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The soil C saturation concept suggests a limit to whole soil organic carbon (SOC) accumula-
tion determined by inherent physicochemical characteristics of four soil C pools: unprotected,
physically protected, chemically protected, and biochemically protected. Previous attempts
to quantify soil C sequestration capacity have focused primarily on silt and clay protection
and largely ignored the effects of soil structural protection and biochemical protection. We
assessed two contrasting models of SOC accumulation, one with no saturation limit (i.e.,
linear first-order model) and one with an explicit soil C saturation limit (i.e., C satura-
tion model). We isolated soil fractions corresponding to the C pools (i.e., free particulate
organic matter [POM], microaggregate-associated C, silt- and clay-associated C, and non-
hydrolyzable C) from ecight long-term agroecosystem experiments across the United States
and Canada. Due to the composite nature of the physically protected C pool, we fractioned
it into mineral- vs. POM-associated C. Within each site, the number of fractions fitting the
C saturation model was directly related to maximum SOC content, suggesting that a broad
range in SOC content is necessary to evaluate fraction C saturation. The two sites with the
greatest SOC range showed C saturation behavior in the chemically, biochemically, and
some mineral-associated fractions of the physically protected pool. The unprotected pool
and the aggregate-protected POM showed linear, nonsaturating behavior. Evidence of C
saturation of chemically and biochemically protected SOC pools was observed at sites far
from their theoretical C saturation level, while saturation of aggregate-protected fractions
occurred in soils closer to their C saturation level.

Abbreviations: pagg, microaggregate fraction, (53—-250 um); cPOM, coarse unprotected particulate
organic matter (>250 um); CT, conventional tillage; iPOM, microaggregate-protected particulate
organic matter (heavier than 1.85 g cm™, >53 um in size); H-dClay, hydrolyzable, easily dispersed,
clay-sized fraction (acid soluble, <2 wm); H-dSilt, hydrolyzable, easily dispersed, silt-sized fraction (acid
soluble, 53-2 wm); H-uClay, hydrolyzable, microaggregate-derived clay-sized fraction (acid soluble,
<2 wm); H-pSilt, hydrolyzable, microaggregate-derived silt-sized fraction (acid soluble, 53—2 wm); LF,
fine, unprotected POM (lighter than 1.85 g cm™3, 53-250 wm); NH-dClay, nonhydrolyzable, casily
dispersed, clay-sized fraction (acid resistant, <2 pm); NH-dSilt, nonhydrolyzable, easily dispersed, silt-
sized fraction (acid resistant, 53-2 wm); NH-uClay, nonhydrolyzable, microaggregate-derived clay-sized
fraction (acid resistant, < 2 pm); NH-pSilt, nonhydrolyzable, microaggregate-derived silt-sized fraction
(acid resistant, 53—2 um); NT, no-till; POM, particulate organic matter; SOC, soil organic carbon.

S oil C stabilization has been linked to physical soil properties,
specifically the amount, reactivity, and surface area of clay
minerals. Adsorption to silt- and clay-sized particles protects
SOC from decomposition and is controlled by the availabil-
ity of reactive surface area. Studies of pure clays have found a
limit to the stabilization of added organic material (Harter and
Stotzky, 1971; Marshman and Marshall, 1981), implying an
upper limit to the capacity of soil to protect C by clay adsorp-
tion. Adsorption mechanisms have also been used to describe
silt + clay SOC protection by Hassink and Whitmore (1997),
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who explored the influence of soil texture on SOC accumula-
tion by comparing three alternative models of physical protec-
tion. Compared with models that incorporated SOC stabiliza-
tion as a linear function of texture, they found that a model
incorporating a finite protective capacity explained the most
variance in organic matter additions and losses as a function of
soil clay content. This led them to suggest that C accumulation
did not necessarily depend on the protective capacity (i.e., tex-
ture) of the soil alone, but on the degree to which the protec-
tive capacity was already occupied by organic matter.
According to Hassink and Whitmore (1997), the capacity
of a whole soil to protect C was based primarily on the silt +
clay protective capacity and SOC accumulation in excess of the
silt + clay protective capacity would be subject to higher rates of
decomposition. Hassink et al. (1997) found that the silt + clay
fraction of the 0- to 10-cm layer of their sandy grassland soils
contained the same amount of C as their arable counterparts,
leading them to conclude that their soils had reached a maxi-
mum amount of C associated with the silt and clay fractions.
When the protective capacity of the soil had been exceeded,
further C additions were not stabilized by the silt + clay frac-
tion and thus C accumulated in the light and intermediate
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macro-organic-matter fractions (>20 um) (Hassink et al.,
1997). Similar to Hassink and Whitmore (1997), Carter et al.
(2003) found that sites near or at a C capacity level, defined by
silt + clay content, accumulated C only in the POM fraction.

Several researchers have proposed that the capacity of the
soil to sequester C is based on more than just the chemical
association with silt and clay, being attributable to aggregate
protection and biochemical recalcitrance as well. Baldock and
Skjemstad (2000) proposed that each mineral matrix had a
unique capacity to stabilize organic C depending not only on
the presence of mineral surfaces capable of adsorbing organic
materials (a protective capacity), but also the chemical nature
of the soil mineral fraction, the presence of cations, and the
architecture of the soil matrix. They further suggested that the
dispersion technique used by Hassink et al. (1997) destroyed
aggregate-protected C and potendially redistributed C from
POM to silt and clay soil particles. Baldock and Skjemstad
(2000) suggested that the constant C content of the silt + clay
fraction might be an artifact of the dispersion methodology
rather than saturation of adsorption sites and stressed the
importance of linking fractionations that isolate both chemical
and architectural properties.

Carter (2002) proposed a conceptual model that included
a variable capacity related to C input, aggregate stability, and
macro-organic matter (OM) in addition to the silt and clay
protective capacity. He related the storage capacity of soil to
specific soil fractions including the association of SOM with
silt + clay particles (<20 wm), microaggregates (20250 wm),
macroaggregates (>250 wm), and sand-sized macro-OM. As
SOC concentration increased, C associated with clay and silt
reached the protective capacity of the soil, but further C accu-
mulation occurred in aggregate structures and macro-OM as a
function of soil type and C inputs (i.e., management).

The whole soil C saturation concept proposed by Six
et al. (2002) included not only a silt + clay protected pool
(Hassink and Whitmore 1997, Carter 2002), but a microag-
gregate-protected pool, a biochemically protected pool, and an
unprotected pool. In their conceptual model, SOC is stabilized
through chemical association with silt and clay particles, physi-
cal protection within microaggregates, and biochemical com-
plexity of the organic compounds (Six et al., 2002). A fourth,
unprotected C pool is limited by the steady-state balance of
C inputs and decomposition, dictated primarily by climate.
Theoretically, whole soil C saturation occurs due to the cumu-
lative behavior of these four soil C pools.

Each of the conceptual pools of Six et al. (2002) can be
isolated by a simple three-step fractionation procedure using
physical, chemical, and density fractionation methods. Our
objectives were to evaluate the relative explanatory power of
two contrasting models of SOC accumulation, one with no
saturation limit (i.e., linear first-order model) and one with
an explicit soil C saturation limit (i.e., C saturation model),
to assess the mechanisms by which C is stabilized in these
soils and to determine values of fraction C saturation capacity
when appropriate. To do this, we isolated soil fractions cor-
responding to the proposed C pools, free POM (unprotected),
microaggregate-associated C (physically protected), silt- and
clay-associated C (chemically protected), and nonhydrolyzable
C (biochemically protected) pools from eight long-term agro-

ecosystem experiments across the United States and Canada.
We hypothesized that the chemically protected pool, the aggre-
gate-protected pool, and the biochemically protected pool
would saturate at steady state with respect to C due to physi-
cochemical limitations, while the unprotected pool would be
determined by the balance of C input and decomposition.

MATERIALS AND METHODS
Field Sites

Soils were sampled between 2002 and 2004 from eight long-
term agroecosystem tillage, crop rotation, and fertilizer experiments
(Table 1), most of which were described in Paul et al. (1997). At each
site, samples were also taken from adjacent grassland or forest soils
that, to our knowledge, had never been under agricultural produc-
tion except for Kentucky and Georgia, where adjacent pasture was
sampled. These sites are not part of the original experimental design
and thus are “pseudo-replicates.”

Akron, Colorado

In 1989, a tillage and crop rotation experiment was established
at the Central Great Plains Research Station near Akron, CO, on a
Weld silt loam (fine, smectitic, mesic Aridic Argiustoll). Treatments
included wheat (Zriticum aestivum L.)—fallow (WF) under conven-
tional tillage (CT), no-till (NT), and reduced tillage as well as wheat—
corn (Zea mays L.)—fallow under no-till, and continuous corn under
no-till in a randomized complete block design (Follett et al., 2007;
Halvorson et al., 2002). The site had been cultivated since 1907 and
under tillage trials since 1967 (Halvorson et al., 1997). Sunflower
(Helianthus annuus L.) was part of the wheat—corn—fallow rotation
in 2002. We sampled the WF-CT, WF-NT, and the no-till wheat—
corn—sunflower—fallow rotation in 2002. We also sampled a nearby
shortgrass prairie that had never been cultivated.

Lexington, Kentucky
A tillage and N fertilization study was initiated in 1970 on a
Maury silt loam (fine, mixed, semiactive, mesic Typic Paleudalf).
Treatments included two main tillage treatments (NT and CT) with
continuous corn (with a rye [Secale cereal L.] winter cover crop) at
four N fertilization rates. The site was in pasture at least 50 yr before
the initiation of experimental treatments. Conventional tillage con-
sisted of moldboard plowing and several subsequent disk harrowings.
The experimental design was a split block with four field replicates.
Horizontal splits for N and vertical splits for tillage were included in
each 11- by 48.8-m block. Further experimental details can be found
in Frye and Blevins (1997) and Denef and Six (2005). We sampled
the 5.5- by 12.2-m subplots from both tillage treatments within the
85 kg N ha™! fertilizer level in 2002. We also sampled an adjacent

bluegrass (Poa sp.) pasture.

Hoytville, Ohio

A dllage (NT, minimum tillage, and CT) and crop rotation (contin-
uous corn, corn—soybean [Glycine max (L.) Merr.] and corn—oat [Avena
sativa L.)—meadow) trial was established on a Hoytville silty clay loam
(fine, illitic, mesic Mollic Epiaqualf) near Hoytville, OH. Conventional
tillage consisted of spring and fall moldboard plowing to 20 to 25 cm
as well as one or two 10-cm passes. Before the initiation of the study in
1962, soil was under a corn—oat-meadow rotation for 6 yr. The meadow
crop has included mixed grasses and alfalfa (Medicago sativa L.) or clover
(Trifolium sp.) and was cut and removed from the plot. The experimental
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on an Elstow clay loam (Typic Boroll). Treatments included a con-
tinuous wheat—flax (Linum usitatissimum L.)—wheat and a 3-yr fallow—
flax-wheat. The study was a split-plot, randomized complete block
design with four field replicates. Plots were 15 by 94 m. Conventional
tillage was done with a cultivator with either spikes or sweeps in late
fall and harrow disking or rodweeding before seeding in the spring.
Tillage fallow was maintained with an average of three passes with a
harrow and two with a rodweeder. Further experimental details may
be found in Brandt (1992). We sampled the tillage experiment in 2002
as well as a nearby shortgrass prairie that had never been cultivated.

Stewart Valley, Saskatchewan, Canada

Near Stewart Valley, SK, a tillage and crop rotation experiment
was established on Hatton fine sandy loam (Aridic Boroll). Before the
initiation of the experiment in 1982, the site was cultivated for 70 to
80 yr in a 2- to 3-yr fallow—cereal rotation. Crop rotations included
fallow—spring wheat and continuous wheat. Tillage treatments were
NT, minimum tillage, and CT (Campbell et al., 1996). We sampled
the CT and NT treatments in the continuous wheat rotation with N
and P fertilizer, as well as an adjacent shortgrass prairie site that had
never been cultivated in the spring of 2002.

Watkinsville, Georgia
Near Watkinsville, GA, a tillage experiment was initiated in 1991
on a Cecil sandy loam (clayey, kaolinitic, thermic Typic Kanhapludult).
Runoff collectors and drainage systems were installed to monitor water

2mm sieved soil

Microaggregate

isolator
Coarse non-

protected POM C 4—
>250pum (cPOM)

, Clay-sized C _M< (H-dClay)
<2 um (dClay) Non-hydrolyzable

quality. From 1991 to 1994, both CT and NT treatments were under
corn—rye—fallow rotation and from 1994 to 2002, cotton (Gossypium
hirsutum L.)—wheat or cotton—rye rotations were planted. The site was
cultivated 10 yr before the initiation of the experiment with cereal—
wheat—fallow rotations. The experimental design was a randomized
complete block design of tillage (NT and CT) and N fertilization
treatments with three field replicates (10 by 30 m). Conventional till-
age consisted of 30-cm-deep chisel plowing, one to two subsequent
passes of 20-cm-deep disk harrowing, and finally, a disking to 8 cm.
Nitrogen fertilization rates were 60 kg ha™! available N in the form of
either NH/NO; or poultry litter (58 kg ha~!, based on dry weight)
(Endale et al., 2002). We sampled the CT and NT under a corn-rye
rotation fertilized with NH,NOj in spring 2002. We also sampled a
nearby grass site that had been under Bermuda grass [Cynodon dacty-
lon (L.) Pers.] for 40 yr.

Field Sampling

Between three and 10 surface cores (0—20 cm) were taken and
separated into 0- to 5- and 5- to 20-cm depth increments in the field.
Litter layers were removed before sampling. Samples were packaged
to remain cool and uncompacted during transport to the labora-
tory. Large rocks, recognizable surface litter, and root material were
removed as samples were gently broken by hand and passed through
an 8-mm sieve. Soil cores were composited by field replicate, air dried,
passed through a 2-mm sieve, and stored at room temperature until
further analysis. Depth increments were pretreated, fractionated, and
analyzed separately, and were included
in all subsequent statistical analyses
as individuals to increase the range of

SOC concentrations in the study.
Hydrolyzable Soil texture was determined using
a modified version of the standard

hydrometer method, without removal

Fig. 1. A three-step soil fraction scheme to isolate the C pools based on physical, chemical, and bio-
chemical protection mechanisms (modified from Six et al., 2002). These fractions are cPOM, coarse
unprotected particulate organic matter (>250 pm); pagg, microaggregate fraction (53-250 pm); LF,
fine unprotected POM (lighter than 1.85 g cm=3, 53-250 pum); iPOM, microaggregate-protected
POM (heavier than 1.85 g cm~3, >53 pm in size); NH-dSilt, nonhydrolyzable, easily dispersed, silt-
sized fraction (acid resistant, 53-2 pm); NH-dClay, nonhydrolyzable, easily dispersed, clay-sized
fraction (acid resistant, <2 pm); NH-pSilt, nonhydrolyzable microaggregate-derived silt-sized frac-
tion (acid resistant, 53-2 pm); NH-pClay, nonhydrolyzable microaggregate-derived clay-sized fraction
(acid resistant, <2 pm); H-dSilt, hydrolyzable, easily dispersed, silt-sized fraction (acid soluble, 53-2
pm); H-dClay, hydrolyzable, easily dispersed, clay-sized fraction (acid soluble, <2 pm); H-pSilt, hy-
drolyzable microaggregate-derived silt-sized fraction (acid soluble, 53-2 um); H-pClay, hydrolyzable
microaggregate-derived clay-sized fraction (acid soluble, <2 pm).

(NH-dClay) of carbonates or organic matter (Gee
Laggregate Silt-sized C Acid Hydrolyzable and Bauder, 1986), on a 30-g subsample
ilt-size . . . . .
53-250 pm C (pagg) 2-53 :m (dSilt) Hydrolysis (HdSilt) dlSpCrSCd by sha,klng the soil for 18 h in
\ Non-hydrolyzable 100 mL of 5 g L™! sodium hexameta-
(NHdSilt) phosphate solution. Total sand contents
De"Si{YﬂO’?fion were determined by sieving (53 um)
* dispersion and clay contents were measured by the
Acid Hydrolyzable 2-h hydrometer method. Silt contents
Fine non-protected Clay-sized C Hydrolysis (HuClay) were determined by difference.
POM C (LF) <2 um (uClay)
Non-hydrolyzable . . .
(NHpClay) Soil Fractionation
Acid Separation of the various C pools
Hydrolyzable
paggregate Silt-sized C Hydrolysis (H};Silt)y was accomplished by a combination of
protected POM C (iPOM)  2.53 um (uSilt) hvsical. chemical d density
\ Non-hydrolyzable physical, chemical, and density frac-
(NHpSilt) tionation techniques in a simple, three-

step process (Fig. 1) detailed by Six et
al. (2002) and Plante et al. (2006b).
The first step was the partial dispersion
and physical fractionation of the soil
to obtain three size fractions: >250 um
(coarse unprotected particulate organic
matter, cPOM), 53-250 um (microag-
gregate fraction, Hagg), and <53 um
(easily dispersed silt and clay, dSilt
and dClay). Physical fractionation was
accomplished by fractionating air-dried,
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2-mm sieved soil in the microaggregate isolator described by Six et al.
(2000). The microaggregate isolator dispersed the >2-mm soil with
50 glass beads in running water over a 250-um sieve to flush microag-
gregates and finer particles through the 250-im mesh screen. Material
>250 um (cPOM plus sand) remained on the sieve. Microaggregates
were collected on a 53-im sieve that was subsequently wet sieved by
hand for 50 strokes in 2 min (Elliott, 1986) to separate the easily
dispersed silt- and clay-sized fractions from the water-stable microag-
gregates. The resulting suspension was centrifuged to separate the eas-
ily dispersed silt- and clay-sized fractions. Fractions were oven dried
(60°C) and weighed.

The second step involved further fractionation of the microag-
gregate fraction isolated in the first step (Six et al., 2000, Plante et al.,
2006a). Density flotation using 1.85 g cm™ sodium polytungstate
was used to isolate fine, unprotected POM (LF) (Six et al., 1998).
After removing the fine unprotected POM, the heavy fraction was dis-
persed overnight by shaking with 12 glass beads and passed through
a 53-um sieve, separating the microaggregate-protected POM (>53
um in size, iPOM) and the microaggregate-derived silt- and clay-sized
fractions (uSilt and uClay).

The third step involved acid hydrolysis of each of the isolated silt-
and clay-sized fractions. The silt- and clay-sized fractions from both
the density floatation (uSilt and uClay) and the initial dispersion and
physical fractionation (dSilt and dClay) were subjected to acid hydro-
lysis as described in Plante et al. (2006a). Acid hydrolysis consisted
of refluxing at 95°C for 16 h in 6 mol L~ HCl. After refluxing, the
suspension was filtered and washed with deionized water over a glass-
fiber filter. Residues were oven dried at 60°C, weighed, and analyzed
for organic C content. These represented the nonhydrolyzable C frac-
tions (NH-dSilt, NH-dClay, NH-uSilt, and NH-uClay). The hydro-
lyzable C fractions (H-dSilt, H-dClay, H-uSilt, and H-uClay) were
determined by difference between the total organic C content of the
whole fractions and the C contents of the nonhydrolyzable fractions.

This fractionation scheme is based on the assumed link between
the isolated fractions and the protection mechanisms involved in the
stabilization of organic C within that pool, as described by Six et al.
(2002). The unprotected C pool consists of the cPOM fraction iso-
lated during the first dispersion step and the LF fraction isolated dur-
ing the second fractionation step. The physically protected C pool
consists of the Hagg fraction as a whole and the particulate organic
matter occluded within it (POM). The chemically protected C pool
corresponds to the hydrolyzable portion of the silt- and clay-sized
fractions isolated during the initial dispersion (H-dSilt and H-dClay).
Carbon is stabilized in these fractions through mineral-organic mat-
ter bindings, dictated by both the texture and the mineralogy of the
soil. The biochemically protected C pool corresponds to the nonhy-
drolyzable C remaining in the silt- and clay-sized fractions after acid
hydrolysis (NH-dSilt and NH-dClay).

Due to the stepwise fractionation procedure, the physically pro-
tected pool (Hagg) consisted of isolated fractions with multiple pro-
tection mechanisms. We distinguished between pure physical protec-
tion of POM (iPOM) and the mineral-associated fractions. Carbon
stabilized in the mineral-associated fractions was described either as
being chemically protected (H-uSilt and H-uClay) or biochemically
protected (NH-uSilt and NH-uClay). Consequently, the microaggre-
gate-derived nonhydrolyzable fractions (NH-uSilt and NH-pClay)
represent both the biochemical and physical protection mechanisms.
Similarly, the hydrolyzable microaggregate-derived silt and clay frac-

tions (H-uSilt and H-uClay) capture both the chemical and physical

protection mechanisms.

Carbon Analyses

Carbon contents for all fractions except fine unprotected POM
were measured using a LECO CHN-1000 analyzer (Leco Corp., St.
Joseph, MI). Fine unprotected POM was measured on a Carlo Erba
NA 1500 CN analyzer (Carlo-Erba Instrumenzione, Milan) due to
smaller sample size. Soil carbonates were determined by a modified
pressure transducer method described by Sherrod et al. (2002).

Theory Underlying Models

Soil C saturation is characterized by an asymptotic relationship
between whole SOC across increasing C inputs at steady state (Six et
al., 2002; Stewart et al., 2007). Soil C inputs cannot be used as the
independent variable in an analysis of fraction C, however, because
of the difficulty in fully assessing how soil C inputs are distributed to
the individual soil fractions, and how to properly distinguish between
fresh C inputs to a fraction and C transfers between fractions. Due to
the differing rates of decomposition and subsequent incorporation of
C input into various C pools, those pools with slow turnover times
do not reflect influences from field-level treatments across shorter
time scales. If we were to examine fraction C with C inputs as the
independent variable, differences in decomposition as a result of field
treatments (i.e., tillage) would produce varying levels of whole SOC,
confounding the relationship of fraction C and C inputs. Therefore,
when examining soil fractions, it is crucial to express soil fraction C
across a normalized scale. We used whole SOC concentration, as a
balance between C input and decomposition, to normalize across
treatments and be a more appropriate measure of C accumulation.

We demonstrate that at steady state, the same characteristics of
linearity for nonsaturating soils and asymptotic behavior for C-satu-
rating soils hold for either C input or SOC concentration as inde-
pendent variables (see Appendix). In other words, a whole soil that
shows a linear increase in C with respect to C inputs (at steady state)
will also exhibit linearity between SOC concentration of the whole
soil and SOC concentrations of the constituent C fractions. A whole
soil accumulating C asymptotically with respect to C inputs (under
C saturation) will exhibit an asymptotic relationship between whole
SOC concentration and SOC concentration for one (or more) frac-
tions and an exponential relationship for the other fractions. Since
the SOC of these fractions must sum to whole SOC, as one fraction
saturates, the relative proportion of the other fraction must increase
exponentially to compensate as whole SOC increases. Therefore, an
increasing exponential behavior for the relative proportion of total C
within a fraction is not contradictory to C saturation (see Appendix).

Thus, we used total SOC as a proxy for C input to determine if
fraction SOC was influenced by C saturation. A soil fraction exhibit-
ing a linear relationship between whole SOC and fraction SOC is
interpreted as not being influenced by C saturation, while a fraction
exhibiting an asymptotic relationship shows evidence for C saturation.
Since we are concerned only with the general relationship between
SOC and fraction C, simple mathematical expressions of both rela-
tionships will suffice.

For a model with first-order decomposition kinetics, we show
that a soil fraction C (Cg") is directly proportional to whole SOC
concentration (C,*) at steady state:

C.*=wC *+R (1]
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(see Appendix). We added an intercept term, R, to account for resid-
ual SOC not affected during the course of the experiment (Stewart
et al., 2007).

In contrast to the linear model, a model including a simple
saturation term can be represented by a simple asymptotic equation
between soil fraction C (C¢*) and whole SOC concentration (C,*) at
steady state:

C *
Cr=——t
e+(C 1) 2

(see Appendix). As a soil fraction approaches a maximum value (T),
the proportion of total C stabilized by physicochemical mechanisms
is reduced by the amount of SOC present (C*) to the maximum C
level of the fraction (I'), i.e., the SOC stabilization efficiency decreases.
This generalized equation does not explicitly address mechanisms of
C saturation, but it does allow a simple description of C saturation
behavior of fraction C concentration with respect to whole SOC con-
centration and provides an explicit estimate of the fraction C satura-
tion limit (T'). The remaining whole SOC that is not stabilized within
the fraction is either lost through respiration or stabilized in other soil
fractions. Although we examined each fraction for C saturation behav-
ior, we made no attempt to examine C saturation of the whole soil.

We used long-term agricultural experiments to assess soil fraction
C saturation and assumed that the tillage, fertilization, and residue
management treatments have reached steady state. The sites selected
for inclusion in our analysis have been under continuous cultivation for
75 to 100 yr, and the majority of the current experimental management
treatment designs have been in place for at least 20 yr (Table 1).

The linear and C-saturation models were fit to each site’s fraction
data and the combined data of each fraction using PROC REG and

Table 2. Number of sites out of eight for which the relationship between whole soil organic car-
bon (SOC) and fraction organic C concentrations are best fit by the linear or C saturation
models based on the greatest R%. The microaggregate (zagg) fraction is comprised of mi-
croaggregate-protected particulate organic matter (iPOM) and mineral-associated fractions
(nonhydrolyzable = NH-pSilt and NH-gClay and hydrolyzable = H-pSilt and H-pClay).

PROC NLIN in SAS/STAT (SAS Institute, Cary, NC). The criterion
for model fit was R? value calculated for both using corrected sum of
squares. Parameter estimates for I' were compared using confidence
limits of the estimates from PROC NLIN, as multiple model fits for
each site were unavailable. Differences between estimates of T within a
site were considered significant if their confidence intervals did not overlap.

RESULTS
Individual Sites

Within each site, the range in whole SOC concentrations
was 18 to 77 g C kg_l soil (Table 1). The broadest range in
SOC concentrations was in the OH, AB, and Scott, SK (SCO)
samples due to the high SOC concentrations in the forest (OH
and AB) and prairie (SCO). The other five sites had a SOC
range <31 g C kg™! soil. Both linear and saturation model fits
of the data were generally good, with R? in most cases >0.75;
however, model fits of the Stewart Valley (SV) fractions were
generally poor (0.01-0.36 R%; data not shown).

The fractions of the chemically protected pool (H-uSilt
and H-pClay) and biochemically protected pool (NH-dSilt
and NH-dClay) were best fit with the saturation model at half
or more sites (Table 2). The fractions representing the unpro-
tected SOC pool (cPOM and LF) at most sites were better fit
with the linear model than the C saturation model. As a whole,
the pagg fraction linear best-fit models were only slightly bet-
ter than the saturation model and four sites showed no dif-
ference between models (Table 2). This reflects the composite
behavior of the pagg fraction (iPOM + H-uSile + H-puClay +
NH-uSile + NH-uClay), with all sites having linear best fits of
the iPOM fraction and the sites split between C saturation and
linear model best fits in the aggregate-
associated mineral fractions (H-uSilt,
H-uClay, NH-pSilt, and NH-uClay).

The number of fractions within
each site fit with the C saturation model

SOC Pool Isolated fractiont  Linear model best fit C saturation model best fit ~ was linearly related to the maximum
Unprotected cPOM 8 0 whole soil SOC concentration (R? =
LF 6 2 0.78, P = 0.014, excluding CO). The
Physical uagg# 3 1 greatest numbers of C saturation model
iPOM 8 0 fits were in the SCO, AB, and CO sites
Physical-biochemical ~ NH-ySilt 4 4 (Table 2). At Swift Current (SC) and SV,
NH-uClay 5 3 five and seven fractions’ data fit the C sat-
Physical-chemical H-uSilt 3 5 uration model the best. Data from GA,
H-uClay 4 4 KY, and OH had three or fewer fractions

Chemical H-dSilt 1 7 best fit with the saturation model.
H-dClay 3 5 Since smaller sections of an asymp-
Biochemical NH-dSilt 4 4 totic curve can appear linear when the
NH-dClay 4 4 range being observed is small, a site

t cPOM, coarse unprotected particulate organic matter (>250 um); pagg, microaggregate fraction
(53-250 pm); LF, fine unprotected POM (lighter than 1.85 g cm™3, 53-250 um); iPOM, micro-
aggregate-protected POM (heavier than 1.85 g cm=3, >53 um in size); NH-dSilt, nonhydrolyz-
able easily dispersed silt-sized fraction (acid resistant, 53-2 um); NH-dClay, nonhydrolyzable
easily dispersed clay-sized fraction (acid resistant, <2 pm); NH-uSilt, nonhydrolyzable micro-
aggregate-derived silt-sized fraction (acid resistant, 53-2 um); NH-uClay, nonhydrolyzable
microaggregate-derived clay-sized fraction (acid resistant, <2 pm); H-dSilt, hydrolyzable easily
dispersed silt-sized fraction (acid soluble, 53-2 um); H-dClay, hy drolyzable easily dispersed
clay-sized fraction (acid soluble, <2 ym); H-pSilt, hydrolyzable microaggregate-derived silt-
sized fraction (acid soluble, 53-2 ym); H-pClay, hydrolyzable microaggregate-derived clay-

sized fraction (acid soluble, <2 um).

# The two models were indistinguishable in the pagg fraction at four sites.

with a small range of SOC concentra-
tions will not necessarily capture the full
range of linear to asymptotic behaviors
expected from a soil subject to C satu-
ration (Stewart et al., 2007). Two sites
with the broadest range in SOC content
(AB and SCO) had similar behavior
among C pools, we report the results
from SCO individually as the best

example for testing C saturation, as well
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Table 3. Soil organic carbon (SOC) concentrations of the fractions from Scott, SK, for the 0- to 5-cm and 5- to 20-cm depth increments
under grass (G), conventional tillage (CT), and no-till (NT). The microaggregate (ragg) fraction is comprised of microaggregate-pro-
tected particulate organic matter (iPOM) and mineral-associated fractions (nonhydrolyzable = NH-uSilt and NH-pClay and hydro-

lyzable = H-pSilt and H-pClay).

. 0-5 cm 5-20 cm
SOC pool Isolated fractiont
G CT NT G CT NT
g C kg™ fraction
Unprotected cPOM 1213+£13.0 36256  44.5=8.1 11.0+3.8 93x13 7.6+1.3
LF 150.0+16.6 198.6 +18.6 182.2+8.3 1544 +£106.6 213.1+16.2 213.2+7.1
Physical ®agg 64.9 £ 4.8 29.2+22 32625 189+11.6 19.6 £2.0 232+24
iPOM 44.1 +£12.6 11.8+1.7 21.4+3.7 45+24 5.0+0.6 49+13
Physical-biochemical ~ NH-Silt 30326 26708 26010 10.5£12 17213  152£2.0
NH-rClay 29.7 £ 0.3 354+1.2 31.7+0.8 153 +2.6 23.6+1.3 189+1.7
Physical—chemical H-pSilt 19.9£24  13.0£07 14412 9.0=1.0 7604  106=08
H-uClay 325+0.9 27.1+£0.6 33.0+1.8 193 +1.8 20.4 +£0.9 21.9+03
Chemical H-dSilt 20.0 £ 2.1 19.6 +1.2 17.5+0.4 7.8+0.8 13.0+£0.5 11.4+1.2
H-dClay 389+1.8 36.2 +1.1 34.1+0.8 165+ 1.6 23.1+1.8 245 +2.0
Biochemical NH-dSilt 176 £03  156+02  14.9:0.6 11.9£1.0 11604 134205
NH-dClay 36.6 £0.8 27.5+0.8 28.5+0.8 22.8+1.0 18.2+1.9 23.0+1.9

t cPOM, coarse unprotected particulate organic matter (>250 um); pagg, microaggregate fraction (53—250 um); LF, fine unprotected POM (lighter
than 1.85 g cm™3, 53-250 pm); iPOM, microaggregate-protected POM (heavier than 1.85 g cm™3, >53 um in size); NH-dSilt, nonhydrolyz-
able easily dispersed silt-sized fraction (acid resistant, 53-2 um); NH-dClay, nonhydrolyzable easily dispersed clay-sized fraction (acid resis-
tant, <2 pm); NH-uSilt, nonhydrolyzable microaggregate-derived silt-sized fraction (acid resistant, 53-2 um); NH-uClay, nonhydrolyzable mi-
croaggregate-derived clay-sized fraction (acid resistant, <2 ypm); H-dSilt, hydrolyzable easily dispersed silt-sized fraction (acid soluble, 53-2
um); H-dClay, hydrolyzable easily dispersed clay-sized fraction (acid soluble, <2 pm); H-uSilt, hydrolyzable microaggregate-derived silt-sized
fraction (acid soluble, 53-2 um); H-uClay, hydrolyzable microaggregate-derived clay-sized fraction (acid soluble, <2 ym).

as for comparing estimates of soil fraction saturation level (I')

within fractions.

At SCO, the experimental treatments provided the broad-
est range of whole soil and fraction SOC concentrations

(Tables 1 and 3). The fraction

microaggregate fraction (Magg = iPOM + H-uSilt + H-uClay +
NH-uSile + NH-uClay) and the distinct behavior of the POM
vs. the mineral-associated fractions. The physically protected
iPOM fraction fit the linear model best (Table 4, Fig. 5a),

data comprising the unpro- Table 4. Model fit statistics for the linear model and model fit statistics and parameter estimates for

tected C pool (cPOM and LF
fractions) fit the linear model
best (Table 4, Fig. 2a and 2b).
The fractions comprising
the chemically (H-dClay vs.
H-dSilt) and biochemically
protected pools (NH-dClay
vs. NH-dSilt) fit the C satu-
ration model best (Fig. 3 and
4). The fraction C saturation
levels (I') were significantly
greater for the dispersed clay-
sized fraction than for the dis-
persed silt-sized fractions (e.g.,
NH-dClay vs. NH-dSilt) in
both the chemically and bio-
chemically protected C pools.

The linear and C satu-
ration models were indistin-
guishable for the physically
protected pool (Uagg frac-
tion) as a whole (Table 4, Fig.
2¢). Lack of differentiation
between the two models in
the entire pagg fraction at

the saturation model between whole soil organic carbon (SOC) and fraction organic C concentra-
tions for each isolated fraction from the Scott, SK, samples. No parameter estimates are available
(n/a) for fractions with linear best-fit. The microaggregate (uagg) fraction is comprised of microaggre-
gate-protected particulate organic matter (iPOM) and mineral-associated fractions (non-hydrolyzable =
NH-Silt and NH-uClay and hydrolyzable = H-ySilt and H-uClay).

Saturation model¥

SOC pool Isolated fractiont  Linear model R? )
R 3 r
g C kg~! fraction

Unprotected cPOM 0.95 0.04 n/a$ n/a

LF 0.14 0.06 n/a n/a
Physical uagg 0.96 0.96 n/a n/a

iPOM 0.80 0.20 n/a n/a
Physical-biochemical  NH-ysilt 0.70 0.83  091+0.10 552+7.2

NH-uClay 0.39 0.65 054+010 453 +6.2
Physical-chemical H-uSilt 0.73 076 1.65+022  35.6+6.4

H-uClay 0.65 0.83 049+006  42.9+32
Chemical H-dSilt 0.71 0.83  067+007 21.1+0.9

H-dClay 0.78 0.82 0.54+006 48.7+3.8
Biochemical NH-dSilt 0.62 0.75 1.14x0.16  33.5+44

NH-dClay 0.65 0.80  0.54+0.06  60.0+5.9

t cPOM, coarse unprotected particulate organic matter (>250 um); pagg, microaggregate fraction (53-250 um);

LF, fine unprotected POM (lighter than 1.85 g cm=3, 53-250 um); iPOM, microaggregate-protected POM
(heavier than 1.85 g cm=3, >53 um in size); NH-dSilt, nonhydrolyzable easily dispersed silt-sized fraction
(acid resistant, 53-2 pm); NH-dClay, nonhydrolyzable easily dispersed clay-sized fraction (acid resistant, <2
um); NH-pSilt, nonhydrolyzable microaggregate-derived silt-sized fraction (acid resistant, 53-2 ym); NH-
uClay, nonhydrolyzable microaggregate-derived clay-sized fraction (acid resistant, <2 um); H-dSilt, hydrolyz-
able easily dispersed silt-sized fraction (acid soluble, 53-2 um); H-dClay, hydrolyzable easily dispersed clay-
sized fraction (acid soluble, <2 um); H-uSilt, hydrolyzable microaggregate-derived silt-sized fraction (acid
soluble, 53-2 um); H-uClay, hydrolyzable microaggregate-derived clay-sized fraction (acid soluble, <2 um).

SCO was probably due to ¥ ¢ is a scalar; T is the fraction C saturation limit.

the composite nature of the

§ No parameter estimates are available for fractions with linear best fit.
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Fig. 2. Organic C concentration of the unprotected C pool, (a) coarse
unprotected particulate organic matter (cPOM) and (b) fine un-
protected POM (LF), isolated from the SCO (Scott, SK) samples.
Lines represent the best-fit linear model for each fraction.

while the aggregate mineral-associated fractions (H-uSilt, H-
uClay, NH-uSilt, and NH-uClay) fit the C saturation model
best (Table 4, Fig. 5b and 5c¢).

Physically protected silt-sized fractions had significantly
greater estimates of C saturation (I') than did their easily dis-
persed counterparts but not the clay-sized fraction (e.g., H-
dClay vs. H-uClay, and NH-dClay vs. NH-uClay) (Table
4). Unlike the easily dispersed fractions, where silt- and clay-
sized estimates of I differed, in the microaggregate-derived
size fractions, I' did not significantly differ (e.g., NH-uSilt vs.
NH-uClay).

Estimates of fraction C saturation levels (I') for the remain-
ing sites are only reported if the saturation model fit the data
better than the linear model (Table 5). Estimates ranged from
5.9 + 0.7 g fraction C kg™ whole soil C in the NH-dSilt frac-
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Fig. 3. Organic C concentration of the chemically protected pool iso-
lated from the easily dispersed fractions from the SCO (Scott,
SK) samples. Lines represent the best-fit C saturation model for
each fraction.
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Fig. 4. Organic C concentration of the biochemically protected
pools isolated from easily dispersed fractions from the SCO
(Scott, SK) samples. Lines represent the best-fit C saturation
model for each fraction.

tion at CO to 180 = 20 g fraction C kg™! whole soil C in the
LF fraction at SC (Table 5). Of the I' estimates whose con-
fidence intervals did not overlap, the clay-sized fractions had
greater I' estimates than the silt-sized fractions. As was found
at SCO, the microaggregate-derived silt fractions had greater
estimates of I than the dispersed silt-sized fractions (e.g., pSilt
vs. dSilt, H-uSilt vs. H-dSilt, and NH-uSilt vs. NH-dSilt).

All Site Data Combined

The fraction data across all sites were pooled to provide a
wider range in SOC concentrations and to clarify the ambigu-
ous results of the physically and biochemically protected C
pools. The model fit results of the combined site data were
similar to that of the individual site data. The chemically pro-
tected pool (H-dSilt and H-dClay) was best fit with the C
saturation model and the estimate of ' was significantly greater
in the H-dClay than the H-dSilt fraction (Table 6). The frac-
tion data of the biochemically protected pool reflected the split
between models seen in the individual site data, and showed
either no difference between models (NH-dSilt) or a slightly
better fit with the linear model (NH-dClay) (Table 6). No best-
fit model was determined in the fraction data comprising the
unprotected SOC pool (cPOM). In the physically protected
pool, however, the iPOM and pagg fractions fit the C saturation
model better, in contrast to the individual site data, where the
linear model fit best. The combined data of the mineral-asso-
ciated fractions (H-uSilt, H-uClay, NH-uSilt, and NH-uClay)
were split between C saturation and linear model best fits.

DISCUSSION

Ideally, saturation phenomena of specific soil fractions
would be evaluated for a soil in which long-term C input rates
were the sole varying factor; however, few such experiments,
with a sufficiently broad range of input rates, exist (Stewart
et al., 2007). We show theoretically (see Appendix) that SOC
concentration can be used as a proxy for soil C input such that
a linear relationship between whole SOC concentration and
fraction SOC concentration indicates the lack of C saturation
behavior, whereas fractions exhibiting either an asymptotic
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or an exponential relationship are influenced by C saturation
(Appendix). This mathemartical relationship explicitly links the
theory of C saturation to measurable C pools as a function of
whole SOC concentration. Nevertheless, we acknowledge the
limitations to this analysis imposed by using soils from differ-
ent environments and with different experimental durations,
which will vary in their approximation of steady-state condi-
tions. This expression of fraction C capacity was suggested by
Carter (2002), however, and it provides a feasible approach to
examine soil fraction C saturation across a range of soils.

Chemically Protected Pool

The concept of a maximum limit to C storage in frac-
tions comprising the chemically protected C pool (H-dClay
and H-dSilt) is supported by the observed C saturation best-
fit models at the majority of the individual sites as well as for
the combined site data set. These results corroborate previous
work demonstrating silt + clay protective capacity for soil C
(Carter et al., 2003; Hassink, 1997; Jolivet et al., 2003; Six et
al., 2002), but also illustrate distinct C saturation behavior for
the silt- vs. clay-sized fractions.

Few studies have quantified clay saturation, but our esti-
mates at individual sites ranged from 4.87 to 8.40 g C kg™!
clay (H-dClay fraction). Our estimates are smaller than those
of the whole soil saturation constant for the temperate sandy
soils (19-55 g C kg_1 clay) of Hassink and Whitmore (1997),
and also smaller than clay saturation estimates from tropi-
cal systems of 48.8 g C kg™! clay (Diekow et al., 2005) and
32.5 g C g kg™! clay (Roscoe et al., 2001). The discrepancy
is probably due to differences in fraction isolation methods.
Diekow et al. (2005) and Roscoe et al. (2001) used complete
dispersion of the soil by sonication, whereas we used the hyro-
lyzable fraction of the dispersed clay fraction (H-dClay), which
excludes clay C retained as silt-sized and microaggregate frac-
tions as well as the biochemically protected C (NH-dClay).

Our estimates of C saturation capacity were varied in soils
that should have had similar theoretical values, given their tex-
ture and mineralogy (i.e., the three sites from Saskatchewan—
SCO, SV, and SC). This could be due to the extrapolation of
an asymptote from the linear portion of the data set. Both SC
and SV have half the SOC content range as SCO, and conse-
quently the C saturation model fit may have been overestimated
I'. The mechanism of SOC stabilization in this pool could be
due to other factors in addition to mineralogy, however, and
our values of fraction C saturation (I') should be considered
an approximation and not definitive. Previous estimates of the
influence of mineralogy on mineral SOC stabilization have
been mixed. Although Hassink et al. (1997) found no differ-
ences in silt + clay SOC protection due to mineralogy, Six et al.
(2002) found that silt- and clay-associated C of 1:1 dominated
soils was significantly less than that of 2:1 soils and attributed
this difference in C stabilization mainly to clay type.

Saturation of the chemically protected C pool is dictated
by texture and mineralogy. Greater SOM protection in finer
textured soils is correlated with greater C content in the silt +
clay fractions for soils with greatly differing mineralogy (Carter
et al., 1997; Hassink, 1997; Six et al., 2002). The linear rela-
tionship was significantly different for cultivated, grassland,
and forest silt + clay fractions (0—53 um) (Six et al., 2002) and

100

(a) iPOM

[e]
o
t
L]

60 >

iPOM fraction C
(g C kg fraction)

20 + .'/ *

50
®  H-uSilt (b) mineral-associated,
O H-uClay hydrolyzable
40 +
c
o
B30 ¢
=
2ol
o
=)
10 +
0 e i
®  NH-uSilt (c) mineral-associated,
O NH-uClay non-hydrolyzable

40 -
(o] [ ]

30 +

20

{g C kg™ fraction)

microaggregate non-hydrolyzable C ~ microaggregate hydrolyzable C
3

0 f } }
0 20 40 60 80 100

Total soil organic C (g C kg™ soil)

Fig. 5. Organic C concentration of the physically protected pool iso-
lated from the SCO (Scott, SK) samples. Physically protected
C consisted of (a) the microaggregate-protected particulate
organic matter (iPOM) fraction and (b) mineral-associated hy-
drolyzable fractions (microaggregate-derived silt-sized [H-ySilt]
and clay-sized [H-uClay] fractions) and (c) mineral-associated
nonhydrolyzable fractions (microaggregate-derived silt-sized
[NH-uSilt] and clay-sized [NH-..Clay] fractions).
was probably due to differences in disturbance and C input.
Hassink and Whitmore (1997) found that estimates of protec-
tive capacity were linearly related to the quantity of clay par-
ticles. We also found that estimates of C saturation of both
the silt and clay fractions (T) were positively related to the silt
+ clay content of the soil (P = 0.032, R* = 0.82 for silt, and P
= 0.027, R* = 0.84 for clay), suggesting a direct relationship
between clay content and C sequestration capacity.

Biochemically Protected Pool

While data for fractions comprising the biochemically pro-
tected C pool for half of the individual sites fit the C satura-
tion model best (Table 4), the combined site data fit the linear
model best (Table 5). These results suggest that biochemically
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Table 5. Parameter estimates and standard errors for fraction C saturation level (I') of the fractions best-fit C saturation model at eight
long-term agroecosystem sites: Breton, AB (AB); Akron, CO (CO); Watkinsville, GA (GA); Lexington, KY (KY); Hoytville, OH (OH);
Swift Current, SK (SC); Scott, SK (SCO); and Stewart Valley, SK (SV). The microaggregate (uagg) fraction is comprised of microag-
gregate-protected particulate organic matter (iPOM) and mineral-associated fractions (nonhydrolyzable = NH-.Silt and NH-n.Clay

and hydrolyzable = H-ySilt and H-yClay).

SOC pool Isolated fractiont AB co GA KY OH SC SCO 5\
g C kg™ fraction
Unprotected cPOM n/a% n/a n/a n/a n/a n/a n/a n/a
LF n/a n/a n/a n/a n/a 180 + 20 n/a 169 + 24
. a n/a n/a n/a n/a n/a n/a n/a n/a
Physical ELPE:)gM n/a n/a n/a n/a n/a n/a n/a n/a
Physical— NH-pSilt 142 +£27 112 18+6 n/a n/a n/a 55+7 n/a
biochemical ~ NH-uClay n/a 35+7 n/a 14+ 4 n/a n/a 45+ 6 n/a
Physical- H-uSilt 65+18 n/a n/a n/a 51+16 n/a 366 167
chemical H-uClay n/a 47 +6 n/a 21+6  n/a n/a 43 +3 n/a
Chemical H-dSilt 21 +2 15+ 4 n/a n/a 103 + 25 24 + 15 21 +1 13+4
H-dClay 53+6 n/a n/a n/a 84 + 11 58 +13 49 +3 n/a
. . NH-dSilt 34+ 4 6+0 n/a n/a n/a 67 0 34+ 4 n/a
Biochemical
NH-dClay 96+15 29+5 n/a n/a n/a n/a 60 + 6 15+ 4

t cPOM, coarse unprotected particulate organic matter (>250 pm); pagg, microaggregate fraction (53-250 um); LF, fine unprotected POM (lighter
than 1.85 g cm=3, 53-250 ym); iPOM, microaggregate-protected POM (heavier than 1.85 g cm™3, >53 um in size); NH-dSilt, nonhydrolyzable
easily dispersed silt-sized fraction (acid resistant, 53—2 pm); NH-dClay, nonhydrolyzable easily dispersed clay-sized fraction (acid resistant,
<2 pm); NH-uSilt, nonhydrolyzable microaggregate-derived silt-sized fraction (acid resistant, 53-2 um); NH-uClay, nonhydrolyzable microag-
gregate-derived clay-sized fraction (acid resistant, <2 um); H-dSilt, hydrolyzable easily dispersed silt-sized fraction (acid-soluble, 53-2 um); H-
dClay, hydrolyzable easily dispersed clay-sized fraction (acid-soluble, <2 pm); H-pSilt, hydrolyzable microaggregate-derived silt-sized fraction
(acid soluble, 53-2 um); H-uClay, hydrolyzable microaggregate-derived clay-sized fraction (acid soluble, <2 ym).

# No parameter estimates are available for fractions with linear best fit.

protected fractions could be influenced by C saturation but
only under some conditions.

Biochemical protection is acquired through condensation
and complexation reactions or through the inherent complex
biochemical nature of the material (Six et al., 2002). According
to this definition, biochemically protected C associated with silt
and clay particles would be expected to reach a saturation level.
Biochemically recalcitrant materials such as charcoal may not
interact with clay or silt particles, however, and would there-
fore be independent of the C saturation mechanisms. Our bio-
chemically protected fractions showed evidence of C saturation
at some sites, suggesting that biochemically recalcitrant plant-
derived material rather than charcoal dominated the behavior
of the biochemically protected C pool at those sites.

We found that, unlike the chemically protected pool, esti-
mates of I for the biochemically protected pool of both the silt-
and clay-sized fractions were not related to soil texture (data
not shown), suggesting that biochemical saturation is inde-
pendent from the chemical (silt + clay) protection mechanism.
Plante et al. (2006b) also found that texture did not influence
the proportion of nonhydrolyzable organic matter within silt-
and clay-sized fractions. They did note a greater susceptibility
of the clay- compared with the silt-sized fraction to hydrolyze,
which they attributed to differences in biochemical composi-
tion between the two fractions. Carbohydrate concentrations
are greater in clay-sized fractions than in silt-sized fractions
(Amelung et al., 1999; Guggenberger et al., 1994; Kiem and
Kogel-Knabner, 2003) and could account for differences in
hydrolyzability between the two fractions.

Physically Protected Pool
Lack of model differentiation in the pagg fraction was
probably due to the competing behavior of POM and mineral-

associated fractions in this composite pool. The iPOM frac-
tion had linear behavior, while the mineral-associated fractions
were fit with the C saturation and linear models. This behav-
ior is exemplified by the SCO data. It is possible that even
though there was a large range of whole SOC concentrations,
the capacity of this fraction to saturate was only beginning to
be approached. Stewart et al. (2007) found that C saturation
required a broad range of C inputs to elicit C saturation behav-
ior and C accumulation appeared to be linear across shorter
segments of a C saturation curve.

The pagg C pool was comprised of 12 to 30% iPOM
C, and the remaining 60 to 75% C was mineral associated
(H-pSile + H-uClay + NH-uSile + NH-uClay). Although
physical protection of POM has been proposed as a process
of C stabilization in microaggregates (Six et al., 2002), this
mechanism appears to be less important than the chemical sta-
bilization of non-POM by silt and clay binding in determining
uagg C content (Denef et al., 2004). The linear, nonsaturating
behavior of the iPOM, compared with the asymprtotic, saturating
behavior of the aggregate mineral-associated fractions (H-uSilt +
H-uClay + NH-pSile + NH-uClay), suggests that microaggre-
gate silt- and clay-associated C will saturate before iPOM.

Although the model fits suggest nonsaturating behavior
for the pagg pool, there should be a limit for the pagg pool
based on the clay content of the soil as well as the type of clay
available to protect POM (Six et al., 2002). We found that the
total microaggregate mass does appear to reach a maximum level
as clay content increases, suggesting that C accumulation in this
fraction is indeed limited by soil texture (P = 0.005, R* = 0.23)
Koelbl and Kogel-Knabner (2004) also found a curvilinear rela-
tionship between clay content and occluded POM C, suggesting
a maximum amount of physical protection of POM.
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Unprotected Pool

Across the range of C concentra-
tions we examined, the linear behav-
ior of the unprotected pool for both
the combined and individual site data
did not support the hypothesis of C
saturation in this pool. The cPOM
fractions from the majority of individ-
ual sites as well as the combined site
data fit the linear model best. In the
LF portion of this pool, the negative
relationship between whole SOC con-
centration and fraction C concentra-
tion was unexpected, and may reflect
incorporation of LF into aggregate
structures or mineral association with
the fraction at greater C concentra-
tions. This finding is also contrary to
the previous suggestions of C satura-
tion of the unprotected pool by Six et
al. (2002). They found that despite
increasing C inputs, LF C did not
increase at Melfort, SK (data from
Janzen et al. [1992] and Campbell et
al. [1991]). Additionally, LF C did
not increase in a study by Solberg et
al. (1997) over increasing productivity

Table 6. Model fit statistics for the linear model and model fit statistics and parameter esti-
mates for the saturation model between whole soil organic carbon (SOC) and fraction
organic C concentrations for each isolated fraction from the combined site data. No pa-
rameter estimates available for fractions with linear best-fit. The microaggregate (pagg)
fraction is comprised of microaggregate-protected particulate organic matter (iPOM)
and mineral-associated fractions (non-hydrolyzable = NH-uSilt and NH-pClay and hydro-
lyzable = H-pSilt and H-pClay).

Isolate Linear Saturation model
SOC Pool fractiond'l' model R2 R2 £t r
g C kg~! fraction

Unprotected cPOM 0.60 0.60 n/a§ n/a

LFq - - - -
Physical pagg 0.87 088 0.93+0.03  458.7+116.9

iPOM 0.09 0.10 0.79 +0.17 84.5 +38.4
Physical-biochemical NH-pSilt 0.75 0.75 n/a n/a

NH-uClay 0.52 0.52 n/a n/a
Physical—chemical H-pSilt 0.44 050 1.54x0.11  41.7£6.0

H-uClay 0.39 037 n/a n/a
Chemical H-dSilt 0.59 0.65 1.59+0.08  33.0%3.0

H-dClay 0.39 0.65 0.91 + 0.05 52.1+4.3
Biochemical NH-dSilt 0.63 0.63 n/a n/a

NH-dClay 0.65 0.64 n/a n/a

t cPOM, coarse unprotected particulate organic matter (>250 um); pagg, microaggregate fraction
(53-250 um); LF, fine unprotected POM (lighter than 1.85 g cm™, 53-250 um); iPOM, microag-
gregate-protected POM (heavier than 1.85 g cm™3, >53 um in size); NH-dSilt, nonhydrolyzable
easily dispersed silt-sized fraction (acid resistant, 53-2 um); NH-dClay, nonhydrolyzable easily
dispersed clay-sized fraction (acid resistant, <2 um); NH-pSilt, nonhydrolyzable microaggre-
gate-derived silt-sized fraction (acid resistant, 53—-2 pm); NH-uClay, nonhydrolyzable microag-
gregate-derived clay-sized fraction (acid resistant, <2 um); H-dSilt, hydrolyzable easily dispersed

through N fertilizer applications (25,
50, and 75 kg ha™!).

The unprotected pool proposed
by Six et al. (2002) consisted of plant
residues, fungal hyphae and spores,

soluble, <2 ym).

and in some cases charcoal. The plant-
derived nature of this pool has been
verified visually, as well as through
biochemical characterization (e.g., low
carbohydrate and high lignin concentration). The hypotheti-
cal saturation behavior of the unprotected C pool is indepen-
dent of the other protection mechanisms and is determined by
the balance between C input through plant production and
the specific decomposition rate of the pool. Thus, controls on
microbial activity such as soil temperature, moisture, substrate
biodegradability, and N availability would influence C storage
in this pool.

CONCLUSIONS

The expression of C saturation may be expanded from
whole SOC as a function of C inputs to individual soil frac-
tions evaluated across whole SOC concentration. From math-
ematical derivations of simple contrasting decomposition mod-
els (Stewart et al., 2007), we showed that fractions having a
linear relationship between C input and SOC at steady state
also express a linear relationship between fraction and whole
SOC concentration. We found that fraction C saturation may
be expressed as either an asymptotic or exponential relation-
ship as a function of whole SOC concentration. These simple
expressions were used to evaluate measurable fractions corre-
sponding to free POM (unprotected), microaggregate-associated
C (physically protected), silt- and clay-associated C (chemically

silt-sized fraction (acid soluble, 53-2 um); H-dClay, hydrolyzable easily dispersed clay-sized
fraction (acid soluble, <2 um); H-uSilt, hydrolyzable microaggregate-derived silt-sized fraction
(acid soluble, 53-2 um); H-uClay, hydrolyzable microaggregate-derived clay-sized fraction (acid

$£is a scalar; T is the fraction C saturation limit.
§ No parameter estimates are available for fractions with linear best fit.

9 Due to the significant relationship between decomposition constant £ (estimated from the linear model
fit) and average SOC concentration (C), we do not report the model fit for the LF due to possible
confounding factors of the analysis.

protected), and nonhydrolyzable C (biochemically protected)
fractions. The microaggregate-associated fraction was further
fractioned to assess mineral-associated vs. POM C stabilization.

In the eight long-term agroecosystem experiments across
the United States and Canada, the number of fractions fitting
the C saturation model within each site was directly related to
maximum SOC content. The two sites with the greatest SOC
range showed C saturation behavior in the chemically and bio-
chemically protected pools, as well as the mineral-associated
physically protected pool. These results indicate the impor-
tance of including biochemical and physical C protection in
fractionation schemes. In contrast, the unprotected C pool
and the POM-associated microaggregate C pool showed linear,
nonsaturating behavior.

The majority of the remaining sites and the combined site
data showed C saturation behavior in the chemically protected
C pool. At the individual sites, the biochemical pool was split
between C saturation and linear model fits, but showed no
evidence of C saturation when the data were combined. The
physically protected pool also showed support for C satura-
tion in the combined site data, but the individual site data fit
the linear model best. This was probably due to the composite
nature of the physically protected pool, comprised of POM
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and mineral-associated C. The unprotected pool showed pri-
marily linear best-model fits.

Carbon saturation was observed in soil fractions from a
variety of soil taxonomies, textures, and climates, suggesting
that C of the chemically as well as the biochemically protected
pools is influenced by C saturation behavior even though the
whole soil may not be saturated with respect to C. If the chem-
ically protected pool is filled, further accumulation of C will
probably occur in aggregate and unprotected fractions. This C
is inherently less stable and subject to increased decomposition
due to changes in management.

APPENDIX

Soil C saturation has previously been expressed as an asymptotic
relationship between whole SOC and C inputs at steady state (Six
et al., 2002; Stewart et al., 2007). In the current analysis, we sought
to express C saturation of individual soil fractions. This requires a
normalized scale because differing treatments will result in differing
rates of decomposition and incorporation of C input into various C
pools as well as transfers among them. Whole SOC concentration, as
a balance between C input and decomposition, normalizes the frac-
tion data across treatments. To express C saturation as a function of
SOC concentration rather than soil C input requires determining the
mathematical relationship between the C concentrations of individual
soil fractions and total SOC concentration.

Stewart et al. (2007) previously described two simple models of
SOC accumulation with respect to C input. The first was a single-
pool model that assumed no C saturation limit (i.e., a linear response
of steady-state SOC). The linear model assumed that residue C trans-
formed into SOC was independent of pool size and that decomposi-
tion rates are directly proportional to the pool size. At steady-state,

I*
C *=—+R [A1]
£k
SOC content (C*) is directly proportional to C inputs (7*), where &
is the specific decay constant. An intercept term (R) was added to the
linear model in Eq. [A1] to account for the residual SOC that is not
affected during the course of an agroecosystem experiment.

The second model was a single-pool model, but assumed whole
soil C saturation (i.e., asymptotic steady-state SOC). In the C satura-
tion model, soil organic C accumulation was limited by the soil’s satu-
ration deficit (sd), or how far away from C saturation (C,) a soil is:

*

et G A2]
which results in an asymptotic relationship between C inputs (/*) and
SOC concentration (C,*) at steady state:

«r= e+(11:/c ) )
m
To derive the mathematical relationship between the C concentration
of individual soil fractions and total SOC concentration, rather than
with respect to C inputs as previously reported (Stewart et al., 2007;
Six et al., 2002), we constructed two hypothetical model scenarios in
which the whole soil is comprised of two pools (e.g., active and pas-
sive) either having linear C accumulation as a function of C inputs, or
asymptotic C accumulation as a function of C inputs in accordance
with the C saturation concept. Using these two hypothetical cases, we
solved for each C pool with respect to total SOC concentration to

determine if C saturation can be expressed as a function of total SOC
concentration.

At steady state, the two-pool model for whole soil C concentra-
tion is:

C*S=C, *S(m)+C,*S(1=m,) [A4]

where C| is the C concentration in Pool 1 (kg C kg™! Fraction 1), (o
is the C concentration in Pool 2 (kg C kg™! Fraction 2), m; is the
mass proportion of Fraction 1 in the whole soil (kg Fraction 1 kg~!
soil), S is the mass of whole soil (e.g., g soil), and C, is the C concen-
tration in the whole soil (kg C kg™! soil).

In the linear case, each pool is directly related to C input

C %S (m)=2 ;;p 1 [AS]

1

*(1—
CZ*S(l—”a):M [AG]
)
where p, and 1 - p, are the proportion of C input (/*) partitioned to
pools C; *and C,* and &, and £, are the decomposition rates of each
pool. To express C| * as a function of C, we isolated /* in Eq. [A5],
and C,*in Eq. [A6], and substituted the solution of /*into the solu-
tion for C,* The resulting equation for C, * was substituted into Eq.
[A4] and solved in terms of C| * to obtain

Pk
C*= 12 C* [A7]
7 I:P/ez""él (-2 ):I

To express the C concentration of the second pool (C, ¥ as a function
of C,, we substituted the solution of C|* (Eq. [A7]) for C|* in Eq.
[A4] and solved for C,*

C.*= '€1 (1_P1 )
’ (17’”1 )I:P1’éz +k, (17}71 ):I

¢ (A8]

The resultant expression shows that fraction C concentrations (C; *
and C,*) are a linear function of whole SOC concentration (C,*), and
are dependent on the proportion of C input of both pools, their mass
proportions, and their decomposition constants. These expressions
can also be reduced to a simple linear equation:

C*=wC *+R [A9]

where ® is the aggregate of the constants in Eq. [A7] or [A8] and R
is an intercept term to account for residual SOC that is not affected
during the course of an agroecosystem experiment.

In the C saturation case, C concentrations in each fraction are
asymptotic with respect to C input at steady state:

I*p [A10]
’é1+(I*P1/Cm1)
I*(1=p,)
ky+H I¥(1=p,)/C . |

where C_, and C_, are the saturation limits of each fraction.

C*S(m,)=

C,*S(=m,)= [A11]

As for the linear case above, solving Eq. [A10] and [Al1] to
express C;* and C,* in terms of C, yields the following by grouping
constants (represented by o, 3, and y):
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[A12]

g . 0C —BEJa’Cl—~C 4B

1
=20,

=5 (k,Cmy p,—k,Cr+k,Cm, p))
B:CM1C’”2 ('él +k, P,k Py )

N==25Cm,Cm, (—k,+k, p,+k p, )(k,Cm, p,—k,Crt, +kCmr, p,)

Solving for the second pool (C,* and grouping variables (represented
by a, B, and y),

c *_—(th+Bid(—0<)2C[2 —~NC +(?

2 —20(1-m,)

[A13]

=S (#,Cm, p,—kCm, +kCm, p, )
B:C”’1C’”z (’é1 +/é2/52 —,é1p1 )

N=28Cm,Crr, (—k,+k, py+k, p, )(#sCr, p, =k Crt + R, Cr, p,)

Although there are two solutions for each pool, only the solutions
in positive space are relevant. We took the limit of each solution as
whole soil C content approached infinity to ascertain the behavior of
each pool. The limit of the first pool is an asymptote, C}* = B/20un,,
while at the limit the other pool increases linearly with respect to total
organic C, C,* = C/(1 = m,). Since the first and second pools must
sum to C,, as one approaches an asymptotic limit the other fraction
has an upwardly increasing slope with respect to whole soil C concen-
tration, declining to a linear (constant slope) relationship in the limit
(Fig. Alb). Both relationships have been observed by Dickow et al.
(2005) with the asymptotic pool corresponding to the clay-associated
C and an increasing exponential relationship for the sand-sized frac-
tion (Fig. Ala). Therefore, C pools that are asymptotic with respect to
soil C inputs (i.e., saturated) can also have an asymptotic relationship
between fraction C and whole SOC concentration. For our modeling

purposes, we used a simple asymptotic equation:

Core G [A14]
{C )

that allowed us to explicitly estimate a maximum amount of C in
the fraction (i.e., the limit in Eq. [A12]) with a single parameter (T),
rather than the three parameters above. It is important to note that
given this expression, a linear relationship between fraction C content
and SOC content is not a direct refutation of C saturation, as the
difference between an increasing exponential curve (Cg, in Fig. Al)
and a linear curve may not be evident. We cannot assess whole soil C
saturation on the basis of multiple fraction behavior.

With this derivation, we have demonstrated that SOC concen-
tration may be used as a proxy for soil C input in our analysis. We
hypothesize that a measured soil fraction exhibiting a linear relation-
ship between whole SOC concentration and fraction SOC concen-
tration is not influenced by C saturation, while a fraction exhibiting
an asymptotic relationship is influenced by C saturation. Since we

14
a 1:1 b 11
I 12
3 10 e sand
Ce | %; o silt
- 8 3 v clay
l 5=
J : 56 6
[ v
Cy o4 /"'***/7"
o0 / —
e
[ 2 o
e
o o

0 2 4 6 8 10 12 14
SOC
SOC Mg ha™1

Fig. A1. (a) Theoretical behavior of two C pools under assumptions of
C saturation. One pool demonstrates asymptotic behavior (C;;),
while the other has an upward exponential behavior (C;,). Both
pools sum to the 1:1 line representing soil organic carbon (SOC)/
SOC. Under conditions of C saturation, whole-soil SOC does not
increase and neither does fraction SOC. In this case, both frac-

tions have reached a C saturation limit, although one demonstrates

increasing exponential and the other asymptotic behavior in the
whole soil. (b) Both asymptotic and upward exponential C satura-
tion behavior are evident in the measured clay and sand fractions
of Diekow et al. (2005) in the 0- to 2.5-cm depth of a subtropical
Acrisol. Silt demonstrates linear C accumulation behavior.

are concerned only with the general relationship between SOC and
fraction C, simple mathematical expressions of both relationships will

suffice (Eq. [A9] and [A14]).
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