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Abstract Current estimates of soil C storage
potential are based on models or factors that assume
linearity between C input levels and C stocks at
steady-state, implying that SOC stocks could increase
without limit as C input levels increase. However,
some soils show little or no increase in steady-state
SOC stock with increasing C input levels suggesting
that SOC can become saturated with respect to C
input. We used long-term field experiment data to
assess alternative hypotheses of soil carbon storage
by three simple models: a linear model (no satura-
tion), a one-pool whole-soil C saturation model, and a
two-pool mixed model with C saturation of a single C
pool, but not the whole soil. The one-pool C
saturation model best fit the combined data from 14
sites, four individual sites were best-fit with the linear
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model, and no sites were best fit by the mixed model.
These results indicate that existing agricultural field
experiments generally have too small a range in C
input levels to show saturation behavior, and verify
the accepted linear relationship between soil C and C
input used to model SOM dynamics. However, all
sites combined and the site with the widest range in C
input levels were best fit with the C-saturation model.
Nevertheless, the same site produced distinct effec-
tive stabilization capacity curves rather than an
absolute C saturation level. We conclude that the
saturation of soil C does occur and therefore the
greatest efficiency in soil C sequestration will be in
soils further from C saturation.
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Introduction

Soil organic C (SOC) constitutes a large pool of C in
the global C cycle representing a dynamic balance
between C inputs through photosynthesis and depo-
sition and losses via respiration, erosion and leaching.
In agroecosystems, the SOC balance is influenced by
management practices such as organic matter addi-
tions, tillage intensity, fertilization, irrigation, and
crop rotation. Soil organic C storage may be
increased directly by increasing C returns to the soil
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as crop residue, manure, or other organic amend-
ments. Carbon inputs to the system also may be
increased indirectly by fertilization or irrigation
treatments that increase crop productivity, biomass
and root production.

Interest has grown in promoting C sequestration in
soils to help mitigate increasing CO, levels in the
atmosphere because most agricultural soils have been
previously depleted with respect to organic matter
(CAST 2004). This interest is also coincident with the
desire to increase soil C contents to improve soil
sustainability (Follett and Delgado 2002). Key ques-
tions include: what is the relative C storage efficiency
(i.e., C stock increase per unit C added) for different
soils and is there an upper limit to the capacity for
soils to store organic C?

Most current SOC models employ first-order
kinetics for decomposition processes, and therefore
the models predict linearity between C input level
and SOC level at equilibrium (i.e., steady-state;
Paustian et al. 1997a). This linearity means that soil
C storage ‘efficiency’ (i.e. ASOC/AC input) is
constant and that equilibrium soil C levels could
increase continuously and without limit as steady-
state C input levels increase. Many long-term agro-
ecosystem field experiments, in which treatments
give different levels of C inputs, show soil C stocks
that appear linearly related to the average amount of
C returned to the system (e.g. Huggins et al. 1998b;
Kong et al. 2005; Paustian et al. 1997a). This linear
relationship between steady-state C inputs and soil C
levels is consistent with the behavior predicted by
soil C models based on first-order kinetics.

However, some long-term agroecosystem experi-
ments show little or no change in SOC stocks in response
to varying C input levels. After 30 years of continuous
corn (Zea mays L.) at Morris, MN, neither varying levels
of fertilization nor removal of crop stover had a
significant effect on SOC content of the upper 20 cm
of soil (Reicosky et al. 2002). At Lamberton, MN,
greater residue additions in corn versus corn-soybean
(Glycine max L.) crop rotations over 10 years (Huggins
et al. 1998a) and differences in N-fertilizer rates and
residue inputs over 19 years (Huggins and Fuchs 1997,
Huggins et al. 1998b) did not significantly affect SOC
levels. Other field studies have shown decreased SOC
stabilization efficiency in high-C compared to low-C
soils under the same treatments. For example after
31 years of fertilizer and crop rotation treatments,
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Campbell et al. (1991b) found that SOC content was not
significantly different as a function of C input level (1.4—
22 Mg C ha 'year ') at Melfort, Saskatchewan,
whereas SOC increased as a function of C input level
(0.9-2.0 Mg C ha ' year ') at Indian Head, Saskatch-
ewan. They attributed this difference in response of
SOC to carbon input, in part, to the lesser SOC content of
Indian Head (36-42 Mg C ha™") compared to Melfort
(61-67 Mg C ha™', 0-15 cm). After 11 years, Nyborg
et al. (1995) found less stabilization of new C in a Typic
Cryoborol (Ellerslie, Alberta) with a greater C content
(86.7 MgCha™',0-15 cm) compared to a paired site at
Breton, Alberta (Typic Cryoboralf) (33.2 Mg C ha™',
0-15 cm) under straw addition and N-fertilization
treatments. This lack of response in SOC levels to
varying levels of C input, over many years, and the
apparent dependency between C stabilization efficiency
and soil C content, suggests the possibility of an upper
limit or ‘saturation level’ for soil carbon (Six et al.
2002).

Saturation limits to individual SOC pools have
been proposed by other researchers, due to silt + clay
protection (Hassink 1996, 1997), soil structure (phys-
ical protection within aggregates), and the biochem-
ical complexity of the organic compounds (Baldock
and Skjemstad 2000). Six et al. (2002) proposed a
whole-soil C saturation limit with respect to soil C
input levels at steady-state comprised of all the above
C pools, including a non-protected C pool. Soil C
saturation is then defined as a soil’s unique limit to C
stabilization as a function of C input levels (at steady
state) based on the cumulative behavior of these four
C pools (i.e., chemically-, physically-, biochemically-
protected, and non-protected pools). Across 11 agro-
ecosystems, Six et al. (2002) found that an asymp-
totic curve fit the SOC content and C input level data
better than a linear relationship. They suggested that
the smaller increase in SOC content with increased C
input level was due to the decreased capacity of a
high C soil to store added C. Their conceptual model
implies that the further a soil is from saturation (i.e.,
the greater the saturation deficit), the greater its
capacity and efficiency to sequester added C, whereas
a soil approaching saturation will accumulate a
smaller amount of SOC at a slower rate and
efficiency (Hassink and Whitmore 1997).

As our ability to increase SOC stocks (even
beyond native levels) through greater C inputs and
improved management practices advances, it is
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crucial to know what, if anything, limits the amount
and rate of SOC stabilization. Results from long-term
experiments are ambiguous, with many sites showing
a linear response of SOC to C input levels that is
consistent with first-order decomposition processes
and other experiments that suggest saturation dynam-
ics. Our objective was to analyze previously pub-
lished data to test three simple C accumulation
hypotheses: the common (first-order) ‘linear’ model,
a one-component whole-soil C saturation model
(representing a simplification of the Six et al.
(2002) hypothesis of C saturation), and a two-pool
mixed model with assumptions of C saturation of a
single C pool, but not the whole soil. The latter model
is analogous to Hassink and Whitmore (1997) where
the single saturated pool is represented by the silt and
clay associated C. We explored the steady-state
dynamics of each simplified model and using infor-
mation theory, we then ranked the performance of
models against experimental data from long-term
agroecosystems to test whether C saturation influ-
enced whole SOC accumulation.

Theory

The distinction between the concepts of equilibrium
soil C content and soil C saturation is illustrated in
Fig. 1. Soil organic matter dynamics are typically
viewed in terms of changes in stocks over time. If

Fig. 1 Theoretical
relationship between C a
input level and soil organic
C (SOC) contents at steady-
state, with and without C
saturation. Steady-state
SOC accumulation
dynamics expressed over
time (a) produces a linear
relationship when expressed

SOC content

changes in agricultural management practices in-
crease (or decrease) C input levels, then over time,
soil C content will increase (or decrease) until a new
equilibrium soil C content is reached. Multiple
equilibrium levels of C input will produce multiple
equilibrium SOC levels because equilibrium soil C
levels are achieved where C additions are balanced
by C losses—if C input rates are held constant, soil C
contents approach an equilibrium level over time
(Fig. 1a, c¢). With no saturation, there is no limit to
soil C content as steady-state C input rates increase
(Fig. 1b). The soil C saturation concept proposes that
there is a maximum equilibrium C level that will be
attained when C input is maximized (Fig. 1d). Hence,
under the C saturation model, equilibrium SOC also
increases with greater C input rates, but the incre-
mental increase in SOC declines as the rate of C
addition increases (Fig. 1c). Hence the storage effi-
ciency decreases towards zero as the soil C content
approaches the saturation level.

Complex simulation models for SOC, when ana-
lyzed at steady-state, can be simplified to mathemat-
ical expressions that illustrate general conclusions
(Bolker et al. 1998). Here, we present the simplest
form of a linear (first-order decay) model which
forms the basis of simulation models such as Century,
RothC, and many others (Paustian et al. 1997b) and
we compare this to simple models that include a C
saturation component. It is important to note that here

No Saturation

b

SOC at steady state

over C input level (b) Under
the conditions of C
saturation, SOC
stabilization with increasing
input rates (at steady state)
is not proportional (c)

resulting in an asymptotic 3
relationship when expressed §
over C input level (d) 8
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time C inputs at steady state
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d

Saturation level

SOC at steady state

time C inputs at steady state
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we use the models not to simulate the dynamic
behavior of SOM pool(s) over time, but rather to
evaluate the fundamental relationship between C
addition levels and soil C levels at steady-state.

The boundaries of the proposed models are soil
organic matter rather than the soil itself (Fig. 2). This
places an important distinction on how C inputs (/) to
the system are defined; they do not represent residues
entering the soil system as a whole, but rather organic
materials entering the pool of soil organic matter,
which is usually operationally defined as organic
materials <2 mm in size that are intimately associated
with the soil matrix.

Linear model

The simple first-order decay model (proposed by
Jenny (1941) and other early workers) assumes that
the amount of C entering a C pool is independent of
the pool size and that decomposition rates are directly
proportional to the size of the pool (Fig. 2a).

dCl

—=1—-kC 1
= : (1
where the rate of change in SOC at time ¢ (dC/d¥) is
dependent on the level of C input (/) and losses
through first-order decomposition kinetics of the SOC
pool (C,) with a specific decay constant (k).l If C

! For simplicity, losses via respiration are included in the term
k, and losses through other pathways (e.g., leaching) are
assumed to be zero.
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input level (/) added to the soil pool is increased by a
constant proportion (#) in the manner 7,, = I; - n, SOC
will accumulate until a new steady-state level is
achieved (Fig. 1a).

However, for the present analysis we are only
concerned with the relationship at steady-state (dC,/
dt =0),

* I
¢ = * (2)

where SOC content (C,*) is directly proportional to C
input level (I*). If I is increased, SOC content at
steady-state will increase by the same proportion,
without limit (Fig. 1b). Most current SOC models are
based on first-order decomposition kinetics and hence
show a linear relationship between C input levels and
SOC content at steady-state (Paustian 1994; Paustian
et al. 1997c). This relationship holds even for sim-
ulation models with multiple pools (and k’s) of SOC
(e.g. Bolker et al. 1998; Jenkinson 1990; Parton et al.
1988) and simulation models where the specific
decomposition rates (k) is treated as a variable (e.g.
Bosatta and Agren 1999) rather than a constant
(Paustian et al. 1997c¢).

Carbon saturation model

The C saturation model has a whole soil saturation
limit (C,,) (Fig. 2b) due to inherent physicochemical
limitations. In contrast to the linear model, the
fundamental relationship between C addition levels
and soil C levels at steady-state is asymptotic. While
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many first-order based simulation models use texture
to modify soil stabilization of C inputs between soils
of differing silt + clay content (e.g. CENTURY),
there is no explicit limit to soil C stabilization.
Another simulation model (Hassink and Whitmore
1997) assumed C saturation of a single C pool, but
not the whole soil. Our simplified C saturation
expression differs from previous models in that the
stabilization of C input into soil organic matter is
explicitly limited and the mechanism of physico-
chemical stabilization is implied rather than directly
modeled as a specific process.

Over time, the soil C saturation concept may be
expressed as a simple modification to the C input
term in Eq. 1:

dCl C[
121 —
Tei(1-g) -re o)

where C,, is the maximum amount of C that can be
stabilized by the soil. In this model, soil C storage is
limited by a saturation deficit (sd) which we define as:

G
d=1-— 4
s C. (4)

As a soil approaches C saturation level, the
proportion of new C input stabilized by physico-
chemical mechanisms is reduced by the proportion of
SOC present (C,) to the maximum C level (C,,), i.e.,
the SOC stabilization efficiency decreases. The
remaining C inputs (I*C/C,,) are not stabilized as
soil organic matter. As in the non-saturated case, if
the amount of C added to the soil pool is increased by
a constant proportion I, = I; - n, SOC will accumu-
late until a new steady-state level is achieved
(Fig. 1c). However in the C saturation case, relative
SOC stabilization decreases with increasing I, rather
than remaining proportional as in the linear model
(Fig. 1c vs. 1a).

Solving Eq. 3 for steady-state SOC concentration
(C/*) results in an asymptotic relationship between C
inputs (/*) and SOC (e.g., Fig. 1d):

C’ =

: 5
"kt L ()

The asymptotic relationship between C input
levels and SOC content at steady-state is a key

attribute to the C saturation model (Fig. 1d vs. 1b).
Direct corollaries of this asymptotic relationship are
that (1) the further a soil is from saturation (i.e., the
greater the saturation deficit), the greater its effi-
ciency in sequestering added C, and (2) as a soil
approaches saturation, the rate and amount of SOC
accumulation decreases due to a smaller saturation
deficit.

Mixed model

The C saturation model above assumes that the
amount of C that can be stabilized is limited and that
once saturation is reached any additional C input will
be not be stabilized but will be lost from the system.
Hence, we can visualize a mixed C saturation model
comprised of a labile residue C pool (C;) that is not
saturatable and a second more stable C pool with
saturation behavior (C,), (Fig. 2c¢):

dC, dC,  dC,
o @ a (6)

where

dC] o C2
7 =1 OCkl C1 (l OC) (1 C2m> k1C1 (7)

and

ddcl:l:(l_a)(l—(iil)le]_kzcz (8)
with decomposition constants k; and k, respec-
tively. The term « is a partitioning coefficient for
the losses from C; between respiration (o) versus
the transfer of decomposition products to the more
stable pool (1 — «). We assign a value of 0.55 to o,
similar to respiration coefficients used in simula-
tion models for SOM dynamics (e.g. Parton et al.
1987). The remaining microbial products that are
not incorporated into the stable pool (i.e.
(1 — o)k (£&)C)) are retained implicitly in Cy,
the labile fraction, and represent processed organic
materials unable to be protected due to the
saturation of the stable pool. Carbon stabilization
in C, is limited by the saturation limit of C, (Cs,,).
As C, approaches C,,,, the amount of decomposi-
tion products from C; transferred into C, decreases
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until C, reaches its saturation level (i.e. C, = Cy,,).
At this point, C transfer into C, ceases, and SOC
accumulation in C; proceeds according to the
linear model (Eq. 1).

Solving Egs. 6, 7 and 8 for steady-state expressed
as a function of a single C pool (with C; solved in
terms of C,),

soil bulk density, depth of measurement, and C
input levels. We estimated crop residue C inputs
based on reported crop yield (and in some cases
total aboveground biomass production), using
regression models to estimate total C inputs from
roots plus aboveground residues (Table 1) or
published values from the experiment. Long-term

(0 — I — kyCppp & \/((oc — 1) — kyCyp) — 4k Cpp (0 — 1)?

- I'Cyn
" k(G — G+ aCy)

2(](20( — kz)

illustrates the relationship between C input level (/)
and whole-soil SOC (C,). Although there are two
solutions, the only relevant one produces C; in positive
space (positive root). At low to moderate C input
levels, this model produces slightly curvilinear whole
soil C accumulation dynamics, but under high C input
levels, SOC accumulation is linear. Theoretically,
SOC will increase indefinitely in this model as SOC
input levels are increased, however at a slower rate
than in the linear model. Assuming k> k,, the
turnover rate of the total soil C increases as the
recalcitrant pool approaches saturation because C is
retained in the labile (unprotected) state, which is
subject to a faster rate of decomposition.

The three steady-state models described above
(Egs. 2, 5 and 9) provide three contrasting scenarios,
or hypotheses of SOC accumulation: (1) no saturation
(i.e., linear, Eq. 2), (2) whole-soil C saturation (i.e., C
saturation model, Eq. 5), and (3) soil C saturation of a
stabilized C pool, but not the whole soil (i.e., mixed
model Eq. 9). By using likelihood-based methods and
information theory (small sample Akaike’s Informa-
tion Criterion, AIC.), we were able to quantify the
relative explanatory power of these models, given the
long-term agroecosystem (Anderson et al. 1998;
Burnham and Anderson 2001, 2004).

Analysis methods

We compiled the most recent SOC contents and
average C input levels (as crop residues and organic
amendments) from a data set compiled from long-
term agricultural sites around the world (see Ogle
et al. 2005). Required data included SOC stocks,
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agricultural sites were only included if the exper-
imental duration was greater than 12 years in age
and had been under conventional cultivation at least
10 years prior to the initiation of the current
treatment. This criterion was to exclude sites where
soil C stocks may be far from steady-state. Addi-
tionally, sites were required to have four or more C
input levels (e.g., differences in crop rotations or
organic matter addition treatments) on which to
base a regression line. Sites with multiple treatments
(e.g., tillage and crop rotation) were split as tillage
could confound the C input effect.

An additional factor in the analysis is that the long-
term experiments do not, strictly speaking, represent
a true steady-state condition with respect to SOM
levels as a function of C input level, because of the
very long residence time of some recalcitrant SOC
and the variability in carbon inputs. For example,
when C inputs are totally eliminated (e.g., bare fallow
experiments), a substantial fraction of the SOC
persists over many decades (Paustian et al. 1992;
Plante et al. 2004). The true steady-state condition
for all three models under the condition of zero C
inputs, however, is zero SOC. An intercept term (R)
was added to the linear model in Eq. 2 to account for
the residual SOC that is not affected over the course
of the agroecosystem experiment:

1
Cl=r+R (10)

Due to the composite nature of the mixed model, there
is no unique steady-state solution in terms of C, so a
sensitivity analysis was performed to determine the
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Table 1 Regression equations for above- and belowground C input from grain dry weight (GDW) for common crops in long-term
agroecosystems experiments based on long-term crop yield data from US agroecosystem experiments (IPCC Guidelines 2006)

Aboveground residue (AGR) (Mg dry wt. ha )

Belowground residue (BGR) (Mg dry wt. ha !

Alfalfa 0.325 * GDW?
Oat 1.09 * GDW + 0.387
Soybean 1.712 * GDW + 0.795
Corn 1.03 * GDW + 0.610
Wheat
Winter 1.61 * GDW + 0.389
Spring 1.29 * GDW + 0.715
Barley 0.95 * GDW + 0.625

0.43 * (GDW* + AGR)
0.26 * (GDW + AGR)
0.24 * (GDW + AGR)
0.21 * (GDW + AGR)

0.21 * (GDW + AGR)

0.20 * (GDW + AGR)

! GDW = grain dry wt. (Mg ha™Y); for alfalfa GDW = aboveground biomass dry weight

sensitivity of the proportions of C; and C, on the model
parameter estimates. To determine the effect of the
proportion of C; versus C, on the steady-state solution,
we ran the model iteratively with fixed proportions of C,
(0.1-0.9). We found that the parameter estimates varied
only slightly across all proportions of C, and produced
less than nine percent variation in AIC, value.

Traditional statistics lack a formal method of incor-
porating the uncertainty of the data into the model.
However, information-theory integrates model-selection
uncertainty by penalizing models with poor predictor
choice, errors in structure, or poor explanation of the
given data. Information theory also allows a set of
competing models to be tested and a “best” model or
models (if there is high uncertainty) to be determined
based on the data (Anderson et al. 1998). Akaike
information criterion (AIC) is an estimate of the relative
distance between the fitted model and the unknown true
equation (or process) that produced the observed data
(Burnham and Anderson 2001).

AIC = —2log L[(6; |Y)] + 2K (11)

with L( 0; |Y)as the maximized likelihood, a function of
the unknown parameters 6;, given the data Y and the
model. However, to account for the extremely small
sample sizes, we used small sample Akaike information
criterion (AIC,) for model selection which is modified by
the number of parameters (K) and sample size (n), i.e.,

2K*(K + 1)
AIC, = AIC + ———= 12
* n—K-—1 (12)

An advantage of AIC. is that models may be
ranked according to best-fit. To compare models,

AIC. values were rescaled as differences (A;)
between the AIC, of model i and the best approxi-
mating model (A; = AIC; — AIC; ). The relative
likelihood of a model, given the data and the set of
models, or its ‘probability’, is expressed by weights.

e~ 1/28;
Wi

TS (13)

We used this method to test the likelihood of the
linear (Eq. 10), C saturation (Eq. 5), and mixed (Eq.
9) models given the C input level and SOC data. All
models were fit using PROC NLMIXED in SAS/
STAT (SAS Institute, Cary NC) to normalize for the
treatment of variance in model fits, and to obtain AIC
and AIC, values. A model was considered to be best
fit if differences in A; < 2 (Burnham and Anderson
2001).

Results

We found that by incorporating a simple proportional
C saturation limit ( 1 — C% to the C input term of the
first-order decomposition’ model, that steady-state
SOC versus C input level produced an asymptotic
function and allowed us to explicitly estimate the
value C saturation for a given soil. The expression in
the two-pool model, incorporating C saturation of a
single pool, produced a slight curve at low to
moderate C input levels but produced linear SOC
accumulation under high C input levels. The 2-pool
model is analogous to the Hassink et al. (1997)
hypothesis of C saturation of the silt + clay protective
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capacity, but not the whole soil. This occurs because
C is retained in the labile (unprotected) state, which is
subject to a faster rate of decomposition as the
recalcitrant pool approaches saturation. This model
does not simulate whole-soil saturation because SOC
will increase indefinitely in this model as SOC input
levels are increased.

We found 14 sites that matched our criteria from a
variety of temperate agroecosystems in the U.S. and
Canada (Table 2). They varied in SOC contents from
7.7t0 121.9 Mg C ha™" and C input levels from 0.17
to 7.42 Mg C ha ' year™'. To assess the relative
support in the compiled agroecosystem data for non-
saturating (linear) versus C saturating (asymptotic
relationship) behavior between C input level and
SOC content, we ranked the models by A; <2
(Burnham and Anderson 2001). Using this criterion,
only five sites had a clear best-fit model (Table 3); the
linear model for Lancaster 2, Pendleton, Sanborn CT,

and Sterling, and the C saturation model for Sanborn
NT (Fig. 3). The linear and C saturation models were
indistinguishable at 11 sites, but both had better fits
than the mixed model. The large A; for the mixed
model at all sites indicated that it is the worst-ranked
of the three proposed models and reflected the
penalty of additional parameters (versus the other
two models) on AIC.. There was no evidence in the
Morrow corn-soybean rotation data to distinguish
between any of the models (Table 3).

To overcome the small sample size within sites
and minimize the effect of the AIC. penalty term, we
also fit our three models against the combined site
data. Combining site data could confound the C
saturation analysis if C input level (/) co-varied with
decomposition rate (k), resulting in an apparent
saturation response of less SOC accumulation at high
input levels because of faster decomposition rates due
to optimal temperature and moisture conditions. We

Table 2 Long-term agroecosystem sites selected for use in comparative model analyses

Site Treatment duration (years) Treatments Reference

Breton, AB 51 Crop rotation Izaurralde et al. 2001
Fertilizer addition
Manure addition

Indianhead, SK 30 Crop rotation Campbell and Zentner 1997

Lamberton, MN 22 Fertilizer addition Darmody and Peck 1997

Lancaster2, PA 14 Tillage Karlen et al. 1994

Lancasterl, PA 14 Residue management Vanotti et al. 1997

Mandan, ND 12 Tillage Halvorson et al. 2002
Fertilizer addition

Melfort, SK 30 Crop rotation Campbell et al. 1991c

Morrow, IL 27 Crop rotation Darmody and Peck 1997

Pendleton, OR 17 Tillage Rasmussen and Albrecht 1997

Sanborn, MO CT 96 Tillage Buyanovsky et al. 1998

NT 25 Manure addition

Sterling, CO 12 Crop rotation Sherrod et al. 2003
Topographic location

Stratton, CO 12 Crop rotation Sherrod et al. 2003
Topographic location

Swift Current, SK 13 Crop rotation Campbell et al. 1999
Fertilizer addition

Walsh, CO 12 Crop rotation Sherrod et al. 2003

Topographic location

Conventional tillage = CT and no-tillage = NT. Equations are based on IPCC Guidelines (2006)
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Fig. 3 Linear, C saturation, and mixed model fits of soil organic C
content (Mg C ha™") as a function of C input levels (Mg C ha™"
year 'Y in the manure plots at Sanborn in no- (NT) and conventional-
tillage (CT) treatments (25 and 96 years, respectively)

found no significant relationship, however, between
decomposition (k calculated using the linear model

there is great variability in the data, when the three
models were tested against all the sites combined, the
C saturation model had greater support (A; = 0) in the
data than either the linear (A; = 8.78) or the mixed
model (A; = 6.3) (Fig. 4 and Table 3). Combining
Akaike weights (w;) as an estimation of probability,
that there is a 99% probability either the C saturation
or mixed model is the best approximation of these
data.

Discussion

Of our three hypotheses of SOC accumulation: no
saturation limit (i.e., linear), whole-soil C saturation
(i.e., C saturation model), and soil C saturation of a
stabilized C pool, but not the whole soil (i.e., mixed
model), the C saturation model best fit the combined
site data, supporting the hypothesis that whole soil C

fit) and C input level (/) (data not shown). Although accumulation is limited with respect to C input level.

Table 3 Model fit statistics of the linear model (no saturation), whole-soil C saturation model (CSAT) and the two-pool mixed
model (C saturation of a single C pool, but not the whole soil)

Site n AIC AlCc A; w;

linear CSAT Mixed linear CSAT Mixed linear CSAT Mixed linear CSAT Mixed

Breton, AB
Indianhead, SK
Lamberton, MN

31.3 32.8 33.7 433 44.8 93.7 00 15 50.4 068 032 0.00
29.2 30.2 29.9 37.2 38.2 920 00 1.0 54.8 0.63 037 0.00
23.6 23.4 27.4 47.6 47.4 874 0.1 00 40.0 048 052  0.00
Lancaster2, PA 26.6 29.5 30.0 50.6 53.5 90.0 00 28 39.4 0.81 0.19  0.00
Lancasterl, PA 34.0 34.3 38.3 58.0 583 983 0.0 0.0 40.0 0.50 050  0.00
Mandan, NE 17 74.7 75.5 78.2 76.5 77.4 836 00 038 7.1 059 039 0.02

[ N . B )

Melfort, SK 8 37.2 37.2 41.1 43.2 432 712 02 0.0 28.0 047 053 0.00
Morrow, IL

Corn 4 28.0 29.0 31.2 52.0 53.0 712 0.0 1.0 39.5 0.62 0.38 0.00

Corn—soybean 4 27.3 29.1 13.2 513 53.1 91.6 0.0 1.7 38.7 0.70  0.30 0.00

Corn—oat-hay 4 26.1 27.5 27.5 50.1 51.5 90.1 0.0 1.5 39.1 0.67 0.33 0.00
Pendleton, OR 4 9.4 15.5 7.5 33.4 39.5 892 00 6.1 46.7 095 0.05 0.00
Sanborn, MO

Conventional-till 6 34.8 38.8 33.8 46.8 50.8 80.1 0.0 39 46.9 0.88 0.12 0.00

No-till 5 32.7 29.6 22.7 56.7 53.6 93.7 149 0.0 29.0 0.00 1.00 0.00
Sterling, CO 12 60.3 62.8 62.1 63.3 65.8 825 00 26 9.2 0.78 0.22 0.01
Stratton, CO 12 66.6 65.0 69.0 69.6 68.0 725 1.5 00 10.9 032 0.68 0.00
Swift Current, SK 7 33.6 34.4 36.2 41.6 42.4 789 0.0 0.8 553 0.59 041 0.00
Walsh, CO 10 59.8 60.5 64.5 63.8 64.5 969 0.0 0.7 15.8 0.59 041 0.00
Combined Sites 119 1057.3 1048.5 1052.5 1057.5 1048.7 10550 8.8 0.0 6.3 0.01 0.95 0.04

AIC = Akaike Information Criterion, AICc = Akaike Information Criterion corrected for small sample size, A; = AIC-AIC. min,
and w; is the relative weight given each model based on AICc
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Fig. 4 Soil organic C content (Mg C ha™') expressed as a
function of C input levels (Mg C ha™' year™") for the 14 long-
term agroecosystem experiments reported in Table 1

This corresponds to the 11 site analysis of Six et al.
(2002) who found an asymptotic model explained
more variability than a linear model. C saturation of a
whole soil, presumably including a non-protected
pool, suggests that even relatively labile soil C
approaches a maximum level.

This best fit of the whole soil C saturation model is
only corroborated by the single C saturation best
model fit in the individual site data of Sanborn.
Namely, the NT treatment at Sanborn (including
grass cover crops) had substantial support for the C
saturation model. However, the penalty of adding
parameters to the model is illustrated by the good fit
of the mixed model’s AIC value in both tillage
treatments, but lack of substantiation when compared
by AIC. to the linear and C saturation models
(Fig. 3).

The observed best linear model fits as well as the
lack of model differentiation may be due to the small
sample size within a site (n of four input levels in six
sites). The Akaike value for small sample sizes
(AIC,), greatly penalizes models with both small
sample size and a larger number of parameters. The
additional parameter in the mixed compared to the
linear and C saturation models greatly increased the
AIC, value and subsequently decreased support for
the model given the small amount of data.

According to the C saturation concept, an asymp-
totic relationship would better fit the data than the
linear model, but if C input levels are low, the
asymptotic trend in SOC accumulation will not be

@ Springer

evident. The conjecture that C input levels were too
small to exhibit C saturation dynamics within a given
site is supported by three of the four linear best-fit
models (Lancaster, Pendleton, and Sterling), where
inputs were less than 3.5 Mg C ha~'. Furthermore,
smaller sections of an asymptotic curve can appear
linear in the range being observed. Within each site, a
small range of C input levels will not necessarily
capture the full range of linear to asymptotic behav-
iors expected from a soil subject to C saturation. In
our data set, differences between the highest and
lowest input levels were <2 Mg C ha™" at eight sites.

Soil C saturation versus effective C stabilization
capacity

Evidence of C saturation has been suggested using
data from long-term agroecosystem experiments that
show little response in SOC accumulation to increas-
ing C input level (e.g. Campbell et al. 1991a; Solberg
et al. 1997). Data from the Sanborn experiment
suggest that saturation behavior does occur, but that
tillage influences the level of effective soil C
stabilization that can be attained (Fig. 3). According
to the original C saturation concept, each soil has a
single, unique C saturation level dictated by, for
example, textural and mineralogical properties. How-
ever, the conventional (CT) and no-tillage (NT)
treatments imposed at Sanborn fit two distinct curves.
How can the same soil appear to be approaching two
apparently distinct C stabilization levels with increas-
ing C input level? The C saturation model in Eq. 5
shows that the SOC content (C,) is dependent on both
C input level (/) and decay constant k. Within a site, k
is influenced by micro-environmental and disturbance
factors such as tillage-induced changes in porosity,
water retention, heat flux, etc. The factor k alters the
slope of the SOC and C input level relationship in the
models. Factors that influence decomposition rate
thus also influence SOC storage and its relationship to
C input level at steady-state. Consequently, a soil
under a management regime with an increased
inherent decomposition rate (e.g., CT) may therefore
show a different asymptotic SOC response to C input
levels at steady-state (CT curve in Fig. 5). At the
greater addition levels, the soil may appear to be
approaching SOC saturation due to little or no SOC
accumulation as C input levels are increased further
(Fig. 5). However, a change in management (e.g.,
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Saturation level Native +
C addition

Effective stabilization
capacity - NT

Effective stabilization|
capacity - CT

SOC at
steady-state

C inputs at steady-state

Fig. 5 Soil C accumulation dynamics under theoretical
decomposition regimes produced by management scenarios.
Since no-tillage (NT) has a reduced specific decomposition rate
compare to conventional tillage (CT), steady-state SOC content
will be greater under the same C input level. Effective
stabilization capacity is the upper limit to C storage as a
function of differing specific decomposition rates (i.e., CT vs.
NT). These systems may appear to illustrate soil C saturation,
but are not considered saturated due to C decomposition
conditions dominating C stabilization. Soil C saturation is
imposed by physical and chemical properties of a soil under
conditions when C input levels are maximized and disturbance
minimized

reduction or elimination of tillage) can decrease
decomposition and thereby increase steady-state SOC
content over the same range of C input levels. We
propose the term “effective stabilization capacity” to
denote these asymptotic relationships between SOC
content and C inputs at levels smaller than the soil C
saturation level, due to factors other than the
physicochemical properties of the soil. If disturbance
dominates SOC content such as in tilled agroecosys-
tems, a soil cannot achieve the saturation level, but
could reach an effective stabilization capacity com-
mensurate with the input level. Although these soils
are not approaching C saturation level, the asymptotic
relationship between C input level and SOC content
in these soils is indicative of C saturation dynamics.

The theoretical distinction between effective sta-
bilization capacity and C saturation level explains
why, over similar ranges of C additions, the different
treatments established on the same Sanborn soil can
be approaching two asymptotes even though they
have the same theoretical C saturation level. This also
implies that none of the soils included in our present
analyses are approaching their absolute saturation
level, but rather are approaching their effective
stabilization capacity because of tillage-induced
disturbances.

Summary

Soils that show no increase in SOC stock with
increasing C input levels as well as high C content
soils having decreased C stabilization efficiency
suggest an upper limit, or saturation limit to whole-
soil C. This hypothesis is contrary to the models that
assume linearity between C input level and C stocks
at steady-state. We used hypothesis-based model
testing to assess the relative support in long-term
agroecosystem data for C saturating (asymptotic)
versus non-saturating (linear) behavior between C
input level and SOC content at steady state. The C
saturation model was the best approximation of the
data pooled across all sites, suggesting that across a
wide range of C input levels, C stabilization
efficiency decreased in soils with high SOC content.
Given our data, there was less than 1% “probability”
that the linear model was the best. However, within
individual sites, only Sanborn showed a C saturation
best-fit, whereas four sites had a linear model best-fit.
All other sites had both a small range in C input
levels and a small sample size, which greatly
penalized AIC, support for the model given the small
amount of data. These results underscore a lack of
range in C input level as well as a general scarcity of
data with which to explicitly test these hypotheses.

The fact that the C saturation model fits the pooled
site data suggests that not only the silt + clay pool
saturates with respect to C, but other, less-protected C
pools (i.e. the non-protected pool) do as well.
However, we do suggest, based on data from
Sanborn, that agroecosystems under disturbance
may never approach an absolute C saturation level,
due to the effects of tillage disturbance accelerating
SOC decomposition although within treatments,
asymptotic SOC dynamics are observed. We propose
the term effective stabilization capacity, which
defines the maximum C sequestration possible with
increasing C input level under a particular manage-
ment scenario.

The true soil C saturation level may be of small
practical importance, as large organic C inputs must
be maintained over long time periods to sequester
large quantities of C. Of more practical interest is the
behavior of soils as they approach their effective
stabilization capacity as well as the influence of C
saturation deficit on the efficiency of SOC accumu-
lation in non-saturated soils. Although current
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simulation models are fairly successful in explaining
SOC accumulation in degraded agricultural soils, the
validity of these models need to be further examined
under scenarios of increasing C input levels and
increasing SOC contents, where decreasing SOC
stabilization efficiency due to saturation effects will
be manifested. However, additional research is
needed to firmly establish the validity of the satura-
tion concept and better quantify the controls on SOC
kinetics for C-rich soils.

Acknowledgements The authors would like to thank Steve
Williams, Mark Easter, and Stephen Ogle for assistance with
long-term agroecosystem data compilation. We would also like
to thank Gabriela Bucini and Gabe Olchin for many helpful
discussions and Jim Graham for mathematical assistance. This
project was supported by the Office of Research (BER), U.S.
Department of Energy Grant No. DE-FG03-00ER62997 and
Grant No. DE-FG02-04ER63912 and by the Cooperative State
Research, Education, and Extension Service, U.S. Department
of Agriculture, under Agreement No. 2001-38700-11092.

References

Anderson DR, Burnham KP, White GC (1998) Comparison of
Akaike information criterion and consistent Akaike
information criterion for model selection and statistical
inference from capture-recapture studies. J Appl Stat
25:263-282

Baldock JA, Skjemstad JO (2000) Role of the soil matrix and
minerals in protecting natural organic materials against
biological attack. Org Geochem 31:697-710

Bolker BM, Pacala SW, Parton WJ (1998) Linear analysis of
soil decomposition: insights from the century model. Ecol
Appl 8:425-439

Bosatta E, Agren G (1999) Soil organic matter quality inter-
preted thermodynamically. Soil Biol Biochem 31:1889—
1891

Burnham KP, Anderson DR (2001) Kullback-Leibler infor-
mation as a basis for strong inference in ecological stud-
ies. Wildl Res 28:111-119

Burnham KP, Anderson DR (2004) Multimodel inference—
understanding AIC and BIC in model selection. Sociol
Method Res 33:261-304

Buyanovsky GA, Wagner GH (1998) Carbon cycling in cul-
tivated land and its global significance. Global Change
Biol 4: 131-141

Campbell CA, Zentner RP (1997) Crop production and soil
organic matter in long-term crop rotations in the semi-arid
northern Great Plains of Canada. In: Paul EA et al (eds)
Soil organic matter in temperate agroecosystems: long-
term experiments in North America. CRC Press, New
York, pp 317-334

Campbell CA, Biederbeck VO, Zentner RP, Lafond GP
(1991a) Effect of crop rotations and cultural-practices on

@ Springer

soil organic-matter, microbial biomass and respiration in a
Thin Black Chernozem. Can J Soil Sci 71:363-376
Campbell CA, Lafond GP, Zentner RP, Biederbeck VO
(1991b) Influence of fertilizer and straw baling on soil
organic matter in a Thin Black Chernozem in western.
Can Soil Biol Biochem 23:443-446

Campbell CA, Browren KE, Schnitzer M, Zentner RP,
Townley-Smith L (1991c) Effect of crop rotations and
fertilization on soil organic matter and some biochemical
properties of a thick black Chernozem. Can J Soil Sci
71:377-387

Campbell CA, Biederbeck VO, McConkey BG, Curtin D,
Zentner RP (1999) Soil quality-effect of tillage and fallow
frequency Soil Organic Matter Quality as Influenced by
Tillage and Fallow Frequency in a Silt Loam in South-
western Saskatchewan. Soil Biol Biochem 31:1-7

CAST (2004) Climate change and greenhouse gas mitigation:
challenges and opportunities for agriculture 141 Council
for Agriculture Science and Technology. Ames, IA

Darmody RG, Peck TR (1997) Soil organic carbon changes
through time at the University of Illinois Morrow Plots.
In: Paul EA et al (eds) Soil organic matter in temperate
agroecosystems: long-term experiments in North Amer-
ica. CRC Press, New York, pp 161-169

Follett RF, Delgado JA (2002) Nitrogen fate and transport in
agricultural systems. J Soil Water Conserv 57:402-408

Halvorson AD, Wienhold BJ, Black AL (2002) Tillage,
nitrogen, and cropping system effects on soil carbon
sequestration. Soil Sci Soc Am J 66:906-912

Hassink J (1996) Preservation of plant residues in soils dif-
fering in unsaturated protective capacity. Soil Sci Soc Am
J 60:487-491

Hassink J (1997) The capacity of soils to preserve organic C
and N by their association with clay and silt particles.
Plant Soil 191:77-87

Hassink J, Whitmore AP (1997) A model of the physical
protection of organic matter in soils. Soil Sci Soc Am J
61:131-139

Huggins DR, Fuchs DJ (1997) Long-term N management ef-
fects on corn yield a soil C of an Aquic Haplustoll in
Minnesota. In: Paul EA et al (eds) Soil organic matter in
temperate agroecosystems: long-term experiments in
North America. CRC Press Inc., New York, pp 121-128

Huggins DR, Clapp CE, Allmaras RR, Lamb JA, Layese MF
(1998a) Carbon dynamics in corn-soybean sequences as
estimated from natural carbon-13 abundance. Soil Sci Soc
Am J 62:195-203

Huggins DR, Buyanovsky GA, Wagner GH, Brown JR, Dar-
mody RG, Peck TR, Lesoing GW, Vanotti MB, Bundy
LG (1998b) Soil organic C in the tallgrass prairie-derived
region of the corn belt: effects of long-term crop man-
agement. Soil Tillage Res 47:219-234

IPCC Guidelines (2006) Vol. 4, Chapter 11, Table 11.2, p
11.17

Izaurralde RC, McGill WB, Robertson JA, Juma NG, Thurston
JJ (2001) Carbon balance of the Breton Classical Plots
over half a century. Soil Sci Soc Am J 65:431-441

Jenkinson DS (1990) The turnover of organic carbon and
nitrogen in soil Philosophical Transactions of the Royal
Society of London Series. Biol Sci 329:361-368



Biogeochemistry (2007) 86:19-31

31

Jenny H (1941) Factors of soil formation. McGraw-Hill, New
York, USA

Karlen DL, Wollenhaupt NC, Erbach DC, Berry EC, Swan JB,
Eash NS, Jordahl JL (1994) Long-Term Tillage Effects on
Soil Quality. Soil Tillage Res 32:313-327

Kong AYY, Six J, Bryant DC, Denison RF, van Kessel C
(2005) The relationship between carbon input, aggrega-
tion, and soil organic carbon stabilization in sustainable
cropping systems. Soil Sci Soc Am J 69:1078-1085

Nyborg M, Solberg ED, Malhi SS, Izaurralde RC (1995) Fer-
tilizer N, crop residue, and tillage alter soil C and N
content in a decade. In: Lal R et al (eds) Advances in soil
science: soil management and Greenhouse Effect. CRC
Press Inc., Boca Ration, FL, pp 93-100

Ogle SM, Breidt FJ, Paustian K (2005) Agricultural manage-
ment impacts on soil organic carbon storage under moist
and dry climatic conditions of temperate and tropical re-
gions. Biogeochemistry 72:87-121

Parton W1J, Stewart JWB, Cole CV (1988) Dynamics of C, N, P
and S in grassland soils—a model. Biogeochemistry
5:109-131

Parton WJ, Schimel DS, Cole CV, Ojima DS (1987) Analysis
of factors controlling soil organic matter levels in Great
Plains grasslands. Soil Sci Soc Am J 51:1173-1179

Paustian K (1994) Soil biota: management in sustainable
farming systems In: Pankhurst CE et al (eds) Modeling
soil biology and biochemical processes for sustainable.
Agriculture Research, CSIRO, Australia, pp 182-193

Paustian K, Parton WJ, Persson J (1992) Modeling soil or-
ganic-matter in organic-amended and nitrogen-fertilized
long-term plots. Soil Sci Soc Am J 56:476-488

Paustian K, Collins HP, Paul EA (1997a) Management controls
on soil carbon. In: Cole CV (ed) Soil organic matter in
temperate agroecosystems: long-term experiments in
North America. CRC Press, New York, pp 1549

Paustian K, Agren G, Bosatta E (1997b) Modeling litter quality
effects on decomposition and soil organic matter
dynamics. In: Giller K (ed) Driven by nature: plant litter

quality and decomposition. CAB International, UK, pp
313-336

Paustian K, Andren O, Janzen H, Lal R, Smith P, Tian G,
Tiessen H, van Noordwijk M, Woomer P (1997c) Agri-
cultural soil as a C sink to mitigate CO, emissions. Soil
Use Manage 13:230-244

Plante AF, Chenu C, Balabane M, Mariotti A, D Righi (2004)
Peroxide oxidation of clay-associated organic matter in a
cultivation chronosequence. Eur J Soil Sci 55:471-478

Rasmussen PE, Albrecht SL (1997) Crop management effects
on organic carbon in semi-arid Pacific northwest soils. In:
Lal R et al (eds) Advances in soil science: management of
carbon sequestration in soil. CRC Press, Boca Raton, FL,
pp 209-219

Reicosky DC, Evans SD, Cambardella CA, Armaras RR, Wilts
AR, Huggins DR (2002) Continuous corn with moldboard
tillage: residue and fertility effects on soil carbon. J Soil
Water Conserv 57:277-284

Sherrod LA, Peterson GA, Westfall DG, Ahuja LR (2003)
Cropping intensity enhances soil organic carbon and
nitrogen in a no-till agroecosystem. Soil Sci Soc Am J
67:1533-1543

Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization
mechanisms of soil organic matter: implications for C-
saturation of soils. Plant Soil 241:155-176

Solberg ED, Nyborg M, Izaurralde RC, Mahli SS, Janzen HH,
Molina-Ayala M (1997) Carbon storage in soils under
continuous cereal grain cropping: N fertilizer and straw.
In: Stewart BA (ed) Management of carbon sequestration
in soil. CRC Press, Boca Raton, FL, pp 235-213

Vanotti MB, Bundy LG, Peterson AE (1997) Nitrogen fertilizer
and legume-cereal rotation effects on soil productivity an
organic matter dynamics in Wisconsin. In: Paul EA et al
(eds) Soil organic matter in temperate agroecosystems:
long-term experiments in North America. CRC Press,
New York, pp 105-119

@ Springer



	Soil carbon saturation: concept, evidence and evaluation
	Abstract
	Introduction
	Theory
	Linear model
	Carbon saturation model
	Mixed model

	Analysis methods

	Results
	Discussion
	Soil C saturation versus effective C stabilization capacity

	Summary
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


