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Abstract
Soil organicmatter (SOM) is an important natural resource. It is fundamental to soil and ecosystem
functions across awide range of scales, from site-specific soil fertility andwater holding capacity to
global biogeochemical cycling. It is also a highly complexmaterial that is sensitive to direct and
indirect human impacts. In SOMresearch, simulationmodels play an important role by providing a
mathematical framework to integrate, examine, and test the understanding of SOMdynamics.
Simulationmodels of SOMare also increasingly used inmore ‘applied’ settings to evaluate human
impacts on ecosystem function, and tomanage SOM for greenhouse gasmitigation, improved soil
health, and sustainable use as a natural resource.Within this context, there is a need tomaintain a
robust connection between scientific developments in SOMmodeling approaches and SOMmodel
applications. This need forms the basis of this review. In this reviewwe first provide an overview of
SOMmodeling, focusing on SOM theory, data-model integration, andmodel development as
evidenced by a quantitative review of SOM literature. Second, we present the landscape of SOMmodel
applications, focusing on examples in climate change policy.We conclude by discussing five areas of
recent developments in SOMmodeling including: (1)microbial roles in SOMstabilization; (2)
modeling SOMsaturation kinetics; (3) temperature controls on decomposition; (4) SOMdynamics in
deep soil layers; and (5) SOMrepresentation in earth systemmodels. Our aim is to comprehensively
connect SOMmodel development to its applications, revealing knowledge gaps in need of focused
interdisciplinary attention and exposing pitfalls that, if avoided, can lead to best use of SOMmodels to
support policy initiatives and sustainable landmanagement solutions.

1. Introduction

Soil organic matter (SOM) is generated from the

dynamic biotic and abiotic processing of plant and

animal detritus, representing the balance of inputs

versus losses via such pathways as mineralization and

leaching. Inmost soils, SOM is only a small percentage

of soil mass, for example ranging from lows of<1% to

highs of 8% to 9% in mineral soils under agricultural

use (Davidson and Ackerman 1993, Haynes and

Naidu 1998). However, SOM impacts many soil and

ecosystem processes, including soil fertility, soil physi-

cal structure (Tisdall and Oades 1982, Six et al 2004),
water infiltration, water holding capacity (Doran
and Parkin 1994, Hudson 1994), and atmospheric

greenhouse gas (GHG) emissions (Heimann and
Reichstein 2008). SOM is fundamental to many soil
and ecosystem functions across a wide range of scales.
It is also sensitive to the direct and indirect human
impacts, e.g. through agricultural management prac-
tices (Matson et al 1997,West andMarland 2002), land
use changes (Post and Kwon 2000), and shifts in
nitrogen deposition and precipitation patterns (Schle-
singer and Andrews 2000, Esser et al 2011). SOM’s
quantity, quality, and dynamics can be used an
indicator of human impacts on a wide array of
ecosystem functions (Tiessen et al 1994), as well as a
mechanism to improve soil health and its sustainable
use as a natural resource (Elliott and Coleman 1988,
Lal 2004).
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SOM is challenging to bring into a single compre-
hensive analytical framework (Manzoni and Porpor-
ato 2009, Stockmann et al 2013). Direct measurements
do not easily account for SOM’s extreme physical, che-
mical, spatial, and temporal complexity (Dungait
et al 2012), particularly using operationally defined
(e.g., by mesh size, chemical extraction, density) mea-
sures of soil fractions with variable linkages to mechan-
isms affecting SOM dynamics (Wander 2004, von
Lützow et al 2007). For decades, simulation models of
SOM have therefore played a crucial role in research by
providing an explicit mathematical framework to inte-
grate hypotheses for soil processes, supporting hypoth-
esis testing by predicting SOM dynamics across space
and time. Their importance in SOM research is evi-
denced in citation records: onWeb of Science, three of
the five highest cited publications under the search
phrase ‘SOM’ are model analyses3. However, SOM
modeling approaches are diverse and continually evol-
ving. Ideally, a SOMmodel would be based onmechan-
istic understanding of SOM dynamics, use SOM pools
that can be informed by measured data, and be valid
across multiple scales. At this point in time, however,
no single SOM model yet fits this ideal. Indeed, inher-
ent tradeoffs between model attributes (e.g., generality,
predictive capacity, complexity) relative to their inten-
ded purpose suggest that no such ideal model can exist
(Levins 1966, Sharpe 1990, Smith et al1997).

SOM dynamics have become an increasingly
important consideration inmany areas of sustainability
research and policy (Manlay et al 2007). These areas
range from small-scale projects to preserve or improve
soil health, to large-scale climate change mitigation
strategies (Paustian et al 1998, Lal 2004, Karlen
et al 2011, Powlson et al 2011). Direct SOM measure-
ments alone do not easily support these types of efforts.
Simulationmodels of SOM, however, provide the capa-
city for numeric evaluation of changes, including com-
parison of predicted impacts on SOM. This has led to
an expanding use of SOM models in ‘applied’ settings,
specifically to predict SOM dynamics in order to apply
policy or to make decisions for how land is used (e.g.
Taghizadeh-Toosi et al 2014). Considering the potential
economic and policy implications of thesemodel appli-
cations (carbon credits, for example, or payments for
changing land management practices), there is an
immediate need to better connect advances in SOM
understanding with SOM model development and
these rapidly expanding applications where SOMmod-
els are being used indecisionmaking.

Here we review the state of recent SOM model
developments and their connection to SOM model
applications.Wefirst provide anoverviewof SOMmod-
eling, focusing on SOM theory, data-model integration,

and model development as evidenced by a quantitative
review of SOM literature. Second, we present the land-
scape of SOMmodel applications, focusing on examples
in climate change policy. We then conclude with a dis-
cussion of five areas of recent developments in SOM
modeling, in order to examine their connection with
SOMmodel applications in greater depth. These devel-
opments include (1) the role ofmicrobes in SOMstabili-
zation, (2) modeling SOM saturation kinetics, (3)
temperature controls on decomposition, (4) SOM
dynamics in deep soil layers, and finally (5) the repre-
sentation of SOM in earth system models (ESMs). The
aim of this review is to comprehensively connect SOM
model development to its applications, revealing knowl-
edge gaps in need of focused interdisciplinary attention
and exposing pitfalls that, if avoided, can lead to best
use of SOM models to support policy initiatives and
sustainable landmanagement solutions.

2.Overview of SOMmodeling

2.1.Model theory anddata-model integration
A model of a system must balance the conceptual
understanding the model is intended to represent, the
mathematical approach that best represents that
understanding, and the data available to inform and
evaluate how the model functions, within the con-
straints of available computational capacity. For SOM
dynamics, the scale of model hypotheses and model
uses require careful consideration, as different scales
exert different types of limitations (figure 1). SOM
models developed at one scale but used at another can
lead to erroneous results (Manzoni and Porpor-
ato 2009), an area of concern in model applications
driven by policy and land management decision
making, where data to supportmodel analysesmay not
be available at the scale of the decision being evaluated.

Across any scale, the ‘toolbox’ of mathematical
approaches has seen relatively little recent expansion
in SOM modeling. Rather, advancements are largely
derived from new conceptual understanding of SOM
dynamics (Parton et al 2015), although they are some-
times derived from the expansion of available data or
improvements in computational systems. Many SOM
models are formulated with multiple pools using first-
order decay kinetics for mass loss. First-order decay is
amodeling approach where the flux ofmaterial from a
pool is linearly related to the quantity of material in
that pool (example presented in figure 2). It is amathe-
matically (and therefore computationally) simple
expression of decomposition using conceptual, kineti-
cally-defined SOM pools that are not directly measur-
able per se, but have been proven through decades of
testing as useful general approach (Paustian 1994),
particularly over the long-term (e.g. Jenkinson and
Rayner 1977, Parton 1987). Other emerging models
define SOM pools based on specific stabilization
mechanisms or as analytically measureable fractions

3
‘Soil organic matter’ searched in the topic category 30 July, 2015.

In order, the five highest cited publications were Walkley and Black
(1934), Parton et al (1987), Sitch et al (2003), Potter et al (1993), and
Batjes (1996).
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to better simulate short-term change (Tipping
et al 2012, Segoli et al 2013,Davidson et al 2014).

A fundamental concern for any type of SOMmod-
eling is the quality and quantity of available measured
data to support modeling efforts. Other reviews have
discussed the linkages between specific measurement
methods and SOMmodel pools and dynamics (Wan-
der 2004, von Lützow et al 2007, Dungait et al 2012,
Simpson and Simpson 2012). Here, we focus more
generally on how data are integrated into different
SOMmodel components.

There are several ways SOMmodels and SOMdata
interact. These can be grouped into four general cate-
gories: data to (1) formulate, (2) calibrate, (3) drive, and
(4) evaluate a SOMmodel (figure 2). Data used to for-
mulate SOM models are tied to the hypotheses that a
model represents. An example: using incubation
data from temperature-response experiments to
mathematically define a SOM decomposition temper-
ature response curve (e.g. Parton et al 1987, adapted in
figure 2(A)). Data to calibrate a SOMmodel are used to
parameterize components of an SOMmodel, optimiz-
ing model performance by ‘tuning’ parameter values
to match observations when parameters are not mea-
sured directly (figure 2(B)). Data to drive a SOM
model, on the other hand, are typically based on

external factors known or hypothesized to force SOM
behavior. These data, depending on their scale and
variation (e.g. soil texture or daily temperature and
precipitation), can link spatial and temporal hetero-
geneity to simulated SOM dynamics (figure 2(C)).
Finally, data to evaluate SOMmodels are used to valid-
ate model performance, evaluate uncertainty, and
support hypothesis testing through the comparison of
SOMsimulationswithmeasured results (figure 2(D)).

There are different potential pitfalls for model-data
integration in each category. From the formulation side,
data link to the hypotheses mathematically represented
by a model. New data may prompt model changes, for
example if new data alter the shape of an empirical rela-
tionship, or if new measurement methods yield new
hypotheses for SOM processes. Data for model calibra-
tion act as a reference for the underlying modeled sys-
tem, determining the extent to which the then
calibrated SOM model can be used to test hypotheses
and project across scales. Data for drivers, on the
other hand, affect how spatial and temporal hetero-
geneity—e.g. in climate, soil texture—are represented.
In either case, these components of SOM model ana-
lyses are sensitive to data limitations. Ideally calibration
and driving data match the scale of the model simula-
tion (i.e. as presented in figure 1), with fine resolution

Figure 1.Breaking the continuumof SOMdynamics into three scales commonly used to formulate SOMmodels, describing the use of
each scale, the limitations ofmodels constructed at these scales, andmodels that exemplify these scales. Examples ofmicrosite,
ecosystem, and globalmodels were selected frommodels classified inManzoni and Porporato (2009) asM (microbiology/aggregate/
rhizosphere), S or E (soilmodel without orwith dynamic vegetation), andG (coupledmodel for global applications).
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formicrosite-scaledmodel simulation up to broad cov-
erage for a global-scaledmodel analyses. However, data
limitations may necessitate the use of data of coarser
resolution, for example, ormixing data of varying qual-
ity from varying sources.Model results are based on the
assumption that calibration and driving datasets are
reasonable reflections of true conditions, and are biased
if this assumption is violated. Model evaluation entails
similar limitations determined by the scale at which an
SOM model is being used (Falloon et al 2002). How-
ever, data availability for model evaluation will affect
assessment of model accuracy, as well as its ability to
support hypothesis testing.

The suite of datasets for model formulation, cali-
bration, driving, and evaluation yield different sources
of uncertainty in SOM model predictions (Keenan
et al 2011, Palosuo et al 2012). Suites of datasets are also
often difficult to identify or compare between SOM
models, particularly in large-scale ecosystem or global
analyses. This is an area with the potential for rapid
improvement, given advances in networks for model-
data integration. For example, model research could
connect to data management systems (e.g. Del Grosso
et al 2013, Laney et al 2015), linking experimental data
collection, analysis and curation (e.g. Michener
et al 2011) directly to model integration and synthesis.
Expanded datasets for model development, bench-
marking, and multi-model comparisons (e.g. Luo

et al 2012) could then help identify and target sub-
sequent experimental work and data collection, in an
iterative cycle of model development and experimental
research. However, networks for data-model integra-
tion have been slow to develop, requiring new infra-
structure, the establishment of data management
standards, aswell aswidespread scientific engagement.

2.2. Citation history for SOMmodel development
Looking more broadly, what is the current state of
model development in SOM research? We chose to
approach this question with a quantitative review of
scientific literature. We drew on previous reviews by
Manzoni and Porporato (2009), Falloon and Smith
(2000), and Stockmann et al (2013)4, yielding a final
list of 221 model publications considered in our
analysis (appendix, table A1).

Figure 2.An example of a single pool SOMdynamicmodel, and the connection to hypothetical data used to formulate (A), calibrate
(B), drive (C), and evaluate (D)model functions. The equation is expressed in continuous time and is simple enough to solve
analytically for a constant k. However,models that incorporate variable climate (or other driving variables) andmodels with greater
structural complexity do not have analytical solutions. Suchmodelsmust be resolved to specific time steps and solved numerically
using computer functions that depend on themathematical characteristics of themodel. This can lead to substantial increases in
computational time and complexity.

4
Manzoni and Porporato (2009) compared modeling approaches

for carbon and/or nitrogen cycling processes in soils across a broad
range of temporal and spatial scales (100→104 m, 100→103

days). The authors selected model publications with high citation
history and/or novel approaches to modeling soil carbon and
nitrogen dynamics. The model publications are presented in
Manzoni and Porporato (2009), including subsequent publications
on the same model if it included a sufficient level of change to
warrant separate consideration. The reviews by Falloon and Smith
(2000) and Stockmann et al (2013) present soil carbon models
selected by the more general criteria of ‘common use’ or ‘current
modeling approaches’, and included some model publications
unique from those presented byManzoni and Porporato (2009).

4
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2.2.1. Quantitative literature reviewmethods
We treated the list of model publications of Manzoni
and Porporato (2009)—202 publications, of the 221
total—as a record of model development from 1933 to
2009, due to their selection criteria emphasizing
impact and novelty of modeling approaches. We
recorded the number of times each of these 202model
publications had been cited in the Web of Science
(WoS) Core Collection (as of 27 to 28 July, 2015).
Some alternative search methods were used where
WoS cited references were incomplete (see appendix
and supplemental data). Using total citation values, we
then evaluated: (1) the number of newmodel publica-
tions across decades, (2) total citations per publication,
and (3) average yearly citations per publication.

In order to evaluate SOM model uses in scientific
literature we chose to focus on ‘named’ models, pull-
ing all unique model names from the three reviews
where SOM or soil carbon dynamics were explicitly
included in the model’s foundational formulation5.
This yielded a final list of 87 named models that we
then searched for 〈model name〉 AND ‘soil’ AND
‘model’ on WoS, again in the Core Collection. The
goal for this search was to yield citations that included
that model name explicitly in the title, abstract, or key
words, which we could then treat as an example of the
model being used as a central component of that ana-
lysis. This resulted in paring the initial list of 87models
down to a final list of 74 model names that were effec-
tively searchable. See appendix for discussion of the 13
model names that were too common to be searched
effectively, and had to be excluded from subsequent
analyses.

Finally, the top ten most cited of the 74 named
models were searched with 〈top ten highest cited
model names, separated by OR〉 AND ‘soil’ AND
‘models’ AND ‘〈comparison NEAR/2 models〉’, and
then manually refined, to identify publications for
multi-model comparison analyses involving widely
used SOM models. The publications yielded by this
search were further manually refined to a subset using
the single highest cited named model. This subset was
then evaluated for the number of models compared in
each publication, the purpose of each analysis, tem-
poral and spatial scales, andmain results.

Full results for all analyses are reported in the sup-
plemental data.

2.2.2. Evidence for SOM development and use in
scientific literature
The publishing years of the 202 model publications
listed in Manzoni and Porporato (2009) provide
evidence for continual development in SOMmodeling
approaches, extending back to the 1970s (figure 3(A)).
However, while the number of SOM modeling
approaches exhibits growth, there is evidence for
strong influence from a small subset of key SOM
model publications. For example, of the 202 model
publications fromManzoni and Porporato (2009), the
top ten most highly cited account for a dispropor-
tionate number of total citations, with only ∼5% of
publications representing 35.5% of total citations.
CENTURY model publications outrank every other
model, in three publications (Parton et al 1987, 1988,
1993) accounting for almost 11% of total citations.
There is also some direct cross-over of model theories:
approximately 10% (21) of the 202 models from
Manzoni and Porporato (2009) were noted by the
authors as being explicitly based on theory from prior
publications. Of these 21 publications, almost half (10)
cited theory from either CENTURY or RothC model
publications. The remaining 11 cite theory from a
variety of other sources (Verberne, DocMod, DNDC,
NICA, TRACE, PHOENIX). The impact of key pub-
lications on SOM model development is further
supported by the citations averaged across years since
initial publication. Of the publications ranked top ten
for yearly average citations, seven (including all three
CENTURY model publications) were published
before 1995, and all but one of these show consistent
or increasing annual citations in recent years
(appendix, figure A1).

Analysis of the 74 searchable ‘named’ models
drawn from Manzoni and Porporato (2009), Falloon
and Smith (2000), and Stockmann et al (2013) suggest
that a relatively small subset of SOMmodels also dom-
inate SOM model uses in the scientific literature
(figure 3(B)). The model names that were ranked in
the top five for citations account for 61% of total cita-
tions in this analysis. However, no single model clearly
outdistances the others (figure 3(B)).

Multi-model comparison publications support a
lack of consensus in SOM modeling approaches,
particularly at the ‘ecosystem’ scale described in
figure 1. A search for model comparisons including
the top ten most cited named models (the first ten
names in figure 3(B)) identified 34 multi-model
comparison analyses published from 1995 to 2014.
These multi-model comparisons showed an increase
in frequency through time, with almost half (47%)
of the 34 identified in this analysis published in just
the last four years. The subset of these publications
that include the highest cited named model (the
CENTURY model, used in 8 of the 34 multi-model
comparison publications) showed a dominant focus
on multi-year time periods, and site- and regional-
spatial scales. In all eight of the multi-model

5
Foundational model formulations were evaluated in the first

publication for each namedmodel.We excluded namedmodels that
included only dynamic soil nitrogen in their foundational model
formulation, but not soil carbon or SOM, as being less focused on
broader SOM dynamics. The foundational publication of the
APSIM model, for example, was reviewed by Manzoni and
Porporato (2009) for simulating dynamic soil nitrogen. There are
later versions of the APSIM model that do simulate dynamic soil
organic carbonmodeling and have been used inmodel analyses (e.g.
Zhao et al 2013). However, APSIM publications are predominantly
using the model for its initial purpose (crop modeling and nitrogen
cycling).
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comparisons that included CENTURY, there was
no single model identified with conclusively higher
performance. Rather, some models were shown to
perform better than others for specific components
or locations within the comparative analyses. One
study suggested multi-model means perform better
against measured data than any model individually
(Palosuo et al 2012).

The results of this quantitative literature review
show a dominance of a limited set of theories in SOM
modeling approaches, alongside a great deal of uncer-
tainty across scales. The latter is an important
factor that continues to drive SOM model develop-
ment, and that should be considered in SOM model
applications.

3. The landscape of SOMmodel
applications in policy

3.1. Connecting SOMmodels to policy instruments
There is ongoing expansion in the application of SOM
models outside of academic research and linked more
directly to policy. Historically, SOM models were one

component of scientific evidence (Oades 1984, Elliott
andColeman 1988, Paul and Robertson 1989) inform-
ing the types of land uses and soil management
practices selected for policy support in agriculture.
However, soil health, function, and productivity can
connect to policies in fields as diverse as commodity
production, urban growth, ecosystem services, and
social justice. In these areas, SOMmodels can generate
quantitative evaluations of SOM and ecosystem
dynamics which can then be applied in decision
making (e.g. van Ittersum et al 2008). The recent
expansion of SOM model applications is therefore
based in large part on their potential for direct roles in
policy instruments (i.e., the tools a government or
other organization uses to create change).

SOM models are appearing in policy instruments
where the management of SOM is a component of
policy goals, such as sequestering more carbon in soils
as a climate change mitigation strategy (Stockmann
et al 2013). SOM models are often one component of
what Jasanoff (2003) calls ‘predictivemethods’ (p 238),
a general term for integrating scientific knowledge
within a framework specific to policy needs. Predictive
methods help simplify complexities at the interface of

Figure 3.Growth in the number ofmodels publications from1933 to 2010 drawn fromManzoni and Porporato (2009) (A), and total
citations inWeb of Science literature for namedmodels with>50 citations drawn fromManzoni and Porporato (2009), Falloon and
Smith (2000), and Stockmann et al (2013) reviews (B).
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policy and science, particularly in the areas of natural
resources and the environment6. However, as dis-
cussed in section 2, scientific development of SOM
modeling is ongoing (figure 3(A)). New developments
can easily be obscured or ignored inmulti-faceted pre-
dictive methods for policy. This can lead, at best, to a
lack of clarity in how a SOMmodel contributes to the
results of a given predictive method, or, at worst, erro-
neous andmisleading information.

A better connection is needed between ongoing
advances in SOM research and SOM model applica-
tions in policy and decision making. Climate change
policy is driving many recent developments in SOM
model applications, andwill be the focus of this comp-
onent of our review. We base our selection of exam-
ples on expert knowledge in these types of SOMmodel
applications.

3.2. SOMmodels in climate change policy
A common goal in climate change policy is to directly
reduce or mitigate atmospheric GHG emissions.
These efforts require applying scientific understanding
of biogeochemical and ecological processes, a chal-
lenge both from the perspective of natural and physical
scientists aiming to create ‘usable’ scientific knowledge
(Dilling 2007, Logar and Conant 2007), as well as from
the perspective of scientists and policy makers aiming
to integrate scientific knowledge into better policy
(Jasanoff andWynne 1998, Jasanoff 2003, Sterner and
Coria 2003, Brouwer and van Ittersum 2010). Land-
based GHG emissions and soil carbon changes are
important targets in policy instruments for GHG
abatement, but are difficult to assess directly. This has
led to widespread application of SOM model

simulations in ‘predictive methods’ for the GHG
assessment of these areas (Bryan et al 2010, Gawel and
Ludwig 2011, Stockmann et al 2013). Predictive
methods are just one component of the complex
economic, social, and political systems that shape
policy. We therefore developed a basic policy instru-
ment typology to categorize the use of GHG assess-
ments in climate change policy (table 1), as a
framework to explore specific examples of SOMmodel
applications.

The policy instrument typology presented in
table 1 drew from an approach discussed in Carrots,
Sticks, and Sermons (Bemelmans-Videc et al 1998),
using the following categories: regulation, economic
policy, and information programs7. Developed from
Etzioni’s classification of three kinds of power
(Etzioni 1961), the typology is linked to the degree to
which the government directly influences the gov-
erned—i.e., using regulation to require actions of the
recipients (mandated obligation), using economic
policy to encourage recipients to take action via mat-
erial resources (self-selective, incentivized obligation),
or using information to persuade recipients to take
action (no obligation) (Bemelmans-Videc et al 1998).
In table 1 we present the theoretical connection
between the degree to which a policy instrument type
obligates change, the contribution of that type of pol-
icy instrument to GHG reduction/mitigation targets,
and the resulting requirements of predictive methods
forGHGassessment.

We used this typology to examine the role of three
types GHG assessments in which we identified exam-
ples of SOM model applications. These include: (1)
GHG inventories, (2) carbon offsets, and (3) green-
house house gas life cycle assessments. The conceptual

Table 1.Policy instrument typology showing the theoretical connection, based on climate policy goals, between the type of policy instru-
ment, the degree of obligation for action, and the use of predictivemethods for GHGassessment.

Policy instru-

ment type Degree of obligation Climate policy goal

Use of predictivemethods for GHG

assessment

Regulation Policy obligates action Change inGHGemissions required.

Policy will supportmeetingGHG

reduction andmitigation goals

directly.

High certainty and credibility required.

GHG emission values frompredictive

method are used to enforce policy.

Economic

Incentives

Policy incentivizes action,

encourages voluntary

obligation

Change inGHGemissions encouraged.

Policy indirectly supports GHG

reduction andmitigation goals.

High certainty and credibility required.

GHG emission values frompredictive

methods are used to allocate economic

resources.

Information

Programs

Policy does not obligate

action

No specific change in GHGemissions

encouraged. Policy does not support

meeting specific GHG reduction or

mitigation goals.

Uncertaintymore acceptable. Information

programsmay support predictive

method development for greater cer-

tainty. GHGemission values frompre-

dictivemethod have a range of uses,

frompolicy development to education

of target populations.

6
Predictive methods provide: ‘analysis of physical and social

systems (that) hold(s) out the promise of understanding, and hence
being able to manage, unimaginably complex phenomena through
the prediction and control of salient variables’ (Jasanoff and
Wynne 1998).

7
This typology combines the ‘resource’ and ‘minimalist’

approaches to policy typology, assuming that a government has
already selected some policy goal and seeks to use its resources (i.e.
policy instruments) to accomplish this goal.
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framework presented here can be applied in other
SOM model applications in policy instruments, for
example including SOMmanagement as a component
of sustainability policy, or to policy based on valuation
of ecosystem services. However, these areas of SOM
model applications are less developed, and will be only
mentioned in passing.

3.2.1. GHG inventories
GHG inventories aim to account for all GHG sources
and sinks of an entity, ranging in scale from a single
institution (e.g. a university, Klein-Banai and
Theis 2013), to a nation (e.g. as required of parties to
the United Nations Framework Convention on Cli-
mate Change (UNFCCC)). GHG inventories serve as a
tool to comprehensively track the quantity and
distribution of GHG emissions through time, either
for information or formanagement of GHG emissions
at an entity level. Their role within policy instruments
tends to be either for information programs or for
regulation, depending on the commitment of a given
entity to reducingGHGemissions.

At large scales, land-based GHG emissions
become an important component within GHG inven-
tories. Evaluating land-based GHG emissions can
require SOM model applications if high levels of spa-
tial or temporal resolution are needed. For example,
SOM model applications have emerged in national
inventories (e.g. for the UNFCCC) constructed
according to Tier 3 Intergovernmental Panel on Cli-
mate Change (IPCC) guidelines (Ogle et al 2013). The
IPCC uses a three-tiered approach for GHG assess-
ments, with basic data inputs and simple empirical
models forming the basis of Tier 1 inventories while
additional data and more sophisticated analyses are
needed for Tier 2 and 3 inventories (Intergovernment
Panel on Climate Change 2006b). Tier 2 and 3 approa-
ches are suggested by the IPCC for evaluating Key
Categories, identified as ‘categories that have a sig-
nificant influence on a country’s total inventory of
GHGs in terms of the absolute level of emissions and
removals, the trend in emissions and removals, or
uncertainty in emissions and removals’ (Intergovern-
mental Panel on Climate Change 2006a, p 1.6). Agri-
cultural systems and land use change are often key
categories, in particular with the former a major
source of nitrous oxide (N2O) emissions, a powerful
GHG (Forster et al 2007). Therefore, these are often
areas targeted for higher tiered analytical approaches
that require the use of SOM models for land-based
GHG evaluation (US Environmental Protection
Agency 2013).

IPCC methods for national GHG inventories pro-
vide an example of a rigorous standardized approach
to GHG assessment, establishing best practices that
encourage transparency, completeness, consistency,
comparability, and accuracy (Eggleston et al 2006).
IPCC methods also require uncertainty evaluations,
with the expectation that areas of high uncertainty will

be targeted for future improvements (Eggleston
et al 2006). This creates the potential for a mutually
beneficial connection between GHG inventory assess-
ments and SOMmodel research. Areas of uncertainty
in GHG inventory assessments can identify SOM
model shortfalls (Del Grosso et al 2006, Lugato
et al 2010). Scientific development of SOMmodels can
then be iterating across the standardized GHG assess-
ment framework to generate improved GHG inven-
tory assessments. We suggest that the use of SOM
models within GHG inventories for entities at any
scale should emulate IPCCmethods.

3.2.2. Carbon offsets
Carbon offsets are a component of carbon markets
that have emerged in wake of the Kyoto protocol and
other climate policy initiatives where the primary
target is economic incentives. Carbon offsets convert
activities that reduce GHG emissions into priced
commodities, aiming to harness market forces for
climate change mitigation. Carbon offsets can be a
component of either voluntary carbon markets (Koll-
muss et al 2008) or compliance markets created to
support mandated GHG reductions (e.g. the clean
development mechanism for Kyoto Protocol GHG
reduction targets). In either case, carbon offsets must
be measurable and verifiable by independent third
parties as well as meet criteria for additionality,
permanence and leakage (Seeberg-Elverfeldt 2010b);
i.e., they must be a demonstrable and long-lasting
reduction in GHG emissions beyond what would have
occurred under ‘business as usual’, and without
causing increases in emissions elsewhere.

SOM dynamics can play an important role in car-
bon offset projects, particularly through agricultural
management and land use change targeted to increase
soil carbon sequestration. However, the complexity of
SOM dynamics and the spatial variability of soil car-
bon stocks creates a challenge in meeting measure-
ment and verifiability criteria. This challenge extends
on both sides of carbon market transactions. Buyers
are concerned with the quality and potential reversi-
bility of these carbon offsets, while offset generators
incur high costs to meet certification requirements.
Soil carbon sequestration is currently excluded from
the clean development mechanism for these reasons
(Larson et al 2011).

Carbon offsets demand high certainty and cred-
ibility from GHG assessments (table 1). They do not
easily accommodate complexity, variability, and sci-
entific uncertainty in SOM dynamics. However, inter-
est in bringing SOMmanagement under the umbrella
of carbon market valuation continues to be driven by
its potential high value. Soils can also be managed for
multiple sustainability criteria, supporting economic
valuation for other ecosystem services (Powlson
et al 2011). There is an emergence of land manage-
ment-based GHG assessment standards in voluntary
carbon markets (Seeberg-Elverfeldt 2010a). These
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standards are often based on a hybrid combination of
direct measurement and SOM model simulations.
Under these approaches, direct measurements are
used to support and/or verify results of SOM models
applied to integrate interacting site-specific factors of a
given project. The Verified Carbon Standard (VCS)
and the American Carbon Registry (ACR)methodolo-
gies, for example, both include the use of models like
CENTURY, DNDC, or APEX to evaluate baseline
‘business as usual’ emissions versus emissions under
other management practices (Earth Partners 2012,
Dell et al 2013). The VCS methodology recognizes the
potential for model improvements, requiring new
simulations if a newmodel version is used (Earth Part-
ners 2012). The ACR requires extensive project-spe-
cific peer-reviewed model parameterization and
validation, as well as proof of meeting criteria for
model uncertainty standards (Dell et al 2013). In either
case, carbon offset standards require the use of SOM
models that have proven their applicability to the spe-
cific project being evaluated, requiring close engage-
ment with experts in model use as well as the
collection of sufficient data to accurately parameterize,
drive, and evaluate the model. From the standpoint of
SOM research, this suggests an opportunity for an
ideal testbed of standardized data collection for model
evaluation and development.

Carbon offset project reporting is already a comp-
onent of carbon offset standards. We suggest project-
specific measured data, meta-data, and SOM model
simulation driver data should be made equally as
accessible, allowing for more openly sourced use
of these data for model testing. These data
resources could contribute towards model develop-
ment at the ‘ecosystem’ scale, which we recognized in
section 2.2.2. as a particularly challenging scale for
SOM modeling. Carbon markets would benefit by
supporting SOM model development with improved
model accuracy and quantified uncertainty, poten-
tially expanding land-based GHG reductions that can
generate carbon offsets.

3.2.3. GHG life cycle assessments
Life cycle assessment (LCA) is a framework used to
quantify the impacts of a product ‘from cradle to
grave’, i.e. fromwhen a product is created to when it is
disposed of or destroyed (Lee 2004). LCAs can be
constructed to target any environmental aspect of a
product, including GHG emissions, water impacts, or
the use of nonrenewable material resources (e.g.
Powers 2007, Cherubini 2010). They are a useful tool
for informing policy and decision-making, by provid-
ing comparable numeric evaluation of production
chains.

Conceptually, GHG-specific LCAs are similar in
purpose to GHG inventories by accounting for all
GHG emission sources and sinks. However, their
focus is on products and production processes rather
than entities. GHG LCAs are often needed when a

policy aims to change the carbon intensity of products,
providing numeric evaluations for information pro-
gram or economic incentive policy instruments. This is
an area that has seen development in policy support-
ing alternative fuels as a climate change mitigation
strategy. For example, in the United States the expan-
ded renewable fuels standard (RFSII)—a component
of the Energy Independence and Security Act of 2007
—mandates the blending of increasing levels of
renewable fuels, with an emphasis on cellulosic
ethanol and ‘advanced’ fuels. In order to qualify, pro-
ducersmust useGHG life cycle assessments to demon-
strate their fuels meet the RFSII requirement to reduce
life-cycle GHG emissions by at least 20% compared
to petroleum-based fuels (Congressional Research
Service 2007).

Land-based GHG emissions become an important
consideration when the product in question (or its
production chain) impacts land use. This emerges for
biofuels created from agricultural crops. Crop-based
biofuels are tightly connected to land use concerns,
particularly with their potential to conflict with food
production (Cassman and Liska 2007, Tilman
et al 2009). A series of publications also showed the
potential for the expansion of bioenergy cropping sys-
tems to increase GHG emissions through direct and
indirect land use change (Fargione et al 2008, Search-
inger et al 2008). Consequently, policy supporting
crop-based biofuels for climate change mitigation
often requires accounting of land-based GHG emis-
sions, a taskwell suited to SOMmodel applications8.

GHG LCAs are targeted towards shaping the deci-
sion making behind products and production chains.
They can therefore be applied at a wide range of scales,
and often are a component of multifaceted assess-
ments that include net energy yields or other material
impacts (e.g. water). The value of SOMmodels in these
types of applications is to inform better land use deci-
sion making (Sheehan et al 2003). However, given the
wide diversity of production systems (e.g. varying by
scales, types of land use change, crop types), there may
be limited data for model calibration and evaluation.
For example, SOMmodel simulations may be coarser
for a new type of land management, crop, or region,
identifying where additional research or data collec-
tion would be valuable. Finer-scaled simulations, or
model simulations with a higher level of certainty,may
be needed to improve LCAs (Kwon et al 2013), for
example to assess the incorporation of biofuels into a
complex mosaic of multiple land uses to optimize
environmental outcomes (Field et al 2016). Parallels
can be drawn between LCA frameworks and the IPCC

8
For example, the main GHG assessment tool selected by the EPA

to evaluate biofuel pathways for RFSII is the Greenhouse Gas,
Regulated Emissions, and Energy Use in Transportation (GREET)
model (IFC International 2009). SOMmodel simulations have been
used to generate emission factors for GREET, as a way to evaluate
soil impacts of bioenergy cropping systems (Kwon et al 2013, Ogle
et al 2015).
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best practices for GHG inventories, with the emphasis
on transparency, acknowledgment of areas of uncer-
tainty, and the creation of an analytical structure
where improvements (in model performance or data
availability) can be iterated through a LCA to improve
accuracy. This is an areawhere collaborative data shar-
ing and development of data-model networks would
yield great benefits.

3.2.4. Conclusions for SOMmodels in policy
This section demonstrates that the connection
between SOM research, SOM model development,
and the applications of SOMmodels in policy depends
on: (1) the policy-specific demands on SOM model
applications, (2) tolerance for predictive uncertainty
in model simulations, and (3) the ability of SOM
models to meet these demands based on current
understanding of SOM dynamics. SOM model appli-
cations in policy are best served by establishing
infrastructure that links SOM model applications to
the data used to formulate, calibrate, drive, and
evaluate model simulations. This is important for
transparency. It also creates a more direct connection
between model improvements and support for better
policy and decisionmaking.

4.Newdirections in SOMmodel
development

In this final section we review five areas of recent
scientific developments in SOM modeling: microbial
roles in SOM stabilization, SOM saturation kinetics,
temperature controls on SOM dynamics, deep SOM
dynamics, and modeling SOM in ESMs. We selected
these five areas as both important to current SOM
research and representative of a range of SOM devel-
opment considerations (e.g. model complexity, scale,
uncertainty, data availability). We reviewed each of
these areas based on literature selected as representing
main scientific developments and/or topics of con-
troversy. Our aim was to connect developments in
SOM modeling to specific challenges and considera-
tions in SOMmodel applications.

4.1.Microbial role in SOMstabilization: why does
SOMremain in soils, and for how long?
The persistence of OM in soils indicates operation of
protective mechanisms that slow or prevent OM
decomposition (Hedges et al 2000, Kleber 2010,
Schmidt et al 2011). For example, someOM inputs are
accessed quickly by soil microbes, mineralized within
minutes, hours, or days. Organic matter that becomes
protected frommicrobial activity, e.g. tightly bound to
soil minerals within micro-aggregates or more tem-
porarily stabilized within macro-aggregates (Tisdall
and Oades 1982, Oades 1984, Golchin et al 1994, Six
et al 2004, Pronk et al 2012, Six and Paustian 2014),
can remain in soils for years, decades, centuries or

millennia (Oades 1988, Jastrow 1996). The net result
of complex, interacting stabilization mechanisms is a
mixture of organic residues, at different stages of
decomposition and varying ages, that potentially react
differently to change (Schimel et al 1994, Paul
et al 1997, Trumbore 2000). This is a predominant
SOM research area (Campbell et al 1967, Jenkinson
and Rayner 1977, Parton et al 1987, Oades 1988) that
has been subject to numerous reviews (table 2), as it is
key to the role of soils in larger-scale processes (e.g.
global carbon cycling), as well as their potential to
either exacerbate or mitigate climate change (Schi-
mel 1995, Jobbagy and Jackson 2000, Friedlingstein
et al 2001).

Until recently, mechanisms for SOM stabilization
were generally grouped into three categories: (1) phy-
sical protection from microbial processes (e.g.
through aggregate formation), (2) mineral associa-
tions that limit exposure to lytic enzymes, and (3)
increasing OM recalcitrance by selective preservation
of less biodegradable litter inputs and the formation of
complex, stable humic molecules (Sollins et al 1996,
Six et al 2002, von Lützow 2008). Physical separation
and mineral associations (categories (1) and (2)) con-
tinue to be recognized as important SOM stabilization
mechanisms (table 2). However, the hypothesis that a
large portion of SOM persists through gradual trans-
formation of primary biomolecules into complex sec-
ondary ‘humic’ molecules resistant to decomposition
(category (3)) has been challenged. Evidence supports
the characterization of SOM as a complex mixture of
smaller biopolymers distributed across the soil matrix,
rather than as large complex humic molecules (Kelle-
her and Simpson 2006, Lehmann et al 2008, Pic-
colo 2002, Simpson et al 2007, Stockmann et al 2013,
Sutton and Sposito 2005, von Lützow et al 2006,
Wander 2004).

New hypotheses have emerged, centered on link-
ing microbial processes with OM input chemistry and
properties of the soil matrix (Schmidt et al 2011, Dun-
gait et al 2012, Cotrufo et al 2013, Gleixner 2013).
These hypotheses have invigorated a SOM modeling
debate last visited in the late 1970s: to what degree
should microbes and microbial mechanisms be expli-
citly represented in SOM simulations (i.e., making
decay rates of SOM fractions a direct function of both
microbial biomass and activity)? In the late 1970s,
explicit microbially-based models such as PHOENIX
(McGill et al 1981) and the model of Smith (1979)
emerged alongside models using implicit microbial
controls, such as the first ‘Rothamsted model’ of Jen-
kinson and Rayner (1977). At the time, research came
down largely in favor of models employing simple
decay kinetics without explicitly including microbial
biomass, as those approaches were more successful
modeling long-term SOM dynamics (Paustian 1994).
However, currently implicit approaches to modeling
microbes are criticized for not reflecting new hypoth-
eses for SOM stabilization (Schmidt et al 2011).
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Explicit microbial control of decomposition processes
are also increasingly viewed as critical to simulate tran-
sient dynamics and adaptive responses by soil biota,
both of which are important for predicting impacts
from climate change (Lawrence et al 2009, Todd-
Brown et al 2012). Simulating the quantity and/or
longevity of SOM is frequently a primary objective for
SOM model applications, making this a critical area
for connection to newmodel developments.

Recent research on SOM chemical characteristics,
interactions with microbial processes, and SOM per-
sistence have generated new hypotheses and SOM
modeling approaches (Ågren and Bosatta 1996, Rillig
et al 2007, McGuire and Treseder 2010, Cotrufo
et al 2013, Wieder et al 2013, Wieder et al 2014b).
However, models reflecting these new hypotheses are
largely theoretical and difficult to test in complex soil
environments. It also remains difficult to determine
whether explicit microbial mechanisms improve SOM
predictions given the paucity of data to either drive or
validate new models (Treseder et al 2012). This is an
areawhere SOM research and applications would ben-
efit by greater collaboration. Leveraging established
model results and data testbeds within networks of
long-term field experiments—vis à vis GRACEnet/
REAP (GHG reduction through agricultural carbon
enhancement network/renewable energy assessment
project) and the long term ecological research (LTER)
network (Paustian et al 1995, Jawson et al 2005, Del
Grosso et al 2013)—are examples of ideal testing

grounds for scaling up explicit microbial modeling to
broader scales. Multi-model comparisons across spa-
tial and temporal scales are also needed to determine if
the added complexity of explicit microbial mechan-
isms leads to an improvement in SOMsimulations.

It is unlikely that a single ‘ideal’model will emerge
from more explicit connections between microbial
mechanisms and SOM persistence. The degree to
whichmicrobial mechanisms are integrated into SOM
models will likely depend on the scale at which a given
model is being used (Stockmann et al 2013). In SOM
model applications, care should be taken to use a
model most applicable to the scale of the system being
evaluated.

4.2. SOMsaturation: howmuchOMcan soils hold?
Single and multi-pool 1st order decomposition
kinetics are a relatively simple SOM modeling
approach that performs reasonably well across a
diversity of soils and land use changes (Paustian 1994).
Mathematically, however, 1st order kinetics implies a
constant maximum specific decay rate (i.e., ‘k’ in
figure 2) and thus a linear proportional relationship
between OM inputs and the quantity of SOM storage
when a soils system is at equilibrium (Stewart
et al 2007). This is a reasonablemathematical approach
for some theorized mechanisms of SOM stabilization
(e.g. Kleber et al 2007). However, field and laboratory
research suggest there is an upper limit, or ‘saturation

Table 2.A selection of SOMreviews.

Publication Title of review paper and description

Oades (1988) ‘The retention of organicmatter in soils’—clarifies terminology for soil carbon cycling and the linkage between

the terms ‘humus’ and ‘biomass’. Emphasis on physical stabilization and soilmatrix interactionmechanisms

that impact rates at which SOM ismineralized.

Sollins et al (1996) ‘Stabilization and destabilization of soil organicmatter:mechanisms and controls’—a conceptual framework

for SOMdynamics aiming to bring together the state of the art in terms ofmechanisms underlying SOM

stability.

Falloon and Smith (2000) ‘Modeling refractory soil organicmatter’—review of soil organicmattermodels—including static, dynamic,

single compartment,multi-compartment, and non-compartment approaches tomodeling SOMwith the

longest turnover times.

Kuzyakov et al (2000) ‘Review ofmechanisms and quantification of priming effects’—consideration of SOMpriming, and its poten-

tial to increase or slow SOM turnover rates. Additional: Fontaine et al (2007)—‘Stability of organic carbon in

deep soil layers controlled by fresh carbon supply’

Six et al (2002) ‘Stabilizationmechanisms of soil organicmatter: Implications forC-saturation of soils’- evaluatesmechanisms

for SOMprotection that have potential for saturation, proposing a fractionationmethod to evaluate soils for

saturation kinetics.

von Lützow et al (2006) ‘Stabilization of organicmatter in temperate soils: mechanisms and their relevance under different soil condi-

tions—a review’—methodical discussion of all SOMstabilizationmechanisms occurring in temperature

soils, identifying uncertainties and inconsistencies. Questions inherent chemical recalcitrance as a stabiliza-

tionmechanism.

Trumbore (2009) ‘Radiocarbon and soil carbon dynamics’—a review of radiocarbon dating as an integratedmeasure of SOM

cycling processes and turnover time over long-term timescales, centered on a state-factor approach to test

hypotheses for SOMdynamics and showing differences in cycling dynamics across ecosystem components

and timescales. Additional: Paul et al (1997)—‘radiocarbon dating for determination of soil organicmatter

pool sizes and dynamics’.

Kleber (2010) ‘What is recalcitrant soil organicmatter’—complete examination of the term ‘recalcitrant’ in terms of general,

mechanistic, and operational definitions. Examines logic for recalcitrance as a concept, arguing that it is

largely semantic rather than providingmeaningful connection to SOMdynamics.
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level’, in the amount of SOM that can be held in soil,
determined by its physical characteristics9 (i.e., texture
and mineralogy; Paustian et al 1997, Six et al 2002,
Stewart et al 2007, Gulde et al 2008). Models based on
1st-order kinetics will therefore overestimate OM
gains (e.g. due to increasing C inputs to soil) in soils
that are approaching their saturation point (figure 4).
This is an important consideration for SOM model
applications in climate policy, given the potential to
overestimate effects of land management intended to
increase SOMstorage.

Six et al (2002) defined three categories of SOM
stabilization mechanisms; (1) mineral-associations
(termed ‘chemical protection’), (2) physical protection
through aggregate compartmentalization, and (3) pro-
tection through inherent recalcitrance of SOM
(termed ‘biochemical protection’), with the remaining
OM in the ‘unprotected’ pool. They linked these pools
to measurable SOM fractions in order to evaluate the
potential for saturation within each fraction and to
link these mechanisms to a maximum capacity for
total SOM protection (Six et al 2002). The ‘biochemi-
cally protected’ conceptual pool— i.e. complex, recal-
citrant humic substances—have been largely dropped
from studies evaluating saturation kinetics (following

rationale from section 4.1). However, the potential for
saturation kinetics to affect bulk SOM storage as well
as dynamics between mineral-associated, aggregate
protected, and unprotected SOM fractions have con-
tinued to be developed (Dungait et al 2012).

In experimental research, bulk soils have been
evaluated to determine how close experimental soils
are to their saturation capacity (Zhang et al 2010, Heit-
kamp et al 2012), with long-term studies suggesting a
distinction between the absolute maximum capacity
of soils to stabilize C versus a soil’s ‘effective stabiliza-
tion capacity’ given external factors such as dis-
turbance by tillage (Balesdent et al 2000, Stewart
et al 2007). Several studies used the Six et al (2002) fra-
mework to successfully evaluate soils for saturation
behavior (Stewart et al 2008b, 2009). Other studies
supported a hierarchy in SOM saturation, showing
increasing OM inputs leading to SOM accumulation
in labile, faster cycling fractions oncemineral fractions
were saturated (Gulde et al 2008, Castellano
et al 2012). Concentration of SOM in the more labile
pools due to saturation ofmore stable SOMpools are a
concern for managing soils to increase SOM storage,
as SOM in labile fractions are at greater risk for loss
(Stewart et al 2012). One study suggestedmanagement
practices to increase SOM storage should target soils
with greater initial SOM deficits (Stewart et al 2008a),
while another supported the need to intervene before
soils reach a degradation threshold when stabilization
mechanisms begin to decline (Kimetu et al 2009).

Figure 4.Theoretical relationship between carbon input level and soil organic carbon (SOC) contents at steady-state, with andwithout
carbon saturation. Steady-state SOC accumulation dynamics expressed over time (a) produces a linear relationshipwhen expressed
over carbon input levels (b). Under the conditions of carbon saturation, SOC stabilizationwith increasing input rates (at steady-state)
is not proportional (c) resulting in an asymptotic relationshipwhen expressed over carbon input levels (d). Reprintedwith permission
from Stewart et al (2007).

9
If organo-mineral complexation is a predominant mechanism for

SOM stabilization in soils (section 4.1), then it follows that the
existence of a finite mineral surface-area would imply a finite
amount of organicmatter capable of being stabilized.
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Saturation capacity for SOM is conceptually well
defined, simple (on its own) to express mathemati-
cally, and increasingly supported by experimental evi-
dence. It is notable, then, that saturation kinetics have
not been widely invoked in SOM models, with only a
few examples since the Six et al (2002) review (Mala-
moud et al 2009, Heitkamp et al 2012, Ahrens
et al 2015). A key challenge in modeling SOM satur-
ation is determining themaximum capacity for a given
soil to store SOM. If a SOMmodel is based onmeasur-
able soil fractions, SOM maximum storage could be
calculated based on soil chemistry or an empiric rela-
tionship observed at a specific site. However, for SOM
models based on conceptually-defined SOM pools,
maximum SOM storage is more difficult to link to
measurable data.

Until SOM saturation kinetics can be appro-
priately implemented in SOM models, the potential
for bias in SOM models based on kinetically-defined
SOM pools should be recognized in SOM model
applications aimed towards increasing SOM storage.
High OM soils in systems with high OM inputs are
vulnerable to overestimation of SOM storage and
accumulation, when simulated using conventional
first-order decay SOMmodels.

4.3. Temperature controls on SOM:Will
temperature changemake SOM increase or
decrease?
Temperature is a key driver of SOM dynamics. This
has been long established (Jenny 1941), and is not in
dispute. However, in the last two decades debate has
surrounded how SOM dynamics respond to temper-
ature change (figure 5), motivated in part by the
importance of understanding whether soils will
become a stronger sink or source of CO2 as tempera-
tures increase under global climate change (Kirsch-
baum 1995, Trumbore et al 1996). Uncertainty in this
area of SOM research is driven by the fact that
temperature effects are difficult to isolate, and beha-
viors observed in controlled laboratory incubations
are often less consistent and/or less discernible under
more realist in situ experiments10 (Kirschbaum 2000).
At a micro-scale, for example, microbial decomposi-
tion processes are strongly affected by temperature in
their immediate environment (Frey et al 2013,Hagerty
et al 2014). However,microbial temperature responses
at the ecosystem scale can be dynamic, if microbes
acclimatize to varying temperatures or community
characteristics change through time (Luo et al 2001,
Allison et al 2010, Tucker et al 2013). The soil matrix
and the chemical nature of the SOM substrate being
decomposed can modulate temperature responses
(Davidson and Janssens 2006). On longer timescales
and at a landscape level, SOM responses can become

confounded with temperature effects on primary
productivity (e.g. on photosynthesis, transpiration,
vegetation structure, community dynamics) (Bardgett
et al 2008). Ultimately, small-scale, isolated temper-
ature responses and sensitivities in SOM dynamics
may have a positive, negative, or no feedback with
other ecosystem components in the soil environment
when integrated over longer time scales, larger areas,
or in interactionwith other factors (figure 6).

This is an ideal area for SOM models to integrate
and test hypotheses (Kirschbaum 1995, Jones
et al 2003).Modeling approaches take the general form
of defining a temperature response curve and associat-
ing it with a rate parameter that regulates SOM
dynamics (e.g. figure 5). Differences in temperature
sensitivity are reflected by either changing the shape of
a temperature response curve (e.g R1 versus R2,
figure 5), or having specific temperature response
curves associated with specific SOM pools. There is no
one universalmathematical expression of temperature
response curves, although some have been shown
superior to others11 (Tuomi et al 2008).

Regardless of modeling approach, the mathema-
tical expressions for temperature responses are linked
to the underlying hypotheses for SOM structure (e.g.
based on kinetically defined pools versus measured
soil fractions). This creates the potential for wide vari-
ety in predictions of SOM responses to temperature
change, leading to extensive debate. For example, one
hypothesis proposed that ‘labile’ and ‘recalcitrant’

Figure 5.Hypothetical decomposition response curves with
increasing temperature. TheΔR2 is larger inmagnitude than
ΔR1 over the same temperature interval, showing the greater
temperature sensitivity ofR2 versusR1.

10
For example, in laboratory incubations temperature effects may

be confounded by differential rates of labile SOMdepletion (Conant
et al 2010).

11
Temperature responses are often exponential, so a common

approach is Q10, or a proportional change in respiration with 10 °C
change in temperature. A Q10 of ∼2 (i.e. a doubling of respiration
with 10 °C temperature increase) is common across biologically
meaningful temperatures, but Q10 values have been shown to differ
substantially across soil fractions (Leifeld and Fuhrer 2005, Hamdi
et al 2013). An Arrhenius type equation and a modified version
referred to as the Lloyd and Taylor equation are other common
approaches, connecting temperature effects to the activation energy
of chemical reactions (Lloyd andTaylor 1994).
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SOM fractions have different temperature sensitiv-
ities, with the latter being more sensitive than the for-
mer. This hypothesis was originally connected to a
model now called the carbon quality-temperature the-
ory (Fierer et al 2005), based on the concept that SOM
decomposition dynamics were determined by sub-
strate quality, via the number of enzymatic steps—and
therefore the total free energy change—required to
mineralize organic matter carbon12. An argument
against this theory suggested old SOM is less temper-
ature sensitive than newer litter, leading to less carbon
loss and even some carbon gain with increasing

temperatures (Liski et al 1999). However, this argu-
ment was criticized for the assumption of fixed resi-
dence times in the pools used to model SOM and
temperature effects on respiration (Ågren 2000). Sub-
sequent studies have proved to be inconclusive for the
temperature sensitivity of different SOM pools
(Melillo et al 2002, Fang et al 2005, Conant et al 2008,
Hartley and Ineson 2008, Benbi et al 2014), and a high
level of uncertainty remains on this theory. However,
it has been argued as largely irrelevant for mineral-
associated SOM and SOM that is cycling more slowly
(Kleber 2010, Conant et al 2011), as older SOM is not
necessarily more thermodynamically stable or chemi-
cally different than ‘newer’ SOM (Kleber et al 2011).

This debate demonstrates the importance of the
linkage between hypotheses for temperature responses
on SOM dynamics and underlying SOM model for-
mulations. For example, somewidely used SOMmod-
els like CENTURY and DNDCmay not directly reflect
hypotheses for temperature-sensitive mechanisms

Figure 6.Conceptual diagram showing factors that can interact with atmospheric CO2 emissions and soil respiration under climate
warming, with hypothesized positive and negative feedbacks as originally described by Luo et al (2001) (A), versus new approaches that
separatemechanisms that affectmicrobial processes frommechanisms that affect SOMavailability ((B), vis à visConant et al 2011).
Colored boxes and lines can be considered a plausible scenario under increasing temperatures.Many other interactions are possible.

12
The carbon quality-temperature theory predicts greater temper-

ature sensitivity in low quality substrates compared to high quality
substrates, as well as greater temperature sensitivity at low tempera-
tures versus high temperatures (Bosatta and Ågren 1999). Based on
the assumption that ‘old’ SOM is more chemically complex and a
poorer microbial substrate than ‘new’ SOM, this made a logical
linkage to the hypothesis that ‘older’ (i.e. more stable, ‘recalcitrant’)
SOM will be more sensitive to temperature than ‘newer’ (i.e. less
stable, ‘labile’) SOM.
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due to their basis on kinetically-defined SOM pools
(Dungait et al 2012). Kinetically-based SOM models
are commonly implemented in ESMs, often usingQ10

functions to simulate temperature sensitivity (Todd-
Brown et al 2013). This approach has been strongly
criticized (Davidson et al 2006, Tang and Riley 2015),
and shown to perform poorly simulating tropical and
arctic ecosystems where climate change is of particular
concern (e.g. Koven et al 2011). Researchers are begin-
ning to explore more mechanistic approaches, based
on understanding of factors such as substrate diffu-
sion, enzyme activity, membrane transport, and
microbial community dynamics (Grant et al 2003,
Davidson et al 2006, 2012). Other recent models
include mechanistic linkages to a wider array of SOM
pools, for example differentiating between processes
that make SOM available for decomposition (e.g. phy-
sical protection and aggregate turnover) versus
processes that decompose SOM once it is available
(e.g. microbial enzyme dynamics, depolymerization,
figure 6) (Conant et al 2011). However, it is not yet
clear if these modeling approaches lead to improved
predictions at larger scales.

The impact of temperature change on SOM
dynamics is likely to remain an area of SOM research
with high uncertainty. For SOM model applications,
this means care should be taken that the formulation
of temperature responses in a given SOM model is
empirically reflective of the system being assessed,
even as the mechanistic understanding behind those
responses are imprecisely understood. In systems
where SOMmodel simulations perform poorly, temp-
erature responses may be an area to consider models
using different approaches. Greater standardization
and clarity in how experimental data are reported and
interpreted would support better integration with
modeling efforts (Subke and Bahn 2010). Further
experimental exploration of temperature-sensitive
decomposition mechanisms—particularly including
large-scale studies that cross a range of ecosystem
types (Subke and Bahn 2010, Giardina et al 2014)—are
needed to advance this area of research and better sup-
port SOM model applications where responses to
temperature change are involved.

4.4.Deep soil dynamics: can subsurface soils be
managed to storeOM?
Soils can range in depth from a few centimeters to
many meters. Our use of the term ‘deep soil’ refers to
everything below the surface soil layer, which is
typically considered to extend from 0 to 20 or 30 cm.
Surface soils generally contain a large fraction of total
SOM, in addition to SOM that is often younger, more
rapidly cycling, more uniform (particularly in tilled
agricultural soils), and more responsive to manage-
ment perturbations than SOM in deeper soil layers
(Scharpenseel et al 1989, Batjes 1996, Paul et al 1997,
Jobbagy and Jackson 2000). Historically, SOM in

subsurface soil layers were thought to consist mainly
of relatively inert humic material and mineral-bound
OM. Consequently many SOM models only simulate
dynamics in surface soil layers. However, while
mineral-bound OM remains supported as a stabiliza-
tion mechanism in subsurface soils (Rumpel and
Kögel-Knabner 2010), more recent analyses show
SOM in deeper layers to consist predominantly of
highly processed microbial products (Erich et al 2012)
that are responsive to land management change
(Trumbore et al 1995, Baker et al 2007, Follett
et al 2012, Poeplau and Don 2013), on shorter
timescales than previously understood (Koarashi
et al 2012). For example, Follett et al (2013) and
Schmer et al (2014) have demonstrated in long-term
field studies, that irrigation of previously non-irrigated
sites result in a depletion of subsoil SOC and its
associated SOM. Organic matter dynamics in the 50%
or greater total SOM contained in soils below
20–30 cm has been identified as an important knowl-
edge gap (Batjes 1996, Jobbagy and Jackson 2000),
particularly in the context of subsurface soil responses
to global change (Salomé et al 2010). Subsurface soils
are now an important area of development in SOM
modeling (Schmidt et al 2011).

Subsurface SOM dynamics involve similar
mechanisms to surface soils, but with the potential for
time lags and differences in soil environments that
may separate subsurface and surface SOM responses
to change (Fierer et al 2003a, Salomé et al 2010,
Sanaullah et al 2011). A review by Rumpel and Kögel-
Knabner (2010) provides a framework for recent
experimental work focusing on subsurface SOM
dynamics. They summarized key organic matter
inputs to deeper soil layers as (1) the movement of dis-
solved organic matter (DOM) with water, (2) root
growth, exudates, and turnover, and (3) physical OM
transport through bioturbation or physical soil pro-
cesses. Mechanisms that destabilize SOM in subsur-
face soils include aggregate disturbance and increases
in microbial access to nutrients and labile carbon.
Mechanisms that stabilize SOM in these layers are
linked tomineral associations and the physical separa-
tion between dispersed microbes and SOM at depth.
The relative importance of these factors is likely vari-
able across ecosystems (Jobbagy and Jackson 2000,
Schmidt et al 2011).

Experimental evidence for the interaction of sta-
bilization and destabilization mechanisms in subsur-
face soils remains scarce, particularly from in situ
field experiments (Rumpel and Kögel-Knab-
ner 2010). Dissolved organic matter (DOM) is per-
haps the best understood subsurface SOM input,
known to cycle rapidly and play an important
role linking surface OM with deep soil mineral frac-
tions, SOM stabilization, and the potential for
SOM long-term storage (Fröberg et al 2009,
Rumpel and Kögel-Knabner 2010). The quantity and
quality of DOM from different parts of the soil
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profile can also serve as a metric for sorption, deso-
rption, decomposition and leaching processes, as
they interact with soil minerals, pH, litter, and
hydrology (Kalbitz et al 2000). For any OM input,
physical separation from microbes—as opposed to
inherent OM chemical resistance to decomposition
—has received widespread experimental support as
an important stabilization mechanism (Rumpel and
Kögel-Knabner 2010, Salomé et al 2010, Sanaullah
et al 2011, Schimel et al 2011, Koarashi et al 2012).
However, the mechanistic linkages between
microbial community characteristics and subsurface
SOM stability remain poorly understood (Fierer
et al 2003a, 2003b, 2009, Kramer and Gleixner 2008,
Eilers et al 2012). Evidence has shown that ‘priming’
is as an important destabilization mechanism, occur-
ring when inputs of ‘fresh’ OM—i.e. labile OM that
has not been microbially-processed—leads to
increasing decomposition of otherwise persistent
deep SOM with the stimulation of microbial activity
(Kuzyakov et al 2000, Fontaine et al 2007). Priming
could play an important role in predicting subsurface
soil responses to increasing concentrations of atmo-
spheric CO2, particularly in forested systems where
elevated CO2 has been shown to increase fine root
production as well as cumulative carbon inputs into
deeper soil layers (Iversen 2010). The potential for
priming also must be considered in land manage-
ment strategies for increasing SOM (Poeplau and
Don 2013), particularly with the growth of deep-roo-
ted crop species where priming may offset desired
gains in SOM storage (Dungait et al 2012, Follett
et al 2012). Research aimed towards evaluating prim-
ing in subsurface soils has not yet identified easily
generalizable mechanisms, but rather suggests a high
degree of site specificity (Langley et al 2009, Drake
et al 2011, Iversen et al 2012).

Models of subsurface SOM dynamics are accord-
ingly diverse and can be highly complex, particularly
simulating multiple soil layers and dynamic move-
ment of material between them (table 3). The Com-
munity Land Model (CLM), for example, was
modified to simulate subsurface SOM dynamics using
a vertical cascade approach, where SOM passes
through layers in the soil profile with loss at each
transition (Koven et al 2013). However, some models
aim for simplicity; the DAYCENT model was mod-
ified to simulate deeper soil C dynamics by slowing
SOM pool turnover and increasing allocation to pas-
sive soil C, without separating soil layers (Wieder
et al 2014b), while the C-TOOLmodel took a practical
approach by simplifying assumptions and solely
focusing on whole-soil SOM dynamics in agricultural
systems (Taghizadeh-Toosi et al 2014). Subsurface
SOMmodels vary in explicitly or implicitly simulating
DOM movement (table 3). Root inputs tend to show
more consistency in mathematical approaches, often
simulated using exponential functions (table 3),
although one study argued for modifying models to

accept root distribution data directly (Iversen 2010).
Bioturbation has been shown to be largely incon-
sequential compared to other input and transport
mechanisms (Braakhekke et al 2013). Overall there is
strong need for additional data to confirm or refute
testable hypotheses suggested by different modeling
approaches.

Recent research on subsurface SOM dynamics
still only reveals pinpoints of understanding in a
complex belowground system. Logistical challenges
and lack of data are profoundly limiting. In this con-
text, perhaps even more so than in other areas of
SOM research, integration between experimental
research and SOM model development is needed to
advance understanding. For example, carbon isotope
labeling and tracers are emerging as particularly
important tools for subsurface SOM research, by
allowing for OM dynamics to be observed with
minimal disturbance. There is also likely value in
using other, non-carbon tracers with known dynam-
ics and interactions with SOM. For example, the use
of 210Pbex was able to inform SOMPROF model
parameters, although use in addition with 14C or
other carbon labeling was suggested as a more pow-
erful approach (Braakhekke et al 2013). Given logis-
tical challenges in studying subsurface soils,
collaborative efforts between modelers and exper-
imental researchers are needed identify, understand,
evaluate, and predict SOM dynamics in soils below
the 20–30 cm boundary that delineates much of our
current understanding.

From the perspective of SOMmodel applications,
this is an area of development that has the potential to
add entirely new areas of consideration in predicting
the SOM impacts of land management. It also could
add the capacity to manage soils more effectively for
long-term carbon storage, which is of high value in
efforts to mitigate climate change. Policy efforts that
involve SOM model applications could likely yield
high value from supporting SOM data collection and
model development efforts to better represent dynam-
ics in subsurface soils.

4.5. SOM in globalmodels: will soils contribute to or
mitigate climate change?
As the largest terrestrial ecosystem carbon pool
(Jobbagy and Jackson 2000), soils play an important
role in determining global land-based carbon cycling
and land-atmosphere carbon interactions. Models of
SOM are accordingly needed in ESMs to dynamically
link atmospheric carbon, climate change effects, and
land-based carbon storage (Falloon and Smith 2000,
Wieder et al 2014a). However, the inclusion of SOM
models in ESMs present new challenges in SOMmodel
development and validation, due to uncertainty,
variability, and uneven coverage in data needed to
drive and evaluate SOM model performance at such
large scales.
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Table 3.Comparison of a selection of SOMmodels simulating deep soil dynamics.

Model

Timestep, simulation

timeframe Depth Drivers SOM DissolvedOM Roots Bioturbation

SOLVEG-II (Ota
et al 2013)

0.25 h timestep,

immediate to long-

term simulations

5.5 m, 27 varying layer

depths

Temperature,moist-

ure, soil texture

1st order, CENTURY-type

structure, 3 pools each

layer (active, slow, passive)

Explicit, f(diffusion, advec-
tion, uptake, waterflow,

decomposition)

Exponential function across

depth

NA

C-TOOL (Taghizadeh-
Toosi et al 2014)

Monthly,medium to

long-term

simulations

100 cm, 0–25 cm and

25–100 cm

Temperature, clay

content, soil C/N,

OM inputs

1st-order, 3 pool Implicit Exponential function across

depth

NA

SOMPROF (Braa-
khekke et al 2013)

Monthly,medium to

long-term

simulations

0.7–2 m, variable layer

depths

Temperature,

moisture

1st order, root and frag-

mented litter, leachable

and non-leachable slow

OM inmineral layer

Implicit, effective advection

with liquid transport

1st order decay Single rate, with

diffusion

transport

RothPC-1 (Jenkinson
andColeman 2008)

Monthly,medium to

long-term

simulations

92 cm: in 0–23, 23–46,

46–69, and

69–92 cmdepth

increments

Temperature,moist-

ure, clay content

1st order, includingmicro-

bial biomass, humus, and

inert OMpools

Implicit 1st order decay, implicit inC

flows through ‘decomposable’

versus ‘resistant’ plantOM

pools

NA
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Dynamic modeling of terrestrial carbon cycling
in ESMs appeared in the 1990s, when the mechan-
istic representation of photosynthesis and stomatal
conductance (e.g. implementing the model from
Farquhar et al 1980) created a dynamic linkage
between the atmospheric carbon cycle and terrestrial
net primary productivity (NPP), allowing carbon
movement to be simulated through other terrestrial
ecosystem processes (Pitman 2003). For the sake of
simplicity, initially ESMs simulated climate change
effects on soils separately from climate forecasting
models (Jenkinson et al 1991, Schimel et al 1994).
Subsequent coupled atmospheric and terrestrial car-
bon cycling models predicted the potential for soils
to accelerate climate change (Friedlingstein
et al 2001), with the effects of increased CO2 con-
centrations on photosynthesis being surpassed by
temperature effects on soil respiration (Cox
et al 2000). Following this, ESM simulations and
multi-model comparisons included some form of
SOM modeling, varying in the number of soil pools
but generally using 1st order kinetics (Sitch
et al 2003, Krinner et al 2005, Friedlingstein
et al 2006). ESMs have since been developed to link
carbon and nitrogen cycling, as well as the simula-
tion of land use and land cover changes (LULCC)
with climate change (Friedlingstein and Prentice
2010, Lawrence et al 2011, Wang et al 2013). More
recently, ESMs have been developed to include soil
carbon and nitrogen cycling in deeper soil layers
(Koven et al 2013).

As ESMs advance and accommodate higher levels
of computational complexity, there are opportunities
to incorporate new approaches in SOMmodeling. For
example, microbial dynamics have direct and indirect
linkages to land-atmosphere carbon exchange (Bard-
gett et al 2008, Allison et al 2010,He et al 2010), and the
lack of explicit microbial processes in most ESMs has
been criticized (Schimel 2013). Researchers argue that
more mechanistic representations of microbial
growth efficiency (Wieder et al 2013, Xu et al 2014)
and microbial biomass would improve ESM predic-
tions (Todd-Brown et al 2012, Fujita et al 2014).
However, these efforts are hampered by model
complexity and data availability. There are efforts to
develop useful abstractions and simplifications of
SOM dynamics (Wutzler and Reichstein 2013), as well
as to usemicrobial enzyme kinetics and stoichiometric
constraints to derive a ‘first principles’ approach
to SOM dynamics that might emulate the early
success of simulating photosynthesis and stomatal
conductance in ESMs (Pitman 2003, Bonan et al 2012,
Davidson et al 2014). Essentially, representing SOM
dynamics in coupled global models requires deter-
mining how best to scale up in spatial resolution while
scaling down and simplifying model processes as

much as is required (Arneth et al 2009, Ostle et al 2009,
figure 7).

Multi-model comparisons of ESMs are needed
to evaluate SOM modeling approaches, using valida-
tion datasets that range from regional to global
scales. A number of ESM model comparisons, para-
meter validation, and benchmarking projects are
ongoing (table 4) (Luo et al 2012), with organiza-
tions like the world climate research programme
providing resources to support project development.
Researchers have repeatedly recognized that devel-
opment and application of ESMs is fundamentally
an interdisciplinary effort (Bonan et al 2002, Pit-
man 2003). Given the importance of climate change
prediction across temporal and spatial scales, along-
side the increasing sophistication in developing and
evaluating climate change scenarios for mitigation
and adaptive measures (Moss et al 2010), we would
like to emphasize the importance of this area of
research and the need for collaboration between
ESM researchers, SOM model developers, and SOM
field and laboratory researchers alike to advance pre-
dictive abilities. Expanding the network of scientists
involved in projects like the coupled model inter-
comparison project (CMIP5) could lead to more
rapid advances in understanding climate–soil inter-
actions in the context of the global carbon cycle, in
addition to supporting better predictions of future
climate change.

In SOMmodel applications, this is an area of SOM
model development likely most relevant for policies at
regional and national scales. In particular, ESMs may
help identify areas where SOM model performance is
poor or biased in the context of observed OM patterns
at large scales. This may help identify regions where
SOMmodel applications need to be adjusted based on

Figure 7.Conceptual grouping of carbonmodels across
scales, in terms of process versus application, whereGCMs
refers to global circulationmodels (e.g. earth systemmodels),
andDGVMs refer to dynamic global vegetationmodels.
Reprintedwith permission fromOstle et al (2009).
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Table 4. Selection ofmodel intercomparison andmodel-data integration projects focused on carbon cycling and including a soils component.

Name Description Status and resources Select contributions Publications

International landmodel Benchmarking project

(ILAMB)
Model-data integration and intercomparison;

develop and promote benchmarks; software

system for benchmarking

Ongoing, www.ilamb.org Identify ecosystembenchmarks formeasured/

modeled comparison, to reduce equifinality

problem

(Luo et al 2012)

Project for intercomparison of land surface

parameterization schemes (PILPS)
Land surface processmodeling inter-

comparison of parameters; community-

based documentation, comparison, and

validation of parameters

Designed to be on-going, listed as a former

model intercomparison project byWorld

Climate Research Programme, http://wcrp-

climate.org/

Comparison of 1st versus 2nd generationmod-

els showed improvement when plant–soil

interactions with atmosphere are dynamic,

instead of passive; developing use of isotopes

to improve parameterization

(Pitman 2003,Hender-

son-Sellers 2006)

Coupled carbon cycle climatemodel inter-

comparison Project (C4MIP), now incorpo-

rated in the coupledmodel intercomparison

project phase 5 (CMIP5)

Isolate feedback between the carbon cycle and

the climate in the presence of external

forcing

Ongoing, http://c4mip.lsce.ipsl.fr/, focus area

within 5th coupledmodeling inter-

comparison project (CMIP5): e.g. http://
journals.ametsoc.org/page/C4MIP

Tenmodel comparison suggests high northern

latitudes (poleward of 60°N)will be C sink to

2100, under warming and increasedCO2

(Friedlingstein
et al 2006, Qian

et al 2010)
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inherent model biases, or where improved SOMmod-
eling approaches can be identified to support policy
and decisionmaking.

5. Conclusions

Our aim for this review was to connect the current
state of SOM model developments to the expanding
application of SOM models in policy. We see SOM
modeling as entering an exciting time. New measure-
ment methods reveal new insights for the relationship
between SOM’s chemical nature, spatial distribution,
and dynamics in the soil environment. Advances in
computational capacity and development of colla-
borative networks for data sharing, management, and
data-model integration increasingly relieve the bottle-
necks in advancing the conceptual understanding of
SOM. These efforts provide better environments to
apply SOM models and test hypotheses for SOM
dynamics across scales. Within this context there is
also room for more openly sourced involvement in
model-data integration. Data management is an
increasingly sophisticated branch of research. Particu-
larly for US federally funded efforts, projects must
make data management and the open provision
of data a component of proposals and final products
from research efforts. Libraries are developing capacity
to house citable datasets, with standardized
approaches to metadata and organizational structure.
We believe data-model integration has only touched
the surface of what is feasible, given more openly
source collaborative networks of data sharing and
model-data integration.

We also see the potential for SOM model
applications in policy to provide an opportunity
for establishing repeatable SOM modeling compu-
tational infrastructure, as well as a platform to
standardize inputs, model references, and output
streams. Policy applications of SOM models could
support this by including sufficient metadata to
repeat analyses, for example identifying the SOM
model type and version, as well as the data used
to drive the model and evaluate its uncertainty.
Ideally SOM model applications would also be
integrated within computation infrastructure with
some level of open access, allowing model applica-
tions to be improved, or tested against new model
versions and additional data. From the model
development perspective, collaboration with model
application efforts would add value by providing a
standardized testbed to evaluate model improve-
ments. This would allow SOM model develop-
ments to be more easily incorporated into model
applications, better supporting policy and decision
making.
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AppendixA

A1. Adjusted searches for SOMmodel
development:models inManzoni and
Porporato (2009)

Some model publications were listed as having titles
(not available) on WoS ‘cited reference’ of Manzoni
and Porporato (2009). In those cases, titles were
searched on Web of Science individually. Where they
still could not be found, the citation number listed
with that publication title on Google Scholar was
recorded. The Google Scholar value is likely inflated
relative to the WoS Core Collection value, but was
used as a proxy only when no better record could be
found onWoS.

A2. Adjusted searches for SOMmodel use:
87 namedmodels

While the search string of 〈model name〉 AND ‘soil’
AND ‘model’ on WoS in the Core Collection worked
well for unique model names, there were challenges
posed by models with non-unique names. A selection
of citations were evaluated in each set of search results
to confirm the search yielded the specific model name
of interest. When results failed to yield the model of
interest, the search was either refined or manually
searched to identify model publications. In some
instances this yielded the targeted results. However, in
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others refining was ineffective, the number of results
very high (100’s to 1000’s), and the overall citation
record for the original model publication too small to
warrant manual search. For example, short model
names (e.g. ELM, GEM, TCS) often were used as
acronyms across many fields. If the long names of the
models were similarly composed of ubiquitous terms
(e.g. ‘ecosystem level model’, ‘grassland ecosystem
model’, ‘terrestrial carbon sequestration’), it was not

easily possible to isolate citations using the full name as
a search term. Thirteen named models were excluded
for this reason. Total citations yielded by these
searches for the remaining 74 named models were
used as a comparative measure for model uses in the
scientific literature. The exclusion of models due to
non-unique names suggests the potential importance
of unique model names as an identifier to trace model
development and uses in scientific literature.

Figure A1.Citations per year (in theWeb of ScienceCore Collection as of 28 July , 2015) for the seven publications fromManzoni and
Porporato (2009) that were both (1) ranked in the top ten for total citations, and (2) published prior to 1994.With the exception of
Holland (1978), these publications showed either consistent or increasing annual citations through recent years.
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TableA1.Complete list of all publications and namedmodels (wheremodel nameswere given) considered in the analyses for section 2.2.

Publication ModelName Publication ModelName

(Aber et al 1978) (Ginovart et al 2005) INDISIM-S

(Aber et al 1991) VEGIE (Godwin and Jones 1991) CERES

(Acutis et al 2000) LEACHN (Grace and Ladd 1995) SOCRATES

(Addiscott andWhitmore 1987) (Grant 2001) Ecosys

(Ågren andBosatta 1996) (Grant et al 1993) Ecosys

(Allison 2005) EnzModel (Griffiths andRobinson 1992)
(Andrén andKätterer 1997) ICBM (Gusman andMarino 1999) RISK-N

(Andrén and Paustian 1987) (Hadas et al 1987) NCSOIL

(André et al 1994) VOYONS (Hadas et al 1998) NCSOIL

(Baisden andAmundson 2003) (Hansen et al 1991) DAISY

(Balesdent 1987) (Harte andKinzig 1993)
(Bar et al 2002) (Harte and Levy 1975)
(Beek and Frissel 1973) (Harvey 1989)
(Berendse et al 1987) (Hassink andWhitmore 1997)
(Birkinshaw and Ewen 2000) NITSSHETRAN (Hénin andDupuis 1945)
(Blagodatsky andRichter 1998) NICA (Henriksen andBreland 1999)
(Bolin 1981) (Holland 1978)
(Bosatta 1981) (Hoogenboom et al 1994) DSSAT

(Bosatta andAgren 1985) Q-model (Hunt 1977, Reuss and Innis 1977) ELM

(Bosatta andÅgren 1991) Q-model (Hunt et al 1983)
(Bosatta andAgren 1994) Q-model (Hunt et al 1987)
(Bosatta andAgren 1995) Q-model (Hunt et al 1991) GEM

(Bosatta andAgren 1996) Q-model (Huwe andTotsche 1995) WHNSIM

(Bosatta and Berendse 1984) (Ingwersen et al 2008) NICA

(Bosatta and Staaf 1982) (Janssen 1984)
(Botter et al 2006) (Jenkinson et al 1990) Rothamsted

(Botter et al 2008) (Jenkinson andColeman 2008) Roth PC-1 (RothPC-1)
(Bradbury et al 1993) SUNDIAL (Jenkinson andRayner 1977) RothC

(Brenner et al 2001) (Jenny 1941)
(Bruun et al 2004) (Jenny et al 1949)
(Bunnell andDowding 1973) ABISKO (Johnsson et al 1987)
(Bunnell and Scoullar 1975) ABISKO II (Juma et al 1984)
(Carpenter 1981) (Kan andKan 1991) FERT

(Chapman andGray 1986) (Kätterer andAndrén 2001) ICBM

(Cherif and Loreau 2007) (Kersebaum andRichter 1994)
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TableA1. (Continued.)

Publication ModelName Publication ModelName

(Cherif and Loreau 2009) (Kindermann et al 1993) FBM

(Chertov andKomarov 1997) SOMM (Kirkham andBartholomew 1954)
(Comins andMcMurtrie 1993) G’DAY (Kirkham andBartholomew 1955)
(Craig 1957) (Kirschbaum andPaul 2002) CenW

(Currie 2003) TRACE (Knapp et al 1983)
(Currie andAber 1997) DocMod (Korsaeth et al 2001) SOILN-NO

(Currie et al 1999) TRACE (Kravchenko et al 2004)
(d’Annunzio et al 2008) CEM (Kucharik et al 2000) IBIS

(Darrah 1991) (Kuijper et al 2005)
(Daufresne and Loreau 2001) (Kuka et al 2007) CIPS

(Deans et al 1986) (Kumada et al 2008)
(DelGrosso et al 2001) DAYCENT (Leffelaar 1988)
(Deruiter et al 1993) (Leffelaar andWessel 1988)
(Douglas andRickman 1992) D3R (Li et al 1992) DNDC

(Elzein andBalesdent 1995) (Li et al 2000) DNDC

(Emanuel et al 1981) (Lin et al 1987) Chenfang Lin

(Eriksson andWelander 1956) (Liski et al 2005) Yasso

(Foereid andYearsley 2004) (Liu et al 2005) IBIS

(Foley 1995) DEMETER (Long andOr 2005)
(Fontaine andBarot 2005) (Loreau 1998)
(Forney andRothman 2007) (Loreau 2001)
(Franko et al 1995) Candy (Luo andReynolds 1999) TCS

(Friend et al 1997) Hybrid (Maggi and Porporato 2007)
(Frolking et al 2001) PDM (Schwinning and Parsons 1996) 8SV

(Furniss et al 1982) (Seligman and vanKeulen 1981) PAPRAN

(Garnier et al 2001) CANTIS (Shaffer et al 1991) NLEAP

(Gignoux et al 2001) SOMKO (Shevstova andMikhailov 1992) Humus balance

(Manzoni et al 2008b) (Maggi et al 2008) TOUGHREACTN

Publication ModelName Publication ModelName

(Manzoni et al 2010) (Malamoud et al 2009) Struc-C

(Mary et al 1998) FLUAZ (Manzoni and Porporato 2007)
(Masse et al 2007) MIOR (Manzoni et al 2008a)
(McCaskill andBlair 1990) McCaskill and Blair (Sinsabaugh andMoorhead 1994) MEAD

(McCown et al 1996) APSIM (Sirotenko 1991) KLIMAT-SOIL, YIELD

(McGill et al 1981) PHOENIX (Sitch et al 2003) LPJ

(McMurtrie et al 2001) G’DAY (Smith 1979)
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TableA1. (Continued.)

Publication ModelName Publication ModelName

(Mehran andTanji 1974) (Smith et al 1986)
(Michalzik et al 2003) DyDOC (Stanford and Smith 1972)
(Minderman 1968) (Stewart et al 2007)
(Molina et al 1983) NCSOIL (Svirezhev andTarko 1981)
(Moore et al 2004) (Tateno andChapin 1997)
(Moore et al 2005) (Thornley andCannell 2001)
(Moorhead andReynolds 1991) GENDEC (Thornley andVerberne 1989) Hurley

(Moorhead and Sinsabaugh 2006) GDM (Thornley et al 1995)
(Neff andAsner 2001) TerraFlux (Toal et al 2000)
(Neill andGignoux 2006) (Tonitto and Powell 2006)
(Nicolardot et al 2001) (Trumbore 1993)
(Nikiforoff 1936) (VanDam et al 1997) NICCCE

(O’Brien 1986) O’Brien’s (Vanclooster et al 1992) Wave

(O’Brien and Stout 1978) (vanVeen and Paul 1981)
(O’Leary 1994) O’Leary (vanVeen et al 1984)
(Olson 1963) (VanWensem et al 1997)
(Panikov and Sizova 1996) SCM (Verberne et al 1990) Verberne

(Pansu andThuries 2003) TAO (Walter et al 2003)
(Pansu et al 2004) MOMOS (Wang et al 2007)
(Pansu et al 2007) MOMOS-6 (Wang et al 2009)
(Pansu et al 2009) MOMOS-6 (Whitehead et al 1998) INCA

(Parnas 1975) (Whitmore 1995) MOTOR

(Parnas 1976) (Whitmore 1996b)
(Parton et al 1987) CENTURY (Whitmore 1996a)
(Parton et al 1988) CENTURY (Williams et al 1984, Jones et al 1984) EPIC

(Parton et al 1993) CENTURY (Wu et al 2007) SPACSYS

(Pastor and Post 1986) JABOWA (Zelenev et al 2000) BACWAVE

(Patten 1972) PWNEE (Zelenev et al 2006) BACWAVE-WEB

(Paustian and Schnurer 1987) (Zhang et al 2007) FLDM

(Perruchoud 1996) ForClim-D (Zheng et al 1997)
(Petersen et al 2005) CN-SIM (Zheng et al 1999)
(Porporato et al 2003)
(Potter et al 1993) CASA

(Raich et al 1991) TEM

(Rastetter et al 1991) MBL-GEM

(Raynaud et al 2006)
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TableA1. (Continued.)

Publication ModelName Publication ModelName

(Rijtema andKroes 1991) ANIMO

(Robinson et al 1989)
(Rosenbloom et al 2001) CREEP

(Roy et al 2008)
(Running andGower 1991) FOREST-BGC

(Russell 1964)
(Russell 1975)
(Ryzhova 1993) NAMSOM

(Saffih-Hdadi andMary 2008) AMG

(Saggar et al 1996)
(Salter andGreen 1933)
(Sanderman et al 2003)
(Schimel andWeintraub 2003)

25

E
nviron.R

es.Lett.10
(2015)123004

E
E
C
am

pbellan
d
K
P
au
stian



References

Aber J, BotkinD andMelillo J 1978 Predicting effects of different
harvesting regimes on forestfloor dynamics in northern
hardwoodsCan. J. For. Res.-Rev. Can. Rech. For. 8 306–15

Aber J,Melillo J, Nadelhoffer K, Pastor J and Boone R 1991
Factors controlling nitrogen cycling and nitrogen
saturation in northern temperate forest ecosystems Ecol.
Appl. 1 303–15

AcutisM,DuccoG andGrignani C 2000 Stochastic use of the
LEACHNmodel to forecast nitrate leaching in different
maize cropping systems Eur. J. Agron. 13 191–206

Addiscott T andWhitmore A 1987Computer-simulation of
changes in soilmineral nitrogen and crop nitrogen during
autumn,winter and spring J. Agric. Sci. 109 141–57

ÅgrenG I 2000Temperature dependence of old soil organicmatter
AMBIO 29 55

ÅgrenG I andBosatta E 1996Quality: a bridge between theory and
experiment in soil organicmatter studiesOikos 76 522–8

Ahrens B, BraakhekkeMC,Guggenberger G, SchrumpfMand
ReichsteinM2015Contribution of sorption, DOC transport
andmicrobial interactions to the 14C age of a soil organic
carbon profile: insights from a calibrated processmodel Soil
Biol. Biochem. 88 390–402

Allison S 2005Cheaters, diffusion and nutrients constrain
decomposition bymicrobial enzymes in spatially structured
environments Ecol. Lett. 8 626–35

Allison SD,WallensteinMDandBradfordMA2010 Soil-carbon
response towarming dependent onmicrobial physiology
Nat. Geosci. 3 336–40

AndréM,Thiery J andCournac L 1994 ECOSIMP2model:
prediction of CO2 concentration changes and carbon status
in closed ecosystemsAdv. Space Res. 14 323–6

AndrénO andKätterer T 1997 ICBM: the introductory carbon
balancemodel for exploration of soil carbon balances Ecol.
Appl. 7 1226–36

AndrénO and PaustianK 1987 Barley straw decomposition in the
field—a comparison ofmodelsEcology 68 1190–200

ArnethA et al 2009 Frombiota to chemistry and climate: towards a
comprehensive description of trace gas exchange between the
biosphere and atmosphereBiogeosciences Discuss 6 7717–88

BaisdenWandAmundsonR 2003An analytical approach to
ecosystembiogeochemistrymodeling Ecol. Appl. 13 649–63

Baker JM,Ochsner TE, Venterea RT andGriffis T J 2007Tillage
and soil carbon sequestration—what dowe really know?
Agric. Ecosyst. Environ. 118 1–5

Balesdent J 1987The turnover of soil organic fractions estimated by
radiocarbon dating Sci. Total Environ. 62 405–8

Balesdent J, ChenuC andBalabaneM2000Relationship of soil
organicmatter dynamics to physical protection and tillage
Soil Tillage Res. 53 215–30

BarM, vonHardenberg J,Meron E and Provenzale A 2002
Modelling the survival of bacteria in drylands: the advantage
of being dormant Proc. R. Soc.B 269 937–42

Bardgett RD, FreemanC andOstleN J 2008Microbial
contributions to climate change through carbon cycle
feedbacks ISME J. 2 805–14

BatjesNH1996Total carbon and nitrogen in the soils of theworld
Eur. J. Soil Sci. 47 151–63

Beek J and FrisselM1973 Simulation of nitrogen behaviour in soils
(http://eprints.icrisat.ac.in/13135/)

Bemelmans-VidecM-L, Rist RC andVedung E 1998Carrots, Sticks,
and Sermons (NewBrunswick,New Jersey: Transaction)

BenbiDK, Boparai AK andBrar K 2014Decomposition of
particulate organicmatter ismore sensitive to temperature
than themineral associated organicmatter Soil Biol. Biochem.
70 183–92

Berendse F, Berg B andBosatta E 1987The effect of lignin and
nitrogen on the decomposition of litter in nutrient-poor
ecosystems—a theoretical approachCan. J. Bot.-Rev. Can.
Bot. 65 1116–20

Birkinshaw S and Ewen J 2000Nitrogen transformation component
for SHETRAN catchment nitrate transportmodelling
J. Hydrol. 230 1–17

Blagodatsky S andRichterO 1998Microbial growth in soil and
nitrogen turnover: a theoreticalmodel considering the
activity state ofmicroorganisms Soil Biol. Biochem. 30
1743–55

Bolin B 1981 Steady state and response characteristics of a simple
model of the carbon cycleCarbonCycleModelling
(Chichester:Wiley) pp 315–31 (http://globalecology.
stanford.edu/SCOPE/SCOPE_16/
SCOPE_16_1.5.10_Bolin_315-331.pdf)

BonanGB, Levis S, Kergoat L andOlesonKW2002 Landscapes as
patches of plant functional types: an integrating concept for
climate and ecosystemmodelsGlob. Biogeochem. Cycles 16
5–1

BonanGB,OlesonKW, Fisher RA, LasslopG andReichsteinM
2012Reconciling leaf physiological traits and canopy flux
data: use of the TRY and FLUXNETdatabases in the
community landmodel version 4 J. Geophys. Res.
Biogeosciences 117G02026

Bosatta E 1981A qualitative-analysis of the stability of the root–
microorganism soil system: I. Carbon–nitrogen status and
nitrogenmineralization Ecol.Model. 13 223–36

Bosatta E andÅgrenG I 1991Dynamics of carbon and nitrogen in
the organicmatter of the soil: a generic theoryAm.Nat. 138
227–45

Bosatta E andÅgrenG I 1999 Soil organicmatter quality interpreted
thermodynamicallyBiol. Biochem. 31 1889–91

Bosatta E andAgrenG1985Theoretical-analysis of decomposition
of heterogeneous substrates Soil Biol. Biochem. 17 601–10

Bosatta E andAgrenG1994Theoretical-analysis ofmicrobial
biomass dynamics in soils Soil Biol. Biochem. 26 143–8

Bosatta E andAgrenG1995Theoretical analyses of interactions
between inorganic nitrogen and soil organic-matter Eur. J.
Soil Sci. 46 109–14

Bosatta E andAgrenG1996Theoretical analyses of carbon and
nutrient dynamics in soil profiles Soil Biol. Biochem. 28
1523–31

Bosatta E andBerendse F 1984 Energy or nutrient regulation of
decomposition—implications for themineralization
immobilization response to perturbations Soil Biol. Biochem.
16 63–7

Bosatta E and StaafH 1982The control of nitrogen turn-over in
forest litterOikos 39 143–51

Botter G,Daly E, Porporato A, Rodriguez-Iturbe I andRinaldoA
2008 Probabilistic dynamics of soil nitrate: coupling of
ecohydrological and biogeochemical processesWater Resour.
Res. 44W03416

Botter G, Settin T,MaraniM andRinaldoA2006A stochasticmodel
of nitrate transport and cycling at basin scaleWater Resour.
Res. 42W04415

BraakhekkeMC,Wutzler T, Beer C, Kattge J, SchrumpfM,
Ahrens B, Schöning I, HoosbeekMR andKruijt B 2013
Modeling the vertical soil organicmatter profile using
Bayesian parameter estimationBiogeosciences 10 399–420

BradburyN,Whitmore A,Hart P and JenkinsonD 1993Modeling
the fate of nitrogen in crop and soil in the years following
application of n-15-labeled fertilizer towinter-wheat J. Agric.
Sci. 121 363–79

BrennerD, Amundson R, BaisdenW,Kendall C andHarden J 2001
Soil N andN-15 variationwith time in aCalifornia annual
grassland ecosystemGeochim. Cosmochim. Acta 65 4171–86

Brouwer F and van IttersumMK2010Environmental and
AgriculturalModelling Integrated Approaches for Policy Impact
Assessment (Dordrecht: Springer) (doi:10.1007/978-90-481-
3619-3)

Bruun S, Six J and Jensen L 2004 Estimating vital statistics and age
distributions ofmeasurable soil organic carbon fractions
based on their pathway of formation and radiocarbon
content J. Theor. Biol. 230 241–50

26

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1139/x78-046
http://dx.doi.org/10.1139/x78-046
http://dx.doi.org/10.1139/x78-046
http://dx.doi.org/10.2307/1941759
http://dx.doi.org/10.2307/1941759
http://dx.doi.org/10.2307/1941759
http://dx.doi.org/10.1016/S1161-0301(00)00074-5
http://dx.doi.org/10.1016/S1161-0301(00)00074-5
http://dx.doi.org/10.1016/S1161-0301(00)00074-5
http://dx.doi.org/10.1017/S0021859600081089
http://dx.doi.org/10.1017/S0021859600081089
http://dx.doi.org/10.1017/S0021859600081089
http://dx.doi.org/10.1579/0044-7447-29.1.55
http://dx.doi.org/10.2307/3546345
http://dx.doi.org/10.2307/3546345
http://dx.doi.org/10.2307/3546345
http://dx.doi.org/10.1016/j.soilbio.2015.06.008
http://dx.doi.org/10.1016/j.soilbio.2015.06.008
http://dx.doi.org/10.1016/j.soilbio.2015.06.008
http://dx.doi.org/10.1111/j.1461-0248.2005.00756.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00756.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00756.x
http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1016/0273-1177(94)90316-6
http://dx.doi.org/10.1016/0273-1177(94)90316-6
http://dx.doi.org/10.1016/0273-1177(94)90316-6
http://dx.doi.org/10.1890/1051-0761(1997)007[1226:ITICBM]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1997)007[1226:ITICBM]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1997)007[1226:ITICBM]2.0.CO;2
http://dx.doi.org/10.2307/1939203
http://dx.doi.org/10.2307/1939203
http://dx.doi.org/10.2307/1939203
http://dx.doi.org/10.5194/bgd-6-7717-2009
http://dx.doi.org/10.5194/bgd-6-7717-2009
http://dx.doi.org/10.5194/bgd-6-7717-2009
http://dx.doi.org/10.1890/1051-0761(2003)013[0649:AAATEB]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2003)013[0649:AAATEB]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2003)013[0649:AAATEB]2.0.CO;2
http://dx.doi.org/10.1016/j.agee.2006.05.014
http://dx.doi.org/10.1016/j.agee.2006.05.014
http://dx.doi.org/10.1016/j.agee.2006.05.014
http://dx.doi.org/10.1016/0048-9697(87)90528-6
http://dx.doi.org/10.1016/0048-9697(87)90528-6
http://dx.doi.org/10.1016/0048-9697(87)90528-6
http://dx.doi.org/10.1016/S0167-1987(99)00107-5
http://dx.doi.org/10.1016/S0167-1987(99)00107-5
http://dx.doi.org/10.1016/S0167-1987(99)00107-5
http://dx.doi.org/10.1098/rspb.2002.1958
http://dx.doi.org/10.1098/rspb.2002.1958
http://dx.doi.org/10.1098/rspb.2002.1958
http://dx.doi.org/10.1038/ismej.2008.58
http://dx.doi.org/10.1038/ismej.2008.58
http://dx.doi.org/10.1038/ismej.2008.58
http://dx.doi.org/10.1111/j.1365-2389.1996.tb01386.x
http://dx.doi.org/10.1111/j.1365-2389.1996.tb01386.x
http://dx.doi.org/10.1111/j.1365-2389.1996.tb01386.x
http://eprints.icrisat.ac.in/13135/
http://dx.doi.org/10.1016/j.soilbio.2013.12.032
http://dx.doi.org/10.1016/j.soilbio.2013.12.032
http://dx.doi.org/10.1016/j.soilbio.2013.12.032
http://dx.doi.org/10.1139/b87-155
http://dx.doi.org/10.1139/b87-155
http://dx.doi.org/10.1139/b87-155
http://dx.doi.org/10.1016/S0022-1694(00)00174-8
http://dx.doi.org/10.1016/S0022-1694(00)00174-8
http://dx.doi.org/10.1016/S0022-1694(00)00174-8
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://dx.doi.org/10.1016/S0038-0717(98)00028-5
http://globalecology.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.10_Bolin_315-331.pdf
http://globalecology.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.10_Bolin_315-331.pdf
http://globalecology.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.10_Bolin_315-331.pdf
http://dx.doi.org/10.1029/2000GB001360
http://dx.doi.org/10.1029/2000GB001360
http://dx.doi.org/10.1029/2000GB001360
http://dx.doi.org/10.1029/2000GB001360
http://dx.doi.org/10.1029/2011JG001913
http://dx.doi.org/10.1016/0304-3800(81)90029-6
http://dx.doi.org/10.1016/0304-3800(81)90029-6
http://dx.doi.org/10.1016/0304-3800(81)90029-6
http://dx.doi.org/10.1086/285213
http://dx.doi.org/10.1086/285213
http://dx.doi.org/10.1086/285213
http://dx.doi.org/10.1086/285213
http://dx.doi.org/10.1016/s0038-0717(99)00105-4
http://dx.doi.org/10.1016/s0038-0717(99)00105-4
http://dx.doi.org/10.1016/s0038-0717(99)00105-4
http://dx.doi.org/10.1016/0038-0717(85)90035-5
http://dx.doi.org/10.1016/0038-0717(85)90035-5
http://dx.doi.org/10.1016/0038-0717(85)90035-5
http://dx.doi.org/10.1016/0038-0717(94)90206-2
http://dx.doi.org/10.1016/0038-0717(94)90206-2
http://dx.doi.org/10.1016/0038-0717(94)90206-2
http://dx.doi.org/10.1111/j.1365-2389.1995.tb01817.x
http://dx.doi.org/10.1111/j.1365-2389.1995.tb01817.x
http://dx.doi.org/10.1111/j.1365-2389.1995.tb01817.x
http://dx.doi.org/10.1016/S0038-0717(96)00167-8
http://dx.doi.org/10.1016/S0038-0717(96)00167-8
http://dx.doi.org/10.1016/S0038-0717(96)00167-8
http://dx.doi.org/10.1016/S0038-0717(96)00167-8
http://dx.doi.org/10.1016/0038-0717(84)90127-5
http://dx.doi.org/10.1016/0038-0717(84)90127-5
http://dx.doi.org/10.1016/0038-0717(84)90127-5
http://dx.doi.org/10.2307/3544478
http://dx.doi.org/10.2307/3544478
http://dx.doi.org/10.2307/3544478
http://dx.doi.org/10.1029/2007WR006108
http://dx.doi.org/10.1029/2005WR004599
http://dx.doi.org/10.5194/bg-10-399-2013
http://dx.doi.org/10.5194/bg-10-399-2013
http://dx.doi.org/10.5194/bg-10-399-2013
http://dx.doi.org/10.1017/S0021859600085567
http://dx.doi.org/10.1017/S0021859600085567
http://dx.doi.org/10.1017/S0021859600085567
http://dx.doi.org/10.1016/S0016-7037(01)00699-8
http://dx.doi.org/10.1016/S0016-7037(01)00699-8
http://dx.doi.org/10.1016/S0016-7037(01)00699-8
http://dx.doi.org/10.1007/978-90-481-3619-3
http://dx.doi.org/10.1007/978-90-481-3619-3
http://dx.doi.org/10.1016/j.jtbi.2004.05.005
http://dx.doi.org/10.1016/j.jtbi.2004.05.005
http://dx.doi.org/10.1016/j.jtbi.2004.05.005


BryanBA,KingD andWang E 2010 Biofuels agriculture:
landscape-scale trade-offs between fuel, economics, carbon,
energy, food, and fiberGCBBioenergy 2 330–45

Bunnell F andDowding P 1973ABISKO, aGeneralized
DecompositionModel for Comparisons Between Tundra Sites
USTundra Biome, EcosystemAnalysis Studies, US
International Biological Program,USArctic Research
Program

Bunnell F and Scoullar K 1975ABISKO II. A computer simulation
model of carbon flux in tundra ecosystems Structure and
Function of Tundra Ecosystems edTRosswall andOHeal
(Stockholm, Sweden: SwedishNatural Science Research
Council) pp 425–48

Campbell CA, Paul EA, RennieDA andMcCallumK J 1967
Applicability of the carbon-datingmethod of analysis to soil
humus studies Soil Sci. 104 217–24

Carpenter S R 1981Decay of heterogenous detritus: a generalmodel
J. Theor. Biol. 89 539–47

CassmanKGand Liska A J 2007 Food and fuel for all: realistic or
foolish?Biofuels Bioprod. Biorefining 1 18–23

CastellanoM J, Kaye J P, LinH and Schmidt J P 2012 Linking carbon
saturation concepts to nitrogen saturation and retention
Ecosystems 15 175–87

Chapman S andGray T 1986 Importance of cryptic growth, yield
factors andmaintenance energy inmodels ofmicrobial-
growth in soil Soil Biol. Biochem. 18 1–4

CherifM andLoreauM2007 Stoichiometric constraints on
resource use, competitive interactions, and elemental cycling
inmicrobial decomposersAm.Nat. 169 709–24

CherifM andLoreauM2009Whenmicrobes and consumers
determine the limiting nutrient of autotrophs: a theoretical
analysisProc. R. Soc.B 276 487–97

ChertovO andKomarovA 1997 SOMM: amodel of soil organic
matter dynamics Ecol.Model. 94 177–89

Cherubini F 2010GHGbalances of bioenergy systems—overview of
key steps in the production chain andmethodological
concernsRenew. Energy 35 1565–73

CominsH andMcMurtrie R 1993 Long-term response of nutrient-
limited forests toCO2 enrichment—equilibriumbehavior of
plant-soilmodelsEcol. Appl. 3 666–81

Conant RT et al 2011Temperature and soil organicmatter
decomposition rates—synthesis of current knowledge and a
way forwardGlob. Change Biol. 17 3392–404

Conant RT,Drijber RA,HaddixML, PartonW J, Paul EA,
Plante A F, Six J and Steinweg JM2008 Sensitivity of organic
matter decomposition towarming varies with its quality
Glob. Change Biol. 14 868–77

Conant RT,HaddixMandPaustianK 2010 Partitioning soil carbon
responses towarming:model-derived guidance for data
interpretation Soil Biol. Biochem. 42 2034–6

Congressional Research Service 2007 Energy
Independence and Security Act of 2007: A Summary
ofMajor Provisions (Washington, DC:
Congressional Research Service) (www.fs.fed.us/
sustainableoperations/greenteam-toolkit/documents/
EnergyIndependenceAndSecurityActOf2007MajorProvi-
sions.pdf)

CotrufoMF,WallensteinMD, Boot CM,Denef K and Paul E 2013
Themicrobial efficiency-matrix stabilization (MEMS)
framework integrates plant litter decomposition
with soil organicmatter stabilization: do labile plant
inputs form stable soil organicmatter?Glob. Change Biol. 19
988–95

Cox PM, Betts RA, Jones CD, Spall S A andTotterdell I J 2000
Acceleration of global warming due to carbon-cycle
feedbacks in a coupled climatemodelNature 408 184–7

CraigH 1957The natural distribution of radiocarbon and the
exchange time of carbon dioxide between atmosphere and sea
Tellus 9 1–17

CurrieW2003Relationships between carbon turnover and
bioavailable energyfluxes in two temperate forest soilsGlob.
Change Biol. 9 919–29

CurrieWandAber J 1997Modeling leaching as a
decomposition process in humidMontane forests Ecology 78
1844–60

CurrieW,Nadelhoffer K andAber J 1999 Soil detrital processes
controlling themovement ofN-15 tracers to forest vegetation
Ecol. Appl. 9 87–102

Darrah P 1991Models of the rhizosphere: I.Microbial-population
dynamics around a root releasing soluble and insoluble
carbon Plant Soil 133 187–99

Daufresne T and LoreauM2001 Ecological stoichiometry, primary
producer–decomposer interactions, and ecosystem
persistence Ecology 82 3069–82

Davidson EA andAckerman I L 1993Changes in soil carbon
inventories following cultivation of previously untilled soils
Biogeochemistry 20 161–93

Davidson EA and Janssens I A 2006Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change
Nature 440 165–73

Davidson EA, Janssens I A and LuoY 2006On the variability of
respiration in terrestrial ecosystems:moving beyondQ10

Glob. Change Biol. 12 154–64
Davidson EA, Samanta S, Caramori S S and Savage K 2012The dual

Arrhenius andMichaelis–Menten kineticsmodel for
decomposition of soil organicmatter at hourly to seasonal
time scalesGlob. Change Biol. 18 371–84

Davidson EA, Savage KE and Finzi AC2014A big-microsite
framework for soil carbonmodelingGlob. Change Biol. 20
3610–20

Deans J,Molina J andClappC 1986Models for predicting
potentiallymineralizable nitrogen and decomposition rate
constants Soil Sci. Soc. Am. J. 50 323–6

DelGrosso S, PartonW,Mosier A,HartmanM, Brenner J,
OjimaD and Schimel D 2001 Simulated interaction of carbon
dynamics and nitrogen trace gasfluxes using theDAYCENT
modelModeling Carbon andNitrogenDynamics for Soil
Management edM J Schaffer et al (Boca Raton, FL: CRC
Press) pp 303–32

DelGrosso S J et al 2013 Introducing theGRACEnet/REAPdata
contribution, discovery, and retrieval system J. Environ.Qual.
42 1274–80

DelGrosso S J, PartonW J,Mosier AR,WalshMK,OjimaD S and
Thornton PE 2006DAYCENTnational-scale simulations of
nitrous oxide emissions from cropped soils in theUnited
States J. Environ. Qual. 35 1451

Dell R, AhleringM, Fargione J,Weisberg P,DiazD, RoodA,
DeGryze S and SharmaBD2013Methodology for Avoided
Conversion of Grasslands and Shrublands to Crop Production
Version 1.0 (AmericanCarbonRegistry,Winrock
International) (http://americancarbonregistry.org/carbon-
accounting/standards-methodologies/methodology-for-
avoided-conversion-of-grasslands-and-shrublands-to-crop-
production/acr-acogs-methodology_v1-0_final.pdf)

Deruiter P,Moore J, Zwart K, Bouwman L,Hassink J, Bloem J,
Devos J,Marinissen J, DiddenW, LebbinkG andBrussaard L
1993 Simulation of nitrogenmineralization in the
belowground foodwebs of 2winter-wheat fields J. Appl. Ecol.
30 95–106

Dilling L 2007Towards science in support of decisionmaking:
characterizing the supply of carbon cycle scienceEnviron. Sci.
Policy 10 48–61

Doran JW andParkin TB 1994Defining and assessing soil quality
Defining andAssessing Soil Quality SSSA Special Publication ed
JWDoran et al (Madison,WI: Soil Science Society of
America) pp 3–22 (https://dl.sciencesocieties.org/
publications/books/abstracts/sssaspecialpubl/
definingsoilqua/1)

Douglas C andRickmanR 1992 Estimating crop residue
decomposition from air–temperature, initial nitrogen-
content, and residue placement Soil Sci. Soc. Am. J. 56
272–8

Drake J E et al 2011 Increases in theflux of carbon belowground
stimulate nitrogen uptake and sustain the long-term

27

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1111/j.1757-1707.2010.01056.x
http://dx.doi.org/10.1111/j.1757-1707.2010.01056.x
http://dx.doi.org/10.1111/j.1757-1707.2010.01056.x
http://dx.doi.org/10.1097/00010694-196709000-00010
http://dx.doi.org/10.1097/00010694-196709000-00010
http://dx.doi.org/10.1097/00010694-196709000-00010
http://dx.doi.org/10.1016/0022-5193(81)90026-6
http://dx.doi.org/10.1016/0022-5193(81)90026-6
http://dx.doi.org/10.1016/0022-5193(81)90026-6
http://dx.doi.org/10.1002/bbb.3
http://dx.doi.org/10.1002/bbb.3
http://dx.doi.org/10.1002/bbb.3
http://dx.doi.org/10.1007/s10021-011-9501-3
http://dx.doi.org/10.1007/s10021-011-9501-3
http://dx.doi.org/10.1007/s10021-011-9501-3
http://dx.doi.org/10.1016/0038-0717(86)90095-7
http://dx.doi.org/10.1016/0038-0717(86)90095-7
http://dx.doi.org/10.1016/0038-0717(86)90095-7
http://dx.doi.org/10.1086/516844
http://dx.doi.org/10.1086/516844
http://dx.doi.org/10.1086/516844
http://dx.doi.org/10.1098/rspb.2008.0560
http://dx.doi.org/10.1098/rspb.2008.0560
http://dx.doi.org/10.1098/rspb.2008.0560
http://dx.doi.org/10.1016/S0304-3800(96)00017-8
http://dx.doi.org/10.1016/S0304-3800(96)00017-8
http://dx.doi.org/10.1016/S0304-3800(96)00017-8
http://dx.doi.org/10.1016/j.renene.2009.11.035
http://dx.doi.org/10.1016/j.renene.2009.11.035
http://dx.doi.org/10.1016/j.renene.2009.11.035
http://dx.doi.org/10.2307/1942099
http://dx.doi.org/10.2307/1942099
http://dx.doi.org/10.2307/1942099
http://dx.doi.org/10.1111/j.1365-2486.2011.02496.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02496.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02496.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01541.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01541.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01541.x
http://dx.doi.org/10.1016/j.soilbio.2010.07.025
http://dx.doi.org/10.1016/j.soilbio.2010.07.025
http://dx.doi.org/10.1016/j.soilbio.2010.07.025
http://www.fs.fed.us/sustainableoperations/greenteam-toolkit/documents/EnergyIndependenceAndSecurityActOf2007MajorProvisions.pdf
http://www.fs.fed.us/sustainableoperations/greenteam-toolkit/documents/EnergyIndependenceAndSecurityActOf2007MajorProvisions.pdf
http://www.fs.fed.us/sustainableoperations/greenteam-toolkit/documents/EnergyIndependenceAndSecurityActOf2007MajorProvisions.pdf
http://www.fs.fed.us/sustainableoperations/greenteam-toolkit/documents/EnergyIndependenceAndSecurityActOf2007MajorProvisions.pdf
http://dx.doi.org/10.1111/gcb.12113
http://dx.doi.org/10.1111/gcb.12113
http://dx.doi.org/10.1111/gcb.12113
http://dx.doi.org/10.1111/gcb.12113
http://dx.doi.org/10.1038/35041539
http://dx.doi.org/10.1038/35041539
http://dx.doi.org/10.1038/35041539
http://dx.doi.org/10.1111/j.2153-3490.1957.tb01848.x
http://dx.doi.org/10.1111/j.2153-3490.1957.tb01848.x
http://dx.doi.org/10.1111/j.2153-3490.1957.tb01848.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00637.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00637.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00637.x
http://dx.doi.org/10.1890/0012-9658(1997)078[1844:MLAADP]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1997)078[1844:MLAADP]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1997)078[1844:MLAADP]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1997)078[1844:MLAADP]2.0.CO;2
http://dx.doi.org/10.2307/2641170
http://dx.doi.org/10.2307/2641170
http://dx.doi.org/10.2307/2641170
http://dx.doi.org/10.1007/BF00009191
http://dx.doi.org/10.1007/BF00009191
http://dx.doi.org/10.1007/BF00009191
http://dx.doi.org/10.1007/BF00000786
http://dx.doi.org/10.1007/BF00000786
http://dx.doi.org/10.1007/BF00000786
http://dx.doi.org/10.1038/nature04514
http://dx.doi.org/10.1038/nature04514
http://dx.doi.org/10.1038/nature04514
http://dx.doi.org/10.1111/j.1365-2486.2005.01065.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01065.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01065.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02546.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02546.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02546.x
http://dx.doi.org/10.1111/gcb.12718
http://dx.doi.org/10.1111/gcb.12718
http://dx.doi.org/10.1111/gcb.12718
http://dx.doi.org/10.1111/gcb.12718
http://dx.doi.org/10.2136/sssaj1986.03615995005000020014x
http://dx.doi.org/10.2136/sssaj1986.03615995005000020014x
http://dx.doi.org/10.2136/sssaj1986.03615995005000020014x
http://dx.doi.org/10.2134/jeq2013.03.0097
http://dx.doi.org/10.2134/jeq2013.03.0097
http://dx.doi.org/10.2134/jeq2013.03.0097
http://dx.doi.org/10.2134/jeq2005.0160
http://americancarbonregistry.org/carbon-accounting/standards-methodologies/methodology-for-avoided-conversion-of-grasslands-and-shrublands-to-crop-production/acr-acogs-methodology_v1-0_final.pdf
http://americancarbonregistry.org/carbon-accounting/standards-methodologies/methodology-for-avoided-conversion-of-grasslands-and-shrublands-to-crop-production/acr-acogs-methodology_v1-0_final.pdf
http://americancarbonregistry.org/carbon-accounting/standards-methodologies/methodology-for-avoided-conversion-of-grasslands-and-shrublands-to-crop-production/acr-acogs-methodology_v1-0_final.pdf
http://americancarbonregistry.org/carbon-accounting/standards-methodologies/methodology-for-avoided-conversion-of-grasslands-and-shrublands-to-crop-production/acr-acogs-methodology_v1-0_final.pdf
http://dx.doi.org/10.2307/2404274
http://dx.doi.org/10.2307/2404274
http://dx.doi.org/10.2307/2404274
http://dx.doi.org/10.1016/j.envsci.2006.10.008
http://dx.doi.org/10.1016/j.envsci.2006.10.008
http://dx.doi.org/10.1016/j.envsci.2006.10.008
https://dl.sciencesocieties.org/publications/books/abstracts/sssaspecialpubl/definingsoilqua/1
https://dl.sciencesocieties.org/publications/books/abstracts/sssaspecialpubl/definingsoilqua/1
https://dl.sciencesocieties.org/publications/books/abstracts/sssaspecialpubl/definingsoilqua/1
http://dx.doi.org/10.2136/sssaj1992.03615995005600010042x
http://dx.doi.org/10.2136/sssaj1992.03615995005600010042x
http://dx.doi.org/10.2136/sssaj1992.03615995005600010042x
http://dx.doi.org/10.2136/sssaj1992.03615995005600010042x


enhancement of forest productivity under elevatedCOEcol.
Lett. 14 349–57

Dungait J A J,HopkinsDW,Gregory A S andWhitmore AP 2012
Soil organicmatter turnover is governed by accessibility not
recalcitranceGlob. Change Biol. 18 1781–96

d’Annunzio R, Zeller B,NicolasM,Dhote J-F and Saint-Andre L
2008Decomposition of European beech (Fagus sylvatica)
litter: combining quality theory andN-15 labelling
experiments Soil Biol. Biochem. 40 322–33

Earth Partners 2012 Soil CarbonQuantificationMethodology Version
1 (The Earth Partners LLC) (www.v-c-s.org/methodologies/
soil-carbon-quantification-methodology-v10)

Eilers KG,Debenport S, Anderson S and FiererN 2012Digging
deeper tofinduniquemicrobial communities: the strong
effect of depth on the structure of bacterial and archaeal
communities in soil Soil Biol. Biochem. 50 58–65

Elliott E T andColemanDC1988 Let the soil work for usEcol. Bull.
39 23–32

ElzeinA andBalesdent J 1995Mechanistic simulation of vertical-
distribution of carbon concentrations and residence times in
soils Soil Sci. Soc. Am. J. 59 1328–35

EmanuelW,KilloughG andOlson J 1981Modelling the circulation
of carbon in theWorld’s terrestrial ecosystemsl 2Carbon
CycleModelling vol 16 (NewYork:Wiley) pp 335–53 (http://
dge.stanford.edu/SCOPE/SCOPE_16/
SCOPE_16_1.5.12_Emanuel_335-353.pdf)

ErichMS, Plante A F, Fernández JM,Mallory EB andOhnoT 2012
Effects of profile depth andmanagement on the composition
of labile and total soil organicmatter Soil Sci. Soc. Am. J.
76 408

Eriksson E andWelander P 1956On amathematicalmodel of the
carbon cycle in natureTellus 8 155–75

EsserG, Kattge J and Sakalli A 2011 Feedback of carbon and
nitrogen cycles enhances carbon sequestration in the
terrestrial biosphereGlob. Change Biol. 17 819–42

Etzioni A 1961AComparative Analysis of ComplexOrganizations: on
Power, Involvement, andTheir Correlates (Glencoe, IL: Free
Press)

Falloon P, Smith P, Szabó J and Pásztor L 2002Comparison of
approaches for estimating carbon sequestration at the
regional scale Soil UseManage 18 164–74

Falloon PD and Smith P 2000Modelling refractory soil organic
matterBiol. Fertil. Soils 30 388–98

FangC, Smith P,Moncrieff J B and Smith JU 2005 Similar response
of labile and resistant soil organicmatter pools to changes in
temperatureNature 433 57–9

Fargione J, Hill J, TilmanD, Polasky S andHawthorne P 2008 Land
clearing and the biofuel carbon debt Science 319 1235–8

FarquharGD, Caemmerer S von andBerry J A 1980A biochemical
model of photosynthetic CO2 assimilation in leaves of C3
speciesPlanta 149 78–90

Field J L,Marx E, EasterM, Adler PR and PaustianK 2016
Ecosystemmodel parameterization and adaptation for
sustainable cellulosic biofuel landscape designGlob. Change
Biol. Bioenergy in press

FiererN, AllenA S, Schimel J P andHolden PA 2003aControls on
microbial CO2 production: a comparison of surface and
subsurface soil horizonsGlob. Change Biol. 9 1322–32

FiererN, Schimel J P andHolden PA 2003bVariations inmicrobial
community composition through two soil depth profiles Soil
Biol. Biochem. 35 167–76

FiererN, Craine JM,McLauchlanK and Schimel J P 2005 Litter
quality and the temperature sensitivity of decomposition
Ecology 86 320–6

FiererN, StricklandMS, LiptzinD, BradfordMAand
ClevelandCC2009Global patterns in belowground
communities Ecol. Lett. 12 1238–49

Foereid B andYearsley J 2004Modelling the impact ofmicrobial
grazers on soluble rhizodeposit turnoverPlant Soil 267
329–42

Foley J 1995An equilibrium-model of the terrestrial carbon budget
Tellus Ser. B-Chem. Phys.Meteorol. 47 310–9

Follett R, Vogel K, Varvel G,Mitchell R andKimble J 2012 Soil
carbon sequestration by switchgrass andno-tillmaize grown
for bioenergyBioEnergy Res. 5 866–75

Follett R F, Jantalia CP andHalvorsonAD2013 Soil carbon
dynamics for irrigated corn under two tillage systems Soil Sci.
Soc. Am. J. 77 951–63

Fontaine S andBarot S 2005 Size and functional diversity ofmicrobe
populations control plant persistence and long-term soil
carbon accumulation Ecol. Lett. 8 1075–87

Fontaine S, Barot S, Barre P, BdiouiN,Mary B andRumpel C 2007
Stability of organic carbon in deep soil layers controlled by
fresh carbon supplyNature 450 277–80

ForneyD andRothmanD2007Decomposition of soil organic
matter fromphysically derived decay ratesAGUFallMeeting
Abstracts vol 1 p 0646 (http://adsabs.harvard.edu/abs/
2007AGUFM.B41C0646F)

Forster P et al 2007Changes in atmospheric constituents and in
radiative forcingClimate Change 2007: The Physical Science
Basis, Contributions ofWorkingGroup I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change ed S Solomon et al (Cambridge: Cambridge
University Press) (www.ipcc.ch/pdf/assessment-report/
ar4/wg1/ar4-wg1-chapter2.pdf)

FrankoU,Oelschlagel B and Schenk S 1995 Simulation of
temperature, water and nitrogen dynamics using themodel
CANDYEcol.Model. 81 213–22

Frey SD, Lee J,Melillo JM and Six J 2013The temperature response
of soilmicrobial efficiency and its feedback to climateNat.
Clim. Change 3 395–8

Friedlingstein P, Bopp L, Ciais P, Dufresne J-L, Fairhead L,
LeTreutH,Monfray P andOrr J 2001 Positive feedback
between future climate change and the carbon cycleGeophys.
Res. Lett. 28 1543–6

Friedlingstein P, Cox P, Betts R andBopp L 2006Climate-carbon
cycle feedback analysis: results from theC4MIPmodel
intercomparison J. Clim. 19 3340–53

Friedlingstein P and Prentice I 2010Carbon–climate feedbacks: a
review ofmodel and observation based estimatesCurr. Opin.
Environ. Sustain. 2 251–7

FriendA, Stevens A, KnoxR andCannellM1997Aprocess-based,
terrestrial biospheremodel of ecosystem dynamics (Hybrid
v3.0)Ecol.Model. 95 249–87

Frolking S, RouletN,Moore T, Richard P, LavoieM andMuller S
2001Modeling northern peatland decomposition and peat
accumulation Ecosystems 4 479–98

FröbergM,Hanson P J, Trumbore S E, SwanstonCWandToddDE
2009 Flux of carbon from14C-enriched leaf litter throughout
a forest soilmesocosmGeoderma 149 181–8

Fujita Y,Witte J-PMand vanBodegomPM2014 Incorporating
microbial ecology concepts into global soilmineralization
models to improve predictions of carbon and nitrogenfluxes
Glob. Biogeochem. Cycles 28 2013GB004595

Furniss P, Ferrar P,Morris J and Bezuidenhout J 1982Amodel of
savanna litter decomposition Ecol.Model. 17 33–51

Garnier P,Neel C,Mary B and Lafolie F 2001 Evaluation of a
nitrogen transport and transformationmodel in a bare soil
Eur. J. Soil Sci. 52 253–68

Gawel E and LudwigG2011The iLUCdilemma: how to deal with
indirect land use changes when governing energy crops? Land
Use Policy 28 846–56

GiardinaCP, LittonCM,CrowSEandAsnerGP2014
Warming-related increases in soilCO2 efflux are explained
by increasedbelow-ground carbonfluxNat.Clim.Change 4
822–7

Gignoux J, House J, Hall D,MasseD,NacroH andAbbadie L 2001
Design and test of a generic cohortmodel of soil organic
matter decomposition: the SOMKOmodelGlob. Ecol.
Biogeogr. 10 639–60

GinovartM, LopezD andGras A 2005 Individual-basedmodelling
ofmicrobial activity to studymineralization of C andN and
nitrification process in soilNonlinear Anal.-RealWorld Appl.
6 773–95

28

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1111/j.1461-0248.2011.01593.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01593.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01593.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02665.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02665.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02665.x
http://dx.doi.org/10.1016/j.soilbio.2007.08.011
http://dx.doi.org/10.1016/j.soilbio.2007.08.011
http://dx.doi.org/10.1016/j.soilbio.2007.08.011
http://www.v-c-s.org/methodologies/soil-carbon-quantification-methodology-v10
http://www.v-c-s.org/methodologies/soil-carbon-quantification-methodology-v10
http://dx.doi.org/10.1016/j.soilbio.2012.03.011
http://dx.doi.org/10.1016/j.soilbio.2012.03.011
http://dx.doi.org/10.1016/j.soilbio.2012.03.011
http://dx.doi.org/10.2136/sssaj1995.03615995005900050019x
http://dx.doi.org/10.2136/sssaj1995.03615995005900050019x
http://dx.doi.org/10.2136/sssaj1995.03615995005900050019x
http://dge.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.12_Emanuel_335-353.pdf
http://dge.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.12_Emanuel_335-353.pdf
http://dge.stanford.edu/SCOPE/SCOPE_16/SCOPE_16_1.5.12_Emanuel_335-353.pdf
http://dx.doi.org/10.2136/sssaj2011.0273
http://dx.doi.org/10.1111/j.2153-3490.1956.tb01207.x
http://dx.doi.org/10.1111/j.2153-3490.1956.tb01207.x
http://dx.doi.org/10.1111/j.2153-3490.1956.tb01207.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02261.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02261.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02261.x
http://dx.doi.org/10.1111/j.1475-2743.2002.tb00236.x
http://dx.doi.org/10.1111/j.1475-2743.2002.tb00236.x
http://dx.doi.org/10.1111/j.1475-2743.2002.tb00236.x
http://dx.doi.org/10.1007/s003740050019
http://dx.doi.org/10.1007/s003740050019
http://dx.doi.org/10.1007/s003740050019
http://dx.doi.org/10.1038/nature03138
http://dx.doi.org/10.1038/nature03138
http://dx.doi.org/10.1038/nature03138
http://dx.doi.org/10.1126/science.1152747
http://dx.doi.org/10.1126/science.1152747
http://dx.doi.org/10.1126/science.1152747
http://dx.doi.org/10.1007/BF00386231
http://dx.doi.org/10.1007/BF00386231
http://dx.doi.org/10.1007/BF00386231
http://dx.doi.org/10.1046/j.1365-2486.2003.00663.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00663.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00663.x
http://dx.doi.org/10.1016/S0038-0717(02)00251-1
http://dx.doi.org/10.1016/S0038-0717(02)00251-1
http://dx.doi.org/10.1016/S0038-0717(02)00251-1
http://dx.doi.org/10.1890/04-1254
http://dx.doi.org/10.1890/04-1254
http://dx.doi.org/10.1890/04-1254
http://dx.doi.org/10.1111/j.1461-0248.2009.01360.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01360.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01360.x
http://dx.doi.org/10.1007/s11104-005-0139-9
http://dx.doi.org/10.1007/s11104-005-0139-9
http://dx.doi.org/10.1007/s11104-005-0139-9
http://dx.doi.org/10.1007/s11104-005-0139-9
http://dx.doi.org/10.1034/j.1600-0889.47.issue3.3.x
http://dx.doi.org/10.1034/j.1600-0889.47.issue3.3.x
http://dx.doi.org/10.1034/j.1600-0889.47.issue3.3.x
http://dx.doi.org/10.1007/s12155-012-9198-y
http://dx.doi.org/10.1007/s12155-012-9198-y
http://dx.doi.org/10.1007/s12155-012-9198-y
http://dx.doi.org/10.2136/sssaj2012.0413
http://dx.doi.org/10.2136/sssaj2012.0413
http://dx.doi.org/10.2136/sssaj2012.0413
http://dx.doi.org/10.1111/j.1461-0248.2005.00813.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00813.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00813.x
http://dx.doi.org/10.1038/nature06275
http://dx.doi.org/10.1038/nature06275
http://dx.doi.org/10.1038/nature06275
http://adsabs.harvard.edu/abs/2007AGUFM.B41C0646F
http://adsabs.harvard.edu/abs/2007AGUFM.B41C0646F
https://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf
https://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf
http://dx.doi.org/10.1016/0304-3800(94)00172-E
http://dx.doi.org/10.1016/0304-3800(94)00172-E
http://dx.doi.org/10.1016/0304-3800(94)00172-E
http://dx.doi.org/10.1038/nclimate1796
http://dx.doi.org/10.1038/nclimate1796
http://dx.doi.org/10.1038/nclimate1796
http://dx.doi.org/10.1029/2000GL012015
http://dx.doi.org/10.1029/2000GL012015
http://dx.doi.org/10.1029/2000GL012015
http://dx.doi.org/10.1175/JCLI3800.1
http://dx.doi.org/10.1175/JCLI3800.1
http://dx.doi.org/10.1175/JCLI3800.1
http://dx.doi.org/10.1016/j.cosust.2010.06.002
http://dx.doi.org/10.1016/j.cosust.2010.06.002
http://dx.doi.org/10.1016/j.cosust.2010.06.002
http://dx.doi.org/10.1016/S0304-3800(96)00034-8
http://dx.doi.org/10.1016/S0304-3800(96)00034-8
http://dx.doi.org/10.1016/S0304-3800(96)00034-8
http://dx.doi.org/10.1007/s10021-001-0105-1
http://dx.doi.org/10.1007/s10021-001-0105-1
http://dx.doi.org/10.1007/s10021-001-0105-1
http://dx.doi.org/10.1016/j.geoderma.2008.11.029
http://dx.doi.org/10.1016/j.geoderma.2008.11.029
http://dx.doi.org/10.1016/j.geoderma.2008.11.029
http://dx.doi.org/10.1002/2013GB004595
http://dx.doi.org/10.1016/0304-3800(82)90085-0
http://dx.doi.org/10.1016/0304-3800(82)90085-0
http://dx.doi.org/10.1016/0304-3800(82)90085-0
http://dx.doi.org/10.1046/j.1365-2389.2001.00374.x
http://dx.doi.org/10.1046/j.1365-2389.2001.00374.x
http://dx.doi.org/10.1046/j.1365-2389.2001.00374.x
http://dx.doi.org/10.1016/j.landusepol.2011.03.003
http://dx.doi.org/10.1016/j.landusepol.2011.03.003
http://dx.doi.org/10.1016/j.landusepol.2011.03.003
http://dx.doi.org/10.1038/nclimate2322
http://dx.doi.org/10.1038/nclimate2322
http://dx.doi.org/10.1038/nclimate2322
http://dx.doi.org/10.1038/nclimate2322
http://dx.doi.org/10.1046/j.1466-822X.2001.00250.x
http://dx.doi.org/10.1046/j.1466-822X.2001.00250.x
http://dx.doi.org/10.1046/j.1466-822X.2001.00250.x
http://dx.doi.org/10.1016/j.nonrwa.2004.12.005
http://dx.doi.org/10.1016/j.nonrwa.2004.12.005
http://dx.doi.org/10.1016/j.nonrwa.2004.12.005


Gleixner G 2013 Soil organicmatter dynamics: a biological
perspective derived from the use of compound-specific
isotopes studies Ecol. Res. 28 683–95

GodwinD and Jones C 1991Nitrogen dynamics in soil–plant
systemsModeling Plant and Soil Systems ed JHanks and
J Ritchie (Madison,WI: American Society of Agronomy,
Crop Science Society of America, Soil Science Society of
America) pp 287–321

GolchinA,Oades J, Skjemstad J andClarke P 1994 Soil structure
and carbon cycling Soil Res. 32 1043–68

Grace P and Ladd J 1995 SOCRATES version 2.00 usermanual (Glen
Osmond, SouthAustralia: Co-operative ResearchCentre for
Soil and LandManagement)

Grant R 2001Modeling transformations of soil organic carbon and
nitrogen at differing scales of complexityModeling Carbon
andNitrogenDynamics for SoilManagement ed SHansen et al
(Boca Raton, FL: CRCPress)pp 597–630

Grant R, JumNandMcGillW1993 Simulation of carbon and
nitrogen transformations in soil—mineralization Soil Biol.
Biochem. 25 1317–29

Grant R F,OechelWC andPingC-L 2003Modelling carbon
balances of coastal arctic tundra under changing climate
Glob. Change Biol. 9 16–36

Griffiths B andRobinsonD1992Root-induced nitrogen
mineralization—a nitrogen-balancemodel Plant Soil 139
253–63

Gulde S, ChungH, AmelungW,ChangC and Six J 2008 Soil carbon
saturation controls labile and stable carbon pool dynamics
Soil Sci. Soc. Am. J. 72 605

GusmanA andMarinoM1999Analyticalmodeling of nitrogen
dynamics in soils and groundwater J. Irrig. Drain. Eng.-Asce
125 330–7

Hadas A,Molina J, FeigenbaumS andClappC 1987 Simulation of
N-15 immobilization by themodelNCSOIL Soil Sci. Soc. Am.
J. 51 102–6

Hadas A, Parkin T and Stahl P 1998ReducedCO2 release from
decomposingwheat strawunderN-limiting conditions:
simulation of carbon turnover Eur. J. Soil Sci. 49 487–94

Hagerty S B, vanGroenigenK J, Allison SD,Hungate BA,
Schwartz E, KochGW,Kolka RK andDijkstra P 2014
Acceleratedmicrobial turnover but constant growth
efficiencywithwarming in soilNat. Clim. Change 4 903–6

Hamdi S,Moyano F, Sall S, BernouxMandChevallier T 2013
Synthesis analysis of the temperature sensitivity of soil
respiration from laboratory studies in relation to incubation
methods and soil conditions Soil Biol. Biochem. 58 115–26

Hansen S, JensenH,NielsenN and SvendsenH1991 Simulation of
nitrogen dynamics and biomass production inwinter-wheat
using the danish simulation-model DAISY Fertil. Res. 27
245–59

Harte J andKinzig A 1993Mutualism and competition between
plants and decomposers: implications for nutrient allocation
in ecosystemsAm.Nat. 141 829–46

Harte J and LevyD 1975On the vulnerability of ecosystems
disturbed bymanUnifying Concepts in Ecology (Wageningen,
Netherlands: Centre for Agricultural Publishing and
Documentation) p 302 (http://link.springer.com/chapter/
10.1007/978-94-010-1954-5_16)

Hartley I P and Ineson P 2008 Substrate quality and the temperature
sensitivity of soil organicmatter decomposition Soil Biol.
Biochem. 40 1567–74

Harvey L 1989 Effect ofmodel structure on the response of
terrestrial biospheremodels to CO2 and temperature
increasesGlob. Biogeochem. Cycles 3 137–53

Hassink J andWhitmore A 1997Amodel of the physical protection
of organicmatter in soils Soil Sci. Soc. Am. J. 61 131–9

Haynes R J andNaiduR 1998 Influence of lime, fertilizer and
manure applications on soil organicmatter content and soil
physical conditions: a reviewNutr. Cycl. Agroecosystems 51
123–37

HeZ, XuM,DengY, Kang S, Kellogg L,WuL, VanNostrand JD,
Hobbie S E, Reich PB andZhou J 2010Metagenomic analysis

reveals amarked divergence in the structure of belowground
microbial communities at elevatedCO2Ecol. Lett. 13 564–75

Hedges J I et al 2000Themolecularly-uncharacterized component
of nonliving organicmatter in natural environmentsOrg.
Geochem. 31 945–58

HeimannMandReichsteinM2008Terrestrial ecosystem carbon
dynamics and climate feedbacksNature 451 289–92

Heitkamp F,WendlandM,Offenberger K andGeroldG2012
Implications of input estimation, residue quality and carbon
saturation on the predictive power of the Rothamsted carbon
modelGeoderma 170 168–75

Henderson-Sellers A 2006 Improving land-surface
parameterization schemes using stable water isotopes:
Introducing the ‘iPILPS’ initiativeGlob. Planet. Change 51
3–24

Hénin S andDupuisM1945 Essai de bilan de lamatière organique
du solAnn. Agron. 15 17–29

Henriksen T andBrelandT 1999Nitrogen availability effects on
carbonmineralization, fungal and bacterial growth, and
enzyme activities during decomposition ofwheat straw in soil
Soil Biol. Biochem. 31 1121–34

HollandH1978TheChemistry of the Atmosphere andOceans (New
York:Wiley-Interscience) (http://agris.fao.org/agris-
search/search.do?recordID=US19780344899)

HoogenboomG, Jones J,Hunt L, Thornton P andTsuji G 1994An
integrated decision support system for cropmodel
applicationsAmerican Society of Agricultural Engineers,
Meeting (USA) (http://agris.fao.org/agris-search/search.do?
recordID=US9559898)

HudsonBD1994 Soil organicmatter and available water capacity
J. SoilWater Conserv. 49 189–94

HuntH, ColemanD, InghamE, InghamR, Elliott E,Moore J,
Rose S, ReidC andMorley C 1987The detrital foodweb in a
shortgrass prairieBiol. Fertil. Soils 3 57–68

HuntH, Stewart J andCole C 1983A conceptualmodel for
interactions among carbon, nitrogen, sulphur, and
phosphorus in grasslandsTheMajor Biogeochemical Cycles
andTheir Interactions ed BBolin andRBCook (NewYork:
Wiley) pp 303–25

HuntH, TrlicaM,Redente E,Moore J, Detling J, Kittel T,WalterD,
FowlerM,KleinD and Elliott E 1991 Simulation-model for
the effects of climate change on temperate grassland
ecosystems Ecol.Model. 53 205–46

HuntHW1977A simulationmodel for decomposition in
grasslandsEcology 58 469–84

HuweB andTotscheK 1995Deterministic and stochasticmodelling
of water, heat and nitrogen dynamics on different scales with
WHNSIM J. Contam.Hydrol. 20 265–84

IFC International 2009 Lifecycle Greenhouse Gas Emissions Due to
Increased Biofuel Production;Model Linkage (Washington,
DC: Environmental ProtectionAgency)

Ingwersen J, Poll C, Streck T andKandeler E 2008Micro-scale
modelling of carbon turnover driven bymicrobial succession
at a biogeochemical interface Soil Biol. Biochem. 40 864–78

Intergovernmental Panel onClimate Change 2006a Introduction to
the 2006 guidelinesGuidelines forNational Greenhouse Gas
Inventories, Prepared by theNational GreenhouseGas
Inventories Programme vol 1, edH SEggleston et al (Japan:
IGES) (ch 1) (www.ipcc-nggip.iges.or.jp/public/2006gl/
vol1.html)

Intergovernmental Panel onClimate Change 2006bGuidelines for
National GreenhouseGas Inventories, Prepared by theNational
Greenhouse Gas Inventories Programme edHS Eggleston et al
(Japan: IGES) (www.ipcc-nggip.iges.or.jp/public/2006gl/
vol1.html)

IversenCM2010Digging deeper:fine-root responses to rising
atmospheric CO2 concentration in forested ecosystemsNew
Phytol. 186 346–57

IversenCM,Keller J K, GartenCT andNorbyR J 2012 Soil carbon
and nitrogen cycling and storage throughout the soil profile
in a sweetgumplantation after 11 years of CO2-enrichment
Glob. Change Biol. 18 1684–97

29

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1007/s11284-012-1022-9
http://dx.doi.org/10.1007/s11284-012-1022-9
http://dx.doi.org/10.1007/s11284-012-1022-9
http://dx.doi.org/10.1071/SR9941043
http://dx.doi.org/10.1071/SR9941043
http://dx.doi.org/10.1071/SR9941043
http://dx.doi.org/10.1016/0038-0717(93)90046-E
http://dx.doi.org/10.1016/0038-0717(93)90046-E
http://dx.doi.org/10.1016/0038-0717(93)90046-E
http://dx.doi.org/10.1046/j.1365-2486.2003.00549.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00549.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00549.x
http://dx.doi.org/10.1007/BF00009317
http://dx.doi.org/10.1007/BF00009317
http://dx.doi.org/10.1007/BF00009317
http://dx.doi.org/10.1007/BF00009317
http://dx.doi.org/10.2136/sssaj2007.0251
http://dx.doi.org/10.1061/(ASCE)0733-9437(1999)125:6(330)
http://dx.doi.org/10.1061/(ASCE)0733-9437(1999)125:6(330)
http://dx.doi.org/10.1061/(ASCE)0733-9437(1999)125:6(330)
http://dx.doi.org/10.2136/sssaj1987.03615995005100010022x
http://dx.doi.org/10.2136/sssaj1987.03615995005100010022x
http://dx.doi.org/10.2136/sssaj1987.03615995005100010022x
http://dx.doi.org/10.1046/j.1365-2389.1998.4930487.x
http://dx.doi.org/10.1046/j.1365-2389.1998.4930487.x
http://dx.doi.org/10.1046/j.1365-2389.1998.4930487.x
http://dx.doi.org/10.1038/nclimate2361
http://dx.doi.org/10.1038/nclimate2361
http://dx.doi.org/10.1038/nclimate2361
http://dx.doi.org/10.1016/j.soilbio.2012.11.012
http://dx.doi.org/10.1016/j.soilbio.2012.11.012
http://dx.doi.org/10.1016/j.soilbio.2012.11.012
http://dx.doi.org/10.1007/BF01051131
http://dx.doi.org/10.1007/BF01051131
http://dx.doi.org/10.1007/BF01051131
http://dx.doi.org/10.1007/BF01051131
http://dx.doi.org/10.1086/285511
http://dx.doi.org/10.1086/285511
http://dx.doi.org/10.1086/285511
http://link.springer.com/chapter/10.1007/978-94-010-1954-5_16
http://link.springer.com/chapter/10.1007/978-94-010-1954-5_16
http://dx.doi.org/10.1016/j.soilbio.2008.01.007
http://dx.doi.org/10.1016/j.soilbio.2008.01.007
http://dx.doi.org/10.1016/j.soilbio.2008.01.007
http://dx.doi.org/10.1029/GB003i002p00137
http://dx.doi.org/10.1029/GB003i002p00137
http://dx.doi.org/10.1029/GB003i002p00137
http://dx.doi.org/10.2136/sssaj1997.03615995006100010020x
http://dx.doi.org/10.2136/sssaj1997.03615995006100010020x
http://dx.doi.org/10.2136/sssaj1997.03615995006100010020x
http://dx.doi.org/10.1023/A:1009738307837
http://dx.doi.org/10.1023/A:1009738307837
http://dx.doi.org/10.1023/A:1009738307837
http://dx.doi.org/10.1023/A:1009738307837
http://dx.doi.org/10.1111/j.1461-0248.2010.01453.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01453.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01453.x
http://dx.doi.org/10.1016/S0146-6380(00)00096-6
http://dx.doi.org/10.1016/S0146-6380(00)00096-6
http://dx.doi.org/10.1016/S0146-6380(00)00096-6
http://dx.doi.org/10.1038/nature06591
http://dx.doi.org/10.1038/nature06591
http://dx.doi.org/10.1038/nature06591
http://dx.doi.org/10.1016/j.geoderma.2011.11.005
http://dx.doi.org/10.1016/j.geoderma.2011.11.005
http://dx.doi.org/10.1016/j.geoderma.2011.11.005
http://dx.doi.org/10.1016/j.gloplacha.2005.12.009
http://dx.doi.org/10.1016/j.gloplacha.2005.12.009
http://dx.doi.org/10.1016/j.gloplacha.2005.12.009
http://dx.doi.org/10.1016/j.gloplacha.2005.12.009
http://dx.doi.org/10.1016/S0038-0717(99)00030-9
http://dx.doi.org/10.1016/S0038-0717(99)00030-9
http://dx.doi.org/10.1016/S0038-0717(99)00030-9
http://agris.fao.org/agris-search/search.do?recordID=US19780344899
http://agris.fao.org/agris-search/search.do?recordID=US19780344899
http://agris.fao.org/agris-search/search.do?recordID=US9559898
http://agris.fao.org/agris-search/search.do?recordID=US9559898
http://dx.doi.org/10.1007/BF00260580
http://dx.doi.org/10.1007/BF00260580
http://dx.doi.org/10.1007/BF00260580
http://dx.doi.org/10.1016/0304-3800(91)90157-V
http://dx.doi.org/10.1016/0304-3800(91)90157-V
http://dx.doi.org/10.1016/0304-3800(91)90157-V
http://dx.doi.org/10.2307/1938998
http://dx.doi.org/10.2307/1938998
http://dx.doi.org/10.2307/1938998
http://dx.doi.org/10.1016/0169-7722(95)00073-9
http://dx.doi.org/10.1016/0169-7722(95)00073-9
http://dx.doi.org/10.1016/0169-7722(95)00073-9
http://dx.doi.org/10.1016/j.soilbio.2007.10.018
http://dx.doi.org/10.1016/j.soilbio.2007.10.018
http://dx.doi.org/10.1016/j.soilbio.2007.10.018
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol1.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol1.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol1.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol1.html
http://dx.doi.org/10.1111/j.1469-8137.2009.03122.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03122.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03122.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02643.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02643.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02643.x


Janssen B 1984A simplemethod for calculating decomposition and
accumulation of young soil organic-matter Plant Soil 76
297–304

Jasanoff S 2003Technologies of humility: citizen participation in
governing scienceMinerva 41 223–44

Jasanoff S andWynneB 1998 Science and decisionmakingHuman
Choice&Climate Change vol 1 (Columbus, OH: Battelle
Press) ch 1, p 491

Jastrow JD 1996 Soil aggregate formation and the accrual of
particulate andmineral-associated organicmatter Soil Biol.
Biochem. 28 665–76

JawsonMD, Shafer S R, Franzluebbers A J, Parkin TB and
Follett R F 2005GRACEnet: greenhouse gas reduction
through agricultural carbon enhancement network Soil
Tillage Res. 83 167–72

JenkinsonD, Andrew S, Lynch J, GossM andTinker P 1990The
turnover of organic cabon and nitrogen in soil Phil. Trans. R.
Soc.B 329 361–8

JenkinsonD andColemanK 2008The turnover of organic carbon
in subsoils: II.Modelling carbon turnover Eur. J. Soil Sci. 59
400–13

JenkinsonD andRayner J 1977The turnover of soil organicmatter
in some of the Rothamsted classical experiments Soil Sci. Soc.
Am J. 123 298–305

JenkinsonDS, AdamsDE andWild A 1991Model estimates of CO2

emissions from soil in response to global warmingNature 351
304–6

JennyH1941 Factors of Soil Formation: A System of Pedology (New
York:McGraw-Hill )

JennyH,Gessel S P andBinghamFT1949Comparative study of
decomposition rates of organicmatter in temperate and
tropical regions Soil Sci. 68 419–32

Jobbagy EG and JacksonRB2000The vertical distribution of soil
organic carbon and its relation to climate and vegetation Ecol.
Appl. 10 423–36

JohnssonH, BergstromL, Jansson P and PaustianK 1987 Simulated
nitrogen dynamics and losses in a layered agricultural soil
Agric. Ecosyst. Environ. 18 333–56

Jones C, Cole C, Sharpley A andWilliams J 1984A simplified soil
and plant phosphorusmodel: I. Documentation Soil Sci. Soc.
Am. J. 48 800–5

Jones CD,Cox P andHuntingford C 2003Uncertainty in climate–
carbon-cycle projections associatedwith the sensitivity of soil
respiration to temperatureTellusB 55 642–8

JumaN, Paul E andMary B 1984Kinetic-analysis of net nitrogen
mineralization in soil Soil Sci. Soc. Am. J. 48 753–7

Kalbitz K, Solinger S, Park J-H,Michalzik B andMatzner E 2000
Controls on the dynamics of dissolved organicmatter in soils:
a review Soil Sci. 165 277–304

Kan E andKanN1991 Simulation-model of soil fertility Physiol.
Biochem. Cultiv. Plant 23 3–17

KarlenDL, Varvel GE, Johnson JMF, Baker JM,Osborne S L,
Novak JM,Adler PR, RothGWandBirrell S J 2011
Monitoring soil quality to assess the sustainability of
harvesting corn stoverAgron. J. 103 295

Kätterer T andAndrénO2001The ICBM family of analytically
solvedmodels of soil carbon, nitrogen andmicrobial biomass
dynamics descriptions and application examplesEcol.Model.
136 191–207

KeenanTF, CarboneMS, ReichsteinMandRichardsonAD2011
Themodel-data fusion pitfall: assuming certainty in an
uncertainworldOecologia 167 587–97

Kelleher B P and SimpsonA J 2006Humic substances in soils: are
they really chemically distinct?Environ. Sci. Technol. 40
4605–11

KersebaumKandRichter O 1994Amodel approach to simulate C
andN transformations throughmicrobial biomass Eur. J.
Agron. 3 355–60

Kimetu JM, Lehmann J, Kinyangi JM, ChengCH, Thies J,
MugendiDN and Pell A 2009 Soil organic C stabilization and
thresholds inC saturation Soil Biol. Biochem. 41 2100–4

Kindermann J, LudekeM, Badeck F,Otto R, Kladius A,Hager C,
WurthG, Lang T,Donges S,Habermehl S andKohlmaierG

1993 Structure of a global and seasonal carbon exchange
model for the terrestrial biosphere—the Frankfurt Biosphere
Model (FBM)Water. Air. Soil Pollut. 70 675–84

KirkhamDandBartholomewWV1954 Equations for following
nutrient transformations in soil, utilizing tracer data1 Soil Sci.
Soc. Am. J. 18 33

KirkhamDandBartholomewW1955 Equations for following
nutrient transformations in soil, utilizing tracer data: II. Soil
Sci. Soc. Am. J. 19 189–92

KirschbaumMandPaul K 2002Modelling C andNdynamics in
forest soils with amodified version of theCENTURYmodel
Soil Biol. Biochem. 34 341–54

KirschbaumMUF1995The temperature dependence of soil
organicmatter decomposition, and the effect of global
warming on soil organic C storage Soil Biol. Biochem. 27
753–60

KirschbaumMUF2000Will changes in soil organic carbon act as a
positive or negative feedback on global warming?
Biogeochemistry 48 21–51

KleberM2010What is recalcitrant soil organicmatter? Environ.
Chem. 7 320–32

KleberM,Nico P S, Plante A, Filley T, KramerM, SwanstonC and
Sollins P 2011Old and stable soil organicmatter is not
necessarily chemically recalcitrant: implications formodeling
concepts and temperature sensitivityGlob. Change Biol. 17
1097–107

KleberM, Sollins P and SuttonR 2007A conceptualmodel of
organo-mineral interactions in soils: self-assembly of organic
molecular fragments into zonal structures onmineral
surfacesBiogeochemistry 85 9–24

Klein-Banai C andTheis T L 2013Quantitative analysis of factors
affecting greenhouse gas emissions at institutions of higher
education J. Clean. Prod. 48 29–38

Knapp E, Elliott L andCampbell G 1983Carbon, nitrogen and
microbial biomass interrelationships during the
decomposition of wheat straw—amechanistic simulation-
model Soil Biol. Biochem. 15 455–61

Koarashi J,HockadayWC,Masiello CA andTrumbore S E 2012
Dynamics of decadally cycling carbon in subsurface soils
J. Geophys. Res. Biogeosciences 117G03033

Kollmuss A, ZinkH and PolycarpC 2008Making Sense of the
Voluntary CarbonMarket: AComparison of CarbonOffset
Standards (Germany: StockholmEnvironment Institute and
Tricorona) (http://sei-us.org/Publications_PDF/SEI-
WWF-ComparisonCarbonOffset-08.pdf)

KorsaethA,Molstad L andBakken L 2001Modelling the
competition for nitrogen between plants andmicroflora as a
function of soil heterogeneity Soil Biol. Biochem. 33 215–26

KovenCD, RileyW J, Subin ZM, Tang J Y, TornMS, CollinsWD,
BonanGB, LawrenceDMand Swenson SC 2013The effect
of vertically resolved soil biogeochemistry and alternate soil C
andNmodels onCdynamics of CLM4Biogeosciences 10
7109–31

KovenCD, Ringeval B, Friedlingstein P, Ciais P, Cadule P,
KhvorostyanovD,KrinnerG andTarnocai C 2011
Permafrost carbon-climate feedbacks accelerate global
warmingProc. Natl Acad. Sci. 108 14769–74

KramerC andGleixnerG2008Soil organicmatter in soil
depthprofiles: distinct carbonpreferences ofmicrobial groups
during carbon transformationSoil Biol. Biochem. 40425–33

Kravchenko L, StrigulN and Shvytov I 2004Mathematical
simulation of the dynamics of interacting populations of
rhizospheremicroorganismsMicrobiology 73 189–95

KrinnerG, ViovyN, deNoblet-DucoudréN,Ogée J, Polcher J,
Friedlingstein P, Ciais P, Sitch S andPrentice I C 2005A
dynamic global vegetationmodel for studies of the coupled
atmosphere–biosphere systemGlob. Biogeochem. Cycles 19
GB1015

KucharikC, Foley J, Delire C, Fisher V, CoeM, Lenters J,
Young-Molling C, RamankuttyN,Norman J andGower S
2000Testing the performance of a dynamic global ecosystem
model: water balance, carbon balance, and vegetation
structureGlob. Biogeochem. Cycles 14 795–825

30

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1007/BF02205588
http://dx.doi.org/10.1007/BF02205588
http://dx.doi.org/10.1007/BF02205588
http://dx.doi.org/10.1007/BF02205588
http://dx.doi.org/10.1023/A:1025557512320
http://dx.doi.org/10.1023/A:1025557512320
http://dx.doi.org/10.1023/A:1025557512320
http://dx.doi.org/10.1016/0038-0717(95)00159-X
http://dx.doi.org/10.1016/0038-0717(95)00159-X
http://dx.doi.org/10.1016/0038-0717(95)00159-X
http://dx.doi.org/10.1016/j.still.2005.02.015
http://dx.doi.org/10.1016/j.still.2005.02.015
http://dx.doi.org/10.1016/j.still.2005.02.015
http://dx.doi.org/10.1098/rstb.1990.0177
http://dx.doi.org/10.1098/rstb.1990.0177
http://dx.doi.org/10.1098/rstb.1990.0177
http://dx.doi.org/10.1111/j.1365-2389.2008.01026.x
http://dx.doi.org/10.1111/j.1365-2389.2008.01026.x
http://dx.doi.org/10.1111/j.1365-2389.2008.01026.x
http://dx.doi.org/10.1111/j.1365-2389.2008.01026.x
http://dx.doi.org/10.1097/00010694-197705000-00005
http://dx.doi.org/10.1097/00010694-197705000-00005
http://dx.doi.org/10.1097/00010694-197705000-00005
http://dx.doi.org/10.1038/351304a0
http://dx.doi.org/10.1038/351304a0
http://dx.doi.org/10.1038/351304a0
http://dx.doi.org/10.1038/351304a0
http://dx.doi.org/10.1097/00010694-194912000-00001
http://dx.doi.org/10.1097/00010694-194912000-00001
http://dx.doi.org/10.1097/00010694-194912000-00001
http://dx.doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
http://dx.doi.org/10.1016/0167-8809(87)90099-5
http://dx.doi.org/10.1016/0167-8809(87)90099-5
http://dx.doi.org/10.1016/0167-8809(87)90099-5
http://dx.doi.org/10.2136/sssaj1984.03615995004800040020x
http://dx.doi.org/10.2136/sssaj1984.03615995004800040020x
http://dx.doi.org/10.2136/sssaj1984.03615995004800040020x
http://dx.doi.org/10.1034/j.1600-0889.2003.01440.x
http://dx.doi.org/10.1034/j.1600-0889.2003.01440.x
http://dx.doi.org/10.1034/j.1600-0889.2003.01440.x
http://dx.doi.org/10.2136/sssaj1984.03615995004800040011x
http://dx.doi.org/10.2136/sssaj1984.03615995004800040011x
http://dx.doi.org/10.2136/sssaj1984.03615995004800040011x
http://dx.doi.org/10.1097/00010694-200004000-00001
http://dx.doi.org/10.1097/00010694-200004000-00001
http://dx.doi.org/10.1097/00010694-200004000-00001
http://dx.doi.org/10.2134/agronj2010.0160s
http://dx.doi.org/10.1016/S0304-3800(00)00420-8
http://dx.doi.org/10.1016/S0304-3800(00)00420-8
http://dx.doi.org/10.1016/S0304-3800(00)00420-8
http://dx.doi.org/10.1007/s00442-011-2106-x
http://dx.doi.org/10.1007/s00442-011-2106-x
http://dx.doi.org/10.1007/s00442-011-2106-x
http://dx.doi.org/10.1021/es0608085
http://dx.doi.org/10.1021/es0608085
http://dx.doi.org/10.1021/es0608085
http://dx.doi.org/10.1021/es0608085
http://dx.doi.org/10.1016/S1161-0301(14)80166-4
http://dx.doi.org/10.1016/S1161-0301(14)80166-4
http://dx.doi.org/10.1016/S1161-0301(14)80166-4
http://dx.doi.org/10.1016/j.soilbio.2009.07.022
http://dx.doi.org/10.1016/j.soilbio.2009.07.022
http://dx.doi.org/10.1016/j.soilbio.2009.07.022
http://dx.doi.org/10.1007/BF01105029
http://dx.doi.org/10.1007/BF01105029
http://dx.doi.org/10.1007/BF01105029
http://dx.doi.org/10.2136/sssaj1954.03615995001800010009x
http://dx.doi.org/10.2136/sssaj1955.03615995001900020020x
http://dx.doi.org/10.2136/sssaj1955.03615995001900020020x
http://dx.doi.org/10.2136/sssaj1955.03615995001900020020x
http://dx.doi.org/10.1016/S0038-0717(01)00189-4
http://dx.doi.org/10.1016/S0038-0717(01)00189-4
http://dx.doi.org/10.1016/S0038-0717(01)00189-4
http://dx.doi.org/10.1016/0038-0717(94)00242-S
http://dx.doi.org/10.1016/0038-0717(94)00242-S
http://dx.doi.org/10.1016/0038-0717(94)00242-S
http://dx.doi.org/10.1016/0038-0717(94)00242-S
http://dx.doi.org/10.1023/A:1006238902976
http://dx.doi.org/10.1023/A:1006238902976
http://dx.doi.org/10.1023/A:1006238902976
http://dx.doi.org/10.1071/EN10006
http://dx.doi.org/10.1071/EN10006
http://dx.doi.org/10.1071/EN10006
http://dx.doi.org/10.1111/j.1365-2486.2010.02278.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02278.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02278.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02278.x
http://dx.doi.org/10.1007/s10533-007-9103-5
http://dx.doi.org/10.1007/s10533-007-9103-5
http://dx.doi.org/10.1007/s10533-007-9103-5
http://dx.doi.org/10.1016/j.jclepro.2011.06.004
http://dx.doi.org/10.1016/j.jclepro.2011.06.004
http://dx.doi.org/10.1016/j.jclepro.2011.06.004
http://dx.doi.org/10.1016/0038-0717(83)90011-1
http://dx.doi.org/10.1016/0038-0717(83)90011-1
http://dx.doi.org/10.1016/0038-0717(83)90011-1
http://dx.doi.org/10.1029/2012JG002034
http://sei-us.org/Publications_PDF/SEI-WWF-ComparisonCarbonOffset-08.pdf
http://sei-us.org/Publications_PDF/SEI-WWF-ComparisonCarbonOffset-08.pdf
http://dx.doi.org/10.1016/S0038-0717(00)00132-2
http://dx.doi.org/10.1016/S0038-0717(00)00132-2
http://dx.doi.org/10.1016/S0038-0717(00)00132-2
http://dx.doi.org/10.5194/bg-10-7109-2013
http://dx.doi.org/10.5194/bg-10-7109-2013
http://dx.doi.org/10.5194/bg-10-7109-2013
http://dx.doi.org/10.5194/bg-10-7109-2013
http://dx.doi.org/10.1073/pnas.1103910108
http://dx.doi.org/10.1073/pnas.1103910108
http://dx.doi.org/10.1073/pnas.1103910108
http://dx.doi.org/10.1016/j.soilbio.2007.09.016
http://dx.doi.org/10.1016/j.soilbio.2007.09.016
http://dx.doi.org/10.1016/j.soilbio.2007.09.016
http://dx.doi.org/10.1023/B:MICI.0000023988.11064.43
http://dx.doi.org/10.1023/B:MICI.0000023988.11064.43
http://dx.doi.org/10.1023/B:MICI.0000023988.11064.43
http://dx.doi.org/10.1029/2003GB002199
http://dx.doi.org/10.1029/2003GB002199
http://dx.doi.org/10.1029/1999GB001138
http://dx.doi.org/10.1029/1999GB001138
http://dx.doi.org/10.1029/1999GB001138


Kuijper L, BergM,Morrien E, Kooi B andVerhoefH 2005Global
change effects on amechanistic decomposer foodwebmodel
Glob. Change Biol. 11 249–65

KukaK, FrankoU andRühlmann J 2007Modelling the impact of
pore space distribution on carbon turnover Ecol.Model. 208
295–306

Kumada S, Kawanishi T,Hayashi Y,Ogomori K, Kobayashi Y,
TakahashiN, SaitoM,HamanoH,KojimaT andYamadaK
2008 Litter carbon dynamics analysis in forests in an arid
ecosystemwith amodel incorporating the physical removal
of litterEcol.Model. 215 190–9

KuzyakovY, Friedel J K and Stahr K 2000Review ofmechanisms
and quantification of priming effects Soil Biol. Biochem. 32
1485–98

KwonH-Y,Mueller S, Dunn J B andWanderMM2013Modeling
state-level soil carbon emission factors under various
scenarios for direct land use change associatedwithUnited
States biofuel feedstock productionBiomass Bioenergy 55
299–310

Lal R 2004 Soil carbon sequestration impacts on global climate
change and food security Science 304 1623–7

LaneyCM, PenningtonDDandTweedie C E 2015 Filling the gaps:
sensor network use and data-sharing practices in ecological
research Front. Ecol. Environ. 13 363–8

Langley J A,McKinleyDC,Wolf AA,Hungate BA,Drake BG and
Megonigal J P 2009 Priming depletes soil carbon and releases
nitrogen in a scrub-oak ecosystem exposed to elevatedCO2

Soil Biol. Biochem. 41 54–60
LarsonDE,Dinar A and Frisbie J A 2011Agriculture and the Clean

DevelopmentMechanism (Agriculture andRural
Development Team,Development ResearchGroup,World
Bank) (www-wds.worldbank.org/external/default/
WDSContentServer/WDSP/IB/2011/04/04/
000158349_20110404091922/Rendered/PDF/
WPS5621.pdf)

LawrenceCR,Neff J C and Schimel J P 2009Does adding
microbialmechanisms of decomposition improve soil
organicmattermodels? A comparison of fourmodels using
data from a pulsed rewetting experiment Soil Biol. Biochem.
41 1923–34

LawrenceDM et al 2011 Parameterization improvements and
functional and structural advances in version 4 of the
community landmodel J. Adv.Model. Earth Syst. 3M03001

LeeKM2004 Life cycle assessment, best practices of ISO 14040 series
(Sub-Committee on Standards andConformance (SCSC))
(http://publications.apec.org/publication-detail.php?
pub_id=453)

Leffelaar P 1988Dynamics of partial anaerobiosis, denitrification,
andwater in a soil aggregate: simulation Soil Sci. 146 427–44

Leffelaar P andWesselW1988Denitrification in a homogeneous,
closed system—experiment and simulation Soil Sci. 146
335–49

Lehmann J, SolomonD,Kinyangi J, Dathe L,Wirick S and
JacobsenC 2008 Spatial complexity of soil organicmatter
forms at nanometre scalesNat. Geosci. 1 238–42

Leifeld J and Fuhrer J 2005The temperature response of CO2

production frombulk soils and soil fractions is related to soil
organicmatter qualityBiogeochemistry 75 433–53

Levins R 1966The strategy ofmodel building in population biology
Am. Sci. 54 421–31

Li C, Aber J, Stange F, Butterbach-Bahl K and PapenH2000A
process-orientedmodel ofN2O andNOemissions from
forest soils: I.Model development J. Geophys. Res.-
Atmospheres 105 4369–84

Li C, Frolking S and Frolking T 1992Amodel of nitrous-oxide
evolution from soil driven by rainfall events: I.Model
structure and sensitivity J. Geophys. Res.-Atmospheres 97
9759–76

LinC, Liu T andHuT1987Assembling amodel for organic residue
transformation in soilsProc. Natl Sci. Counc. Taiwan Part B
11 175–86

Liski J,Mäkelä A and JohanC1999CO2 Emissions from soil in
response to climatic warming are overestimated: the

decomposition of old soil organicmatter is tolerant of
temperatureAMBIO 28 171–4

Liski J, PalosuoT, PeltoniemiMand SievanenR 2005Carbon and
decompositionmodel Yasso for forest soils Ecol.Model. 189
168–82

Liu J, PriceD andChen J 2005Nitrogen controls on ecosystem
carbon sequestration: amodel implementation and
application to Saskatchewan, CanadaEcol.Model. 186
178–95

Lloyd J andTaylor J A 1994On the temperature dependence of soil
respiration Funct. Ecol. 8 315–23

LogarN J andConant RT 2007Reconciling the supply of and
demand for carbon cycle science in theUS agricultural sector
Environ. Sci. Policy 10 75–84

LongT andOrD 2005Aquatic habitats and diffusion constraints
affectingmicrobial coexistence in unsaturated porousmedia
Water Resour. Res. 41W08408

LoreauM1998 Ecosystemdevelopment explained by competition
within and betweenmaterial cycles Proc. R. Soc.B 265 33–8

LoreauM2001Microbial diversity, producer–decomposer
interactions and ecosystemprocesses: a theoreticalmodel
Proc. R. Soc.B 268 303–9

Lugato E, ZulianiM, Alberti G, VedoveGD,Gioli B,Miglietta F and
Peressotti A 2010Application ofDNDCbiogeochemistry
model to estimate greenhouse gas emissions from Italian
agricultural areas at high spatial resolutionAgric. Ecosyst.
Environ. 139 546–56

LuoY andReynolds J 1999Validity of extrapolating fieldCO2

experiments to predict carbon sequestration in natural
ecosystems Ecology 80 1568–83

LuoY,Wan S,HuiD andWallace L L 2001Acclimatization of
soil respiration towarming in a tall grass prairieNature 413
622–5

LuoYQ et al 2012A framework for benchmarking landmodels
Biogeosciences 9 3857–74

Maggi F, GuC, RileyW,Hornberger G, Venterea R, XuT,
SpycherN, Steefel C,MillerN andOldenburg C 2008A
mechanistic treatment of the dominant soil nitrogen cycling
processes:model development, testing, and application
J. Geophys. Res.-Biogeosciences 113G02016

Maggi F andPorporato A 2007Coupledmoisture and
microbial dynamics in unsaturated soilsWater Resour. Res. 43
W07444

MalamoudK,McBratneyAB,Minasny B and FieldD J 2009
Modelling how carbon affects soil structureGeoderma 149
19–26

Manlay R J, Feller C and SwiftM J 2007Historical evolution of soil
organicmatter concepts and their relationships with the
fertility and sustainability of cropping systemsAgric. Ecosyst.
Environ. 119 217–33

Manzoni S, JacksonR, Trofymow J and PorporatoA 2008a The
global stoichiometry of litter nitrogenmineralization Science
321 684–6

Manzoni S, PorporatoA and Schimel J 2008b Soil heterogeneity in
lumpedmineralization–immobilizationmodels Soil Biol.
Biochem. 40 1137–48

Manzoni S and PorporatoA 2007Theoretical analysis of
nonlinearities and feedbacks in soil carbon and nitrogen
cycles Soil Biol. Biochem. 39 1542–56

Manzoni S and PorporatoA 2009 Soil carbon and nitrogen
mineralization: theory andmodels across scales Soil Biol.
Biochem. 41 1355–79

Manzoni S, Trofymow J, JacksonR and PorporatoA 2010
Stoichiometric controls on carbon, nitrogen, and
phosphorus dynamics in decomposing litterEcol.Monogr. 80
89–106

Mary B, Recous S andRobinD 1998Amodel for calculating
nitrogenfluxes in soil usingN-15 tracing Soil Biol. Biochem.
30 1963–79

MasseD, Cambier C, BraumanA, Sall S, Assigbetse K andChotte J-L
2007MIOR: an individual-basedmodel for simulating the
spatial patterns of soil organicmattermicrobial
decompositionEur. J. Soil Sci. 58 1127–35

31

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1111/j.1365-2486.2005.00898.x
http://dx.doi.org/10.1111/j.1365-2486.2005.00898.x
http://dx.doi.org/10.1111/j.1365-2486.2005.00898.x
http://dx.doi.org/10.1016/j.ecolmodel.2007.06.002
http://dx.doi.org/10.1016/j.ecolmodel.2007.06.002
http://dx.doi.org/10.1016/j.ecolmodel.2007.06.002
http://dx.doi.org/10.1016/j.ecolmodel.2007.06.002
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.022
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.022
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.022
http://dx.doi.org/10.1016/S0038-0717(00)00084-5
http://dx.doi.org/10.1016/S0038-0717(00)00084-5
http://dx.doi.org/10.1016/S0038-0717(00)00084-5
http://dx.doi.org/10.1016/S0038-0717(00)00084-5
http://dx.doi.org/10.1016/j.biombioe.2013.02.021
http://dx.doi.org/10.1016/j.biombioe.2013.02.021
http://dx.doi.org/10.1016/j.biombioe.2013.02.021
http://dx.doi.org/10.1016/j.biombioe.2013.02.021
http://dx.doi.org/10.1126/science.1097396
http://dx.doi.org/10.1126/science.1097396
http://dx.doi.org/10.1126/science.1097396
http://dx.doi.org/10.1890/140341
http://dx.doi.org/10.1890/140341
http://dx.doi.org/10.1890/140341
http://dx.doi.org/10.1016/j.soilbio.2008.09.016
http://dx.doi.org/10.1016/j.soilbio.2008.09.016
http://dx.doi.org/10.1016/j.soilbio.2008.09.016
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/2011/04/04/000158349_20110404091922/Rendered/PDF/WPS5621.pdf
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/2011/04/04/000158349_20110404091922/Rendered/PDF/WPS5621.pdf
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/2011/04/04/000158349_20110404091922/Rendered/PDF/WPS5621.pdf
http://www-wds.worldbank.org/external/default/WDSContentServer/WDSP/IB/2011/04/04/000158349_20110404091922/Rendered/PDF/WPS5621.pdf
http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://publications.apec.org/publication-detail.php?pub_id=453
http://publications.apec.org/publication-detail.php?pub_id=453
http://dx.doi.org/10.1097/00010694-198812000-00004
http://dx.doi.org/10.1097/00010694-198812000-00004
http://dx.doi.org/10.1097/00010694-198812000-00004
http://dx.doi.org/10.1097/00010694-198811000-00006
http://dx.doi.org/10.1097/00010694-198811000-00006
http://dx.doi.org/10.1097/00010694-198811000-00006
http://dx.doi.org/10.1097/00010694-198811000-00006
http://dx.doi.org/10.1038/ngeo155
http://dx.doi.org/10.1038/ngeo155
http://dx.doi.org/10.1038/ngeo155
http://dx.doi.org/10.1007/s10533-005-2237-4
http://dx.doi.org/10.1007/s10533-005-2237-4
http://dx.doi.org/10.1007/s10533-005-2237-4
http://dx.doi.org/10.1029/1999JD900949
http://dx.doi.org/10.1029/1999JD900949
http://dx.doi.org/10.1029/1999JD900949
http://dx.doi.org/10.1029/92JD00509
http://dx.doi.org/10.1029/92JD00509
http://dx.doi.org/10.1029/92JD00509
http://dx.doi.org/10.1029/92JD00509
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.005
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.005
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.005
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.005
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.036
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.036
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.036
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.036
http://dx.doi.org/10.2307/2389824
http://dx.doi.org/10.2307/2389824
http://dx.doi.org/10.2307/2389824
http://dx.doi.org/10.1016/j.envsci.2006.10.006
http://dx.doi.org/10.1016/j.envsci.2006.10.006
http://dx.doi.org/10.1016/j.envsci.2006.10.006
http://dx.doi.org/10.1029/2004WR003796
http://dx.doi.org/10.1098/rspb.1998.0260
http://dx.doi.org/10.1098/rspb.1998.0260
http://dx.doi.org/10.1098/rspb.1998.0260
http://dx.doi.org/10.1098/rspb.2000.1366
http://dx.doi.org/10.1098/rspb.2000.1366
http://dx.doi.org/10.1098/rspb.2000.1366
http://dx.doi.org/10.1016/j.agee.2010.09.015
http://dx.doi.org/10.1016/j.agee.2010.09.015
http://dx.doi.org/10.1016/j.agee.2010.09.015
http://dx.doi.org/10.1890/0012-9658(1999)080[1568:VOEFCE]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080[1568:VOEFCE]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1999)080[1568:VOEFCE]2.0.CO;2
http://dx.doi.org/10.1038/35098065
http://dx.doi.org/10.1038/35098065
http://dx.doi.org/10.1038/35098065
http://dx.doi.org/10.1038/35098065
http://dx.doi.org/10.5194/bg-9-3857-2012
http://dx.doi.org/10.5194/bg-9-3857-2012
http://dx.doi.org/10.5194/bg-9-3857-2012
http://dx.doi.org/10.1029/2007JG000578
http://dx.doi.org/10.1029/2006WR005367
http://dx.doi.org/10.1029/2006WR005367
http://dx.doi.org/10.1016/j.geoderma.2008.10.018
http://dx.doi.org/10.1016/j.geoderma.2008.10.018
http://dx.doi.org/10.1016/j.geoderma.2008.10.018
http://dx.doi.org/10.1016/j.geoderma.2008.10.018
http://dx.doi.org/10.1016/j.agee.2006.07.011
http://dx.doi.org/10.1016/j.agee.2006.07.011
http://dx.doi.org/10.1016/j.agee.2006.07.011
http://dx.doi.org/10.1126/science.1159792
http://dx.doi.org/10.1126/science.1159792
http://dx.doi.org/10.1126/science.1159792
http://dx.doi.org/10.1016/j.soilbio.2007.12.006
http://dx.doi.org/10.1016/j.soilbio.2007.12.006
http://dx.doi.org/10.1016/j.soilbio.2007.12.006
http://dx.doi.org/10.1016/j.soilbio.2007.01.006
http://dx.doi.org/10.1016/j.soilbio.2007.01.006
http://dx.doi.org/10.1016/j.soilbio.2007.01.006
http://dx.doi.org/10.1016/j.soilbio.2009.02.031
http://dx.doi.org/10.1016/j.soilbio.2009.02.031
http://dx.doi.org/10.1016/j.soilbio.2009.02.031
http://dx.doi.org/10.1890/09-0179.1
http://dx.doi.org/10.1890/09-0179.1
http://dx.doi.org/10.1890/09-0179.1
http://dx.doi.org/10.1890/09-0179.1
http://dx.doi.org/10.1016/S0038-0717(98)00068-6
http://dx.doi.org/10.1016/S0038-0717(98)00068-6
http://dx.doi.org/10.1016/S0038-0717(98)00068-6
http://dx.doi.org/10.1111/j.1365-2389.2007.00900.x
http://dx.doi.org/10.1111/j.1365-2389.2007.00900.x
http://dx.doi.org/10.1111/j.1365-2389.2007.00900.x


Matson PA, PartonW J, Power AG and SwiftM J 1997Agricultural
intensification and ecosystemproperties Science 277 504–9

McCaskillM andBlair G 1990Amodel of S, P andNuptake by a
perennial pasture: II. Calibration and predictions Fertil. Res.
22 173–9

McCownR,HammerG,Hargreaves J, HolzworthD and
FreebairnD 1996APSIM: a novel software system formodel
development,model testing and simulation in agricultural
systems researchAgric. Syst. 50 255–71

McGillW,HuntH,Woodmansee R andReuss J 1981 Phoenix, a
model of the dynamics of carbon and nitrogen in grassland
soilsTerrestrial NitrogenCycles (Ecological Bulletins)
(Stockholm, Sweden: SwedishNatural Science Research
Council) pp 49–115

McGuire KL andTreseder KK 2010Microbial communities and
their relevance for ecosystemmodels: decomposition as a case
study Soil Biol. Biochem. 42 529–35

McMurtrie R,Medlyn B andDewar R 2001 Increased
understanding of nutrient immobilization in soil organic
matter is critical for predicting the carbon sink strength of
forest ecosystems over the next 100 yearsTree Physiol. 21
831–9

MehranMandTanji K 1974Computermodeling of nitrogen
transformations in soils J. Environ. Qual. 3 391–6

Melillo JM et al 2002 Soil warming and carbon-cycle feedbacks to
the climate system Science 298 2173–6

Michalzik B, Tipping E,Mulder J, Lancho J FG,Matzner E,
Bryant CL, ClarkeN, Lofts S and EstebanMAV2003
Modelling the production and transport of dissolved organic
carbon in forest soilsBiogeochemistry 66 241–64

MichenerWK, Porter J, ServillaM andVanderbilt K 2011 Long
term ecological research and informationmanagement Ecol.
Inform. 6 13–24

MindermanG1968Addition decomposition and accumulation of
organicmatter in forests J. Ecol. 56 355

Molina J, ClappC, ShafferM,Chichester F and LarsonW1983
NCSOIL, amodel of nitrogen and carbon transformations in
soil—description, calibration, and behavior Soil Sci. Soc. Am.
J. 47 85–91

Moore J et al 2004Detritus, trophic dynamics and biodiversity Ecol.
Lett. 7 584–600

Moore J,McCannK and de Ruiter P 2005Modeling trophic
pathways, nutrient cycling, and dynamic stability in soils
Pedobiologia 49 499–510

MoorheadD andReynolds J 1991A general-model of litter
decomposition in the northernChihuahuan desertEcol.
Model. 56 197–219

MoorheadDL and SinsabaughRL 2006A theoreticalmodel of litter
decay andmicrobial interaction Ecol.Monogr. 76 151–74

Moss RH et al 2010The next generation of scenarios for climate
change research and assessmentNature 463 747–56

Neff J andAsnerG 2001Dissolved organic carbon in terrestrial
ecosystems: synthesis and amodel Ecosystems 4 29–48

Neill C andGignoux J 2006 Soil organicmatter decomposition
driven bymicrobial growth: a simplemodel for a complex
network of interactions Soil Biol. Biochem. 38 803–11

Nicolardot B, Recous S andMary B 2001 Simulation of C andN
mineralisation during crop residue decomposition: a simple
dynamicmodel based on theC:N ratio of the residues Plant
Soil 228 83–103

Nikiforoff C 1936 Some general aspects of the chernozem formation
Soil Sci. Soc. Am. Proc. 1 333–42

Oades JM1984 Soil organicmatter and structural stability:
mechanisms and implications formanagement Plant Soil 76
319–37

Oades JM1988The retention of organicmatter in soils
Biogeochemistry 5 35–70

Ogle SM et al 2013Advancing national greenhouse gas inventories
for agriculture in developing countries: improving activity
data, emission factors and software technology Environ. Res.
Lett. 8 015030

Ogle SM,McCarl BA, Baker J, Grosso S JD, Adler PR,
PaustianK and PartonW J 2015Managing the nitrogen cycle

to reduce greenhouse gas emissions from crop production
and biofuel expansionMitig. Adapt. Strateg. Glob. Change
1–16

Olson J S 1963 Energy storage and the balance of producers and
decomposers in ecological systemsEcology 44 322–31

OstleN J et al 2009 Integrating plant–soil interactions into global
carbon cyclemodels J. Ecol. 97 851–63

OtaM,NagaiH andKoarashi J 2013Root and dissolved organic
carbon controls on subsurface soil carbon dynamics: amodel
approach J. Geophys. Res. Biogeosciences 118 1646–59

O’Brien B 1986The use of natural and anthropogenic C-14 to
investigate the dynamics of soil organic-carbonRadiocarbon
28 358–62

O’Brien B and Stout J 1978Movement and turnover of soil organic-
matter as indicated by carbon isotopemeasurements Soil Biol.
Biochem. 10 309–17

O’LearyG 1994 Soil water and nitrogen dynamics of drylandwheat
in theVictorianWimmera andMalleePhD Univ.Melb

PalosuoT et al 2012Amulti-model comparison of soil carbon
assessment of a coniferous forest standEnviron.Model. Softw.
35 38–49

PanikovN and SizovaM1996A kineticmethod for estimating the
biomass ofmicrobial functional groups in soil J.Microbiol.
Methods 24 219–30

PansuM,Bottner P, Sarmiento L andMetselaar K 2004Comparison
offive soil organicmatter decompositionmodels using data
from a 14C and 15N labeling field experimentGlob.
Biogeochem. Cycles 18GB4022

PansuM,Martineau Y and Saugier B 2009Amodellingmethod to
quantify in situ the input of carbon from roots and the
resultingC turnover in soil Plant Soil 317 103–20

PansuM, Sarmiento L,Metselaar K,HerveD andBottner P 2007
Modelling the transformations and sequestration of soil
organicmatter in two contrasting ecosystems of the Andes
Eur. J. Soil Sci. 58 775–85

PansuMandThuries L 2003Kinetics of C andNmineralization,N
immobilization andN volatilization of organic inputs in soil
Soil Biol. Biochem. 35 37–48

ParnasH 1975Model for decomposition of organicmaterial by
microorganisms Soil Biol. Biochem. 7 161–9

ParnasH 1976Theoretical explanation of priming effect based on
microbial-growthwith 2 limiting substrates Soil Biol.
Biochem. 8 139–44

PartonW,Del Grosso S J, Plante A F, Adair EC and Lutz SM2015
Modeling the dynamics of soil organicmatter and nutrient
cycling SoilMicrobiology, Ecology, and Biochemistry ed
EAPaul (London: Academic) pp 505–37

PartonW, Schimel D S, Cole CV andOjimaDS 1987Analysis of
factors controlling soil organicmatter levels inGreat Plains
grasslands Soil Sci. Soc. Am. 51 1173–9

PartonW J, Sterwart JWB andColeCV1988Dynamics of C,N, P
and S in grassland soils—amodelBiogeochemistry 5 109–31

PartonW J et al 1993Observations andmodeling of biomass and
soil organicmatter dynamics for the grassland biome
worldwideGlob. Biogeochem. Cycles 7 785

Pastor J and PostW1986 Influence of climate, soil–moisture, and
succession on forest carbon and nitrogen cycles
Biogeochemistry 2 3–27

Patten B 1972 Simulation of shortgrass prairie ecosystem Simulation
19 177–86

Paul EA, Follett R F, Leavitt SW,HalvorsonA, PetersonGA and
LyonD J 1997Radiocarbon dating for determination of soil
organicmatter pool sizes and dynamics Soil Sci. Soc. Am. 61
1058–67

Paul EA andRobertsonGP 1989 Ecology and the agricultural
sciences: a false dichotomy? Ecology 70 1594–7

PaustianK1994Modeling soil biology and biochemical processes
for sustainable agricultural research Soil Biota:Management
in Sustainable Farming Systems (Victoria, Australia: CSIRO)
pp 182–93

PaustianK,Cole CV, SauerbeckD and SampsonN1998CO2

mitigation by agriculture: an overviewClim. Change 40
135–62

32

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1126/science.277.5325.504
http://dx.doi.org/10.1126/science.277.5325.504
http://dx.doi.org/10.1126/science.277.5325.504
http://dx.doi.org/10.1007/BF01120392
http://dx.doi.org/10.1007/BF01120392
http://dx.doi.org/10.1007/BF01120392
http://dx.doi.org/10.1016/0308-521X(94)00055-V
http://dx.doi.org/10.1016/0308-521X(94)00055-V
http://dx.doi.org/10.1016/0308-521X(94)00055-V
http://dx.doi.org/10.1016/j.soilbio.2009.11.016
http://dx.doi.org/10.1016/j.soilbio.2009.11.016
http://dx.doi.org/10.1016/j.soilbio.2009.11.016
http://dx.doi.org/10.1093/treephys/21.12-13.831
http://dx.doi.org/10.1093/treephys/21.12-13.831
http://dx.doi.org/10.1093/treephys/21.12-13.831
http://dx.doi.org/10.1093/treephys/21.12-13.831
http://dx.doi.org/10.2134/jeq1974.00472425000300040020x
http://dx.doi.org/10.2134/jeq1974.00472425000300040020x
http://dx.doi.org/10.2134/jeq1974.00472425000300040020x
http://dx.doi.org/10.1126/science.1074153
http://dx.doi.org/10.1126/science.1074153
http://dx.doi.org/10.1126/science.1074153
http://dx.doi.org/10.1023/B:BIOG.0000005329.68861.27
http://dx.doi.org/10.1023/B:BIOG.0000005329.68861.27
http://dx.doi.org/10.1023/B:BIOG.0000005329.68861.27
http://dx.doi.org/10.1016/j.ecoinf.2010.11.005
http://dx.doi.org/10.1016/j.ecoinf.2010.11.005
http://dx.doi.org/10.1016/j.ecoinf.2010.11.005
http://dx.doi.org/10.2307/2258238
http://dx.doi.org/10.2136/sssaj1983.03615995004700010017x
http://dx.doi.org/10.2136/sssaj1983.03615995004700010017x
http://dx.doi.org/10.2136/sssaj1983.03615995004700010017x
http://dx.doi.org/10.1111/j.1461-0248.2004.00606.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00606.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00606.x
http://dx.doi.org/10.1016/j.pedobi.2005.05.008
http://dx.doi.org/10.1016/j.pedobi.2005.05.008
http://dx.doi.org/10.1016/j.pedobi.2005.05.008
http://dx.doi.org/10.1016/0304-3800(91)90200-K
http://dx.doi.org/10.1016/0304-3800(91)90200-K
http://dx.doi.org/10.1016/0304-3800(91)90200-K
http://dx.doi.org/10.1890/0012-9615(2006)076[0151:ATMOLD]2.0.CO;2
http://dx.doi.org/10.1890/0012-9615(2006)076[0151:ATMOLD]2.0.CO;2
http://dx.doi.org/10.1890/0012-9615(2006)076[0151:ATMOLD]2.0.CO;2
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1007/s100210000058
http://dx.doi.org/10.1007/s100210000058
http://dx.doi.org/10.1007/s100210000058
http://dx.doi.org/10.1016/j.soilbio.2005.07.007
http://dx.doi.org/10.1016/j.soilbio.2005.07.007
http://dx.doi.org/10.1016/j.soilbio.2005.07.007
http://dx.doi.org/10.1023/A:1004813801728
http://dx.doi.org/10.1023/A:1004813801728
http://dx.doi.org/10.1023/A:1004813801728
http://dx.doi.org/10.2136/sssaj1937.03615995000100000060x
http://dx.doi.org/10.2136/sssaj1937.03615995000100000060x
http://dx.doi.org/10.2136/sssaj1937.03615995000100000060x
http://dx.doi.org/10.1007/BF02205590
http://dx.doi.org/10.1007/BF02205590
http://dx.doi.org/10.1007/BF02205590
http://dx.doi.org/10.1007/BF02205590
http://dx.doi.org/10.1007/BF02180317
http://dx.doi.org/10.1007/BF02180317
http://dx.doi.org/10.1007/BF02180317
http://dx.doi.org/10.1088/1748-9326/8/1/015030
http://dx.doi.org/10.1007/s11027-015-9645-0
http://dx.doi.org/10.1007/s11027-015-9645-0
http://dx.doi.org/10.1007/s11027-015-9645-0
http://dx.doi.org/10.2307/1932179
http://dx.doi.org/10.2307/1932179
http://dx.doi.org/10.2307/1932179
http://dx.doi.org/10.1111/j.1365-2745.2009.01547.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01547.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01547.x
http://dx.doi.org/10.1002/2013JG002379
http://dx.doi.org/10.1002/2013JG002379
http://dx.doi.org/10.1002/2013JG002379
http://dx.doi.org/10.1016/0038-0717(78)90028-7
http://dx.doi.org/10.1016/0038-0717(78)90028-7
http://dx.doi.org/10.1016/0038-0717(78)90028-7
http://dx.doi.org/10.1016/j.envsoft.2012.02.004
http://dx.doi.org/10.1016/j.envsoft.2012.02.004
http://dx.doi.org/10.1016/j.envsoft.2012.02.004
http://dx.doi.org/10.1016/0167-7012(95)00074-7
http://dx.doi.org/10.1016/0167-7012(95)00074-7
http://dx.doi.org/10.1016/0167-7012(95)00074-7
http://dx.doi.org/10.1029/2004gb002230
http://dx.doi.org/10.1007/s11104-008-9791-1
http://dx.doi.org/10.1007/s11104-008-9791-1
http://dx.doi.org/10.1007/s11104-008-9791-1
http://dx.doi.org/10.1111/j.1365-2389.2006.00867.x
http://dx.doi.org/10.1111/j.1365-2389.2006.00867.x
http://dx.doi.org/10.1111/j.1365-2389.2006.00867.x
http://dx.doi.org/10.1016/S0038-0717(02)00234-1
http://dx.doi.org/10.1016/S0038-0717(02)00234-1
http://dx.doi.org/10.1016/S0038-0717(02)00234-1
http://dx.doi.org/10.1016/0038-0717(75)90014-0
http://dx.doi.org/10.1016/0038-0717(75)90014-0
http://dx.doi.org/10.1016/0038-0717(75)90014-0
http://dx.doi.org/10.1016/0038-0717(76)90079-1
http://dx.doi.org/10.1016/0038-0717(76)90079-1
http://dx.doi.org/10.1016/0038-0717(76)90079-1
http://dx.doi.org/10.1016/b978-0-12-415955-6.00017-7
http://dx.doi.org/10.1016/b978-0-12-415955-6.00017-7
http://dx.doi.org/10.1016/b978-0-12-415955-6.00017-7
http://dx.doi.org/10.2136/sssaj1987.03615995005100050015x
http://dx.doi.org/10.2136/sssaj1987.03615995005100050015x
http://dx.doi.org/10.2136/sssaj1987.03615995005100050015x
http://dx.doi.org/10.1007/BF02180320
http://dx.doi.org/10.1007/BF02180320
http://dx.doi.org/10.1007/BF02180320
http://dx.doi.org/10.1029/93GB02042
http://dx.doi.org/10.1007/BF02186962
http://dx.doi.org/10.1007/BF02186962
http://dx.doi.org/10.1007/BF02186962
http://dx.doi.org/10.1177/003754977201900602
http://dx.doi.org/10.1177/003754977201900602
http://dx.doi.org/10.1177/003754977201900602
http://dx.doi.org/10.2136/sssaj1997.03615995006100040011x
http://dx.doi.org/10.2136/sssaj1997.03615995006100040011x
http://dx.doi.org/10.2136/sssaj1997.03615995006100040011x
http://dx.doi.org/10.2136/sssaj1997.03615995006100040011x
http://dx.doi.org/10.2307/1938091
http://dx.doi.org/10.2307/1938091
http://dx.doi.org/10.2307/1938091
http://dx.doi.org/10.1023/A:1005347017157
http://dx.doi.org/10.1023/A:1005347017157
http://dx.doi.org/10.1023/A:1005347017157
http://dx.doi.org/10.1023/A:1005347017157


PaustianK,CollinsHP and Paul EA 1997Management controls on
soil carbon Soil OrganicMatter in Temperate Agroecosystems:
Long-TermExperiments inNorth America edCVCole (New
York: CRCPress) pp 15–49

PaustianK, Elliott E, CollinsH, Cole C and Paul E 1995Use of a
network of long-term experiments for analysis of soil carbon
dynamics and global change: theNorth Americanmodel
Aust. J. Exp. Agric. 35 929–39

PaustianK and Schnurer J 1987 Fungal growth-response to carbon
and nitrogen limitation—a theoretical-model Soil Biol.
Biochem. 19 613–20

PerruchoudD1996Modeling the dynamics of nonliving organic
carbon in a changing climate: a case study for temperate
forestsPhD ETHZurich p 196

Petersen B, Berntsen J,Hansen S and Jensen L 2005CN-SIM—a
model for the turnover of soil organicmatter: I. Long-term
carbon and radiocarbon development Soil Biol. Biochem. 37
359–74

PiccoloA 2002The supramolecular structure of humic substances: a
novel understanding of humus chemistry and implications in
soil scienceAdvances in Agronomy vol 75 (NewYork:
Academic) pp 57–134 (http://sciencedirect.com/science/
article/pii/S0065211302750037)

PitmanA J 2003The evolution of, and revolution in, land surface
schemes designed for climatemodels Int. J. Climatol. 23
479–510

PoeplauC andDonA 2013 Sensitivity of soil organic carbon stocks
and fractions to different land-use changes across Europe
Geoderma 192 189–201

PorporatoA,D’Odorico P, Laio F andRodriguez-Iturbe I 2003
Hydrologic controls on soil carbon andnitrogen cycles: I.
Modeling schemeAdv.Water Resour. 26 45–58

PostWMandKwonKC2000 Soil carbon sequestration and land-
use change: processes and potentialGlob. Change Biol. 6
317–27

Potter C S, Randerson J T, Field CB,Matson PA,Vitousek PM,
MooneyHA andKlooster SA 1993Terrestrial ecosystem
production: a processmodel based on global satellite and
surface dataGlob. Biogeochem. Cycles 7 811–41

Powers S E 2007Nutrient loads to surfacewater from row crop
production Int. J. Life Cycle Assess. 12 399–407

PowlsonDS,GregoryP J,WhalleyWR,Quinton JN,HopkinsDW,
WhitmoreAP,HirschPR andGouldingKWT2011 Soil
management in relation to sustainable agriculture and
ecosystem servicesFoodPolicy 36S72–87

PronkG J,Heister K,DingG-C, Smalla K andKögel-Knabner I 2012
Development of biogeochemical interfaces in an artificial soil
incubation experiment; aggregation and formation of
organo-mineral associationsGeoderma 189–190 585–94

QianH, JosephR andZengN 2010 Enhanced terrestrial carbon
uptake in theNorthern high latitudes in the 21st century from
the coupled carbon cycle climatemodel intercomparison
projectmodel projectionsGlob. Change Biol. 16 641–56

Raich J, Rastetter E,Melillo J, Kicklighter D, Steudler P, Peterson B,
Grace A,Moore B andVorosmarty C 1991 Potential net
primary productivity in South-America—application of a
global-model Ecol. Appl. 1 399–429

Rastetter E, RyanM, ShaverG,Melillo J, Nadelhoffer K,
Hobbie J andAber J 1991A general biogeochemicalmodel
describing the responses of theC-cycle andN-cycle in
terrestrial ecosystems to changes inCO2, climate, and
N-depositionTree Physiol. 9 101–26

RaynaudX, Lata J-C and Leadley P 2006 Soilmicrobial loop
and nutrient uptake by plants: a test using a coupled
C :Nmodel of plant–microbial interactions Plant Soil 287
95–116

Reuss J and Innis G 1977Grassland nitrogenflow simulation-model
Ecology 58 379–88

Rijtema P andKroes J 1991 Some results of nitrogen simulations
with themodel ANIMO Fertil. Res. 27 189–98

RilligMC,Caldwell BA,WöstenHAB and Sollins P 2007Role of
proteins in soil carbon and nitrogen storage: controls on
persistenceBiogeochemistry 85 25–44

RobinsonD,Griffiths B, Ritz K andWheatley R 1989Root-induced
nitrogenmineralization—a theoretical-analysis Plant Soil
117 185–93

RosenbloomN,Doney S and Schimel D 2001Geomorphic
evolution of soil texture and organicmatter in eroding
landscapesGlob. Biogeochem. Cycles 15 365–81

RoyM,Mandal S andRay S 2008Detrital ontogenicmodel
including decomposer diversity Ecol.Model. 215 200–6

Rumpel C andKögel-Knabner I 2010Deep soil organicmatter—a
key but poorly understood component of terrestrial C cycle
Plant Soil 338 143–58

Running S andGower S 1991 Forest-BGC, a general-model of forest
ecosystemprocesses for regional applications: II. Dynamic
carbon allocation and nitrogen budgetsTree Physiol. 9
147–60

Russell J 1964Mathematical expression of seasonal changes in soil
organicmatterNature 204 161

Russell J 1975Mathematical treatment of effect of cropping system
on soil organic nitrogen in 2 long-term sequential
experiments Soil Sci. 120 37–44

Ryzhova I 1993The analysis of stability and bifurcation of carbon
turnover in soil–vegetation systems on the basis of the
nonlinearmodel Syst. Anal.Model Simul. 12 139–45

Saffih-Hdadi K andMary B 2008Modeling consequences of straw
residues export on soil organic carbon Soil Biol. Biochem. 40
594–607

Saggar S, ParshotamA, SparlingG, FelthamCandHart P 1996
C-14-labelled ryegrass turnover and residence times in soils
varying in clay content andmineralogy Soil Biol. Biochem. 28
1677–86

SaloméC,NunanN, PouteauV, LerchTZ andChenuC2010
Carbon dynamics in topsoil and in subsoilmay be controlled
by different regulatorymechanismsGlob. Change Biol. 16
416–26

Salter R andGreen T 1933 Factors affecting the accumulation and
loss of nitrogen and organic carbon in cropped soils J. Am.
Soc. Agron. 25 622–30

SanaullahM,Chabbi A, Leifeld J, BardouxG, BillouD and
Rumpel C 2011Decomposition and stabilization of root litter
in top- and subsoil horizons:What is the difference? Plant Soil
338 127–41

Sanderman J, AmundsonR andBaldocchiD 2003Application of
eddy covariancemeasurements to the temperature
dependence of soil organicmattermean residence timeGlob.
Biogeochem. Cycles 17 1061

Scharpenseel HW, Becker-Heidmann P,NeueHU andTsutsuki K
1989 Bomb-carbon, 14C-dating and 13C—measurements as
tracers of organicmatter dynamics as well as of
morphogenetic and turbation processes Sci. Total Environ.
81–82 99–110

SchimelD S 1995Terrestrial ecosystems and the carbon cycleGlob.
Change Biol. 1 77–91

SchimelD S, Braswell BH,Holland EA,McKeownR,OjimaDS,
Painter TH, PartonW J andTownsendAR 1994Climatic,
edaphic, and biotic controls over storage and turnover of
carbon in soilsGlob. Biogeochem. Cycles 8 279–93

Schimel J 2013 Soil carbon:microbes and global carbonNat. Clim.
Change 3 867–8

Schimel J P andWeintraubMN2003The implications of
exoenzyme activity onmicrobial carbon and nitrogen
limitation in soil: a theoreticalmodel Soil Biol. Biochem. 35
549–63

Schimel J P,Wetterstedt J ÅM,Holden PA andTrumbore S E 2011
Drying/rewetting cyclesmobilize oldC fromdeep soils from
aCalifornia annual grassland Soil Biol. Biochem. 43 1101–3

SchlesingerWHandAndrews J A 2000 Soil respiration and the
global carbon cycleBiogeochemistry 48 7–20

SchmerMR, JinVL,Wienhold B J, Varvel G E and Follett R F 2014
Tillage and residuemanagement effects on soil carbon and
nitrogen under irrigated continuous corn Soil Sci. Soc. Am. J.
78 1987

SchmidtMWI et al 2011 Persistence of soil organicmatter as an
ecosystempropertyNature 478 49–56

33

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1071/EA9950929
http://dx.doi.org/10.1071/EA9950929
http://dx.doi.org/10.1071/EA9950929
http://dx.doi.org/10.1016/0038-0717(87)90107-6
http://dx.doi.org/10.1016/0038-0717(87)90107-6
http://dx.doi.org/10.1016/0038-0717(87)90107-6
http://dx.doi.org/10.1016/j.soilbio.2004.08.006
http://dx.doi.org/10.1016/j.soilbio.2004.08.006
http://dx.doi.org/10.1016/j.soilbio.2004.08.006
http://dx.doi.org/10.1016/j.soilbio.2004.08.006
http://sciencedirect.com/science/article/pii/S0065211302750037
http://sciencedirect.com/science/article/pii/S0065211302750037
http://dx.doi.org/10.1002/joc.893
http://dx.doi.org/10.1002/joc.893
http://dx.doi.org/10.1002/joc.893
http://dx.doi.org/10.1002/joc.893
http://dx.doi.org/10.1016/j.geoderma.2012.08.003
http://dx.doi.org/10.1016/j.geoderma.2012.08.003
http://dx.doi.org/10.1016/j.geoderma.2012.08.003
http://dx.doi.org/10.1016/S0309-1708(02)00094-5
http://dx.doi.org/10.1016/S0309-1708(02)00094-5
http://dx.doi.org/10.1016/S0309-1708(02)00094-5
http://dx.doi.org/10.1046/j.1365-2486.2000.00308.x
http://dx.doi.org/10.1046/j.1365-2486.2000.00308.x
http://dx.doi.org/10.1046/j.1365-2486.2000.00308.x
http://dx.doi.org/10.1046/j.1365-2486.2000.00308.x
http://dx.doi.org/10.1029/93GB02725
http://dx.doi.org/10.1029/93GB02725
http://dx.doi.org/10.1029/93GB02725
http://dx.doi.org/10.1007/s11367-007-0307-7
http://dx.doi.org/10.1007/s11367-007-0307-7
http://dx.doi.org/10.1007/s11367-007-0307-7
http://dx.doi.org/10.1016/j.foodpol.2010.11.025
http://dx.doi.org/10.1016/j.foodpol.2010.11.025
http://dx.doi.org/10.1016/j.foodpol.2010.11.025
http://dx.doi.org/10.1016/j.geoderma.2012.05.020
http://dx.doi.org/10.1016/j.geoderma.2012.05.020
http://dx.doi.org/10.1016/j.geoderma.2012.05.020
http://dx.doi.org/10.1016/j.geoderma.2012.05.020
http://dx.doi.org/10.1016/j.geoderma.2012.05.020
http://dx.doi.org/10.1111/j.1365-2486.2009.01989.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01989.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01989.x
http://dx.doi.org/10.2307/1941899
http://dx.doi.org/10.2307/1941899
http://dx.doi.org/10.2307/1941899
http://dx.doi.org/10.1093/treephys/9.1-2.101
http://dx.doi.org/10.1093/treephys/9.1-2.101
http://dx.doi.org/10.1093/treephys/9.1-2.101
http://dx.doi.org/10.1007/s11104-006-9003-9
http://dx.doi.org/10.1007/s11104-006-9003-9
http://dx.doi.org/10.1007/s11104-006-9003-9
http://dx.doi.org/10.1007/s11104-006-9003-9
http://dx.doi.org/10.2307/1935612
http://dx.doi.org/10.2307/1935612
http://dx.doi.org/10.2307/1935612
http://dx.doi.org/10.1007/BF01051127
http://dx.doi.org/10.1007/BF01051127
http://dx.doi.org/10.1007/BF01051127
http://dx.doi.org/10.1007/s10533-007-9102-6
http://dx.doi.org/10.1007/s10533-007-9102-6
http://dx.doi.org/10.1007/s10533-007-9102-6
http://dx.doi.org/10.1007/BF02220711
http://dx.doi.org/10.1007/BF02220711
http://dx.doi.org/10.1007/BF02220711
http://dx.doi.org/10.1029/1999GB001251
http://dx.doi.org/10.1029/1999GB001251
http://dx.doi.org/10.1029/1999GB001251
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.020
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.020
http://dx.doi.org/10.1016/j.ecolmodel.2008.02.020
http://dx.doi.org/10.1007/s11104-010-0391-5
http://dx.doi.org/10.1007/s11104-010-0391-5
http://dx.doi.org/10.1007/s11104-010-0391-5
http://dx.doi.org/10.1093/treephys/9.1-2.147
http://dx.doi.org/10.1093/treephys/9.1-2.147
http://dx.doi.org/10.1093/treephys/9.1-2.147
http://dx.doi.org/10.1093/treephys/9.1-2.147
http://dx.doi.org/10.1038/204161a0
http://dx.doi.org/10.1097/00010694-197507000-00006
http://dx.doi.org/10.1097/00010694-197507000-00006
http://dx.doi.org/10.1097/00010694-197507000-00006
http://dx.doi.org/10.1016/j.soilbio.2007.08.022
http://dx.doi.org/10.1016/j.soilbio.2007.08.022
http://dx.doi.org/10.1016/j.soilbio.2007.08.022
http://dx.doi.org/10.1016/j.soilbio.2007.08.022
http://dx.doi.org/10.1016/S0038-0717(96)00250-7
http://dx.doi.org/10.1016/S0038-0717(96)00250-7
http://dx.doi.org/10.1016/S0038-0717(96)00250-7
http://dx.doi.org/10.1016/S0038-0717(96)00250-7
http://dx.doi.org/10.1111/j.1365-2486.2009.01884.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01884.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01884.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01884.x
http://dx.doi.org/10.2134/agronj1933.00021962002500090010x
http://dx.doi.org/10.2134/agronj1933.00021962002500090010x
http://dx.doi.org/10.2134/agronj1933.00021962002500090010x
http://dx.doi.org/10.1007/s11104-010-0554-4
http://dx.doi.org/10.1007/s11104-010-0554-4
http://dx.doi.org/10.1007/s11104-010-0554-4
http://dx.doi.org/10.1029/2001GB001833
http://dx.doi.org/10.1016/0048-9697(89)90115-0
http://dx.doi.org/10.1016/0048-9697(89)90115-0
http://dx.doi.org/10.1016/0048-9697(89)90115-0
http://dx.doi.org/10.1016/0048-9697(89)90115-0
http://dx.doi.org/10.1016/0048-9697(89)90115-0
http://dx.doi.org/10.1111/j.1365-2486.1995.tb00008.x
http://dx.doi.org/10.1111/j.1365-2486.1995.tb00008.x
http://dx.doi.org/10.1111/j.1365-2486.1995.tb00008.x
http://dx.doi.org/10.1029/94GB00993
http://dx.doi.org/10.1029/94GB00993
http://dx.doi.org/10.1029/94GB00993
http://dx.doi.org/10.1038/nclimate2015
http://dx.doi.org/10.1038/nclimate2015
http://dx.doi.org/10.1038/nclimate2015
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/j.soilbio.2011.01.008
http://dx.doi.org/10.1016/j.soilbio.2011.01.008
http://dx.doi.org/10.1016/j.soilbio.2011.01.008
http://dx.doi.org/10.1023/A:1006247623877
http://dx.doi.org/10.1023/A:1006247623877
http://dx.doi.org/10.1023/A:1006247623877
http://dx.doi.org/10.2136/sssaj2014.04.0166
http://dx.doi.org/10.1038/nature10386
http://dx.doi.org/10.1038/nature10386
http://dx.doi.org/10.1038/nature10386


Schwinning S and ParsonsA 1996Analysis of the coexistence
mechanisms for grasses and legumes in grazing systems
J. Ecol. 84 799–813

Searchinger T,Heimlich R,HoughtonRA,Dong F, Elobeid A,
Fabiosa J, Tokgoz S,HayesD andYuT-H2008Use of US
croplands for biofuels increases greenhouse gases through
emissions from land-use change Science 319 1238–40

Seeberg-Elverfeldt C 2010aCarbonmarkets-which types exist and
how theyworkCarbon Finance Possibilities for Agriculture,
Forestry and other LandUse Projects in a Smallholder Context
(Rome, Italy: Natural ResourcesManagement and
EnvironmentDepartment Food andAgriculture
Organization of theUnitedNations (FAO))

Seeberg-Elverfeldt C 2010bDesign and development of a carbon
projectCarbon Finance Possibilities for Agriculture, Forestry
and other LandUse Projects in a Smallholder Context (Rome,
Italy: Natural ResourcesManagement andEnvironment
Department Food andAgricultureOrganization of the
UnitedNations (FAO))

SegoliM,DeGryze S, Dou F, Lee J, PostWM,Denef K and Six J
2013AggModel: a soil organicmattermodel withmeasurable
pools for use in incubation studies Ecol.Model. 263 1–9

SeligmanN and vanKeulenH 1981 PAPRAN: a simulationmodel
of annual pasture production limited by rainfall and nitrogen
Simulation ofNitrogen Behaviour of Soil–Plant Systems
(Wageningen,Netherlands: Centre for Agricultural
Publishing andDocumentation) (http://agris.fao.org/agris-
search/search.do?recordID=US201301310659)

ShafferM,HalvorsonA and Pierce F 1991Nitrate leaching and
Economic-Analysis Package (NLEAP)—model description
and applicationManagingNitrogen for Groundwater Quality
and FarmProfitability edR Follett et al (Madison,WI: Soil
Science Society of America) pp 285–322

Sharpe P J A 1990 Forestmodeling approaches: compromises
between generality and precision ProcessModeling of Forest
GrowthResponses to Environmental Stress edRKDixon et al
(Portland,OR: Timber Press) pp 180–90

Sheehan J, AdenA, PaustianK,KillianK, Brenner J,WalshMand
NelsonR 2003Energy and environmental aspects of using
corn stover for fuel ethanol J. Ind. Ecol. 7 117–46

Shevstova L andMikhailov B 1992Control of Soil Humus Balance
Based on Statistical Analysis of Long-Term Field Experiments
Database (Moscow: All Russian Institute for Fertilizers and
Agricultural Soil Science) (in Russian)

SimpsonA J, SimpsonM J, Smith E andKelleher B P 2007
Microbially derived inputs to soil organicmatter: are current
estimates too low?Environ. Sci. Technol. 41 8070–6

SimpsonMand SimpsonA 2012The chemical ecology of soil
organicmattermolecular constituents J. Chem. Ecol. 38
768–84

SinsabaughR andMoorheadD1994Resource-allocation to
extracellular enzyme-production—amodel for nitrogen and
phosphorus control of litter decomposition Soil Biol.
Biochem. 26 1305–11

SirotenkoO1991TheUSSR climate-soil-yield simulation system
Meteorol. Gidrol. 4 67–73

Sitch S et al 2003 Evaluation of ecosystem dynamics, plant
geography and terrestrial carbon cycling in the LPJ dynamic
global vegetationmodelGlob. Change Biol. 9 161–85

Six J, BossuytH,Degryze S andDenef K 2004Ahistory of research
on the link between (micro)aggregates, soil biota, and soil
organicmatter dynamics Soil Tillage Res. 79 7–31

Six J, Conant R, Paul E and PaustianK 2002 Stabilization
mechanisms of soil organicmatter: implications for
C-saturation of soils Plant Soil 241 155–76

Six J andPaustianK 2014Aggregate-associated soil organicmatter
as an ecosystemproperty and ameasurement tool Soil Biol.
Biochem. 68A4–9

Smith J,McNeal B, ChengH andCampbell G 1986Calculation of
microbialmaintenance rates and net nitrogenmineralization
in soil at steady-state Soil Sci. Soc. Am. J. 50 332–8

SmithOL 1979An analyticalmodel of the decomposition of soil
organicmatter Soil Biol. Biochem. 11 585–606

Smith P et al 1997A comparison of the performance of nine soil
organicmattermodels using datasets from seven long-term
experimentsGeoderma 81 153–225

Sollins P,HomannP andCaldwell BA 1996 Stabilization and
destabilization of soil organicmatter:mechanisms and
controlsGeoderma 74 65–105

StanfordG and Smith S 1972Nitrogenmineralization potentials of
soils Soil Sci. Soc. Am. J. 36 465–72

Sterner T andCoria J 2003Policy Instruments for Environmental and
Natural ResourceManagement (Washington, DC: RFF
Press Book)

Stewart C, PaustianK, Conant R, Plante A and Six J 2007 Soil carbon
saturation: concept, evidence and evaluationBiogeochemistry
86 19–31

Stewart C E, Follett R F,Wallace J and Pruessner EG 2012 Impact of
biosolids and tillage on soil organicmatter fractions:
implications of carbon saturation for conservation
management in theVirginia Coastal Plain Soil Sci. Soc. Am. J.
76 1257–67

Stewart C E, PaustianK,Conant RT, Plante A F and Six J 2008a Soil
carbon saturation: evaluation and corroboration by long-
term incubations Soil Biol. Biochem. 40 1741–50

Stewart C E, Plante A F, PaustianK,Conant RT and Six J 2008b Soil
carbon saturation: linking concept andmeasurable carbon
pools Soil Sci. Soc. Am. J. 72 379

Stewart C E, PaustianK,Conant RT, Plante A F and Six J 2009 Soil
carbon saturation: implications formeasurable carbon pool
dynamics in long-term incubations Soil Biol. Biochem. 41
357–66

StockmannU et al 2013The knowns, known unknowns and
unknowns of sequestration of soil organic carbonAgric.
Ecosyst. Environ. 164 80–99

Subke J-A andBahnM2010On the ‘temperature sensitivity’ of soil
respiration: canwe use the immeasurable to predict the
unknown? Soil Biol. Biochem. 42 1653–6

SuttonR and SpositoG 2005Molecular structure in soil
humic substances: the new view Environ. Sci. Technol. 39
9009–15

Svirezhev Y andTarkoA 1981The global role of the biosphere in the
stabilization of atmospheric CO2 and temperatureCarbon
CycleModelling (SCOPE) ed BBolin (Chichester:Wiley)
pp 355–64

Taghizadeh-Toosi A, ChristensenBT,HutchingsN J, Vejlin J,
Kätterer T, GlendiningMandOlesen J E 2014C-TOOL: a
simplemodel for simulatingwhole-profile carbon storage in
temperate agricultural soils Ecol.Model. 292 11–25

Tang J andRileyW J 2015Weaker soil carbon-climate feedbacks
resulting frommicrobial and abiotic interactionsNat. Clim.
Change 5 56–60

TatenoMandChapin F 1997The logic of carbon and nitrogen
interactions in terrestrial ecosystemsAm.Nat. 149 723–44

Thornley J, Bergelson J and Parsons A 1995Complex dynamics in a
carbon–nitrogenmodel of a grass–legume pastureAnn. Bot.
75 79–84

Thornley J andVerberne E 1989Amodel of nitrogen flows in
grassland Plant Cell Environ. 12 863–86

Thornley JHMandCannellMGR2001 Soil carbon storage
response to temperature: an hypothesisAnn. Bot. 87 591–8

TiessenH,Cuevas E andChaconP 1994The role of soil organic
matter in sustaining soil fertilityNature 371 783–5

TilmanD et al 2009 Beneficial biofuels—the food, energy, and
environment trilemma Science 325 270–1

Tipping E, Chamberlain P, FröbergM,Hanson P and Jardine P 2012
Simulation of carbon cycling, including dissolved organic
carbon transport, in forest soil locally enrichedwith 14C
Biogeochemistry 108 91–107

Tisdall JM andOades JM1982Organicmatter andwater-stable
aggregates in soils J. Soil Sci. 33 141–63

ToalM, YeomansC,KillhamK andMehargA 2000A review of
rhizosphere carbon flowmodelling Plant Soil 222 263–81

Todd-BrownK,Hopkins F, Kivlin S, Talbot J andAllison S 2012A
framework for representingmicrobial decomposition in
coupled climatemodelsBiogeochemistry 109 19–33

34

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.2307/2960553
http://dx.doi.org/10.2307/2960553
http://dx.doi.org/10.2307/2960553
http://dx.doi.org/10.1126/science.1151861
http://dx.doi.org/10.1126/science.1151861
http://dx.doi.org/10.1126/science.1151861
http://dx.doi.org/10.1016/j.ecolmodel.2013.04.010
http://dx.doi.org/10.1016/j.ecolmodel.2013.04.010
http://dx.doi.org/10.1016/j.ecolmodel.2013.04.010
http://agris.fao.org/agris-search/search.do?recordID=US201301310659
http://agris.fao.org/agris-search/search.do?recordID=US201301310659
http://dx.doi.org/10.1162/108819803323059433
http://dx.doi.org/10.1162/108819803323059433
http://dx.doi.org/10.1162/108819803323059433
http://dx.doi.org/10.1021/es071217x
http://dx.doi.org/10.1021/es071217x
http://dx.doi.org/10.1021/es071217x
http://dx.doi.org/10.1007/s10886-012-0122-x
http://dx.doi.org/10.1007/s10886-012-0122-x
http://dx.doi.org/10.1007/s10886-012-0122-x
http://dx.doi.org/10.1007/s10886-012-0122-x
http://dx.doi.org/10.1016/0038-0717(94)90211-9
http://dx.doi.org/10.1016/0038-0717(94)90211-9
http://dx.doi.org/10.1016/0038-0717(94)90211-9
http://dx.doi.org/10.1046/j.1365-2486.2003.00569.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00569.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00569.x
http://dx.doi.org/10.1016/j.still.2004.03.008
http://dx.doi.org/10.1016/j.still.2004.03.008
http://dx.doi.org/10.1016/j.still.2004.03.008
http://dx.doi.org/10.1023/A:1016125726789
http://dx.doi.org/10.1023/A:1016125726789
http://dx.doi.org/10.1023/A:1016125726789
http://dx.doi.org/10.1016/j.soilbio.2013.06.014
http://dx.doi.org/10.1016/j.soilbio.2013.06.014
http://dx.doi.org/10.1016/j.soilbio.2013.06.014
http://dx.doi.org/10.2136/sssaj1986.03615995005000020016x
http://dx.doi.org/10.2136/sssaj1986.03615995005000020016x
http://dx.doi.org/10.2136/sssaj1986.03615995005000020016x
http://dx.doi.org/10.1016/0038-0717(79)90027-0
http://dx.doi.org/10.1016/0038-0717(79)90027-0
http://dx.doi.org/10.1016/0038-0717(79)90027-0
http://dx.doi.org/10.1016/S0016-7061(97)00087-6
http://dx.doi.org/10.1016/S0016-7061(97)00087-6
http://dx.doi.org/10.1016/S0016-7061(97)00087-6
http://dx.doi.org/10.1016/S0016-7061(96)00036-5
http://dx.doi.org/10.1016/S0016-7061(96)00036-5
http://dx.doi.org/10.1016/S0016-7061(96)00036-5
http://dx.doi.org/10.2136/sssaj1972.03615995003600030029x
http://dx.doi.org/10.2136/sssaj1972.03615995003600030029x
http://dx.doi.org/10.2136/sssaj1972.03615995003600030029x
http://dx.doi.org/10.1007/s10533-007-9140-0
http://dx.doi.org/10.1007/s10533-007-9140-0
http://dx.doi.org/10.1007/s10533-007-9140-0
http://dx.doi.org/10.2136/sssaj2011.0165
http://dx.doi.org/10.2136/sssaj2011.0165
http://dx.doi.org/10.2136/sssaj2011.0165
http://dx.doi.org/10.1016/j.soilbio.2008.02.014
http://dx.doi.org/10.1016/j.soilbio.2008.02.014
http://dx.doi.org/10.1016/j.soilbio.2008.02.014
http://dx.doi.org/10.2136/sssaj2007.0104
http://dx.doi.org/10.1016/j.soilbio.2008.11.011
http://dx.doi.org/10.1016/j.soilbio.2008.11.011
http://dx.doi.org/10.1016/j.soilbio.2008.11.011
http://dx.doi.org/10.1016/j.soilbio.2008.11.011
http://dx.doi.org/10.1016/j.agee.2012.10.001
http://dx.doi.org/10.1016/j.agee.2012.10.001
http://dx.doi.org/10.1016/j.agee.2012.10.001
http://dx.doi.org/10.1016/j.soilbio.2010.05.026
http://dx.doi.org/10.1016/j.soilbio.2010.05.026
http://dx.doi.org/10.1016/j.soilbio.2010.05.026
http://dx.doi.org/10.1021/es050778q
http://dx.doi.org/10.1021/es050778q
http://dx.doi.org/10.1021/es050778q
http://dx.doi.org/10.1021/es050778q
http://dx.doi.org/10.1016/j.ecolmodel.2014.08.016
http://dx.doi.org/10.1016/j.ecolmodel.2014.08.016
http://dx.doi.org/10.1016/j.ecolmodel.2014.08.016
http://dx.doi.org/10.1038/nclimate2438
http://dx.doi.org/10.1038/nclimate2438
http://dx.doi.org/10.1038/nclimate2438
http://dx.doi.org/10.1086/286017
http://dx.doi.org/10.1086/286017
http://dx.doi.org/10.1086/286017
http://dx.doi.org/10.1016/S0305-7364(05)80012-5
http://dx.doi.org/10.1016/S0305-7364(05)80012-5
http://dx.doi.org/10.1016/S0305-7364(05)80012-5
http://dx.doi.org/10.1111/j.1365-3040.1989.tb01967.x
http://dx.doi.org/10.1111/j.1365-3040.1989.tb01967.x
http://dx.doi.org/10.1111/j.1365-3040.1989.tb01967.x
http://dx.doi.org/10.1006/anbo.2001.1372
http://dx.doi.org/10.1006/anbo.2001.1372
http://dx.doi.org/10.1006/anbo.2001.1372
http://dx.doi.org/10.1038/371783a0
http://dx.doi.org/10.1038/371783a0
http://dx.doi.org/10.1038/371783a0
http://dx.doi.org/10.1126/science.1177970
http://dx.doi.org/10.1126/science.1177970
http://dx.doi.org/10.1126/science.1177970
http://dx.doi.org/10.1007/s10533-011-9575-1
http://dx.doi.org/10.1007/s10533-011-9575-1
http://dx.doi.org/10.1007/s10533-011-9575-1
http://dx.doi.org/10.1111/j.1365-2389.1982.tb01755.x
http://dx.doi.org/10.1111/j.1365-2389.1982.tb01755.x
http://dx.doi.org/10.1111/j.1365-2389.1982.tb01755.x
http://dx.doi.org/10.1023/A:1004736021965
http://dx.doi.org/10.1023/A:1004736021965
http://dx.doi.org/10.1023/A:1004736021965
http://dx.doi.org/10.1007/s10533-011-9635-6
http://dx.doi.org/10.1007/s10533-011-9635-6
http://dx.doi.org/10.1007/s10533-011-9635-6


Todd-BrownKEO, Randerson J T, PostWM,Hoffman FM,
Tarnocai C, Schuur EAG andAllison SD2013Causes of
variation in soil carbon simulations fromCMIP5 Earth
systemmodels and comparisonwith observations
Biogeosciences 10 1717–36

TonittoC and Powell T 2006Development of a spatial terrestrial
nitrogenmodel for application toDouglas-fir forest
ecosystems Ecol.Model. 193 340–62

Treseder KK et al 2012 Integratingmicrobial ecology into
ecosystemmodels: challenges and prioritiesBiogeochemistry
109 7–18

Trumbore S 1993Comparison of carbon dynamics in tropical and
temperate soils using radiocarbonmeasurementsGlob.
Biogeochem. Cycles 7 275–90

Trumbore S 2000Age of soil organicmatter and soil respiration:
radiocarbon constraints on belowground c dynamics Ecol.
Appl. 10 399–411

Trumbore S 2009Radiocarbon and soil carbon dynamicsAnnu.
Rev. Earth Planet. Sci. 37 47–66

Trumbore S E, ChadwickOAandAmundson R 1996Rapid
exchange between soil carbon and atmospheric carbon
dioxide driven by temperature change Science 272 393

Trumbore S E,Davidson EA, Barbosa deCamargo P,
NepstadDC andMartinelli L A 1995 Belowground cycling of
carbon in forests and pastures of easternAmazoniaGlob.
Biogeochem. Cycles 9 515–28

Tucker C L, Bell J, Pendall E andOgle K 2013Does declining
carbon-use efficiency explain thermal acclimation of
soil respirationwithwarming?Glob. Change Biol. 19
252–63

TuomiM,Vanhala P, KarhuK, FritzeH and Liski J 2008
Heterotrophic soil respiration—comparison of different
models describing its temperature dependence Ecol.
Modelling 211 182–90

USEnvironmental ProtectionAgency 2013 Inventory of US
Greenhouse Gas Emissions and Sinks: 1990–2011 (Washington
DC: Environmental ProtectionAgency) (http://epa.gov/
climatechange/Downloads/ghgemissions/US-GHG-
Inventory-2013-Main-Text.pdf)

VancloosterM,VereeckenH,Diels J, Huysmans F,
VerstraeteWand Feyen J 1992 Effect ofmobile and immobile
water in predicting nitrogen leaching from cropped soils
Model. Geo-Biosphere Process 1 23–40

VanDamD,VeldkampE andVanBreemenN1997 Soil organic
carbon dynamics: variability with depth in forested and
deforested soils under pasture inCosta RicaBiogeochemistry
39 343–75

van IttersumMK et al 2008 Integrated assessment of agricultural
systems—a component-based framework for the European
Union (SEAMLESS)Agric. Syst. 96 150–65

vanVeen J, Ladd J and FrisselM1984ModellingC andN
turnover through themicrobial biomass in soilPlant Soil 76
257–74

vanVeen J and Paul E 1981Organic-carbon dynamics in grassland
soils: I. Background information and computer-simulation
Can. J. Soil Sci. 61 185–201

VanWensem J, Van StraalenN andKooijman S 1997Carbon
and nitrogenfluxes in decomposing leaf litter with
microbial–detritivore interactions:model simulations
compared tomicrocosm ecotoxicity testsEcol.Model. 96
175–89

Verberne E,Hassink J, Dewilligen P,Groot J andVanVeen J 1990
Modeling organic-matter dynamics in different soilsNeth. J.
Agric. Sci. 38 221–38

von LützowM2008 Stabilizationmechanisms of organicmatter in
four temperate soils: development and application of a
conceptualmodel J. PlantNutr. Soil. Sci. 171 111–24

von LützowM,Kögel-Knabner I, Ekschmitt K, FlessaH,
Guggenberger G,Matzner E andMarschner B 2007 SOM
fractionationmethods: relevance to functional pools
and to stabilizationmechanisms Soil Biol. Biochem. 39
2183–207

von LützowM,Kögel-Knabner I, Ekschmitt K,Matzner E,
Guggenberger G,Marschner B and FlessaH2006
Stabilization of organicmatter in temperate soils:
mechanisms and their relevance under different soil
conditions—a review Eur. J. Soil Sci. 57 426–45

Walkley A andBlack I A 1934An examination of theDegtjareff
method for determining soil organicmatter, and a proposed
modification of the chromic acid titrationmethod Soil Sci. 37
29–38

Walter C, Rossel R andMcBratneyA 2003 Spatio-temporal
simulation of the field-scale evolution of organic carbon over
the landscape Soil Sci. Soc. Am. J. 67 1477–86

WanderM2004 Soil organicmatter fractions and their relevance to
soil function Soil OrganicMatter in Sustainable Agriculture ed
FMagdoff andRRWeil (Boca Raton, FL: CRCPress)

Wang J, BaoQ, ZengN, Liu Y,WuGand Ji D 2013 Earth System
Model FGOALS-s2: coupling a dynamic global vegetation
and terrestrial carbonmodelwith the physical climate system
modelAdv. Atmos. Sci. 30 1549–59

Wang L, D’Odorico P,Manzoni S, PorporatoA andMacko S 2009
Soil carbon and nitrogen dynamics in southernAfrican
savannas: the effect of vegetation-induced patch-scale
heterogeneities and large scale rainfall gradientsClim. Change
94 63–76

WangY-P,HoultonB and Field C 2007Amodel of biogeochemical
cycles of carbon, nitrogen, and phosphorus including
symbiotic nitrogenfixation and phosphatase production
Glob. Biogeochem. Cycles 21GB1018

WangM,WuMandHuoH2007 Life-cycle energy and greenhouse
gas emission impacts of different corn ethanol plant types
Environ. Res. Lett. 2 024001

West TO andMarlandG 2002A synthesis of carbon sequestration,
carbon emissions, and net carbon flux in agriculture:
comparing tillage practices in theUnited StatesAgric. Ecosyst.
Environ. 91 217–32

Whitehead P,Wilson E andButterfieldD 1998A semi-distributed
Integrated nitrogenmodel formultiple source assessment in
catchments (INCA): I.Model structure and process equations
Sci. Total Environ. 210 547–58

Whitmore A 1995Modeling themineralization and leaching of
nitrogen from crop residues during 3 successive growing
seasonsEcol.Model. 81 233–41

Whitmore A 1996aAlternative kinetic laws to describe the turnover
of themicrobial biomass Plant Soil 181 169–73

Whitmore A 1996bDescribing themineralization of carbon added
to soil in crop residues using second-order kinetics Soil Biol.
Biochem. 28 1435–42

WiederWR, Boehnert J and BonanGB 2014a Evaluating soil
biogeochemistry parameterizations in Earth systemmodels
with observationsGlob. Biogeochem. Cycles 28 211–22

WiederWR,GrandyA S, KallenbachCMandBonanGB 2014b
Integratingmicrobial physiology and physiochemical
principles in soils with theMIcrobial-MIneral Carbon
Stabilization (MIMICS)modelBiogeosciences Discuss 11
1147–85

WiederWR, BonanGB andAllison SD2013Global soil carbon
projections are improved bymodellingmicrobial processes
Nat. Clim. Change 3 909–12

Williams J, Jones C andDyke P 1984Amodeling approach to
determining the relationship between erosion and soil
productivityTrans. Asae 27 129–44

WuL,McGechanM,McRoberts N, Baddeley J andWatsonC 2007
SPACSYS: integration of a 3D root architecture component
to carbon, nitrogen andwater cycling-model description
Ecol.Model. 200 343–59

Wutzler T andReichsteinM2013 Priming and substrate quality
interactions in soil organicmattermodelsBiogeosciences 10
2089–103

XuX, Schimel J P, Thornton PE, SongX, Yuan F andGoswami S
2014 Substrate and environmental controls onmicrobial
assimilation of soil organic carbon: a framework for Earth
systemmodels Ecol. Lett. 17 547–55

35

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.5194/bg-10-1717-2013
http://dx.doi.org/10.5194/bg-10-1717-2013
http://dx.doi.org/10.5194/bg-10-1717-2013
http://dx.doi.org/10.1016/j.ecolmodel.2005.08.041
http://dx.doi.org/10.1016/j.ecolmodel.2005.08.041
http://dx.doi.org/10.1016/j.ecolmodel.2005.08.041
http://dx.doi.org/10.1007/s10533-011-9636-5
http://dx.doi.org/10.1007/s10533-011-9636-5
http://dx.doi.org/10.1007/s10533-011-9636-5
http://dx.doi.org/10.1029/93GB00468
http://dx.doi.org/10.1029/93GB00468
http://dx.doi.org/10.1029/93GB00468
http://dx.doi.org/10.1890/1051-0761(2000)010[0399:AOSOMA]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0399:AOSOMA]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0399:AOSOMA]2.0.CO;2
http://dx.doi.org/10.1146/annurev.earth.36.031207.124300
http://dx.doi.org/10.1146/annurev.earth.36.031207.124300
http://dx.doi.org/10.1146/annurev.earth.36.031207.124300
http://dx.doi.org/10.1126/science.272.5260.393
http://dx.doi.org/10.1029/95GB02148
http://dx.doi.org/10.1029/95GB02148
http://dx.doi.org/10.1029/95GB02148
http://dx.doi.org/10.1111/gcb.12036
http://dx.doi.org/10.1111/gcb.12036
http://dx.doi.org/10.1111/gcb.12036
http://dx.doi.org/10.1111/gcb.12036
http://dx.doi.org/10.1016/j.ecolmodel.2007.09.003
http://dx.doi.org/10.1016/j.ecolmodel.2007.09.003
http://dx.doi.org/10.1016/j.ecolmodel.2007.09.003
http://epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf
http://epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf
http://epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf
http://dx.doi.org/10.1023/A:1005880031579
http://dx.doi.org/10.1023/A:1005880031579
http://dx.doi.org/10.1023/A:1005880031579
http://dx.doi.org/10.1016/j.agsy.2007.07.009
http://dx.doi.org/10.1016/j.agsy.2007.07.009
http://dx.doi.org/10.1016/j.agsy.2007.07.009
http://dx.doi.org/10.1007/BF02205585
http://dx.doi.org/10.1007/BF02205585
http://dx.doi.org/10.1007/BF02205585
http://dx.doi.org/10.1007/BF02205585
http://dx.doi.org/10.4141/cjss81-024
http://dx.doi.org/10.4141/cjss81-024
http://dx.doi.org/10.4141/cjss81-024
http://dx.doi.org/10.1016/S0304-3800(96)00066-X
http://dx.doi.org/10.1016/S0304-3800(96)00066-X
http://dx.doi.org/10.1016/S0304-3800(96)00066-X
http://dx.doi.org/10.1016/S0304-3800(96)00066-X
http://dx.doi.org/10.1002/jpln.200700047
http://dx.doi.org/10.1002/jpln.200700047
http://dx.doi.org/10.1002/jpln.200700047
http://dx.doi.org/10.1016/j.soilbio.2007.03.007
http://dx.doi.org/10.1016/j.soilbio.2007.03.007
http://dx.doi.org/10.1016/j.soilbio.2007.03.007
http://dx.doi.org/10.1016/j.soilbio.2007.03.007
http://dx.doi.org/10.1111/j.1365-2389.2006.00809.x
http://dx.doi.org/10.1111/j.1365-2389.2006.00809.x
http://dx.doi.org/10.1111/j.1365-2389.2006.00809.x
http://dx.doi.org/10.1097/00010694-193401000-00003
http://dx.doi.org/10.1097/00010694-193401000-00003
http://dx.doi.org/10.1097/00010694-193401000-00003
http://dx.doi.org/10.1097/00010694-193401000-00003
http://dx.doi.org/10.2136/sssaj2003.1477
http://dx.doi.org/10.2136/sssaj2003.1477
http://dx.doi.org/10.2136/sssaj2003.1477
http://dx.doi.org/10.1007/s00376-013-2169-1
http://dx.doi.org/10.1007/s00376-013-2169-1
http://dx.doi.org/10.1007/s00376-013-2169-1
http://dx.doi.org/10.1007/s10584-009-9548-8
http://dx.doi.org/10.1007/s10584-009-9548-8
http://dx.doi.org/10.1007/s10584-009-9548-8
http://dx.doi.org/10.1088/1748-9326/2/2/024001
http://dx.doi.org/10.1016/S0167-8809(01)00233-X
http://dx.doi.org/10.1016/S0167-8809(01)00233-X
http://dx.doi.org/10.1016/S0167-8809(01)00233-X
http://dx.doi.org/10.1016/S0048-9697(98)00037-0
http://dx.doi.org/10.1016/S0048-9697(98)00037-0
http://dx.doi.org/10.1016/S0048-9697(98)00037-0
http://dx.doi.org/10.1016/0304-3800(94)00174-G
http://dx.doi.org/10.1016/0304-3800(94)00174-G
http://dx.doi.org/10.1016/0304-3800(94)00174-G
http://dx.doi.org/10.1007/BF00011304
http://dx.doi.org/10.1007/BF00011304
http://dx.doi.org/10.1007/BF00011304
http://dx.doi.org/10.1016/S0038-0717(96)00153-8
http://dx.doi.org/10.1016/S0038-0717(96)00153-8
http://dx.doi.org/10.1016/S0038-0717(96)00153-8
http://dx.doi.org/10.1002/2013GB004665
http://dx.doi.org/10.1002/2013GB004665
http://dx.doi.org/10.1002/2013GB004665
http://dx.doi.org/10.5194/bgd-11-1147-2014
http://dx.doi.org/10.5194/bgd-11-1147-2014
http://dx.doi.org/10.5194/bgd-11-1147-2014
http://dx.doi.org/10.5194/bgd-11-1147-2014
http://dx.doi.org/10.1038/nclimate1951
http://dx.doi.org/10.1038/nclimate1951
http://dx.doi.org/10.1038/nclimate1951
http://dx.doi.org/10.13031/2013.32748
http://dx.doi.org/10.13031/2013.32748
http://dx.doi.org/10.13031/2013.32748
http://dx.doi.org/10.1016/j.ecolmodel.2006.08.010
http://dx.doi.org/10.1016/j.ecolmodel.2006.08.010
http://dx.doi.org/10.1016/j.ecolmodel.2006.08.010
http://dx.doi.org/10.5194/bg-10-2089-2013
http://dx.doi.org/10.5194/bg-10-2089-2013
http://dx.doi.org/10.5194/bg-10-2089-2013
http://dx.doi.org/10.5194/bg-10-2089-2013
http://dx.doi.org/10.1111/ele.12254
http://dx.doi.org/10.1111/ele.12254
http://dx.doi.org/10.1111/ele.12254


ZelenevV, vanBruggenA, Leffelaar P, Bloem J and Semenov A2006
Oscillating dynamics of bacterial populations and their
predators in response to fresh organicmatter added to soil:
The simulationmodel ‘BACWAVE-WEB’ Soil Biol. Biochem.
38 1690–711

ZelenevV, vanBruggenA and SemenovA 2000 BACWAVE,’ a
spatial-temporalmodel for travelingwaves of bacterial
populations in response to amoving carbon source in soil
Microb. Ecol. 40 260–72

ZhangC,Meng F-R, Trofymow J andArp P 2007Modeling
mass andnitrogen remaining in litterbags for
Canadian forest and climate conditionsCan. J. Soil Sci. 87
413–32

ZhangW J,WangX J, XuMG,Huang SM, LiuH andPengC 2010
Soil organic carbon dynamics under long-term fertilizations
in arable land of northernChinaBiogeosciences 7 409–25

ZhaoG, Bryan BA, KingD, LuoZ,Wang E, SongX andYuQ2013
Impact of agriculturalmanagement practices on soil organic
carbon: simulation of Australianwheat systemsGlob. Change
Biol. 19 1585–97

ZhengD, AgrenG andBengtsson J 1999Howdo soil organisms
affect total organic nitrogen storage and substrate nitrogen to
carbon ratio in soils? A theoretical analysisOikos 86 430–42

ZhengD, Bengtsson J andAgrenG 1997 Soil foodwebs and
ecosystemprocesses: decomposition in donor-control and
Lotka–Volterra systemsAm.Nat. 149 125–48

36

Environ. Res. Lett. 10 (2015) 123004 EECampbell andKPaustian

http://dx.doi.org/10.1016/j.soilbio.2005.11.024
http://dx.doi.org/10.1016/j.soilbio.2005.11.024
http://dx.doi.org/10.1016/j.soilbio.2005.11.024
http://dx.doi.org/10.4141/S06-034
http://dx.doi.org/10.4141/S06-034
http://dx.doi.org/10.4141/S06-034
http://dx.doi.org/10.4141/S06-034
http://dx.doi.org/10.5194/bg-7-409-2010
http://dx.doi.org/10.5194/bg-7-409-2010
http://dx.doi.org/10.5194/bg-7-409-2010
http://dx.doi.org/10.1111/gcb.12145
http://dx.doi.org/10.1111/gcb.12145
http://dx.doi.org/10.1111/gcb.12145
http://dx.doi.org/10.2307/3546648
http://dx.doi.org/10.2307/3546648
http://dx.doi.org/10.2307/3546648
http://dx.doi.org/10.1086/285982
http://dx.doi.org/10.1086/285982
http://dx.doi.org/10.1086/285982

	1. Introduction
	2. Overview of SOM modeling
	2.1. Model theory and data-model integration
	2.2. Citation history for SOM model development
	2.2.1. Quantitative literature review methods
	2.2.2. Evidence for SOM development and use in scientific literature


	3. The landscape of SOM model applications in policy
	3.1. Connecting SOM models to policy instruments
	3.2. SOM models in climate change policy
	3.2.1. GHG inventories
	3.2.2. Carbon offsets
	3.2.3. GHG life cycle assessments
	3.2.4. Conclusions for SOM models in policy


	4. New directions in SOM model development
	4.1. Microbial role in SOM stabilization: why does SOM remain in soils, and for how long?
	4.2. SOM saturation: how much OM can soils hold?
	4.3. Temperature controls on SOM: Will temperature change make SOM increase or decrease?
	4.4. Deep soil dynamics: can subsurface soils be managed to store OM?
	4.5. SOM in global models: will soils contribute to or mitigate climate change?

	5. Conclusions
	Acknowledgments
	Appendix A
	A1.
	A2.
	References



