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Abstract:
In this project, we tested through a multitude of lab and field experiments the concept of soil C stabilization and determined metrics for the level of C saturation across soils and soil organic matter fractions. The basic premise of the soil C saturation concept is that there is a maximum amount of C that can be stabilized within a soil, even when C input is further increased. In a first analysis, our results showed that linear regression models do not adequately predict maximal organic C stabilization by fine soil particles. Soil physical and chemical properties associated with soil clay mineralogy, such as specific surface area and organic C loading, should be incorporated into models for predicting maximal organic C stabilization. In a second analysis, we found significantly greater maximal C stabilization in the microaggregate-protected versus the non-microaggregate protected mineral fractions, which provides independent validation that microaggregation plays an important role in increasing the protection and stabilization of soil C leading to greater total soil C accumulation in these pools. In a third study, our results question the role of biochemical preference in mineral C stabilization and of the chemical recalcitrance of specific plant-derived compounds in non-protected soil C accumulation.  Because C biochemical composition of slowly turning over mineral protected C pools does not change with C saturation, input C composition is unlikely to affect long-term C stabilization.  Rather, C saturation and stabilization in soil is controlled only by the quantity of C input to the soil and the physical and chemical protection mechanisms at play in long-term C stabilization. 
In conclusion, we have further corroborated the concept of soil C saturation and elucidated several mechanisms underlying this soil C saturation.

1) Meta-analysis of literature data on relationships between C stabilization and fine soil particles

In this study, we argue that predictions using current models underestimate maximal organic C stabilization of fine soil particles due to fundamental limitations of using least-squares linear regression. Therefore, the objective was to improve predictions of maximal organic C stabilization by using an alternative approach based on the monolayer-equivalent organic C loading and the boundary layer approach. We collected data on the organic C content of fine soil particles, fine particle mass proportions in bulk soil, dominant soil mineral types, and land use types from 32 studies.
Predictions of maximal organic C stabilization using linear regression models are questionable because of the use of data from soils not known to have or not have reached saturated SOC concentrations, resulting in a high proportion of presumed over-saturated samples. Predictions of maximal organic C stabilization using monolayer-equivalent organic C loading fit the data for soils dominated by 2:1 minerals well, but not for soils dominated by 1:1 minerals; suggesting that the specific surface area of 1:1 mineral soils (15 m2 g-1) was underestimated. In the boundary line analysis, only data representing soils having reached the maximal amount (upper 10% percentile) were used to test the performance of the monolayer-equivalent C loading approach. The results of boundary line analysis of soils dominated by 2:1 minerals was consistent with the monolayer-equivalent organic C loading approach, while the boundary line for soils dominated by 1:1 minerals suggested that an average specific surface area of approximately 40 m2 g-1 would be a more appropriate estimate. For all data combined, the boundary line analysis generated an estimate of maximal organic C stabilization (78 ± 4 g C kg-1 fraction) that was more than double the estimate generated by the linear regression approach (33 ± 1 g C kg-1 fraction).
The results show that linear regression models do not adequately predict maximal organic C stabilization by fine soil particles. Soil physical and chemical properties associated with soil clay mineralogy, such as specific surface area and organic C loading, should be incorporated into models for predicting maximal organic C stabilization.
 
Figure 1: Predictions of the maximal organic C content of fine soil particles for soils dominated by 1:1 and 2:1 minerals by using the boundary line analysis, monolayer-equivalent organic C loading method, and the least-squares linear regression.

2) Changes in soil organic matter quality with increasing mineral carbon loading

In addition to a theoretical upper limit to the amount of SOM that can be stabilized in soil, the soil C saturation theory generates corollaries concerning the relative permanence of SOM that have significant importance in relation to SOM responses to disturbance such as global climate change. We designed a laboratory experiment to test the hypothesis that the quality of SOM changes when a soil approaches its C saturation limit. The rationale is that as the C saturation deficit decreases, the stabilization mechanisms that work to decrease decomposability of SOM become weaker. Batch sorption experiments were performed using several soils to generate organo-mineral complexes with increasing C loadings by mixing low-C subsoil samples with increasing concentrations (~50-500 mg C L-1) of dissolved organic matter (DOM) generated from leaf litter leachate. The DOM and minerals were allowed to interact for 24h at 20°C while mixed on an orbital shaker. Degradation of the DOM during the experiment was determined using zero-mineral blank samples. The resultant organo-mineral complexes were subsequently tested for variations in SOM quality as a function of C loading using C and N isotopic ratios (δ13C and δ15N), specific respiration (µg CO2-C per g sample-C) during short-term laboratory incubations, and thermal analysis.
Preliminary results show that 2.1-34.8% (mean = 18.3%) of initial DOC was sorbed, resulting in estimated C-loadings between 0.15-2.45 mg C m-2. The expected outcome of subsequent analyses is that as a soil approaches its C saturation limit (i.e., maximal C loading), SOM becomes increasingly decomposable.

3) Evidence for soil C saturation behavior in organo-mineral complexes isolated from C-amended soils

[bookmark: _GoBack]A key requirement for testing soil C saturation behavior is to use soils that are near steady-state in terms of organic C concentration, but have been subjected to differing amounts of organic C inputs over the long-term. As indicated above, SOM stabilization by fine soil particles may be limited by finite mineral surface area, and thus mineral-associated C pool is the most likely to exhibit saturation. Our hypothesis was that as organic C inputs increase, SOM concentrations in fine soil particles will rise to a maximal level. We tested this hypothesis by measuring the amount and relative stability of SOM in the fine soil fractions isolated from soils receiving differing amounts of organic C inputs.
Soils were collected from several long-term experimental sites, each consisting of a non-amended treatment and at least two organic C amendment rates. Soils were fractionated by size and density to isolate organo-mineral complexes whose organic C loading (mg C m-2 mineral surface area) was determined as a proxy for C saturation. The mineral phase of the complexes was characterized by XRD, determination of CEC and Fe-oxide concentrations. The relative stability of SOM in the organo-mineral complexes was characterized by laboratory incubation, by chemical fractionation using sodium pyrophosphate extraction, and by thermal analysis.
Preliminary results indicate that the mineral-associated C pool does saturate and leads to a mixture of relatively stable and relatively unstable C associated with the minerals at saturation.

4) Stabilization and decomposition of lignin, cutin, and suberin with C saturation.  
	
[bookmark: OLE_LINK5]Soils that exhibit C saturation provide the opportunity to examine mechanisms of C storage in soils with increasingly limited C stabilization potential.  A manure rate experiment in Lethbridge, Alberta, in which SOC responded asymptotically to long-term manure C additions, allowed us to assess changes in SOC biochemical composition in response to soil C saturation level.  By quantifying the cupric oxide oxidation products of lignin, cutin, and suberin in fractionated SOC pools that are characterized by chemical (i.e. mineral-associated), physical (i.e. microaggregate-associated), or no protection (i.e. free particulate organic matter), we evaluated the effects of C saturation on the biochemical composition of SOC. 
With the increasingly limited C stabilization potential of C saturated soils, the SOC composition of the organomineral fraction was expected to change due to amplification of preferential sorption processes with decreasing C saturation deficits.  Contrary to our hypothesis, the organomineral stabilization of lignin, cutin, and suberin did not change in silt+clay fractions with increasing C saturation along a gradient of long-term manure input additions, as determined by no significant interaction across treatments from the change in bulk soil (an input proxy) to soil fraction SOC composition (Figure 2).  These results point to partitioning, versus specific sorption, as the controlling process in organomineral stabilization at high mineral C loadings. 
	The decomposition of lignin, cutin and suberin, however, did increase with increased C saturation when not protected by mineral associations. This effect was highly significant at the α = 0.012 level (Figure 2), as lignin per SOC decreased from 9.75 to 7.87 +/-.85 and cutin+suberin per SOC decreased from 0.29 to 0.25 +/- 0.02 with increasing C saturation, despite increased bulk soil and estimated input lignin, cutin and suberin per SOC.  Lignin decomposition also increased in the micro-within macroaggregate particulate organic matter fraction, a result likely controlled by the increased aggregate turnover observed with C saturation.  
	These results question the role of biochemical preference in mineral SOC stabilization and of the chemical recalcitrance of specific plant-derived compounds in non-protected SOC accumulation.  Because C biochemical composition of slowly turning over mineral protected SOC pools does not change with C saturation, input C composition is unlikely to affect long-term C stabilization.  Rather, C saturation and stabilization in soil is controlled only by the quantity of C input to the soil and the physical and chemical protection mechanisms at play in long-term C stabilization.  

Figure 2.  C-normalized lignin-derived phenols (lignin-VSC/OC) and cutin+suberin-derived substituted fatty acids (cutin+suberin-SFA/OC) from the bulk soil (approximating input composition) to each measured soil fraction (i.e. coarse particulate organic matter (coarse POM, a-b), micro-within-macroaggregate intra-aggregate protected particulate organic matter (intraaggregate POM, c-d), macroaggregated silt+clay (e-f), and easily dispersed silt + clay (g-h)) with manure input treatment (0, 60, 120, and 180 Mg manure ha-1 yr-1).  Error bars represent standard error of the mean.


5) Biomarkers of Microbial N decrease with increased C saturation

The reduced C stabilization potential of mineral and aggregate fractions with increasing C saturation could theoretically lead to changes in the contributions of microbial versus plant-derived compounds due to the amplification of preferential specific sorption mechanisms in mineral fractions or the increased turnover of C in non-protected and aggregate fractions.  We have begun to build on our analysis of plant-derived compounds along a C saturation gradient in Lethbridge, Alberta, by initiating measurements of microbially-derived amino sugars as biomarkers of microbially-derived C.  Through these analyses we will gain greater insight into how C saturation affects SOC biochemical composition.  By this examination, we also explore corollaries of these questions regarding how and if SOC biochemical composition can control C saturation. 
Initial measurements of microbial amino sugars in soil fractions across the Lethbridge C saturation gradient demonstrate reduced contributions of  galactosamine-N per SOC and glucosamine-N per SOC with increasing C saturation in the bulk soil, intra-aggregate POM, and silt+clay fractions and relatively constant contributions of these same amino sugars in the coarse POM fraction (Figure 3).  This result is particularly striking, given the contrasting increase in lignin contributions to silt+clay SOC fraction and decreasing lignin contributions to the non-protected coarse POM fraction (Figure 3).  Given the increasing decomposition of lignin in the coarse POM fraction, we expected a commiserate increase in the microbial-C pool.  We also expected microbial biomarkers to increase, or at least stay the same, with saturation in the silt+clay fraction, due to continued decomposition of old carbon and preferential stabilization of amphiphilic and proteinaceous microbial N.  Neither of these hypotheses, however, are supported by the data.  Further analysis will quantify the mannosamine and muramic acid amino sugars, which will provide a biomarker ratio for the contribution of fungal to bacterial microbial carbon and a more complete dataset from which to examine the fraction accumulation of microbial versus plant-derived C with C saturation. 


Figure 3.  Percent fraction SOC and contributions (per 100 mg SOC) of the sum of microbially-derived galactosamine-N and glucosamine-N and of lignin-derived VSC phenols from CuO oxidation to each fraction (coarse POM, intraagregate POM, and silt+clay) across a C saturation gradient established by long-term manure additions to a Lethbridge, Alberta agricultural experiment.  Error bars represent standard errors of the mean. 
  
6)  A review of C saturation studies provides comparable fraction saturation parameters for modeling SOC

	Application of the mathematical C saturation model, based on first order kinetics and dependent on C input, can provide estimates of the rates of saturation, as well as the maximum C storage potential of a soil (Cmax).  As few soils approach the theoretical C saturation limit, we used fraction SOC data from a number of sites across North America to fit the C saturation model.  From these modeled data we determined estimates for SOC fraction C saturation parameters. 
	When fraction C data was compiled across studies that isolated similar C pools, clear asymptotic saturation responses to C-input were apparent (Figure 4), despite the lack of a significant C saturation fit to individual sites.  These preliminary results imply that, within a set of edaphic parameters and model assumptions, a theoretical maximum C saturation level exists for functional fractions.  
Fitting the model to fractions across sites determined significantly different maximum C storage (Cmax) parameters from a upper limit of 19.13+/- 2.26 mgOC (100mg fraction)-1 for micro-within-macroaggregated silt+clay to a lower limit of 6.48 +/-0.48 mgOC (100mg fraction)-1  for easily dispersed silt.  These modeled results determined a significantly lower Cmax storage potential for the  silt, silt+clay, and macroaggregated silt+clay fractions than for the microaggregated silt+clay, microaggregate clay and clay fractions (Figure 5).  The significantly different parameter estimated from these modeled data provides robust support for the measurable and modelable soil mineral and aggregate fractions used in these studies to isolate SOC pools with distinctly different processes of SOC accumulation.  Specifically, the significantly greater Cmax parameters for the microaggregate-protected versus the non-microaggregate protected mineral fractions provides independent validation that microaggregation plays an important role in increasing the protection and stabilization of SOC leading to greater total SOC accumulation in these pools.


Figure 4.   Fraction C response of aggregate fractions (Macroaggregates, microaggregates and microaggregates within Macroaggregates)  and of Silt and Clay fractions with different levels of aggregate protection (i.e. no aggregate protection (Silt and Clay), Macroaggregate-protected Silt and Clay, and micro-within-Macroaggregate protected Silt and Clay).   The data in each graph is compiled from long-term agricultural experiments which isolated similar fraction C pools. 



Figure 5.  Modeled C storage capacity (Cmax) and the maximum observed fraction-C response across bulked and separate silt and clay fractions with different types of aggregate protection or no protection.  Models used fraction C data from five long-term experiments, which were evaluated for C saturation.  Error bars represent standard error of the mean for each Cmax estimate.   Small letters above the bars indicate significance groupings for parameter comparisons. The fractions used for each comparison are separated by dashed lines.  
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