the higher entropy of
CO2 (Kleber & Johnson, 2010).

The residence time of any carbon atom in soil is partly random;
each of the 1031 or so soil carbon atoms in a hectare of land,
on a given day, has an associated probability of return to CO2.
Considered collectively, these individual probabilities determine
the turnover rate of the entire store. The probability of this release
as CO2, however, varies among carbon atoms, depending on the
following groups of factors.

1 The molecular structure in which the carbon atom is housed
(‘molecular recalcitrance’, Alexander, 1965). Although few car-
bonaceous compounds are intrinsically resistant to decay, some
are less easily dismantled than others by microbial assaults; they
exhibit a relative ‘stubbornness … to succumb to microbiolog-
ical attack’ (Alexander, 1965). Thus, for example, carbon atoms
embedded in complex aromatic or alkyl groups may be oxidized
more slowly than atoms in simple aliphatic compounds (Krull
et al., 2003; Lützow et al., 2006). Such inherent molecular ‘recal-
citrance,’ either inherited from the substrate added to soil or con-
ferred by microbial rearrangement, long dominated explanations
of stable carbon in soil (Allison, 1973). Recent studies, however,
while not discounting its importance entirely, show that carbon
in compounds inherently susceptible to microbial enzymes can
persist in soil for a long time, pointing to other stabilizing mecha-
nisms (Marschner et al., 2008; Kleber et al., 2011; Dungait et al.,
2012).

2 The mineral matrix in which the carbon atom occurs (‘physical
protection’). Carbonaceous remnants in soil, though intrinsically
susceptible to decay, can be ‘protected’ by the mineral matrix
(Six et al., 1998, 2002; Baldock & Skjemstad, 2000; Krull
et al., 2003; Wiesmeier et al., 2012; Kögel-Knabner & Amelung,
2014). Substrates may become embedded inside aggregates,
physically shielded from catabolic microbial activity; or they
may be sorbed to clay surfaces, rendered more immune to
microbial enzymes. The amount of carbon that can be protected
by these mechanisms is physically limited; hence, scientists
sometimes allude to a ‘stabilization capacity’, or to ‘saturation’,
implying that soils can only store a fixed amount of carbon,
beyond which further inputs are susceptible to rapid decay
(Hassink et al., 1997; Stewart et al., 2007, 2008; Feng et al.,
2013). In short, once the reservoir is full, the carbon atoms
overflow.
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3 Environmental constraints to microbial activity (‘Biological hin-
drance’). Decay of organic carbon is mediated by soil biota and
their enzymes; hence, favourability of conditions surrounding a
carbon atom will govern its likelihood of release as CO2. As tem-
perature increases, for example, decay tends to increase almost
exponentially, up to a threshold (Erhagen et al., 2013; Gabriel
& Kellman, 2014). Similarly, because microbial activity occurs
largely in aqueous films, decay is closely tied to soil water poten-
tial (Bartholomew & Norman, 1946; Gabriel & Kellman, 2014).
Decay is also influenced by many other factors: oxygen availabil-
ity, pH and nutrients, among others (Jenkinson, 1981; Gregorich
& Janzen, 2012). Even adding more carbon substrate can increase
the decay of indigenous carbon, through so-called ‘priming’
effects (Kuzyakov, 2010; Guenet et al., 2012). All these factors
exert influence interactively, with each other and with the carbon
substrate, so the effect of any one variable (such as temperature)
is rarely simple or easily defined (Conant et al., 2011b; Erhagen
et al., 2013; Kruse et al., 2013). Collectively, the factors dictat-
ing ‘biological hindrance’ may account for much of the variabil-
ity in decay rates among and within landscapes (Jenny, 1941)
and also within the profile (Verma & Kelleners, 2012; Gabriel &
Kellman, 2014).

The probability of any carbon atom decaying in a given day, there-
fore, is influenced by a myriad of factors, all interwoven (Schmidt
et al., 2011; Conant et al., 2011b; Torn et al., 2013), creating a con-
tinuum of turnover times, from minutes to millennia (Fang et al.,
2005; Semenov et al., 2013). Despite ongoing, intensive efforts
(Gregorich & Janzen, 1996; Six et al., 2002), this seamless con-
tinuum may never be dissected cleanly into a few discrete, homo-
geneous ‘pools’ to be slotted neatly into compartmental models.
Similarly, if soil carbon atoms span a wide continuum of poten-
tial decomposability, then the concept of a definitive ‘saturation
capacity’ beyond which carbon overflows (Hassink et al., 1997;
Stewart et al., 2009), while elegant and instructive, may sometimes
over-simplify. Our science has been enlightened and enriched by
metaphors of ‘carbon pools’ and ‘saturation capacity’ (they still
advance our work powerfully) but as with all metaphors, they can
distract and misdirect, if applied too literally or stretched too far.

Practices

The stock of carbon in a soil is the instantaneous aggregate of all
carbon atoms streaming through. Usually, if the ecosystem has
been more-or-less unchanged for decades or longer, inflows into
soil from photosynthate roughly equal outflows by decay, and the
carbon stock is said to be near steady state (Odum, 1969; Samp-
son & Scholes, 2000). In ever-evolving, oscillating ecosystems,
however, soils probably never reach true equilibrium (inputs and
outputs will never be perfectly balanced) but changes may be too
small or erratic to reveal a meaningful, discernible trajectory in
experimental intervals.

Any practice or event that disrupts the prior long-standing bal-
ance of input and decay, however, will induce a shift in carbon

Table 1 Examples of management change that can disrupt the balance
between carbon inputs and decomposition from soil, thereby inducing an
increase or decline in soil carbon stocka

Management change (practice)
Typical
responseb Mechanismsc

Conversion to arable agriculture − I (DP, DB)
Reduced tillage + I, DP (DB)
Planting perennial forages + I, DP (DB, DR)
Improving plant nutrition + I
Adding organic amendmentsd + I (DR)

Removing residue for biofuel − I
Irrigating + I (DB)

aResponses and mechanisms will vary among sites, depending on other
practices and ecosystem properties. ‘Typical responses’ shown are general
observations; more detailed descriptions are widely available in the literature
(for example: Paustian et al., 1997; Sampson & Scholes, 2000; Janzen,
2004; Lal, 2004; Smith et al., 2008; CAST, 2011; Ogle et al., 2012; Post
et al., 2012; World Bank, 2012; Branca et al., 2013; Delgado et al., 2013).
bTypical effect on stored carbon for a few years after adoption (‘−’= soil
carbon decline; ‘+’= soil carbon increase).
cMechanisms in parentheses are secondary, others are primary. Designations
are as follows: I= rate of C input; D= rate of decay (DP = via physical
protection; DR = via inherent molecular recalcitrance of substrate; DB = via
biological hindrance).
dAdding imported organic amendments such as compost or biochar often
increases soil carbon content, but this does not necessarily equate to
atmospheric CO2 removal.

stock (Russell, 1927; Kostytchev, quoted by Waksman, 1936). His-
torically, the biggest disturbance has been land-use change. Almost
invariably, for example, converting grassland to arable cropland
results in loss of soil carbon (Alway & Trumbull, 1910; Albrecht,
1938; Six, 2013), not only because disturbance stimulates decay,
but also because carbon input is reduced (Janzen, 2004; Lal et al.,
2011). The intent of farming, after all, is to export carbon, so stocks
remaining in soil must dwindle with continuing, concerted removal,
at least for a while, toward a new, smaller steady state. To withhold
CO2 from air, then, a pre-eminent aim is preserving carbon already
stored (Garnett, 2011; Mackey et al., 2013); from an atmospheric
vantage, a tonne of soil C never emitted counts about the same as a
tonne newly-accrued.

On land already cultivated, carbon gain can be induced by many
practices (Sampson & Scholes, 2000; Delgado et al., 2011; Sri-
vastava et al., 2012; World Bank, 2012), including reduced tillage,
nutritive amendment, water management, cover crops and perennial
crops, among others. All of these, one way or another, alter amounts
of carbon entering soil or the rate of its decay (Table 1). Often these
practices favour carbon accrual through multiple mechanisms. For
example, reducing tillage intensity may slow decay by protecting
substrate within aggregates (Six et al., 1998) or, in arid lands, by
‘stranding’ residues on the dry soil surface (Shields & Paul, 1973;
Helgason et al., 2014). Further, reduced tillage can affect carbon
inputs by positive (or negative) yield response, especially where
it affects soil moisture (Ogle et al., 2012; Virto et al., 2012). The
magnitude (or even the sign) of these influences varies among sites;
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hence, adopting reduced tillage sometimes favours carbon gain, but
does not always (VandenBygaart et al., 2010). This example advises
caution in advocating universal ‘best management practices’ for
storing carbon: a practice that elicits carbon gain in one place, may
have little benefit in another.

Always, soil carbon response depends on the change in practice.
History matters: soil carbon gain depends not solely on current
practice, but on how that practice compares with what transpired
before on the land in question (Sampson & Scholes, 2000). For
example, a soil with annual crops under no-till might be gaining
carbon if that soil had until recently been intensively-tilled with
frequent fallowing (Campbell et al., 2005), but will probably be
losing carbon if the land had freshly been broken from grassland
(DuPont et al., 2010). Knowing only the current practice (no-till
farming, in this example) is not enough to predict the magnitude or
even the sign of soil carbon change. Only if historical practices are
known, can the current or future responses be predicted. Generally,
the larger the carbon loss from previous degrading practices, the
greater the likelihood of future carbon gains (Janzen et al. 1998;
Tan et al., 2014).

Potential

Rates of C gain from beneficial shifts in practice vary widely,
but typically amount to a small fraction of a tonne C per ha
per year on arable land, with somewhat larger rates from restora-
tive land-use change, such as replanting permanent grass (Smith
et al., 2008). Because of carbon’s transience, rates of net car-
bon accrual can never be more than a small share of annual
carbon inputs, a tiny fraction of annual net primary productiv-
ity. Still, extrapolating such estimates to a global scale can yield
impressive technical potentials of up to about 1–3 Pg C year−1

(Smith, 2008; Lal, 2011). Only a portion of that, perhaps about
0.4–0.7 Pg C year−1, may be economically achievable, however,
and even that potential may be limited by other barriers (Smith,
2008).

Removal from air of 0.5 Pg C year−1 corresponds roughly to
5% of current fossil carbon emissions (Peters et al., 2013), less
than estimated emissions from ongoing land-use change (about
0.9± 0.5 Pg C year−1) (Le Quéré et al., 2013). Thus global soil
carbon sequestration can, in theory, contribute significantly to CO2

mitigation, but the benefit may never be prominent and is better seen
as one among many incremental ‘wedges’ in a portfolio of multiple
mitigation practices enacted together (Pacala & Socolow, 2004; Del
Grosso & Cavigelli, 2012).

Constraints on soil C sequestration for mitigating
climate change

Sequestration often is seen as a win-win opportunity (Lal, 2004,
2007; Lehmann, 2009; Baveye et al., 2011; Srivastava et al., 2012):
it can remove excess CO2 from air while simultaneously improv-
ing soil productivity. Nature, however, is not deliberately benev-
olent (Burroughs, 1912); rarely does she offer rewards without

demanding recompense. Whilst carbon sequestration may indeed
yield multiple returns, it is not without constraints.

Firstly, carbon gain is finite, and can continue only for a few years
or decades; as carbon builds in soil, decay also increases, eventually
converging again upon C inputs, halting further gains (Kellogg,
1941; Janzen et al., 1998; West & Six, 2007; van Groenigen et al.,
2014). Carbon inputs in arable agricultural lands are often less
than in corresponding ‘natural’ systems, both because of smaller
net primary productivity and because much of the carbon trapped
by photosynthesis is exported (Haberl et al., 2012; Krausmann
et al., 2013). Consequently, without large imports (at the expense of
carbon stocks elsewhere), drastic yield-enhancement (for example
with irrigation) or cessation of harvest (as in ‘set-aside’ lands),
restoring carbon to levels approaching those in pre-agricultural soils
seems overly optimistic. Sequestering carbon in soil at significant
rates is a welcome aberration from pseudo-steady state, but only
a fleeting one, at best briefly ‘buying time’ for other mitigation
strategies to emerge (Post et al., 2012).

Secondly, CO2 removal from soil carbon build-up is rarely the
only greenhouse gas affected by a management change in agricul-
tural lands (Maraseni & Cockfield, 2011; Powlson et al., 2011).
Practices that promote carbon storage, for example, may also stim-
ulate emissions of nitrous oxide (N2O), a potent greenhouse gas,
partially offsetting the CO2 removed from air (Conant et al., 2005;
Abdalla et al., 2013). Similarly, planting grasses can sequester car-
bon, but methane (CH4) emitted from grazing ruminants or N2O
from their excreted urine will offset some of the soil carbon accrual
(Bellarby et al., 2013). The net benefit of any practice on radiative
forcing can only be calculated by considering all greenhouse gases
in a full systems-wide analysis (Janzen et al., 2006). This aim is
complicated further by differential temporal responses of the vari-
ous greenhouse gases; soil carbon accrual must cease eventually, but
elevated N2O or CH4 emissions can sometimes persist indefinitely,
so early benefits from carbon gain could be increasingly offset by
other emissions (Lemke & Janzen, 2007).

Further, the carbon so carefully replenished and hoarded is sus-
ceptible to future loss from regressive practices or evolving con-
ditions (Smith, 2004; Powlson et al., 2011). For example, aban-
doned arable land in Russia and Ukraine has recently accumulated
large reserves of carbon but these gains could easily be released
should arable farming resume (Schierhorn et al., 2013). Similarly,
future warming may accelerate soil carbon loss by decay, although
the response is complex and still difficult to predict (Davidson &
Janssens, 2006; Schmidt et al., 2011; Conant et al. 2011b; Stock-
mann et al., 2013). Even stimulated plant growth and carbon input
from ‘CO2 fertilization’ may actually limit carbon gain by promot-
ing decay (van Groenigen et al., 2014).

Fourthly, verifying soil carbon change is not easy; soil carbon
responses are usually small, viewed against a massive and highly
variable background (Conant et al., 2011a; Singh et al., 2012;
Loveland et al., 2014). Carbon responses are often most easily dis-
cernible near the soil surface, but shallow sampling may overlook
offsetting effects deeper in the profile (Angers & Eriksen-Hamel,
2008; Baldock et al.; 2012). In the past, for example,
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carbon accrual under reduced tillage systems may sometimes
have been over-estimated because of insufficient sampling depth
(Manley et al., 2005; Luo et al., 2010). Sampling to greater depths,
however, enhances variability, and reduces sensitivity of measured
carbon change (Ellert et al., 2002; Kravchenko & Robertson, 2011).
Despite analytical advances, the difficulties and inconsistencies
of measuring soil carbon change remain stubborn impediments to
understanding and benefitting from carbon sequestration (Baveye
et al., 2011).

Finally, carbon gain measured at a specific place does not always
equate to atmospheric CO2 removal (Olson, 2013). For example,
importing manure may increase soil carbon at one site but, with
an offsetting loss at the source, net benefits to CO2 removal from
air are minimal (Schlesinger, 2000; Powlson et al., 2011) unless
the added manure stimulates overall productivity (Ryals et al.,
2014). Likewise, preventing erosion in a field may increase soil
carbon there, but may not withdraw atmospheric CO2 if the eroded
soil is merely deposited and stored elsewhere (Ciais et al., 2010;
Sanderman & Chappell, 2013; Yang et al., 2013 ). The atmospheric
CO2 content reflects only the net exchange of carbon from the
entire land surface; hence, monitoring of carbon stocks accurately
at a fixed site (a challenge itself) may not yield a true estimate of
mitigative benefit. Countless studies have shown that we can often
increase soil carbon in localized spots in a field or paddock, but to
what extent can we augment carbon stores in entire, interconnected
landscapes and how do we measure it?

For these and other reasons, some have wondered if the early
compelling promise of carbon sequestration for mitigating CO2 may
have been imbued with undue optimism (Schlesinger, 2000; Smith
et al., 2005; Baker et al., 2007; Fissore et al., 2010; Baveye et al.,
2011; DeLuca & Zabinski, 2011; Powlson et al., 2011; Robertson
& Nash, 2013; Sommer & Bossio, 2014). Intensive study in recent
years has bolstered our understanding of soil carbon dynamics, but
has not yet fully allayed the uncertainty. Torn between the enticing
rewards of carbon sequestration and its acknowledged limitations,
what is the way forward for soil carbon research?

A working hypothesis

To elicit further collective explorations, I proffer a working hypoth-
esis: that storing more carbon in soil remains a worthy, laudable
endeavour, but only as one of many concurrent, interwoven services
conferred by land. More specifically, I suggest that managing car-
bon flows should take precedence over maximizing carbon stocks.
By managing flows of carbon, we can optimize flows of energy,
thereby promoting and sustaining the manifold services we seek
from land.

This now shifts the research emphasis slightly. It means focus-
ing less on carbon per se, and more on using wisely the energy
that it conveys (Albrecht, 1938). Carbon and energy are closely
entwined; by managing carbon, we manage energy (Armaroli et al.,
2013; Krausmann et al., 2013; Volk, 2003). And energy, mostly
solar energy, is the currency of nature and also of human society
(Armaroli & Balzani, 2011; Pelletier et al., 2011); thus ‘All the

things that we see that are moving, are moving because the sun is
shining’ (Feynman, 1969). Managing that energy is critical espe-
cially now, where we hope to live ‘inside the biosphere’ (Roston,
2008), relying more on ‘the current flow of solar energy rather than
on the accumulated sunshine of paleolithic summers’(Daly & Cobb,
1989).

Focusing on energy flows amplifies and elevates soil carbon study
because, for several reasons, the soil is the hub of these flows in the
terrestrial biosphere. Firstly, as mentioned, soil is a vast stream of
carbon (and energy), with instantaneous carbon content several-fold
that of air or of vegetation (Rozhkov, 2009). Secondly, soil is the
matrix upon which solar energy is captured by photosynthesis on
land (King, 1907). Thus, if soil is depleted or degraded, the amount
of energy flowing into the ecosystem will diminish. Thirdly, a
facet sometimes overlooked, soil is a convenor and a conveyor
of the solar energy invested in carbon. Most of the solar energy
invested in carbon by plants on land (perhaps up to 90% of it,
Coleman et al., 2004; Gessner et al., 2010) ends up in the soil, there
to be dispersed and dispensed. Managing soil, therefore, means
managing energy. This perspective expands our view well beyond
carbon sequestration; it frames soil as a mediator of energy flows:
‘Fertility is the ability of soil to receive, store, and release energy’
(Leopold, 1949). Soil now is seen as a reactor, a regulator (Targulian
& Sokolova, 1996), an integrative membrane stretched across
continents and centuries, with carbon as its interweaving thread.

The working hypothesis, then, affirms the merits of mitigating
CO2, but looks wider, deeper and farther, to enfold many other
questions and functions of land no less critical for sustaining
humans in the biosphere. In that way, it melds into the emerging
consensus that, on a full and finite planet with dwindling area per
person, each tract of land will need to provide multiple functions
(DeFries et al., 2012; Dosskey et al., 2012; Midgley, 2012; Ellis,
2013; Firbank et al., 2013).

Four implications of the working hypothesis

The premise that soil is a mediator of solar energy, not just a
repository of its carrier (carbon), affects how we study ways of
managing carbon on land. Consider the following examples, offered
mostly to elicit collective correction and advancement.

Ecosystem perspective. Firstly, our working hypothesis enforces
a systems perspective that views soil within land (or ecosystem;
Tansley, 1935), encompassing not only soil, but the air above, the
plants upon, the water within and running through, all biota in
all their countless interactions with each other and their habitats
(FAO, 1995). ‘Land, then, is not merely soil; it is a fountain of
energy flowing through a circuit of soils, plants, and animals’
(Leopold, 1949). Such a broader ecological view not only helps
us see potential synergies, but forces us to also address the almost
inevitable trade-offs (Kareiva & Marvier, 2011; Erb et al., 2012;
Grau et al., 2013; Hayashi, 2013), notably for captured solar energy.

Globally, net primary productivity (NPP) on land is more
or less limited, amounting to about 2000 exajoules of energy
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Figure 2 Globally, net primary productivity on land equates to about
150 GJ ha−1 year−1 of solar energy (references in text). Deciding how best
to steer this energy, on each tract of land, involves trade-offs among
possible uses, including human food, livestock feed, biofuel and storage
in soil in a form more-or-less inert in human time scales. These choices
impinge directly on other biota (microbes and macrobes), which also rely on
solar energy captured by photosynthesis. Conserving biodiversity demands
ensuring sufficient solar energy flow through the system.

(some four times the current primary energy use by humans; Mori-
arty & Honnery, 2011, 2012; Haberl et al., 2012; Running, 2012).
Averaged across the global ice-free land area (130× 106 km2;
Hooke et al., 2012), that amounts to roughly 150 GJ ha−1. This is
the annual allotment of solar energy, and it fuels not only human
civilisation but all the biological machinery of the terrestrial bio-
sphere (Huston & Wolverton, 2009; Moriarty & Honnery, 2009).
On each unit of managed land, therefore, we face choices (Figure 2).
How much can we harvest as food to fuel ourselves? How much to
fuel our livestock? How much to drive our industries and automo-
biles? And how much can we lock away in soil carbon, more-or-less
inert over human time-scales? Thermodynamic laws are rigid and
unbending (Daly, 1996; Pereira, 2012): any removal of carbon in
harvest withdraws energy from the ecosystem, and ‘protecting’ car-
bon from decay likewise forestalls access to its energy. On any
parcel of land, if a tonne of carbon is removed (or ‘locked up’ in
soil), who is deprived of energy and what are the lasting, cascading
consequences?

This question is tied inextricably to prospects of fostering biodi-
versity, now seen as a critical aim in managing lands (Pereira et al.,
2012; Costello et al., 2013). Conserving biodiversity means leaving
enough energy for non-human species (Crute, 2012), including the
hidden, microscopic ones (Griffith, 2012). Most of the plant litter
entering soil is quickly decayed, in a few months or years (Jenkin-
son, 1977), and its carbon atoms soon divested of energy and set free
into air again. Soil scientists, preoccupied with sequestering carbon,
have sometimes implied that carbon decayed is carbon wasted,

forgetting perhaps that decay is the way solar energy is delivered
to the unseen biota in soil’s darkness, sustaining essential functions
we may not even know about (Wall & Nielsen, 2012).

The energy perspective enforces honest appraisal of trade-offs.
There is only so much energy entering ecosystems each year, and it
can be used only once. This demands choices: ‘Landscapes cannot
be all things to all people (or organisms)’ (Wiens, 2013). There is no
universal ‘best’ way (Chapin et al., 2008; Cunningham et al., 2013;
Govers et al., 2013; Odegard & van der Voet, 2014); ‘best’ depends
on where you are, on who else is there, and on which functions are
needed most. Often ‘best’ may coincide with most carbon stored in
soil, but does not always.

Enhancing solar energy capture. A second implication of the
working hypothesis, arising from the first, is the importance of
maintaining or enhancing energy capture. If solar energy is so
limiting, if its finitude demands inevitable trade-offs, then land
needs to be managed not only to use wisely the current energy
trapped in biomass, but also to sustain or enhance the capacity for
continuing capture of energy by plants.

The withdrawal of atmospheric CO2 in the greenery of plants is
often favoured by elevated soil carbon (Delgado et al., 2011; Lal,
2011, 2014), at least up to a critical threshold (Zvomuya et al.,
2008; McBratney et al., 2014b). Thus there is a potential escalating
feedback: more soil carbon tends to increase carbon (energy)
capture, which augments soil carbon by increased litter return,
further stimulating photosynthesis through enhanced plant growth
(Govers et al., 2013). The feedback can also be negative: loss of soil
carbon not only emits CO2 into the air, but imperils future accrual
of energy and carbon by restricting photosynthesis (Lal, 2007).

The link between soil carbon content (energy reserve) and plant
yield (energy capture), however, is not always straightforward.
Enhanced carbon content of soil does often promote plant growth,
but many of these benefits for yield derive not from the presence
of carbon, but from its decay (Russell, 1926; Janzen, 2006; Kleber
& Johnson, 2010). The link between organic carbon and yield has
often been inferred during periods of soil organic matter decline,
with net release of nutrients and energy. When carbon is accruing,
however, there could even be a penalty for yield, because energy
and nutrients are being stored (immobilized), ‘sequestered’ and
unavailable for use. The rewards of a large carbon stock derive not
from having it, but in its loss by decay, and building carbon reserves
with constant inputs may demand forfeiture of benefit. A positive
feedback of soil carbon on yield, therefore, may be most likely in
previously C-depleted or degraded soils, where incremental plant
growth responses to soil carbon are greatest and benefits derive from
mechanisms other than decay.

Of the practices that promote carbon capture (Table 1), among the
most critical may be the nourishment of plants with nitrogen. The
flows of carbon and nitrogen are tightly interwoven (Loveland et al.,
2014); consequently, building soil carbon means also building soil
nitrogen (Albrecht, 1938; Lemke et al., 2010; Matear et al., 2010;
Zaehle, 2013). Nitrogen removed in harvest must be more than
replaced by input of nitrogen fixed biologically or industrially from
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atmospheric N2, an energy-intensive process. The nitrogen cycle,
however, is notoriously ‘leaky’; errant, reactive nitrogen escaping
into air and water is now among the foremost environmental
challenges (Galloway et al., 2008; Conant et al., 2013; Houlton
et al., 2013; Sutton & Bleeker, 2013; Sutton et al., 2013). These
losses can perhaps be reduced by synchronizing flows of carbon
and nitrogen, so that nitrogen supports photosynthetic demands, and
then, upon its release by decay, can be used again for another cycle
of carbon capture. An atom of nitrogen, then, might be used for
successive cycles of carbon and energy capture, thereby allaying
leaks (Pearson, 2007).

Over the longer term, success in managing carbon may be
measured not just in mass of carbon stored already but, more
critically, in the potential for future energy capture, preserved or
abetted. Net accrual of carbon in soils must eventually cease, but
benefits of enhanced energy capture can continue into perpetuity.

Contemplating carbon across time. A third inference now arises
from the working hypothesis: the importance of sustaining carbon
(and energy) flows over the long term. The flows of carbon connect
ecosystems, not only over space but also over time. The carbon in
soil at any moment is the remnant, the lingering legacy, of count-
less biotic cycles. In its accumulated carbon atoms, soil holds a
memory of what has happened before (Burroughs, 1908; Targulian
& Goryachkin, 2004): an ancient grassland long-since ploughed; a
wheat crop exposed to an influx of 14C from thermonuclear explo-
sions decades ago; or an earthworm’s burrowing this morning. By
virtue of this memory, the soil through its carbon also foreshadows
the narrative of land beyond our time, when it is our tenure that is
remembered. Stepping back into the history of the land, and peering
ahead into the time of those awaiting the consequences of our deci-
sions, we ask: how does what we do now affect carbon flows then?

Here, however, we face a humbling ignorance: the biosphere is
changing rapidly, in ways we cannot yet (or ever) fully predict
(Carpenter et al., 2009; Boyd, 2012; Weinberger, 2012; Smil,
2013). There will be surprises, and unforeseen disturbances (Lau-
rance, 2008), and so any vision of land use will need to be buffered
by resilience, as an ecological insurance (Chapin, 2009; Garnett
et al., 2013). Resilience, in this sense, is not the same as stability (a
resistance to change) but rather the inherent capacity of ecosystems
to absorb externally-inflicted change and still deliver the functions
critical to their inhabitants (Holling, 1973; Berkes et al., 2003;
Folke et al., 2003).

By virtue of its size, soil carbon, with affiliated biota and organic
matter, confers an ecological inertia, acting as a flywheel for carbon
cycling in our lands (Chapin, 2009). It dampens short-term stresses,
retaining a reserve of energy, nutrients and biotic diversity to buffer
unforeseen disturbances (Scholes & Scholes, 2013). From this
temporal perspective, we manage soil carbon not only to maximize
today’s yield, or to absorb today’s emissions, but also to weather
tomorrow’s upheavals (Figure 3).

Which management systems are most resilient, however; which
will best maintain the carbon buffer? Changes in soil carbon are
subtle and slow; the final response of a management choice today
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Figure 3 A hypothetical scenario for a grassland soil, illustrating the role
of soil organic carbon as a buffer, promoting resilience. Before cultivation,
the soil carbon pool is near steady state. After cultivation, microbial activity
increases, resulting in greater CO2 emission and N and other nutrient
mineralization, thereby depleting energy and nutrient reserves. Adoption of
an ‘improved’ practice (such as reduced tillage) may, for a time, constrain
microbial activity, resulting in suppressed CO2 emission and nutrient
mineralization, leading to increased energy and nutrient storage. Eventually,
the system approaches a new steady state. Such gradual responses help
dampen the influence of any external factor, whether a management practice
or climatic disturbance. This scenario assumes a constant carbon input;
inevitable changes in plant litter return add further complexity (Schulp &
Verburg, 2009).

cannot always be measured in a typical funding cycle, or even in a
human career or lifespan (Watt et al., 1977; Kümmerer et al., 2010;
Knapp et al., 2012). The only way to be sure is through patient,
persistent measuring, in so-called ‘listening places’ (Janzen, 2009),
where we (and our scientific heirs) can trace time’s long, unfolding
creativity. We have derived enormous benefit from such long-term
sites (Jenkinson, 1991; Paul et al., 1997; Richter et al., 2007). By
the foresight of those who began them long ago, we can today
follow soil carbon over the decades, and can perform analyses
they could never have envisioned (Conyers et al., 2012), such as
14C analysis (Jenkinson et al., 1994; Ellert & Janzen, 2006), or
probing microbial communities using emerging molecular methods
(Helgason et al., 2010).

This, however, prompts the question: what do we start now
for those who follow us (Sachs et al., 2010)? Do we need new
sites to follow emergent practices such as biofuel production, new
genotypes or urban farming (Pearson, 2013; Vasenev et al., 2013)?
Do we need to find ways of tracking carbon flows in diversified
landscapes, including not only the managed fields, but also land on
the margins: the hedges, the neighbouring wetlands, the so-called
‘idle spots’ (Leopold, 1949) where ecological functions abound
(Tscharntke et al., 2012; Benton, 2013)? Do we need more sites
where stresses may be greatest, notably some developing countries?
(Lal, 2007; Govaerts et al., 2009; McBean & Ajibade, 2009;
Gilbert, 2012; Rolston, 2012). We have seen the enormous power of
measuring carbon in air, patiently and persistently (Keeling, 2008);
can we do the same for soil carbon, as a bequest to those who will
manage energy on the lands we leave behind?
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Including the human dimension in carbon studies. One last
implication of the hypothesis I broach uneasily, mindful of treading
on unfamiliar ground. Now, in the Anthropocene (Crutzen, 2002),
nature is mostly under human influence (Ellis, 2011; Barnosky
et al., 2012); for better or worse, humans are now the primary
instigators of biospheric change (Slaughter, 2012) and also among
its afflicted. This means that management of ecosystem carbon
flows is no longer solely a physical science (Jasanoff, 2007;
Fischer et al., 2012), but must consider also the behaviour of
the planet’s most capricious and pervasive species (Armaroli &
Balzani, 2011; Kareiva & Marvier, 2011, 2012; Sörlin, 2012).
Carbon and energy flows can be influenced by people directly,
through practices on the land (cropping and tilling, for example),
but also indirectly, by the services and products demanded of land,
often remotely (Smil, 2013; Smith et al., 2013). Managing carbon
and energy flow must therefore envelop a wide range of human
needs and aspirations, including not only food, fibre and fuel, but
also aesthetic appeal, emotional respite and habitat for other biota.
This signals a broadening view, from thinking of lands not just
as ecological systems but as social-ecological systems (Ban et al.,
2013; Cumming et al., 2013; Nekola et al., 2013; Seidl et al., 2013).

Seen in this light, soil science holds a unique and potentially
prominent role, not yet fully exploited: soil is a ‘meeting place’
(Kellogg, 1941; Bouma & McBratney, 2013), a binding interface
not only between earth and sky (an intersection of physical pro-
cesses) but also a visceral interface between humans and land
(Dokuchaev, quoted by Glinka, 1931). Humans are tied into the
land, especially via the energy and carbon flowing through the
soil (Janzen et al., 2011; McBratney et al., 2014a). And because of
soil’s buffering capacity (its ‘memory’, Richter et al., 2011), these
flows through soil not only connect humans to their ecosystems
now, but also to lands’ future inhabitants.

Perhaps soil carbon scientists have not always been sufficiently
eloquent and assertive in conveying soils’ central role as a conduit
for the solar energy that sustains the biosphere and us within it?
Possibly, even, by focusing too narrowly on isolated functions such
as carbon sequestration, they have suppressed and repressed the
story. ‘It is one of the moral functions of science to change (the)
attitude of (people) to the soil which has borne them; to bring
(people) to a clear recognition of the marvel and beauty of the
mechanism on which the existence of all the living beings of the
earth intimately depends’ (Shaler, 1892). Our legacy as carbon
scientists may be measured not only in tonnes of carbon stashed
away, but in the restorative, hopeful images planted in human minds.

Closing thoughts

Soil is a sustaining, integrating confluence of energy flows within
ecosystems and the terrestrial biosphere. Such flows begin with
the sun:

‘Let us not drop at once into the soil and lose
ourselves in the darkness of its details, but first let
us look about and see how our field is related to the

world at large and to the powers that energize in it.
Let us begin with sunshine and the work it does.’
(King, 1907)

For a given tract of land, then, we start with the annual allotment
of energy trapped in biomass by photosynthesis and ask: how best
do we use this solar energy invested in carbon? The soil, which
reflects and remembers what is happening on the land, may guide us
to useful answers to this question, in each of our ‘numberless places’
(Berry, 2004). The question, though, does not pertain strictly to soil;
it is a question about land, enfolding all biota (including people),
now and into the future.

This perspective emphasizes flows of carbon, delivering solar
energy that powers biological systems for multiple purposes.
Although stored carbon is clearly an asset, a soil with a smaller
store of carbon, turning its energy over quickly, might sometimes
sustain more and better ecosystem functions than one with larger
but stagnant carbon troves.

The biosphere is facing many challenges. All are interwoven;
none can be addressed alone. Resolving them will mean sustaining
multiple services on each parcel of land, garnering food not least
among them (Godfray, 2011). The carbon (and energy) cycle is
woven through all these services, and the hub of that carbon cycle on
land is the soil. This perspective steers us then well beyond seeing
soil as an ancillary pool of carbon (a ‘storage bin’, Kellogg, 1941)
to viewing soil as a biospheric mediator (Vernadsky, 1913), as a
‘connector’ (Berry, 1977), convening the streams of energy that
sustain us and our lands. This surely does not diminish the study of
soil carbon, but amplifies, extends and elevates it to an integrating
role within a richer, deeper, longer social-ecological perspective.

Acknowledgements

Funding for this contemplative research was provided by Agri-
culture and Agri-Food Canada. I am indebted to countless col-
leagues, Ed Gregorich and Ben Ellert among them, whose insights,
embedded in this paper, were absorbed perhaps unknowingly from
written word, informal conversation or fruitfully-divergent perspec-
tives. I thank also Harriet Douwes, Linda Kremenik, Kim Beattie,
Melissa Fry and Yvonne Bruinsma for gracious help in compiling
the manuscript and managing supportive literature. An early version
of this paper was presented to the Scientific and Technical Advisory
Panel of the Global Environment Facility, October 2013, Washing-
ton, DC. Elements hereof were also presented at the Joint Australian
and New Zealand Soil Science Conference, Hobart, Australia, 2012.

References

Abdalla, M., Osborne, B., Lanigan, G., Forristal, D., Williams, M., Smith,
P. et al. 2013. Conservation tillage systems: a review of its consequences
for greenhouse gas emissions. Soil Use & Management, 29, 199–209.

Albrecht, W.A. 1938. Loss of soil organic matter and its restoration. In: Soils
and Men, Yearbook of Agriculture 1938, pp. 347–360. U.S. Department
of Agriculture, Washington, DC.

Alexander, M. 1965. Biodegradation: problems of molecular recalcitrance
and microbial fallibility. Advances in Applied Microbiology, 7, 35–80.

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



Soil carbon and energy 27

Allison, F.E. 1973. Soil Organic Matter and its Role in Crop Production.
Elsevier Scientific Publishing Company, Amsterdam.

Alway, F.J. & Trumbull, R.S. 1910. A contribution to our knowledge of the
nitrogen problem under dry farming. Journal of Industrial & Engineering
Chemistry, 2, 135–138.

Amundson, R. 2001. The carbon budget in soils. Annual Review of Earth
and Planetary Science, 29, 535–562.

Angers, D.A. & Eriksen-Hamel, N.S. 2008. Full-inversion tillage and
organic carbon distribution in soil profiles: a meta-analysis. Soil Science
Society of America Journal, 72, 1370–1374.

Archer, D., Eby, M., Brovkin, V., Ridgwell, A., Cao, L., Mikolajewicz, U.
et al. 2009. Atmospheric lifetime of fossil fuel carbon dioxide. Annual
Review of Earth & Planetary Sciences, 37, 117–134.

Armaroli, N. & Balzani, V. 2011. Energy for a Sustainable World: From the
Oil Age to a Sun-Powered Future. Wiley-VCH Verlag & Co., Weinheim.

Armaroli, N., Balzani, V. & Serpone, N. 2013. Powering Planet Earth:
Energy Solutions for the Future. Wiley-VCH Verlag & Co., Weinheim.

Baker, J.M., Ochsner, T.E., Venterea, R.T. & Griffis, T.J. 2007. Tillage
and soil carbon sequestration – What do we really know? Agriculture,
Ecosystems & Environment, 118, 1–5.

Baldock, J.A. & Skjemstad, J.O. 2000. Role of the soil matrix and minerals
in protecting natural organic materials against biological attack. Organic
Geochemistry, 31, 697–710.

Baldock, J.A., Wheeler, I., McKenzie, N. & McBrateny, A. 2012. Soils and
climate change: potential impacts on carbon stocks and greenhouse gas
emissions, and future research for Australian agriculture. Crop & Pasture
Science, 63, 269–283.

Ban, N.C., Mills, M., Tam, J., Hicks, C.C., Klain, S., Stoeckl, N. et al. 2013.
A social–ecological approach to conservation planning: embedding
social considerations. Frontiers in Ecology & the Environment, 11,
194–202.

Barnosky, A.D., Hadly, E.A., Bascompte, J., Berlow, E.L., Brown, J.H.,
Fortelius, M. et al. 2012. Approaching a state shift in Earth’s biosphere.
Nature, 486, 52–58.

Bartholomew, W.V. & Norman, A.G. 1946. The threshold moisture content
for active decomposition of some mature plant materials. Soil Science
Society of America Proceedings, 11, 270–279.

Baveye, P.C., Rangel, D., Jacobson, A.R., Laba, M., Darnault, C., Otten,
W. et al. 2011. From dust bowl to dust bowl: soils are still very much
a frontier of science. Soil Science Society of America Journal, 75,
2037–2048.

Bellarby, J., Tirado, R., Leip, A., Weiss, F., Lesschen, J.P. & Smith, P. 2013.
Livestock greenhouse gas emissions and mitigation potential in Europe.
Global Change Biology, 19, 3–18.

Benton, T. 2013. What food really means. Planet Earth, 2013 Spring, pp.
28–29.

Berkes, F., Colding, J. & Folke, C. 2003. Introduction. In: Navigat-
ing Social-ecological Systems: Building Resilience for Complexity and
Change. (eds F. Berkes, J. Colding & C. Folke), pp. 1–29. Cambridge
University Press, Cambridge.

Berry, W. 1977. The Unsettling of America: Culture & Agriculture. Sierra
Club Books, San Francisco, CA.

Berry, W. 2004. Citizenship Papers. Shoemaker & Hoard, Washington.
Bouma, J. & McBratney, A. 2013. Framing soils as an actor when dealing

with wicked environmental problems. Geoderma, 200–201, 130–139.
Boyd, I.L. 2012. The art of ecological modeling. Science, 337, 306–307.
Branca, G., Lipper, L., McCarthy, N. & Jolejole, M.C. 2013. Food security,

climate change, and sustainable land management. A review. Agronomy
for Sustainable Development, 33, 635–650.

Burroughs, J. 1908. Leaf and Tendril. Houghton, Mifflin & Company, The

Riverside Press. (reproduction- Bibliolife, Charleston, SC), Cambridge,

MA.

Burroughs, J. 1912. Time and Change. The Project Gutenberg EBook.

(At: http://www.gutenberg.org/cache/epub/5706/pg5706.html. Accessed:

28/07/2014.)

Campbell, C.A., Janzen, H.H., Paustian, K., Gregorich, E.G., Sherrod, L.,

Liang, B.C. et al. 2005. Carbon storage in soils of the North American

Great Plains: effect of cropping frequency. Agronomy Journal, 97,

349–363.

Carpenter, S.R., Mooney, H.A., Agard, J., Capistrano, D., DeFries, R.S.,

Díaz, S. et al. 2009. Science for managing ecosystem services: beyond

the Millennium Ecosystem Assessment. Proceedings of the National

Academy of Sciences, 106, 1305–1312.

CAST 2011. Carbon Sequestration and Greenhouse Gas Fluxes in Agricul-

ture: Challenges and Opportunities. Council for Agricultural Science and

Technology, Ames, IA.

Chapin, F.S. 2009. Managing ecosystems sustainably: the key role of

resilience. In: Principles of Ecosystem Stewardship (eds F.S. Chapin, G.P.

Kofinas & C. Folke), pp. 29–53. Springer, New York.

Chapin, F.S., Randerson, J.T., McGuire, A.D., Foley, J.A. & Field, C.B.

2008. Changing feedbacks in the climate-biosphere system. Frontiers in

Ecology & the Environment, 6, 313–320.

Ciais, P., Wattenbach, M., Vuichard, N., Smith, P., Piao, S.L., Don, A. et al.

2010. The European carbon balance. Part 2: croplands. Global Change

Biology, 16, 1409–1428.

Coleman, D.C., Crossley, D.A. Jr. & Hendrix, P.F. 2004. Fundamentals of

Soil Ecology. Elsevier Academic Press, Amsterdam.

Conant, R.T., Paustian, K., Del Grosso, S.J. & Parton, W.J. 2005. Nitrogen

pools and fluxes in grassland soils sequestering carbon. Nutrient Cycling

in Agroecosystems, 71, 239–248.

Conant, R.T., Ogle, S.M., Paul, E.A. & Paustian, K. 2011a. Measuring and

monitoring soil organic carbon stocks in agricultural lands for climate

mitigation. Frontiers in Ecology & the Environment, 9, 169–173.

Conant, R.T., Ryan, M.G., Agren, G.I., Birge, H.E., Davidson, E.A., Elias-

son, P.E. et al. 2011b. Temperature and soil organic matter decomposi-

tion rates – synthesis of current knowledge and a way forward. Global

Change Biology, 17, 3392–3404.

Conant, R.T., Berdanier, A.B. & Grace, P.R. 2013. Patterns and trends in

nitrogen use and nitrogen recovery efficiency in world agriculture. Global

Biogeochemical Cycles, 27, 558–566.

Conyers, M., Newton, P., Condon, J., Poile, G., Mele, P. & Ash, G. 2012.

Three long-term trials end with a quasi-equilibrium between soil C, N,

and pH: an implication for C sequestration. Soil Research, 50, 527–535.

Costello, M.J., May, R.M. & Stork, N.E. 2013. Can we name Earth’s species

before they go extinct? Science, 339, 413–416.

Crute, I. 2012. Balancing the environmental consequences of agriculture

with the need for food security. In: Environmental Impacts of Modern

Agriculture (eds R.E. Hester & R.M. Harrison), pp. 129–147. The Royal

Society of Chemistry, Cambridge.

Crutzen, P.J. 2002. Geology of mankind. Nature, 415, 23.

Cumming, G.S., Olsson, P., Chapin, F.S. & Holling, C.S. 2013. Resilience,

experimentation, and scale mismatches in social-ecological landscapes.

Landscape Ecology, 28, 1139–1150.

Cunningham, S.A., Attwood, S.J., Bawa, K.S., Benton, T.G., Broadhurst,

L.M., Didham, R.K. et al. 2013. To close the yield-gap while saving

biodiversity will require multiple locally relevant strategies. Agriculture,

Ecosystems & Environment, 173, 20–27.

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



28 H. H. Janzen

Daly, H.E. 1996. Beyond Growth: The Economics of Sustainable Develop-
ment. Beacon Press, Boston, MA.

Daly, H.E. & Cobb, J.B. Jr. 1989. For the Common Good: Redirecting the
Economy Toward Community, the Environment, and a Sustainable Future.
Beacon Press, Boston, MA.

Davidson, E.A. & Janssens, I.A. 2006. Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature, 440, 165–173.

DeFries, R.S., Ellis, E.C., Chapin, F.S., Matson, P.A., Turner, B.L., Agrawal,
A. et al. 2012. Planetary opportunities: a social contract for global change
science to contribute to a sustainable future. Bioscience, 62, 603–606.

Del Grosso, S.J. & Cavigelli, M.A. 2012. Climate stabilization wedges
revisited: can agricultural production and greenhouse-gas reduction goals
be accomplished? Frontiers in Ecology & the Environment, 10, 571–578.

Delgado, J.A., Groffman, P.M., Nearing, M.A., Goddard, T., Reicosky, D.,
Lal, R. et al. 2011. Conservation practices to mitigate and adapt to climate
change. Journal of Soil & Water Conservation, 66, 118A–129A.

Delgado, J.A., Nearing, M.A. & Rice, C.W. 2013. Conservation practices
for climate change adaptation. Advances in Agronomy, 121, 47–115.

DeLuca, T.H. & Zabinski, C.A. 2011. Prairie ecosystems and the carbon
problem. Frontiers in Ecology & the Environment, 9, 407–413.

Dosskey, M., Wells, G., Bentrup, G. & Wallace, D. 2012. Enhancing
ecosystem services: designing for multifunctionality. Journal of Soil and
Water Conservation, 67, 37A–41A.

Dungait, J.A.J., Hopkins, D.W., Gregory, A.S. & Whitmore, A.P. 2012. Soil
organic matter turnover is governed by accessibility not recalcitrance.
Global Change Biology, 18, 1781–1796.

Dupont, S. & Pörtner, H. 2013. Marine science: get ready for ocean
acidification. Nature, 498, 429.

DuPont, S.T., Culman, S.W., Ferris, H., Buckley, D.H. & Glover, J.D. 2010.
No-tillage conversion of harvested perennial grassland to annual cropland
reduces root biomass, decreases active carbon stocks, and impacts soil
biota. Agriculture, Ecosystems & Environment, 137, 25–32.

Dyson, F.J. 1977. Can we control the carbon dioxide in the atmosphere?
Energy, 2, 287–291.

Ellert, B.H. & Janzen, H.H. 2006. Long-term biogeochemical cycling in
agroecosystems inferred from 13C, 14C and 15 N. Journal of Geochemical
Exploration, 88, 198–201.

Ellert, B.H., Janzen, H.H. & Entz, T. 2002. Assessment of a method to
measure temporal change in soil carbon storage. Soil Science Society of
America Journal, 66, 1687–1695.

Ellis, E.C. 2011. Anthropogenic transformation of the terrestrial biosphere.
Philosophical Transactions of the Royal Society A: Mathematical, Phys-
ical & Engineering Sciences, 369, 1010–1035.

Ellis, E.C. 2013. Sustaining biodiversity and people in the world’s anthro-
pogenic biomes. Current Opinion in Environmental Sustainability, 5,
368–372.

Erb, K.-H., Haberl, H. & Plutzar, C. 2012. Dependency of global primary
bioenergy crop potentials in 2050 on food systems, yields, biodiversity
conservation and political stability. Energy Policy, 47, 260–269.

Erhagen, B., Öquist, M., Sparrman, T., Haei, M., Ilstedt, U., Hedenström,
M. et al. 2013. Temperature response of litter and soil organic matter
decomposition is determined by chemical composition of organic mate-
rial. Global Change Biology, 19, 3858–3871.

Fang, C., Smith, P. & Smith, J.U. 2005. A simple equation for simulating
C decomposition in a multi-component pool of soil organic matter.
European Journal of Soil Science, 56, 815–820.

FAO 1995. Planning for Sustainable Use of Land Resources: Towards
a New Approach [WWW document]. URL http://www.fao.org/
docrep/v8047e/v8047e00.htm#Contents [accessed on 28 July 2014].

Feng, W., Plante, A.F. & Six, J. 2013. Improving estimates of maximal

organic carbon stabilization by fine soil particles. Biogeochemistry, 112,

81–93.

Feynman, R.P. 1969. What is science. The Physics Teacher, 7, 313–320.

Firbank, L., Bradbury, R.B., McCracken, D.I. & Stoate, C. 2013. Delivering

multiple ecosystem services from enclosed farmland in the UK. Agricul-

ture, Ecosystems & Environment, 166, 65–75.

Fischer, J., Dyball, R., Fazey, I., Gross, C., Dovers, S., Ehrlich, P.R. et al.

2012. Human behavior and sustainability. Frontiers in Ecology & the

Environment, 10, 153–160.

Fissore, C., Espeleta, J., Nater, E.A., Hobbie, S.E. & Reich, P.B. 2010.

Limited potential for terrestrial carbon sequestration to offset fossil-fuel

emissions in the upper midwestern US. Frontiers in Ecology & the

Environment, 8, 409–413.

Folke, C., Colding, J. & Berkes, F. 2003. Synthesis: building resilience

and adaptive capacity in social-ecological systems. In: Navigating

Social-Ecological Systems: Building Resilience for Complexity and

Change (eds F. Berkes, J. Colding & C. Folke), pp. 352–387. Cambridge

University Press, Cambridge.

Gabriel, C.-E. & Kellman, L. 2014. Investigating the role of moisture as

an environmental constraint in the decomposition of shallow and deep

mineral soil organic matter of a temperate coniferous soil. Soil Biology &

Biochemistry, 68, 373–384.

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z.,

Freney, J.R. et al. 2008. Transformation of the nitrogen cycle: recent

trends, questions, and potential solutions. Science, 320, 889–892.

Garnett, T. 2011. Where are the best opportunities for reducing greenhouse

gas emissions in the food system (including the food chain)? Food Policy,

36 (Suppl. 1), S23–S32.

Garnett, T., Appleby, M.C., Balmford, A., Bateman, I.J., Benton, T.G.,

Bloomer, P. et al. 2013. Sustainable intensification in agriculture:

premises and policies. Science, 341, 33–34.

Gessner, M.O., Swan, C.M., Dang, C.K., McKie, B.G., Bardgett, R.D., Wall,

D.H. et al. 2010. Diversity meets decomposition. Trends in Ecology &

Evolution, 25, 372–380.

Gilbert, N. 2012. Dirt poor. Nature, 483, 525–527.

Glinka, K.D. 1931. Treatise on soil science, 4th edn. Israel Program for

Scientific Translations, 1963. (Translated from Russian by A. Gourevich),

Jerusalem.

Godfray, H.C.J. 2011. Food for thought. Proceedings of the National

Academy of Sciences, 108, 19845–19846.

Govaerts, B., Verhulst, N., Castellanos-Navarrete, A., Sayre, K.D., Dixon,

J. & Dendooven, L. 2009. Conservation agriculture and soil carbon

sequestration: between myth and farmer reality. Critical Reviews in Plant

Sciences, 28, 97–122.

Govers, G., Merckx, R., Van Oost, K. & van Wesemael, B. 2013. Soil

organic carbon management for global benefits: a Discussion Paper.

presented at the workshop Soil Organic Carbon Benefits: a Scoping

Study, Nairobi, 10th–12th September 2012 [WWW document]. URL

http://www.stapgef.org/stap/wp-content/uploads/2013/05/Soil-organic-

carbon-management-for-global-benefits-28-May-2013.pdf [accessed on

28 July 2014].

Grau, R., Kuemmerle, T. & Macchi, L. 2013. Beyond ‘land sparing

versus land sharing:’ environmental heterogeneity, globalization and the

balance between agricultural production and nature conservation. Current

Opinion in Environmental Sustainability, 5, 477–483.

Gregorich, E.G. & Janzen, H.H. 1996. Storage of soil carbon in the light

fraction and macroorganic matter. In: Structure and Organic Matter

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



Soil carbon and energy 29

Storage in Agricultural Soils (eds M.R. Carter & B.A. Stewart), pp.

167–190. CRC Lewis Publishers, Boca Raton, FL.

Gregorich, E.G. & Janzen, H.H. 2012. Microbially mediated processes:

decomposition. In: Handbook of Soil Sciences: Properties and Processes,

2nd edn (eds P.M. Huang, Y. Li & M.E. Sumner), pp. 26–23–26–32.

CRC Press, Boca Raton, FL.

Griffith, G.W. 2012. Do we need a global strategy for microbial conserva-

tion? Trends in Ecology & Evolution, 27, 1–2.

Guenet, B., Juarez, S., Bardoux, G., Abbadie, L. & Chenu, C. 2012.

Evidence that stable C is as vulnerable to priming effect as is more labile

C in soil. Soil Biology & Biochemistry, 52, 43–48.

Haberl, H., Körner, C., Lauk, C., Schmid-Staiger, U., Smetacek, V.,

Schulze, E.-D. et al. 2012. The availability and sustainability of biomass

as an energy source. In: Bioenergy – Chances and Limits (eds C. Anton

& H. Steinicke), pp. 9–42. Deutsche Akademie der Naturforscher

Leopoldina – Nationale Akademie der Wissenschaften, Berlin[WWW

document]. URL http://www.leopoldina.org/fileadmin/redaktion/Publi

kationen/Nationale_Empfehlungen/201207_Stellungnahme_Bioenergie_

LAY_en_final.pdf [accessed on 28 July 2014].

Hardin, G. 1963. The cybernetics of competition: a biologist’s view of

society. Perspectives in Biology & Medicine, 7, 58–84.

Harper, R.J. & Tibbett, M. 2013. The hidden organic carbon in deep mineral

soils. Plant & Soil, 368, 641–648.

Hassink, J., Whitmore, A.P. & Kubat, J. 1997. Size and density fractionation

of soil organic matter and the physical capacity of soils to protect organic

matter. European Journal of Agronomy, 7, 189–199.

Hayashi, K. 2013. Practical recommendations for supporting agricultural

decisions through life cycle assessment based on two alternative views

of crop production: the example of organic conversion. The International

Journal of Life Cycle Assessment, 18, 331–339.

Hedges, J.I., Eglinton, G., Hatcher, P.G., Kirchman, D.L., Arnosti, C.,

Derenne, S. et al. 2000. The molecularly-uncharacterized component of

nonliving organic matter in natural environments. Organic Geochemistry,

31, 945–958.

Helgason, B.L., Walley, F.L. & Germida, J.J. 2010. No-till soil management

increases microbial biomass and alters community profiles in soil aggre-

gates. Applied Soil Ecology, 46, 390–397.

Helgason, B.L., Gregorich, E.G., Janzen, H.H., Ellert, B.H., Lorenz, N.

& Dick, R.P. 2014. Long-term microbial retention of residue C is

site-specific and depends on residue placement. Soil Biology & Biochem-

istry, 68, 231–240.

Holling, C.S. 1973. Resilience and stability of ecological systems. Annual

Review of Ecology & Systematics, 4, 1–23.

Hooke, R.L., Martín-Duque, J.F. & Pedraza, J. 2012. Land transformation

by humans: a review. GSA Today, 22, 4–10.

Houlton, B.Z., Boyer, E., Finzi, A., Galloway, J., Leach, A., Liptzin, D. et al.

2013. Intentional versus unintentional nitrogen use in the United States:

trends, efficiency and implications. Biogeochemistry, 114, 11–23.

Hughes, J.D. 2009. The energy issue: a more urgent problem than climate

change?. In: Carbon Shift: How the Twin Crises of Oil Depletion and

Climate Change will define the Future (ed T.I. Homer-Dixon), pp. 58–95.

Random House of Canada, Toronto.

Huston, M.A. & Wolverton, S. 2009. The global distribution of net

primary production: Resolving the paradox. Ecological Monographs, 79,

343–377.

IPCC 2007. Climate Change 2007: The Physical Science Basis – Summary

for Policymakers, IPCC Working Group I. Cambridge University Press,

Cambridge.

IPCC 2013. Climate Change 2013: The Physical Science Basis – Summary
for Policymakers, IPCC Working Group I. Cambridge University Press,
Cambridge.

Janzen, H.H. 2004. Carbon cycling in earth systems – a soil science
perspective. Agriculture, Ecosystems & Environment, 104, 399–417.

Janzen, H.H. 2006. The soil carbon dilemma: shall we hoard it or use it?
Soil Biology & Biochemistry, 38, 419–424.

Janzen, H.H. 2009. Long-term ecological sites: musings on the future, as
seen (dimly) from the past. Global Change Biology, 15, 2770–2778.

Janzen, H.H., Campbell, C.A., Izaurralde, R.C., Ellert, B.H., Juma, N.,
McGill, W.B. et al. 1998. Management effects on soil C storage on the
Canadian prairies. Soil & Tillage Research, 47, 181–195.

Janzen, H.H., Angers, D.A., Boehm, M., Bolinder, M.A., Desjardins, R.L.,
Dyer, J.A. et al. 2006. A proposed approach to estimate and reduce net
greenhouse gas emissions from whole farms. Canadian Journal of Soil
Science, 86, 401–418.

Janzen, H.H., Fixen, P.E., Franzluebbers, A.J., Hattey, J., Izaurralde, R.C.,
Ketterings, Q.M. et al. 2011. Global prospects rooted in soil science. Soil
Science Society of America Journal, 75, 1–8.

Jasanoff, S. 2007. Technologies of humility. Nature, 450, 33.
Jenkinson, D.S. 1977. Studies on the decomposition of plant material in soil.

V. The effects of plant cover and soil type on the loss of carbon from
14C labelled ryegrass decomposing under field conditions. Journal of Soil
Science, 28, 424–434.

Jenkinson, D.S. 1981. The fate of plant and animal residues in soil. In: The
Chemistry of Soil Processes (eds D.J. Greenland & M.H.B. Hayes), pp.
505–561. John Wiley & Sons, Chichester.

Jenkinson, D.S. 1991. The Rothamsted long-term experiments: are they still
of use? Agronomy Journal, 83, 2–10.

Jenkinson, D.S., Bradbury, N.J. & Coleman, K. 1994. How the Rothamsted
classical experiments have been used to develop and test models for the
turnover of carbon and nitrogen in soil. In: Long-term Experiments in
Agricultural and Ecological Sciences (eds R.A. Leigh & A.E. Johnston),
pp. 117–139. CAB International, Wallingford.

Jenny, H. 1941. Factors of Soil Formation. McGraw-Hill Book Company,
Inc., New York.

Jobbágy, E.G. & Jackson, R.B. 2000. The vertical distribution of soil organic
carbon and its relation to climate and vegetation. Ecological Applications,
10, 423–436.

Kareiva, P. & Marvier, M. 2011. Conservation Science. Balancing the Needs
of People and Nature. Roberts & Company, Greenwood Village, CO.

Kareiva, P. & Marvier, M. 2012. What is conservation science? Bioscience,
62, 962–969.

Keeling, R.F. 2008. Recording Earth’s vital signs. Science, 319, 1771–1772.
Keeling, R.F., Walker, S.J., Piper, S.C. & Bollenbacher, A.F. 2014.

Atmospheric CO2 Concentrations (ppm) Derived from in Situ Air
Measurements at Mauna Loa, Observatory, Hawaii. Scripps CO2
Program [WWW document]. URL http://scrippsco2.ucsd.edu/data/
in_situ_co2/monthly_mlo.csv. [accessed on 28 July 2014].

Kellogg, C.E. 1941. The Soils that Support Us: An Introduction to the Study
of Soils and their Use by Men. The Macmillan Company, New York
(reprinted in 1956).

King, F.H. 1907. The Soil: its Nature, Relations, and Fundamental Princi-
ples of Management. The MacMillan Company, New York.

Kleber, M. & Johnson, M.G. 2010. Advances in understanding the molec-
ular structure of soil organic matter: implications for interactions in the
environment. Advances in Agronomy, 106, 77–142.

Kleber, M., Nico, P.S., Plante, A., Filley, T., Kramer, M., Swanston, C. et al.
2011. Old and stable soil organic matter is not necessarily chemically

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



30 H. H. Janzen

recalcitrant: implications for modeling concepts and temperature sensi-
tivity. Global Change Biology, 17, 1097–1107.

Knapp, A.K., Smith, M.D., Hobbie, S.E., Collins, S.L., Fahey, T.J., Hansen,
G.J. et al. 2012. Past, present, and future roles of long-term experiments
in the LTER network. Bioscience, 62, 377–389.

Kögel-Knabner, I. & Amelung, W. 2014. Dynamics, chemistry, and preser-
vation of organic matter in soils. In: Treatise on Geochemistry, 2nd edn
(eds H. Holland & K. Turekian), Volume 12, pp. 157–215. Elsevier, Ams-
terdam.

Krausmann, F., Erb, K.-H., Gingrich, S., Haberl, H., Bondeau, A., Gaube, V.
et al. 2013. Global human appropriation of net primary production
doubled in the 20th century. Proceedings of the National Academy of
Sciences, 110, 10324–10329.

Kravchenko, A.N. & Robertson, G.P. 2011. Whole-profile soil carbon
stocks: the danger of assuming too much from analyses of too little. Soil
Science Society of America Journal, 75, 235–240.

Krull, E.S., Baldock, J.A. & Skjemstad, J.O. 2003. Importance of mecha-
nisms and processes of the stabilisation of soil organic matter for mod-
elling carbon turnover. Functional Plant Biology, 30, 207–222.

Kruse, J., Simon, J. & Rennenberg, H. 2013. Soil respiration and soil organic
matter decomposition in response to climate change. Developments in
Environmental Science, 13, 131–149.

Kümmerer, K., Held, M. & Pimentel, D. 2010. Sustainable use of soils and
time. Journal of Soil & Water Conservation, 65, 141–149.

Kuzyakov, Y. 2010. Priming effects: interactions between living and dead
organic matter. Soil Biology & Biochemistry, 42, 1363–1371.

Lacis, A.A., Schmidt, G.A., Rind, D. & Ruedy, R.A. 2010. Atmospheric
CO2: principal control knob governing Earth’s temperature. Science, 330,
356–359.

Lal, R. 1997. Residue management, conservation tillage and soil restoration
for mitigating greenhouse effect by CO2-enrichment. Soil & Tillage
Research, 43, 81–107.

Lal, R. 2004. Soil carbon sequestration to mitigate climate change. Geo-
derma, 123, 1–22.

Lal, R. 2007. World soils and global issues. Soil & Tillage Research, 97,
1–4.

Lal, R. 2011. Sequestering carbon in soils of agro-ecosystems. Food Policy,
36 (Suppl. 1), S33–S39.

Lal, R. 2014. Soil carbon management and climate change. In: Soil
Carbon (eds A.E. Hartemink & K. McSweeney), pp. 339–361. Springer,
Heidelberg.

Lal, R., Delgado, J.A., Groffman, P.M., Millar, N., Dell, C. & Rotz, A. 2011.
Management to mitigate and adapt to climate change. Journal of Soil &
Water Conservation, 66, 276–285.

Laurance, W. 2008. Expect the unexpected. The New Scientist, 198, 17.
Lawes, J.B. & Gilbert, J.H. 1885. On some points in the composition of soils;

with results illustrating the sources of the fertility of Manitoba prairie
soils. Journal of the Chemical Society, 47, 380–422.

Le Quéré, C., Andres, R.J., Boden, T., Conway, T., Houghton, R.A., House,
J.I. et al. 2013. The global carbon budget 1959–2011. Earth System
Science Data, 5, 165–185.

Lehmann, J. 2009. Biological carbon sequestration must and can be a
win-win approach. Climatic Change, 97, 459–463.

Lemke, R.L. & Janzen, H.H. 2007. Implications for increasing the soil
carbon store: calculating the net greenhouse gas balance of no-till
farming. In: Greenhouse Gas Sinks (eds D.S. Reay, C.N. Hewitt, K.A.
Smith & J. Grace), pp. 58–73. CAB International, Wallingford.

Lemke, R.L., VandenBygaart, A.J., Campbell, C.A., Lafond, G.P. & Grant,
B. 2010. Crop residue removal and fertilizer N: effects on soil organic

carbon in a long-term crop rotation experiment on a Udic Boroll.
Agriculture, Ecosystems & Environment, 135, 42–51.

Leopold, A. 1949. A Sand Country Almanac: with Essays on Conservation
from Round River. Ballantine Books/Random House, New York(reprinted
1970).

Loveland, P.J., Conen, F. & van Wesemael, B. 2014. Commentary on the
impact of Batjes (1996). European Journal of Soil Science, 65, 4–21.

Luo, Z., Wang, E. & Sun, O.J. 2010. Can no-tillage stimulate carbon
sequestration in agricultural soils? A meta-analysis of paired experiments.
Agriculture, Ecosystems & Environment, 139, 224–231.

Lützow, M.V., Kögel-Knabner, I., Ekschmitt, K., Matzner, E., Guggen-
berger, G., Marschner, B. et al. 2006. Stabilisation of organic matter in
temperate soils: mechanisms and their relevance under different soil con-
ditions – a review. European Journal of Soil Science, 57, 426–445.

Mackey, B., Prentice, I.C., Steffen, W., House, J.I., Lindenmayer, D., Keith,
H. et al. 2013. Untangling the confusion around land carbon science and
climate change mitigation policy. Nature Climate Change, 3, 552–557.

Manley, J., van Kooten, G.C., Moeltner, K. & Johnson, D.W. 2005. Creating
carbon offsets in agriculture through no-till cultivation: a meta-analysis of
costs and carbon benefits. Climatic Change, 68, 41–65.

Maraseni, T.N. & Cockfield, G. 2011. Does the adoption of zero tillage
reduce greenhouse gas emissions? An assessment for the grains industry
in Australia. Agricultural Systems, 104, 451–458.

Marschner, B., Brodowski, S., Dreves, A., Gleixner, G., Gude, A., Grootes,
P.M. et al. 2008. How relevant is recalcitrance for the stabilization of
organic matter in soils? Journal of Plant Nutrition & Soil Science, 171,
91–110.

Matear, R.J., Wang, Y.-P. & Lenton, A. 2010. Land and ocean nutrient and
carbon cycle interactions. Current Opinion in Environmental Sustainabil-
ity, 2, 258–263.

McBean, G. & Ajibade, I. 2009. Climate change, related hazards and
human settlements. Current Opinion in Environmental Sustainability, 1,
179–186.

McBratney, A., Field, D.J. & Koch, A. 2014a. The dimensions of soil
security. Geoderma, 213, 203–213.

McBratney, A.B., Stockmann, U., Angers, D.A., Minasny, B. & Field,
D.J. 2014b. Challenges for soil organic carbon research. In: Soil Carbon
(eds A.E. Hartemink & K. McSweeney), pp. 3–16. Springer, Heidelberg.

Midgley, G.F. 2012. Biodiversity and ecosystem function. Science, 335,
174–175.

Moriarty, P. & Honnery, D. 2009. Renewable energy in a warming world.
In: Economic Effects, Security Aspects and Environmental Issues (ed N.B.
Jacobs), pp. 119–145. Nova Science Publishers, New York.

Moriarty, P. & Honnery, D. 2011. Rise and Fall of the Carbon Civilisation:
Resolving Global Environmental and Resource Problems. Springer,
London.

Moriarty, P. & Honnery, D. 2012. Preparing for a low-energy future.
Futures, 44, 883–892.

Nekola, J.C., Allen, C.D., Brown, J.H., Burger, J.R., Davidson, A.D.,
Fristoe, T.S. et al. 2013. The Malthusian-Darwinian dynamic and the
trajectory of civilization. Trends in Ecology & Evolution, 28, 127–130.

Odegard, I.Y.R. & van der Voet, E. 2014. The future of food – Scenarios
and the effect on natural resource use in agriculture in 2050. Ecological
Economics, 97, 51–59.

Odum, E.P. 1969. The strategy of ecosystem development. Science, 164,
262–270.

Ogle, S.M., Swan, A. & Paustian, K. 2012. No-till management impacts on
crop productivity, carbon input and soil carbon sequestration. Agriculture,
Ecosystems & Environment, 149, 37–49.

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



Soil carbon and energy 31

Olson, K.R. 2013. Soil organic carbon sequestration, storage, retention and
loss in U.S. croplands: issues paper for protocol development. Geoderma,
195–196, 201–206.

Pacala, S. & Socolow, R. 2004. Stabilization wedges: solving the climate
problem for the next 50 years with current technologies. Science, 305,
968–972.

Paul, E.A., Paustian, K., Elliott, E.T. & Cole, C.V. (eds) 1997. Soil Organic
Matter in Temperate Agroecosystems: Long-term Experiments in North
America. CRC Press, Boca Raton, FL.

Paustian, K., Andrén, O., Janzen, H.H., Lal, R., Smith, P., Tian, G. et al.
1997. Agricultural soils as a sink to mitigate CO2 emissions. Soil Use &
Management, 13, 230–244.

Pearson, C.J. 2007. Regenerative, semiclosed systems: a priority for
twenty-first-century agriculture. Bioscience, 57, 409–418.

Pearson, L.J. 2013. In search of resilient and sustainable cities: prefatory
remarks. Ecological Economics, 86, 222–223.

Pelletier, N., Audsley, E., Brodt, S., Garnett, T., Henriksson, P., Kendall,
A. et al. 2011. Energy intensity of agriculture and food systems. Annual
Review of Environment & Resources, 36, 223–246.

Pereira, T. 2012. The transition to a sustainable society: a new social
contract. Environment, Development & Sustainability, 14, 273–281.

Pereira, H.M., Navarro, L.M. & Martins, I.S. 2012. Global biodiversity
change: the bad, the good, and the unknown. Annual Review of Environ-
ment & Resources, 37, 25–50.

Peters, G.P., Andrew, R.M., Boden, T., Canadell, J.G., Ciais, P., Le Quéré,
C. et al. 2013. The challenge to keep global warming below 2o C. Nature
Climate Change, 3, 4–6.

Post, W.M., Izaurralde, R.C., West, T.O., Liebig, M.A. & King, A.W. 2012.
Management opportunities for enhancing terrestrial carbon dioxide sinks.
Frontiers in Ecology & the Environment, 10, 554–561.

Powlson, D.S., Whitmore, A.P. & Goulding, K.W.T. 2011. Soil carbon
sequestration to mitigate climate change: a critical re-examination to
identify the true and the false. European Journal of Soil Science, 62,
42–55.

Richter, D. deB., Hofmockel, M., Callaham, M.A. Jr., Powlson, D.S. &
Smith, P. 2007. Long-term soil experiments: keys to managing Earth’s
rapidly changing ecosystems. Soil Science Society of America Journal,
71, 266–279.

Richter, D. deB., Bacon, A.R., Mobley, M.L., Richardson, C.J., Andrews,
S.S., West, L. et al. 2011. Human-soil relations are changing rapidly:
proposals from SSSA’s Cross-Divisional Soil Change Working Group.
Soil Science Society of America Journal, 75, 2079–2084.

Robertson, F. & Nash, D. 2013. Limited potential for soil carbon accumula-
tion using current cropping practices in Victoria, Australia. Agriculture,
Ecosystems & Environment, 165, 130–140.

Rolston, H. 2012. A New Environmental Ethics. Routledge, New York.
Roston, E. 2008. The Carbon Age: How Life’s Core Element has become

Civilization’s Greatest Threat. Walker & Company, New York.
Rozhkov, V.A. 2009. Soils and the soil cover as witnesses and indicators of

global climate change. Eurasian Soil Science, 42, 118–128.
Running, S.W. 2012. A measurable planetary boundary for the biosphere.

Science, 337, 1458–1459.
Russell, E.J. 1926. Plant Nutrition and Crop Production. University of

California Press, Berkeley, CA.
Russell, E.J. 1927. Soil Conditions and Plant Growth. Longmans, Green &

Co. Ltd, London.
Ryals, R., Kaiser, M., Torn, M.S., Berhe, A.A. & Silver, W.L. 2014. Impacts

of organic matter amendments on carbon and nitrogen dynamics in
grassland soils. Soil Biology & Biochemistry, 68, 52–61.

Sachs, J., Remans, R., Smukler, S., Winowiecki, L., Andelman, S.J.,

Cassman, K.G. et al. 2010. Monitoring the world’s agriculture. Nature,

466, 558–560.

Sampson, R.N. & Scholes, R.J. 2000. Additional human-induced activities.

In: Land Use, Land-Use Change, and Forestry (eds R.T. Watson, I.R.

Noble, B. Bolin, N.H. Ravindranath, D.J. Verardo & D.J. Dokken), pp.

181–281. Cambridge University Press, Cambridge.

Sanderman, J. & Chappell, A. 2013. Uncertainty in soil carbon account-

ing due to unrecognized soil erosion. Global Change Biology, 19,

264–272.

Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R. & Kapos, V. 2014. Global

soil carbon: understanding and managing the largest terrestrial carbon

pool. Carbon Management, 5, 81–91.

Schierhorn, F., Müller, D., Beringer, T., Prishchepov, A.V., Kuemmerle,

T. & Balmann, A. 2013. Post-Soviet cropland abandonment and carbon

sequestration in European Russia, Ukraine, and Belarus. Global Biogeo-

chemical Cycles, 27, 1175–1185.

Schlesinger, W.H. 2000. Carbon sequestration in soils: some cautions amidst

optimism. Agriculture, Ecosystems & Environment, 82, 121–127.

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G.,

Janssens, I.A. et al. 2011. Persistence of soil organic matter as an

ecosystem property. Nature, 478, 49–56.

Scholes, M.C. & Scholes, R.J. 2013. Dust unto dust. Science, 342, 565–566.

Schulp, C.J.E. & Verburg, P.H. 2009. Effect of land use history and site

factors on spatial variation of soil organic carbon across a physiographic

region. Agriculture, Ecosystems & Environment, 133, 86–97.

Seidl, R., Brand, F.S., Stauffacher, M., Krütli, P., Le, Q.B., Spörri, A. et al.

2013. Science with society in the Anthropocene. Ambio, 42, 5–12.

Semenov, V.M., Tulina, A.S., Semenova, N.A. & Ivannikova, L.A. 2013.

Humification and nonhumification pathways of the organic matter stabi-

lization in soil: a review. Eurasian Soil Science, 46, 355–368.

Shaler, N.S. 1892. The Origin and Nature of Soils. Government Printing

Office, Washington.

Shields, J.A. & Paul, E.A. 1973. Decomposition of 14C-labelled plant

material under field conditions. Canadian Journal of Soil Science, 53,

297–306.

Shutt, F.T. 1910. Western Prairie Soils: their Nature and Composition.

Department of Agriculture, Central Experimental Farm, Ottawa.

Singh, K., Murphy, B.W. & Marchant, B.P. 2012. Towards cost-effective

estimation of soil carbon stocks at the field scale. Soil Research, 50,

672–684.

Six, J. 2013. Conservation: spare our restored soil. Nature, 498, 180–181.

Six, J., Elliott, E.T., Paustian, K. & Doran, J.W. 1998. Aggregation and soil

organic matter accumulation in cultivated and native grassland soils. Soil

Science Society of America Journal, 62, 1367–1377.

Six, J., Conant, R.T., Paul, E.A. & Paustian, K. 2002. Stabilization mecha-

nisms of soil organic matter: implications for C-saturation of soils. Plant

& Soil, 241, 155–176.

Slaughter, R.A. 2012. Welcome to the Anthropocene. Futures, 44, 119–126.

Smil, V. 2013. Harvesting the Biosphere: What We Have taken from Nature.

MIT Press, Cambridge, MA.

Smith, P. 2004. Carbon sequestration in croplands: the potential in Europe

and the global context. European Journal of Agronomy, 20, 229–236.

Smith, P. 2008. Land use change and soil organic carbon dynamics. Nutrient

Cycling in Agroecosystems, 81, 169–178.

Smith, P., Andrén, O., Karlsson, T., Perälä, P., Regina, K., Rounsevell, M.

et al. 2005. Carbon sequestration potential in European croplands has

been overestimated. Global Change Biology, 11, 2153–2163.

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32



32 H. H. Janzen

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P. et al. 2008.
Greenhouse gas mitigation in agriculture. Philosophical Transactions of

the Royal Society, B: Biological Sciences, 363, 789–813.
Smith, P., Haberl, H., Popp, A., Erb, K.-H., Lauk, C., Harper, R. et al. 2013.

How much land-based greenhouse gas mitigation can be achieved without
compromising food security and environmental goals? Global Change

Biology, 19, 2285–2302.
Sommer, R. & Bossio, D. 2014. Dynamics and climate change mitigation

potential of soil organic carbon sequestration. Journal of Environmental

Management, 144, 83–87.
Sörlin, S. 2012. Environmental humanities: why should biologists interested

in the environment take the Humanities seriously? Bioscience, 62,
788–789.

Srivastava, P., Kumar, A., Behera, S.K., Sharma, Y.K. & Singh, N. 2012.
Soil carbon sequestration: an innovative strategy for reducing atmo-
spheric carbon dioxide concentration. Biodiversity & Conservation, 21,
1343–1358.

Stewart, C., Paustian, K., Conant, R., Plante, A. & Six, J. 2007. Soil
carbon saturation: concept, evidence and evaluation. Biogeochemistry, 86,
19–31.

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F. & Six, J. 2008. Soil
carbon saturation: evaluation and corroboration by long-term incubations.
Soil Biology & Biochemistry, 40, 1741–1750.

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F. & Six, J. 2009. Soil
carbon saturation: implications for measurable carbon pool dynamics in
long-term incubations. Soil Biology & Biochemistry, 41, 357–366.

Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchi,
N., Jenkins, M. et al. 2013. The knowns, known unknowns and unknowns
of sequestration of soil organic carbon. Agriculture, Ecosystems &

Environment, 164, 80–99.
Sutton, M.A. & Bleeker, A. 2013. Environmental science: the shape of

nitrogen to come. Nature, 494, 435–437.
Sutton, M.A., Bleeker, A., Howard, C.M., Bekunda, M., Grizzetti, B., de

Vries, W. et al. 2013. Our Nutrient World: The Challenge to Produce

More Food and Energy with Less Pollution. Centre for Ecology and
Hydrology, Edinburgh.

Tan, B., Fan, J., He, Y., Luo, S. & Peng, X. 2014. Possible effect of soil
organic carbon on its own turnover: a negative feedback. Soil Biology &

Biochemistry, 69, 313–319.
Tansley, A.G. 1935. The use and abuse of vegetational concepts and terms.

Ecology, 16, 284–307.
Targulian, V.O. & Goryachkin, S.V. 2004. Soil memory: types of record, car-

riers, hierarchy and diversity. Revista Mexicana de Ciencias Geologicas,
21, 1–8.

Targulian, V.O. & Sokolova, T.A. 1996. Soil as a biotic/abiotic natural
system: a reactor, memory, and regulator of biospheric interactions.
Eurasian Soil Science, 29, 30–41.

Torn, M.S., Kleber, M., Zavaleta, E.S., Zhu, B., Field, C.B. & Trumbore,
S.E. 2013. A dual isotope approach to isolate soil carbon pools of different
turnover times. Biogeosciences, 10, 8067–8081.

Tscharntke, T., Clough, Y., Wanger, T.C., Jackson, L., Motzke, I., Perfecto, I.
et al. 2012. Global food security, biodiversity conservation and the future
of agricultural intensification. Biological Conservation, 151, 53–59.

VandenBygaart, A.J., Bremer, E., McConkey, B.G., Janzen, H.H., Angers,
D.A., Carter, M. et al. 2010. Soil organic carbon stocks on long-term
agroecosystem experiments in Canada. Canadian Journal of Soil Science,
90, 543–550.

van Kooten, G.C. 2009. Biological carbon sequestration and carbon trading
re-visited. Climatic Change, 95, 449–463.

van Groenigen, K.J., Qi, X., Osenberg, C.W., Luo, Y. & Hungate, B.A. 2014.
Faster decomposition under increased atmospheric CO2 limits soil carbon
storage. Science, 344, 508–509.

Vasenev, V.I., Stoorvogel, J.J. & Vasenev, I.I. 2013. Urban soil organic
carbon and its spatial heterogeneity in comparison with natural and
agricultural areas in the Moscow region. Catena, 107, 96–102.

Verma, A.K. & Kelleners, T.J. 2012. Depthwise carbon dioxide production
and transport in a rangeland soil. Soil Science Society of America Journal,
76, 821–828.

Vernadsky, V. 1913. Quoted by Dobrovol’skii, G.V. 2004. Philosophical
aspects of pedology. Eurasian Soil Science, 37, 783–791.

Virgil. 29 BC. Georgics. Book II. (At: http://en.wikisource.org/wiki/
Georgics/II. Accessed 29/07/2014).

Virto, I., Barré, P., Burlot, A. & Chenu, C. 2012. Carbon input differences
as the main factor explaining the variability in soil organic C storage in
no-tilled compared to inversion tilled agrosystems. Biogeochemistry, 108,
17–26.

Volk, T. 2003. Gaia’s Body – Toward a Physiology of Earth. The MIT Press,
Cambridge MA.

Waksman, S.A. 1936. Humus – Origin, Chemical Composition, and Impor-

tance in Nature. The Williams & Wilkins Company, Baltimore, MD.
Wall, D.H. & Nielsen, U.N. 2012. Biodiversity and ecosystem services: is it

the same below ground? Nature Education Knowledge, 3, 8.
Watt, K.E.F., Molloy, L.F., Varshney, C.K., Weeks, D. & Wirosardjono, S.

1977. Cultural dimensions of environmental problems. In: The Unsteady
State. Environmental Problems, Growth, and Culture, pp. 12–43. The
University Press of Hawaii Published for East-West Center Books,
Honolulu.

Weinberger, D. 2012. To know, but not understand: David Weinberger on
science and big data. The Atlantic, 2012/01. [WWW document]. URL
http://www.theatlantic.com/technology/archive/2012/01/to-know-but-
not-understand-david-weinberger-on-science-and-big-data/250820/.
[accessed on 28 July 2014].

West, T. & Six, J. 2007. Considering the influence of sequestration duration
and carbon saturation on estimates of soil carbon capacity. Climatic

Change, 80, 25–41.
Wiens, J. 2013. Is landscape sustainability a useful concept in a changing

world? Landscape Ecology, 28, 1047–1052.
Wiesmeier, M., Steffens, M., Mueller, C.W., Kölbl, A., Reszkowska, A.,

Peth, S. et al. 2012. Aggregate stability and physical protection of soil
organic carbon in semi-arid steppe soils. European Journal of Soil

Science, 63, 22–31.
World Bank 2012. Carbon Sequestration in Agricultural Soils [WWW

document]. URL http://www-wds.worldbank.org/external/default/WDS
ContentServer/WDSP/IB/2012/05/18/000333038_20120518003322/
Rendered/PDF/673950REVISED000CarbonSeq0Web0final.pdf
[accessed on 28 July 2014].

Yang, X., Drury, C.F. & Wander, M.M. 2013. A wide view of no-tillage
practices and soil organic carbon sequestration. Acta Agriculturae Scan-
dinavica (B), 63, 523–530.

Zaehle, S. 2013. Terrestrial nitrogen-carbon cycle interactions at the global
scale. Philosophical Transactions of the Royal Society B, 368, 20130125.

Zvomuya, F., Janzen, H.H., Larney, F.J. & Olson, B.M. 2008. A long-term
field bioassay of soil quality indicators in a semiarid environment. Soil
Science Society of America Journal, 72, 683–692.

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 19–32


