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Perennial bioenergy crops are projected to reduce US reliance on fossil fuels, bring 

down greenhouse gas emissions and enhance rural economies. In the Northeastern 

United States, seasonally-wet underutilized marginal lands are being considered as a 

resource base for the renewable bioenergy sector. Studies incorporating soil moisture 

and other field characteristics are needed for commercial production of bioenergy. The 

objective of this study is, therefore, to investigate the impact of converting wetness-

prone fallow lands to perennial grass cultivation and specifically to examine the effect 

of moisture controls on soil carbon dynamics.  

In the first study, quadruplicate treatments were established in a wetness-prone 

marginal fallow grass site that was converted to perennial grass bioenergy feedstock 

production, consisting of fallow-control, reed canarygrass with nitrogen (N) fertilizer, 

switchgrass without and with N fertilizer in a four-year study. After three years, the 

loss of organic matter (OM) and soil organic carbon (SOC) due to plowing of formerly 

fallow land had not been repaid. The wettest soils had the greatest OM, SOC, and 

active carbon, independent of the cropping treatment, while driest soils had the lowest 

pH. During the last year, the wettest soils had significantly greater SOC and total 

nitrogen (TN) than drier soils, and fallow soils had significantly greater SOC than 



ii 

 

soils of switchgrass and switchgrass + N. In the relatively short timeframe of this 

study, neither crop species photosynthetic pathway (C3 vs. C4) nor moderate rates of 

N fertilization had a significant impact on soil properties. The second study found that 

surface volumetric water contents had a stronger correlation with soil properties (OM, 

SOC, TN, bulk density and δ13C) down to 120 cm depth, than did shallow perched 

water depth. Correlation between loss-on-ignition (LOI) derived C and combustion 

elemental analysis measured C contents to soil depths of 60 cm (using New York State 

soil testing conversions of LOI), was very good. The third study showed that in a 371-

day incubation experiment, C mineralizability was significantly less with high field 

moisture compared to low field moisture, indicating possible stabilization mechanism 

facilitated (through mineral interactions of SOC) under high water content.  
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CHAPTER 1 

INTRODUCTION 

 

Perennial bioenergy crops are projected to reduce US reliance on fossil fuels, bring down 

greenhouse gas emissions and enhance rural economies. In the Northeast US, soil moisture status 

renders about 20% soils poorly or very poorly drained (Stout et al., 1994, Stoof et al., 2014). 

With perennial bioenergy crops poised to contribute significantly towards future energy needs of 

the region, there is an increased interest in converting such wet marginal lands to bioenergy 

cropping systems. Land use change through such agricultural conversion can significantly alter 

carbon (C) cycling processes in these agroecosystems.  

Though the capacity of perennial grasses to tolerate (and potentially improve) suboptimal soil 

properties, reduce erosion, sequester soil organic carbon (SOC), and improve soil biodiversity 

are well-known (McLughlin and Walsh, 1998; Lemus and Lal, 2005; Blanco-Cancui, 2010; 

Schmer et al., 2011), research on the impacts of dedicated bioenergy perennial crops at the field 

scale under varied soil conditions is yet needed. Several soil physical, chemical and biological 

parameters are commonly used as indicators of soil health (Moebius-Clune et al., 2016). The 

impact of soil moisture conditions, vegetation and land use changes on soil parameters warrant 

further detailed studies.  

Soil respiration represents one of the largest C fluxes in the global C cycle, ten times larger than 

the CO2 released from fossil fuel burning (Raich and Tufekcioglu, 2000). Soil respiration 

consists of an autotrophic component from roots and their associated rhizosphere and a 

heterotrophic component from free-living soil micro-and macro organisms that decompose SOC 

(Kutsch et al., 2009; Stockmann et al., 2013). While initial decomposition rates of plant residues 

in surface soils correlate with indices of bulk chemical composition of plant materials, long-term 
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stabilization of OM is essentially an ecosystem property (Schmidt et al., 2011), much under the 

control of parameters such as soil moisture. While temperature impacts on SOC are better 

understood, processes relating soil moisture to SOC stabilization are poorly understood and 

poorly quantified. 

 

Chapter 2 examines the impact of conversion (via tillage) of the previously fallow field to 

perennial grass, over a four-year period after bioenergy cropping was established. Specifically, 

we investigated the effect of soil moisture and vegetation on soil properties including organic 

matter (OM), active carbon, wet aggregate stability, soil pH, SOC, and total nitrogen (TN). In 

addition, the relationships between the various soil properties and crop parameters (cumulative 

yields and root biomass) were evaluated.  

 

Chapter 3 examines the influence of surface volumetric water content and perched water table 

depth on the distribution of OM, SOC, TN, C/N ratio, bulk density, and δ13C for six depth 

increments to 120 cm, in the bioenergy field that was for decades minimally-managed before 

conversion to perennial grasses. Additionally, we tested the suitability of using loss-on-ignition 

(LOI) for soil analytical studies by comparing it to dry combustion elemental C analysis. 

 

Chapter 4 provides a mechanistic understanding of the role of moisture on carbon mineralization 

for soils that were exposed to different moisture levels. With a 371-day incubation experiment, 

we investigated if legacy effects from different field moisture levels (viz plant above-ground 

/below-ground biomass inputs or SOC stabilization and therefore the form of SOC) determined 

the subsequent C mineralizability under varying incubation moisture contents. 
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CHAPTER 2 

 

PERENNIAL GRASS BIOENERGY CROPPING ON WET MARGINAL LAND: IMPACTS 

ON SOIL PROPERTIES, SOIL ORGANIC CARBON AND ABOVE-GROUND BIOMASS 

DURING INITIAL ESTABLISIHMENT.1 

 

Abstract 

The control of soil moisture, vegetation type and prior land-use on soil health parameters of 

perennial grass cropping systems on marginal lands is not well known. A fallow wetness-prone 

marginal site in New York (USA) was converted to perennial grass bioenergy feedstock 

production. Quadruplicate treatments were fallow-control, reed canarygrass (Phalaris 

arundinaceae L. Bellevue) with nitrogen (N) fertilizer (75 kg N ha-1), switchgrass (Panicum 

virgatum L. Shawnee), and switchgrass with N fertilizer (75 kg N ha-1). Based on periodic soil 

water measurements, permanent sampling locations were assigned to various wetness groups. 

Surface soil (0-15 cm) organic matter (OM), active carbon, wet aggregate stability, pH, soil 

organic carbon (SOC), total nitrogen (TN), root biomass and harvested above-ground biomass 

were measured annually (2011-2014). Multi-year decreases in OM, wet aggregate stability and 

pH followed plowing in 2011. For all years, wettest soils had the greatest OM, SOC, and active 

carbon, while driest soils had the greatest wet aggregate stability and lowest pH. In 2014, wettest 

soils had significantly (p<0.0001) greater SOC and TN than drier soils, and fallow soils had 14% 

to 20% greater SOC than soils of reed canarygrass+N, switchgrass, and switchgrass + N. Crop 

type and N fertilization did not result in significant differences in SOC, OM, active carbon or wet 

aggregate stability. Cumulative three-year above-ground biomass yields of driest switchgrass+N 

soils (18.8 Mg ha-1) were 121% greater than the three wettest switchgrass (no N) treatments. 

                                                 
1 Manuscript submitted to BioEnergy Research BERE-S-17-00301-1, Srabani Das, Karin Teuffer, Cathelijne R. 

Stoof, M. Todd Walter, Mike F. Walter, Tammo S. Steenhuis, Brian K. Richards* 
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Overall, soil moisture status must be accounted for when assessing soil dynamics during 

feedstock establishment. 

 

Keywords Wetness-prone marginal land, bioenergy cropping, soil organic carbon(SOC), active 

carbon, wet aggregate stability, above-ground biomass. 

 

Introduction  

Perennial bioenergy crops are projected to reduce US reliance on fossil fuels, reduce greenhouse 

gas emissions, and enhance rural economies. In the Northeast US (NE), fallow marginal lands 

are cited as a primary resource base for the perennial bioenergy sector (Stoof et al., 2014; Baxter 

and Calvert, 2017). Many soils in this region are not well-suited (hence marginal (Richards et al., 

2014)) for row crop agriculture due to seasonal water saturation or near-saturation, which 

commonly results from presence of shallow restrictive layers. Soil moisture status renders about 

20% of NE soils poorly or very poorly drained (Stout et al., 1994). Though the capacity of 

perennial grasses to tolerate (and potentially improve) suboptimal soil properties, reduce erosion, 

sequester soil organic carbon (SOC), and improve soil biodiversity are well-known (McLaughlin 

and Walsh, 1998; Lemus and Lal, 2005; Blanco-Cancui, 2010; Schmer et al., 2011), research on 

the impacts of dedicated bioenergy perennial crops at the field scale under varied soil conditions 

is yet needed. Additionally, there is little representation of the Northeast US in most reviews of C 

sequestration potential of bioenergy crops (Blanco-Canqui, 2010; Skinner et al., 2012). The 

extent of potential carbon (C) sequestration as a ecosystem service of perennial bioenergy 

systems is dependent on soil texture, initial SOC, climate, drainage, cropping history and 

management practices (Skinner et al., 2012). Though conversion of croplands to grassland 



 

6 

(pastures or bioenergy plantations) results in accumulation of SOC (Knops & Tilman, 2000; 

Schnabel et al., 2001; Guo and Gifford, 2002; Hansen et al., 2004; Grandy & Robertson, 2007), 

an initial loss of SOC is observed when previously uncultivated fallow lands are converted to 

perennial grasses (Davidson and Ackerman 1993; Corre et al.,1999; Anderson-Teixeira et al., 

2009; Skinner et al., 2012; Stockmann et al., 2013). Cultivation of undisturbed/untilled soils 

usually depletes organic carbon stocks by releasing stored carbon to the atmosphere  and hence 

impacts both CO2 fluxes and soil fertility (Burke et al., 1995; Grandy and Robertson, 2007). 

Tillage results in significant fracturing of protective soil aggregates and peds, mixing of soil 

horizons, disruption of plant roots and mycorrhizae, and increased priming effects. This incurred 

“carbon debt” is often repaid over a period of years or decades before any net sequestration 

occurs.  

Soil moisture is one of the most important environmental controls of plant growth (Sims & 

Singh, 1978; Sala et al., 1988; Knapp et al., 1993; Rodriguez-Iturbe & Poporato, 2004) and soil 

microbial activity, hence affecting both C inputs and outputs of soil (Linn & Doran, 1984; Raich 

& Schlesinger, 1992; Parton et al., 2007; O’Brien et al., 2010). As the rate of decomposition 

relative to production is low in cold and wet climates, soil C stocks are globally greater in such 

areas (Trumbore, 1997; Jobba´gy and Jackson, 2000; Fissore et al., 2008; Moyano et al., 2013). 

Though its overall control for buildup in grasslands is well established (Jelinski and Kucharik, 

2009; O'Brien et al., 2010), site specific variations in drainage impacting SOC and TN accrual in 

perennial grasslands need to be  determined. 

Switchgrass (Panicum virgatum L) is a common warm-season (C4) perennial selected as a model 

system for cellulosic biomass production. Apart from placing organic C in deeper soil layers due 

to rooting that is deeper than C3 grasses, switchgrass is thought to increase the proportion of 

https://www.researchgate.net/publication/233214029_Soil_Organic_Matter_Recovery_in_Semiarid_Grasslands_Implications_for_the_Conservation_Reserve_Program_Authors?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/250127492_Land-use_Effects_on_Soil_Carbon_and_Nitrogen_on_a_US_Midwestern_Floodplain?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/250127492_Land-use_Effects_on_Soil_Carbon_and_Nitrogen_on_a_US_Midwestern_Floodplain?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/250127492_Land-use_Effects_on_Soil_Carbon_and_Nitrogen_on_a_US_Midwestern_Floodplain?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
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stable soil aggregates, which aids in long term C sequestration (Ma et al., 2000). Reed 

canarygrass (Phalaris arundinacea L) is a herbaceous cool-season (C3) perennial long used for 

forage production in wetness-prone soils. Because of its adaptation to wet conditions, it is 

regarded as an invasive species in riparian fringes and wetlands throughout North America 

(Miller and Dickerson, 1999). Its capacity to accumulate large amounts of C in biomass within a 

short growing season is thought to cause significant alterations in SOC dynamics (Bills, 2008; 

Shurpali et al., 2008). Due to the differing mechanisms of carbon fixation of the two 

photosynthetic pathways (Hatch-Slack cycle [C4 plants] vs Calvin cycle [C3 plants]), warm-

season C4 plants have approximately 50% greater photosynthetic efficiency than cool-season C3 

plants (Wang et al., 2012). It is generally assumed that C4 grasses will have greater long-term C 

sequestration rates due to below-ground productivity that is greater than C3 species (Knops and 

Tilman, 2000; Kucharik et al., 2001; Baer et al., 2002; Camill et al., 2004; Ampleman et al., 

2014).  

Work by Corre et al. (1999) at six sites in the Northeast US showed that SOC in moderately 

drained soil was influenced by stand age and temperature variations when C3 and C4 grasses 

were grown on fallow lands. However, there was no significant difference in SOC values 

between C3 and C4 grasses at all depths, and conversion of C3 to C4 grasslands resulted in SOC 

loss that required 16-18 years to recover. Studies with pasture mixtures (perennial C3/C4 grasses 

and legumes) in well-drained soils in Pennsylvania showed no relationship between changes in 

soil C and root biomass (Skinner, 2006) between 5 and 60 cm. In southeastern Pennsylvania 

(Sanderson, 2008), conversion of hayfield/pastureland to switchgrass (and subsequent grazing 

activities) on well drained, deep soils did not result in any change (minor loss) in net SOC after 5 



 

8 

years at soil depth increments of 0-5, 5,15 and 15-30 cm depth and there were no differences in 

SOC levels under different cultivars. 

Given that inter-annual changes are small in comparison to the large reservoir of SOC (Powlson 

et al., 1987; Kutsch et al., 2009), SOC shifts are difficult to measure in the short-term. However, 

the rapid, simple, and inexpensive permanganate-oxidizable carbon assay (more commonly 

known as active carbon, sometimes abbreviated as POXC) estimates a processed and stabilized 

pool of labile soil C derived from total microbial biomass (Culman et al., 2012; Culman et al., 

2013; Geng et al., 2014; Mizin, 2014). As such, it is sensitive to management and/or 

environment (Weil et al., 2003; Culman et al., 2012; Lucas and Weil, 2012; Mizin, 2014; 

Tiemann and Grandy, 2015) and may be effective over shorter timeframes as a leading indicator 

of SOC trends and is accordingly used in soil health analytical assessments (Moebius-Clune et 

al., 2016).  

Perennial cropping promotes increased root production and exudates which are thought to 

promote aggregate formation and SOC stabilization. With reorientation of soil particles through 

physical and biological (Six et al. 2002, Jastrow et al., 2007; Tiemann and Grandy, 2015) 

disturbances, SOC becomes more protected within aggregates. The extent to which soil 

aggregates resist disintegration when wetted via simulated rainfall is measured as the wet 

aggregate stability of the soil, which is also often used as a soil health indicator (Moebius-Clune 

et al., 2016). It is a key factor of soil resistivity to mechanical stresses and is correlated to soil 

organic matter content (Cañasveras et al., 2010; Tiemann and Grandy, 2015).  

In this perennial grass field study, we used four years (2011, 2012, 2013 and 2014) of soil 

properties data (OM, active carbon, wet aggregate stability, soil pH; also, SOC and TN in 2014) 

and cumulative above-ground biomass yields to explore 1) the impact of the conversion via 
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tillage of the previously fallow field to perennial grass during the early establishment phase, and 

2) the degree of soil moisture and vegetation control on soil properties. Finally, the association of 

soil and crop productivity parameters (cumulative above-ground biomass and root biomass) were 

also evaluated. Above-ground biomass yields and below-ground root biomass were measured, 

but three year cumulative values were used for analyses, given that switchgrass typically reaches 

full yield potential only after several growing seasons (McLaughlin and Kszoz, 2005; Parrish and 

Fike, 2005). 

We hypothesized that a) there would be loss in OM due to the initial plowing, b) that soil 

properties and above-ground biomass yields would be influenced by moisture gradient of the 

field, and c) that at this early stage there would be no detectable differences in OM or SOC levels 

because of plant photosynthetic pathway (C3 vs. C4) or use of N fertilization. 

Methods 

Experimental site The primary research site was a 10ha field at Ithaca, New York, USA 

(42N28.20', 76W25.94') (Fig.2.1a) with a predominant drainage catena comprised of three soil 

series: well-drained Canaseraga (coarse-silty, mixed, active, mesic Typic Fragiudept), somewhat 

poorly drained Dalton (Coarse-silty, mixed, active, mesic Aeric Fragiaquept), and poorly drained 

Madalin (fine, illitic, mesic Mollic Endoaqualf). Small areas of associated Rhinebeck (fine, 

illitic, mesic Aeric Endoaqualfs) and Langford (fine-loamy, mixed, active, mesic Typic 

Fragiudepts) soils were also present. As reflected in their taxonomic classifications, the Dalton, 

Canaseraga and Langford series silt loams characterized by a dense subsoil fragipan (Fig.2.1b). 

The field topography is undulating, with slopes in the sampled areas varying from 0 and 8%, 

with a small area with short slopes up to 15% on the eastern edge of the field (Fig.2.1b). Perched 

water tables recur seasonally, resulting from shallow restrictive layers (fragipan and/or dense 
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basal till). At such spots, significant quantities of lateral interflow atop the restrictive layer 

saturate depressions and concave areas (Steenhuis et al., 1995; Zollweg et al., 1996; 

Frankenberger et al., 1999; Walter et al., 2000), a characteristic of many wetness-prone soils of 

the region. The field is marginal for row crop or alfalfa production (Richards, et al., 2014) due to 

this recurring wetness in many areas. Before perennial grasses were established in July 2011, the 

field had effectively been fallow for circa 50 years, with occasional mowing (and rarely hay 

harvest) used to prevent reversion to shrub and tree growth. The site’s fallow vegetation in 2011 

was dominated by legacy reed canarygrass and mixed forbs, including goldenrod (Solidago sp.) 

and, in the wettest areas, hemp dogbane (Apocynum cannabinum). 

 

Figure 2.1a. Field site layout depicting strip plots: fallow-control (A, F, I, P); switchgrass (B, G, 

J, M); switchgrass + fertilizer 75 kg N ha-1 (D, H, K, N), reed canarygrass + fertilizer 75 kg N ha-

1 (C, E,L,O). Modified from July 2012 GoogleEarth image. 
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Figure 2.1b. Soil series (left) and soil wetness-targeted distribution of the sampling subplots (right) denoted with suffixes 1 through 5. 

Soil series mapping adapted from Cline and Bloom, 1965: CaB – Caneseraga 3-8% slopes, DA – Dalton 0-3% slopes, DB – Dalton 3-

8% slopes LB – Langford 3-8% slopes, LD – Langford 8-15% slopes, MaA – Madalin 0-3% slopes. (Yellow –moderately well-

drained; light blue – somewhat poorly drained; dark blue – poorly drained.) 
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Table 2.1 Monthly total rainfall (mm) during the growing season for switchgrass and reed 

canarygrass (Mar–Sep) for the years 2011-2014. 
 
 

Monthly total rainfall (mm)  

Year March April May June Jul Aug Sep 

2011 92 188 170 66 51 118 266 

2012 44 81 74 47 40 91 97 

2013 30 77 59 105 177 133 96 

2014 77 62 113 131 98 154 56 

29 yr. 
mean 

67 84 81 101 97 92 94 

 

 

Figure 2.2. Monthly departure of a) air temperature and b) precipitation from the 29-year mean 

(1981-2010) values for the four-year study period (2011-2014) at Cornell University, Ithaca, 

obtained from the Northeastern Regional Climate Center database. The precipitation data spans 

the growing season for both reed canarygrass and switchgrass (March-September). 

 

The total monthly precipitation for the study period (2011 through 2014) is shown in Table 2.1, 

while the total departure from 29-year average values is seen in Figures 2.2b (precipitation) and 
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2.2a (temperature). The crops were not irrigated.  Subsurface tile drains (paralleling the main and 

lateral legacy surface drainage swales, Fig.2.1a) were installed in June 2011 to help ensure 

trafficability of the wettest areas at harvest.  

A randomized complete block design was used for 16 large strip plots (denoted A through P, Fig. 

2.1a, 2.1b) that comprised quadruplicate plots of the four cropping treatments: switchgrass (v. 

Shawnee, a selection from upland ecotype Cave-in-Rock) (SWG), switchgrass+ fertilizer N 

(SWGN), reed canarygrass (cv. Bellevue) +fertilizer N (RCG), and pre-existing fallow control 

(CTRL). Where used, the N fertilization rate was 75 kg N ha-1 of ammonium sulfate 

((NH4)2SO4), surface-applied once annually in the spring, starting in 2012 for reed canarygrass + 

fertilizer and delayed (as is typical for slow-to-establish switchgrass) until 2013 for SWGN. 

Concurrent research at the site monitored nitrous oxide emissions from these same treatments 

(Mason et al., 2016, 2017). 

Sampling subplots The trial is unique as the strip plots (each between 0.34-0.44 ha) were 

intentionally laid out to capture the continuum of soil moisture conditions that vary naturally 

from moderately well-drained to poorly drained. In June 2011, the fallow land was prepared for 

perennial grass production by successively mowing, spraying regrowth with glyphosate 

herbicide, conventional moldboard plowing, disking, and harrowing prior to planting. Five 

permanent sampling subplots were established along the natural moisture gradients of each strip-

plot (Fig.2.1b) based on an initial intensive survey (June 1-2, 2011) of surface layer volumetric 

water content measurements by time-domain reflectometry (TDR, Campbell Scientific 

Hydrosense meter using 12 cm sensor rods). This subplot approach thus yielded eighty 

permanent sampling points where soil (including SOC and other soil health parameters) and 

harvested above-ground biomass yields (among other parameters) are sampled yearly. Frequent 



 

14 

periodic surface soil moisture measurements (by TDR) were used to characterize the relative soil 

moisture status of each subplot. For each measurement event, a field average volumetric water 

content of all 80 subplots was calculated, and each subplot’s value was normalized relative to the 

field mean (yielding a “relative soil moisture ratio” for that subplot and time point). These 

relative values were averaged over the entire study period for each subplot, and each subplot’s 

characteristic wetness (relative to the field average) was thus established over 40 such 

measurement events cumulatively representing thousands of readings at the site. Finally, these 

multi-years mean values for the 80 subplots were aggregated into “soil wetness quintiles” for the 

entire study period (Table 2.3).  

Therefore, 20 subplots of each cropping system and 16 subplots of each wetness quintile (Table 

2.2a) formed the basis of comparison in this study. Given that soil moisture did not vary 

uniformly among the total population of subplots as divided among cropping treatments, N for 

each wetness quintile under a cropping system varied between 2 and 6 (Table 2.2b). Thus, the 

unintended consequence of incorporating greater precision to predict wetness and crop 

interaction, was an unbalanced sample size for each wetness quintile (Table 2.2b). The driest 

subplots represented in wetness quintile 5 (Q5) had mean volumetric water contents 

approximately 0.8 times the field mean, whereas the more variable wettest subplots, wetness 

quintile 1 (Q1) averaged 1.3 times the field mean (Richards et al., 2013). These quintiles were 

used for categorizing soil moisture status with respect to other parameters.  

Calculated for one sampling event (Aug 2014) but not shown were corresponding values in 

gravimetric units, based on a subset of soils collected and analyzed for a measurement event in 

2014. With these data, the volumetric water content values (TDR) were regressed against values 

of the gravimetric water content, and the equation was used to compute the mean water content 
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values corresponding to the high, mid and low TDR moisture quintiles from the field. The multi-

year mean growing season gravimetric water contents corresponding to Q1 (highest), Q3 and Q5 

(lowest) were 0.5, 0.4, and 0.3 g g-1 respectively. As the gravimetric soil moisture equivalent 

from a single time point would not be able to correctly reflect the variability of the soil moisture 

content over the study period, we have instead used the quintile-based relative volumetric 

wetness to compare SOC levels. 

 

Table 2.2a. Distribution schematic for the for the 80 subplots of the quadruplicate cropping 

systems spanning over fallow-control (CTRL), reed canarygrass + fertilizer 75 kg N ha-1 (RCG), 

switchgrass (SWG) and switchgrass + fertilizer 75 kg N ha-1(SWGN) and the wetness quintiles 

(Q1 wettest-Q5 driest, water content variation between 0.3 g g-1 and 0.5 g g-1)  

 
                                                 Distribution of subplots at the field site 
 

                                  Cropping system Multi-year wetness quintile rank  
(Q1, wettest - Q5, driest) 
 CTRL RCG SWG SWGN Q1 Q2 Q3 Q4 Q5 

 20 20  20  20 16 16 16 16 16 

 

 

 

Table 2.2b. Distribution schematic of the number of subplots of each wetness quintile (Q1 

wettest-Q5 driest, water content variation between 0.3 g g-1 and 0.5g g-1) for each cropping 

system, fallow-control (CTRL), reed canarygrass + fertilizer 75 kg N ha-1 (RCG), switchgrass 

(SWG) and switchgrass + fertilizer 75 kg N ha-1(SWGN) 

 
Multi-year wetness quintile rank                                        

 

Distribution of wet quintile 
representatives for each cropping 
system 

(Q1, wettest- Q5, driest)                                    CTRL RCG SWG SWGN 

Q1         5 3 4 4 

Q2 6 2 4 4 

Q3 4 5 3 4 

Q4 2 6 5 3 

Q5 3 4 4 5 
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Sampling protocol Soil sampling in June 2011 took place prior to any tillage and thus 

represented the preconversion fallow state. Soils from the surface Ap layer were sampled each 

year in June/July. A flat shovel was used to dig to 15 cm depth at two locations equidistant (1.2 

m) from the center of each subplot (as marked by a permanent subplot flag). Approximately 4 kg 

of soil was dug from each of the two locations, mixed and composited in a bucket, with circa1 kg 

transferred to labeled polyethylene bag. The soils were initially air dried and later oven dried at 

55°C for several days until constant weight was achieved. The soil samples were stored for later 

processing.  

Biomass sampling   For this study, above-ground yield from each subplot was determined for the 

years 2012, 2013 and 2014 using hand-harvesting of replicate 1 m2 quadrants, followed by crop 

vs. weed separation, weighing and dry matter analysis. Results were added to obtain a 

cumulative yield value for each subplot used in the analysis. After drying, each bag of soil was 

weighed, and coarse roots were removed by hand picking and kept separately. Root crowns were 

not sampled. The roots were then passed through a 2mm-sieve to remove the associated dirt 

particles and then weighed. This procedure (of non-washing and handpicking) was undertaken to 

preserve soil samples for further analysis, avoiding destructive processing. This approach 

recovers ~60% of the root mass typically obtained through more extensive soil washing 

techniques (Matamala et al., 2008). These conservative underestimates have been used for 

correlations with soil properties. The coarse root biomass estimation from each subplot was thus 

undertaken for the years 2012, 2013 and 2014. Subsequently, the cumulative root biomass for 

each subplot was obtained by adding the values from each year.
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Table 2.3. All-year wetness quintile ranks of the 80 subplots based on numerous measurement events; field average volumetric water content of 

all 80 subplots calculated during each measurement event and each subplot’s value normalized relative to field mean (yielding a “relative soil 

moisture ratio” for that subplot and time point). These relative values were averaged over the entire study period for each subplot, and each 

subplot’s all-year characteristic wetness (relative to the field average) was thus established. Finally, the multi-year mean values for 80 subplots 

were aggregated into “soil wetness quintiles” for the entire study period.  The four cropping systems are fallow-control (CTRL), reed canarygrass 

+ fertilizer 75 kg N ha-1 (RCG), switchgrass (SWG) and switchgrass + fertilizer 75 kg N ha-1(SWGN). The wetness quintile ranks are Q1, Q2, Q3, 

Q4 and Q5(Q1, wettest, Q5 driest). 

Strip Subplot 
Cropping 
system 

All-year, all-field 
mean volumetric 
water content 
(normed) 

Std. dev. 
(normed) 

All-year, all-
field, wetness 
quintile rank Strip Subplot 

Cropping 
system 

All-year, all-field 
mean volumetric 
water content 
(normed) 

Std. dev. 
(normed) 

All-year, all-field, 
wetness quintile 
rank 

A 1 CTRL 1.0 0.1 Q2 I 1 CTRL 0.9 0.1 Q5 

 
2 CTRL 1.4 0.2 Q1  2 CTRL 1.0 0.2 Q2 

 
3 CTRL 1.1 0.1 Q2  3 CTRL 1.0 0.2 Q2 

 
4 CTRL 1.2 0.2 Q1  4 CTRL 1.2 0.1 Q1 

 
5 CTRL 0.9 0.1 Q3  5 CTRL 0.7 0.1 Q5 

B 1 SWG 1.0 0.1 Q2 J 1 SWG 0.8 0.1 Q4 

 
2 SWG 1.4 0.4 Q1  2 SWG 1.0 0.1 Q3 

 
3 SWG 0.9 0.1 Q4  3 SWG 1.2 0.1 Q1 

 
4 SWG 1.1 0.1 Q2  4 SWG 1.6 0.3 Q1 

 
5 SWG 1.0 0.1 Q4  5 SWG 0.8 0.1 Q5 

C 1 RCG 1.1 0.1 Q1 K 1 SWGN 0.7 0.1 Q5 

 
2 RCG 1.4 0.3 Q1  2 SWGN 0.9 0.1 Q3 

 
3 RCG 0.8 0.1 Q5  3 SWGN 1.0 0.1 Q2 

 
4 RCG 1.0 0.1 Q3  4 SWGN 1.1 0.2 Q1 

 
5 RCG 0.9 0.1 Q4  5 SWGN 0.8 0.1 Q5 

D 1 SWGN 1.1 0.1 Q2 L 1 RCG 0.9 0.1 Q4 

 
2 SWGN 1.5 0.4 Q1  2 RCG 0.9 0.1 Q4 

 
3 SWGN 0.9 0.1 Q4  3 RCG 1.0 0.1 Q3 

 
4 SWGN 0.9 0.1 Q3  4 RCG 0.8 0.1 Q5 

 
5 SWGN 1.1 0.2 Q2  5 RCG 0.8 0.1 Q5 

E 1 RCG 0.9 0.1 Q4 M 1 SWG 0.8 0.1 Q5 

 
2 RCG 1.1 0.1 Q2  2 SWG 1.1 0.1 Q2 

 
3 RCG 1.2 0.2 Q1  3 SWG 1.0 0.1 Q3 

 
4 RCG 0.9 0.1 Q4  4 SWG 0.8 0.1 Q5 

 
5 RCG 1.0 0.1 Q3  5 SWG 0.8 0.1 Q5 

F 1 CTRL 0.8 0.1 Q4 N 1 SWGN 0.9 0.1 Q4 

 
2 CTRL 1.0 0.1 Q2  2 SWGN 1.1 0.1 Q1 

 
3 CTRL 1.2 0.1 Q1  3 SWGN 0.8 0.1 Q5 

 
4 CTRL 1.0 0.1 Q3  4 SWGN 1.0 0.1 Q3 

 
5 CTRL 1.1 0.2 Q2  5 SWGN 0.9 0.1 Q4 

G 1 SWG 0.9 0.1 Q4 O 1 RCG 0.7 0.1 Q5 

 
2 SWG 1.0 0.1 Q3  2 RCG 1.1 0.1 Q2 

 
3 SWG 1.1 0.1 Q2  3 RCG 1.0 0.1 Q3 

 
4 SWG 1.3 0.1 Q1  4 RCG 1.0 0.1 Q3 

 
5 SWG 0.9 0.1 Q4  5 RCG 0.9 0.1 Q4 

H 1 SWGN 0.8 0.1 Q5 P 1 CTRL 1.0 0.1 Q3 

 
2 SWGN 1.0 0.1 Q3  2 CTRL 1.0 0.1 Q3 

 
3 SWGN 1.1 0.1 Q2  3 CTRL 1.2 0.1 Q1 

 
4 SWGN 1.3 0.2 Q1  4 CTRL 0.9 0.1 Q4 

 
5 SWGN 0.8 0.1 Q5  5 CTRL 0.8 0.1 Q5 
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 Laboratory analyses Each soil sample (dried, with roots removed) was passed through a soil 

mill (Dynacrush DC-5 Soil Crusher, Custom Laboratory Eqpt, Orange City, Florida) with 10 

mesh sieve (2mm openings) three times before being finally sieved with a 1.8 mm sieve, in 

accordance with Garten and Wullschleger (1999). The coarse fragments were then weighed to 

help when converting analytical results (which based on fine soil only) to a realistic areal basis, 

since said fragments remain present during bulk density determinations. The mineral soil fraction 

(including any fine roots that passed the sieve) was thus prepared and elemental C and N analysis 

was carried out on oven dried (60°C) 0.4 g soil samples by combustion infrared detection [ 

LECO TruMac CN, (LECO Corp, St. Joseph, MI) with analytical precision of 0.01 mg or 0.3% 

RSD (whichever is greater) for N and 0.01mg or 0.4% RSD for C (whichever is greater)]. 

Without access to LECO during the first year, the loss on ignition (LOI) method was used to 

estimate OM for 2011 samples, and OM estimations for all years are also reported here. For LOI, 

mass losses from ignition (2 h at 500°C) are determined gravimetrically on oven dried (105C 

for at least 4 h) ground and sieved soil samples. New York State empirical relationships of 

fractional OM content = 0.7(LOI)-0.23. (R2= 0.94) and OM=1.724 (Soil organic C) have been 

used for calculations of % C (Moebius-Clune et al., 2016). 

As pH values of all soil samples were below 7, the total soil C was considered equivalent to SOC 

(Propheter and Staggenborg, 2010; Bonin and Lal, 2014), with no carbonate presence assumed, 

which was further confirmed using 5 M HCl that resulted in no effervescence on a subset of 16 

soil samples. SOC data reported here on a mass basis (g C kg-1), as the switchgrass establishment 

was still in process after 3 years, and post-establishment bulk density measurements had not yet 

been done by 2014. 
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Soil pH and texture analyses as outlined in Moebius-Clune et al., 2016 are presented in Table 

2.4. Active carbon analysis was carried out via permanganate oxidation and spectrophotometry 

(Weil et al., 2003, Culman et al., 2012, Moebius-Clune et al., 2016) and wet aggregate stability 

was measured using a sprinkle infiltrometer that steadily rains on a sieve containing a known 

weight of soil aggregates between 0.25 mm and 2 mm (Moebius-Clune et al., 2016); while the 

unstable aggregates fall apart and pass through the sieve, the fraction of the soil that remains on 

the sieve is used to calculate the percent aggregate stability.  

 

Statistical Analyses Hierarchical linear mixed-effects models were fit using OM, active carbon, 

wet aggregate stability, soil pH for all years (2011, 2012, 2013, 2014), 2014 SOC, 2014 TN and 

3-year cumulative above-ground biomass as response variables, to analyze the impact of soil 

moisture and cropping system on these variables. In all the models, wetness quintile rank, 

cropping system and the interaction between wetness quintile rank and cropping system were 

fixed effects, with subplot nested within strip plot treated as random effect. In model selection, 

the interaction between fixed effects was removed when insignificant (p value > 0.05).  

Changes in soil properties (OM, active carbon, wet aggregate stability, soil pH) from the baseline 

were calculated by subtracting initial (2011) values from values after 3 years (2014) for each 

sampling location (subplot). Similar structured linear mixed-effects models were used to explain 

differences among moisture quintiles or cropping systems for changes in these soil parameters 

from baseline. Additionally, to understand whether changes from baseline were significant 

within a moisture quintile or cropping system, paired t-tests were performed. Post-hoc treatment 

comparisons were made by using Tukey’s HSD method to control for multiple comparisons.  
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Pearson correlation coefficients were computed between the analyzed variables of 2014 (SOC, 

TN, active carbon, wet aggregate stability), edaphic factors (silt content, clay content, and soil 

pH) and cumulative above-ground biomass and cumulative root biomass. Correlation 

coefficients were also computed between change in soil properties (OM, active carbon, wet 

aggregate stability, soil pH) from 2011-2014 and cumulative above-ground biomass and 

cumulative root biomass.  All statistical analyses were carried out using JMP Pro 12 (SAS Inc., 

Cary, NC). 

Results  

We first present yearly trends of OM, active carbon, wet aggregate stability and soil pH as 

impacted by moisture or cropping system as well as the change in these parameters from 2011 

baseline levels. Thereafter, we present SOC, TN, soil texture and pH from 2014, and cumulative 

above-ground biomass. Whenever results are expressed on the basis of wetness quintiles, 

parameter values are averaged over all cropping systems; conversely, when represented on the 

basis of cropping systems, results are averaged over all wetness quintiles. This is because the 

interaction of cropping system x wetness quintile rank was not a significant effect for any soil 

parameter during any sampling year nor for changes from preplow baseline. Finally, we present 

relationships among soil properties (2014 only) and cumulative above-ground biomass and 

cumulative root biomass.  

Organic matter, active carbon, wet aggregate stability, soil pH from baseline to 2014 OM 

levels in the wettest soils (Q1) were significantly (p<0.0001) greater than in soils of the drier 

quintiles (Q2, Q3, Q4, Q5) during each sampling year (Fig.2.3a) with the only exception being 

Q2 soils in 2012. Among the cropping systems, OM values were significantly (p<0.0001) greater 

for CTRL soils than for that of RCG in 2012 and SWGN in 2013 (Fig.2.3b). Decrease in OM 
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from 2011 to 2014 was significant for each moisture quintile group and cropping system (Table 

2.6a). Though the loss from baseline levels was not significant among the wetness quintiles, the 

loss for CTRL was significantly (p=0.009) lower than those of SWG and SWGN (Fig. 2.4a, 2.4b, 

Table 2.6b). 

The wettest Q1 soils displayed greater active carbon values than those of drier soils during 

different years, being significantly greater that those of the driest quintile (Q5) for the years 2011 

(p=0.004) 2012 (p=0.0001), 2013 (p=0.04) and 2014 (p=0.001) (Fig.2.3c). Among the cropping 

systems, active carbon was significantly greater in CTRL than all other treatments in 2012 

(p=0.0002) (Fig. 2.3d). Increases in active carbon over time were significant for CTRL and SWG 

cropping systems only; change from baseline in RCG or SWGN or any of the 5 wetness groups 

(Q1,Q2,Q3, Q4 and Q5) was not significant (Table 2.6a). Though the change from baseline 

levels was not significant among the wetness quintile groups, the increase in CTRL was 

significantly (p=0.007) greater than those of SWG and SWGN (Fig.2.4c, 2.4d, Table 2.6b). 

Wet aggregate stability values for the driest Q5 soils were greatest among the wetness quintiles 

during all years and were significantly (p=0.03) greater than those of Q1 in 2013 (Fig.2.3e). 

Cropping system was a significant main effect impacting wet aggregate stability, with CTRL 

being greater than all other treatments in 2012 (p=0.0001), 2013 (p=0.0003) and 2014 (p=0.005) 

(Fig.2.3f). Loss in wet aggregate stability of soils from baseline levels for each moisture quintile 

and cropping system was significant (Table 2.6a). Though loss from baseline levels was not 

significant among the wetness quintile groups, that for CTRL was significantly (p=0.01) lower 

than those for RCG and SWGN (Fig.2.4e,2.4f, Table 2.6b). 

Soil pH was significantly (p<0.0001) lower in the driest soils (Q5), than soils of all wetter 

quintiles (Q4, Q3, Q2, Q1) for all sampling years (Fig.2.3g). Among the cropping systems, 
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CTRL was significantly (p=0.008) greater than RCG in 2012, significantly (p<0.0001) greater 

than all other treatments (RCG, SWG and SWGN) in 2013, and significantly (p=0.009) greater 

than SWGN in 2014 (Fig.2.3h). Reductions in soil pH from 2011 to 2014 were significant for 

each moisture quintile and cropping system (Table 2.6a). The loss from initial baseline levels 

were not significant among the wetness quintiles or cropping systems (Fig.2.4g,2.4h, Table 

2.6b).  

SOC and TN in 2014 In 2014, mean SOC values varied between 29.6±4 (Q5) and 39.5±6.5 g C 

kg-1 (Q1) (Fig.2.5a), those of Q1 soils being significantly (p<0.0001) greater than those of all 

other wetness group soils (Fig.2.5a, Table2.5). Mean values for the cropping systems varied 

between 31.2±1.4 (SWGN) and 37.4±1 g C kg-1(CTRL), with CTRL being significantly (p=0.03) 

greater than SWGN (Fig.2.5b, Table 2.7). 2014 TN values varied between 2.9±0.3 (Q5) and 

3.9±0.6 g kg-1 (Q1) those of Q1 soils being significantly (p<0.0001) greater than all the other 

wetness quintiles (Fig.2.5c, Table 2.8). Cropping system was not a significant main effect 

impacting 2014 TN (Table 2.7). 

 

Soil texture and soil pH For soils of the four cropping systems, the mean value for silt contents 

varied between 62.5±1.3 and 69.4±1.2 %), clay contents varied between 14.0±0.7 and 19.7±2.1 

% (Table 2.4), with driest sites (Q5) being significantly more sandy and wettest sites (Q1) having 

higher silt and clay contents. Soil pH varied between 5.1±0.1 and 6.2 ±0.1 (Fig. 2.3).  
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Figure 2.3. Mean values of soil surface (0-15cm) parameters: OM for wetness quintiles (a) and cropping systems (b), active carbon 

for wetness quintiles (c) and cropping systems (d), wet aggregate stability for wetness quintiles (e) and cropping systems (f) and soil 

pH for wetness quintiles (g) and cropping systems (h) for the years 2011-2014. Error bars represent standard errors; n varies between 2 

and 6 for each wetness quintile and n = 20 for each cropping system from the field set up of 80 subplots with 16 strip plots of 

quadruplicate cropping system. Different letters in same font above bars indicate significant differences (p<0.05) for each parameter in 

a group for a specific year; no letters indicate no significant differences among treatments. Whenever expressed as wetness quintiles, 

values are averaged over cropping systems and when represented as cropping systems, are averaged over wetness quintiles.  
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Figure 2.4. Mean values of change of soil surface (0-15cm) parameters from 2011 to 2014: ∆ 

OM for wetness quintiles (a) and cropping systems (b), ∆ active carbon for wetness quintiles (c) 

and cropping systems (d), ∆ wet aggregate stability for wetness quintiles (e) and cropping 

systems (f) and ∆ soil pH for wetness quintiles (g) and cropping systems (h). Error bars represent 

standard errors; n varies between 2 and 6 for each wetness quintile and n = 20 for each cropping 

system from the field set up of 80 subplots with 16 strip plots of quadruplicate cropping system. 

Different letters above bars indicate significant differences (p < 0.05) among groups for each 

parameter; no letters indicate no significant differences among treatments. Whenever expressed 

as wetness quintiles, values are averaged over cropping systems and when represented as 

cropping systems, are averaged over wetness quintiles. 
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Figure 2.5.   Mean values of 2014 soil surface (0-15cm) parameters: 2014 SOC for wetness 

quintiles (a) and cropping systems (b) and 2014 TN for the wetness quintiles (c) and cropping 

systems (d). Error bars represent standard errors; n varies between 2 and 6 for each wetness 

quintile and n = 20 for each cropping system from the field set up of 80 subplots with 16 strip 

plots of quadruplicate cropping system. Different letters above bars indicate significant 

differences (p < 0.05) among groups for each parameter; no letters indicate no significant 

differences among treatments. Whenever expressed as wetness quintiles, values are averaged 

over cropping systems and when represented as cropping systems, are averaged over wetness 

quintiles. 
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Table 2.4. Mean soil texture analysis results for surface soils (0-15cm) of 80 subplots grouped 

by soil wetness quintile. Mean values and corresponding standard errors. Wetness quintiles not 

sharing the same lowercase letter within a texture class are significantly different at p<0.05. 

 

 

 

 

 

Cumulative harvestable standing biomass The interaction of cropping system and moisture 

quintile was significant (F= 2.7, p = 0.006), Table 2.7. Cumulative above-ground biomass (Fig. 

2.6) across wetness groups for the four cropping systems varied between 7.2±1.2 (SWG, Q2) and 

18.8±1.4 Mg ha-1 (SWGN, Q5), with above-ground biomass for SWG Q5 significantly greater 

than SWG, Q2. However, regardless of wetness level, there was no significant difference 

between the cumulative above-ground biomass of control and RCG (Fig.2.6, Table 2.8). 

 

Relationships between 2014 soil properties and change from baseline in cumulative above-

ground and root biomass SOC of soils was positively correlated to root biomass, (r = 0.4, 

P=0.0008), but was not correlated to cumulative above-ground biomass. It was also positively, 

but weakly correlated to soil pH (r = 0.3, P = 0.002), silt content (r = 0.2, P=0.05) and clay 

content (r = 0.2, P = 0.07) and negatively to sand content (r = -0.4, P = 0.001). TN of soils was 

positively, but weakly correlated to root biomass (r = 0.3, P = 0.02), silt content (r = 0.2, P=0.04) 

and clay content (r = 0.3, P = 0.02) and soil pH (r = 0.2, P = 0.04) and negatively to sand content 

(r = -0.4, P <0.000). Active carbon of soils was weakly correlated to root biomass, (r = 0.3, P = 

0.008), soil pH (r = 0.4, P = 0.0002), aggregate stability (r=0.3, P=0.004) and strongly to SOC (r 

= 0.7, P< 0.0001) and TN (r = 0.6, P <0.0001); it was not associated with sand, silt or clay 

Wetness 
Quintile 

rank Sand (%)   Silt (%) Clay (%)               
Q1 13.6±0.7, c 68.2±0.7, a 18.2±0.9, a 

Q2 15.7±0.8, c 67.4±0.7, ab 17±0.9, a 

Q3 16±0.7, bc 67±0.7, ab 17±0.9, a 

Q4 19±0.8, ab 66.4±0.8, ab 15±0.9, a 

Q5 20±0.7, a       65±0.7, b 15.4±0.9, a 
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contents or cumulative above-ground biomass. Aggregate stability of soils was correlated to 

SOC (r = 0.5, P <0.0001), TN (r = 0.4, P <0.0001) and root biomass, (r = 0.3, P = 0.009); it was 

not associated with soil pH, sand, silt or clay contents.  

 

Figure 2.6. Mean values of cumulative harvested above-ground biomass from 2012 to 2014 

across all wetness quintiles (Q1 wettest-Q5 driest, water content variation between 0.3 g g-1 and 

0.5g g-1) of the four cropping systems, fallow-control (CTRL), reed canarygrass + fertilizer 75 kg 

N ha-1 (RCG), switchgrass (SWG) and switchgrass + fertilizer 75 kg N ha-1(SWGN). Error bars 

represent standard errors; n varies between 2 and 6 for each wetness quintile of the quadruplicate 

cropping systems design covering 80 subplots from the 16 strip plots. Different letters above bars 

indicate significant differences (p < 0.05) in above-ground biomass among the moisture-crop 

groups. 

 

From 2011 to 2014, changes in OM, active carbon and aggregate stability of soils were all 

correlated {(r = 0.3, P = 0.02), (r = 0.3, P = 0.01), (r = 0.2, P = 0.03), respectively} to cumulative 

root biomass, but not to cumulative above-ground biomass. Changes in active carbon and 

aggregate stability were correlated to change in pH (r = 0.2, P = 0.05), (r = -0.3, P = 0.02), 

respectively} of soils. Scatter plot matrices displaying these relationships are seen in Figure 2.7a 

and 2.7b. 
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Table 2.5. Fixed effects for response variables OM (%), active carbon (mg C kg-1), wet aggregate stability (%) and soil pH for the 

years 2011, 2012, 2013 and 2014 

 2011 OM (%) 2012 OM (%) 2013 OM (%) 2014 OM (%) 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
            Ratio    value 

 

DF     F             P  
          Ratio     value 

DF     F          P  
        Ratio     value 

Cropping system 

 
3      0.9     0.4 3     3.4       0.02 3     3.2     0.03 3     1.8    0.02 

Moisture rank 

 
4      10     <0.0001 4    11.4      <0.0001 4     6.8    0.0001 4     11    <0.0001 

 2011 Active carbon  
(mg C kg-1) 
 

2012 Active carbon  
(mg C kg-1) 
 

2013 Active carbon  
(mg C kg-1) 
 

2014 Active carbon  
(mg C kg-1) 
 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
            Ratio    value 

 

DF     F             P  
          Ratio     value 

DF     F          P  
        Ratio     value 

Cropping system 

 
3      2.9      0.04 3      7.6    0.0002 3     3.2     0.03 3     1.5     0.2 

Moisture rank 

 
4      2.7      0.04 4      6.8    0.0001 4     2.6     0.04 4     5.2    0.001 

 2011 Wet aggregate 

stability (%) 

2012 Wet aggregate 

stability (%) 

2013 Wet aggregate 

stability (%) 

2014 Wet aggregate 

stability (%) 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
            Ratio    value 

 

DF     F             P  
          Ratio     value 

DF     F          P  
        Ratio     value 

Cropping system 

 
3      0.3       0.8 3      7.8     0.0001 3      7      0.0003 3    4.6     0.01 

Moisture rank 

 
4      0.8       0.5 4       2       0.1  4     2.8    0.03 4     1       0.5 

 2011 soil pH 2012 soil pH 2013 soil pH 2014 soil pH 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
            Ratio    value 

 

DF     F             P  
          Ratio     value 

DF     F          P  
        Ratio     value 

Cropping system 

 
3      1.6       0.2 3     4.2      0.008 3     18       <0.0001 3    4.1        0.01 

Moisture rank 

 
4      10        <0.0001 4     7.8      <0.0001 4     10       <0.0001 4    12.5    <0.0001 
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Table 2.6a. Paired t-tests for change in soil properties from 2011 to 2014 (∆OM, ∆ active carbon, ∆ wet aggregate stability and ∆ soil 

pH). When expressed as wetness quintiles, values are averaged over cropping systems and when represented as cropping systems, are 

averaged over wetness quintiles.  

 ∆ OM (%) 
  (CTRL) 
 

∆ OM (%) 
 (RCG) 

∆ OM (%) 
  (SWG) 
 

∆ OM (%) 
 SWGN) 

∆ OM (%) 
  (Q1) 
 

∆ OM (%) 
 (Q2) 

∆ OM (%) 
  (Q3) 
 

∆ OM (%) 
 (Q4) 

∆ OM (%) 
 (Q5) 

Test statistics -6.03 -7.6 -14.6 -23.2 -6.5 -9.2 -10 -11.5 -9.9 

Prob. >|t| <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

DF 19 19 19 19 15 15 15 15 15 

 ∆ Active 
carbon  
(mg C kg-1) 
  (CTRL) 
 

∆ Active 
carbon  
(mg C kg-1) 
  (RCG) 
 

∆ Active 
carbon  
(mg C kg-1) 
  (SWG) 
 

∆ Active 
carbon  
(mg C kg-1) 
  (SWGN) 
 

∆ Active 
carbon  
(mg C kg-1) 
(Q1) 
 

∆ Active 
carbon  
(mg C kg-1) 
(Q2) 

∆ Active 
carbon  
(mg C kg-1) 
(Q3) 
 

∆ Active 
carbon  
(mg C kg-1) 
 (Q4) 

∆ Active 
carbon  
(mg C kg-1) 
(Q5) 

Test statistics 2.3 0.3 -3.1 -1.7 -0.1 1.4 -0.4 -1.3 -1.6 

Prob. >|t| 0.03 0.8 0.006 0.1 0.9 0.2 0.7 0.2 0.1 

DF 19 19 19 19 15 15 15 15 15 

 ∆ Wet 
aggregate 
stability (%) 
  (CTRL) 
 

∆ Wet 
aggregate 
stability (%) 
 (RCG) 

∆ Wet 
aggregate 
stability (%) 
  (SWG) 
 

∆ Wet 
aggregate 
stability (%) 
 (SWGN) 

∆ Wet 
aggregate 
stability (%) 
  (Q1) 
 

∆ Wet 
aggregate 
stability (%) 
 (Q2) 

∆ Wet 
aggregate 
stability (%) 
  (Q3) 
 

∆ Wet 
aggregate 
stability (%) 
 (Q4) 

∆ Wet 
aggregate 
stability (%) 
 (Q5) 

Test statistics -1.9 -7.3 -5.8 -5.5 -2.2 -4.6 -4.8 -6.3 -4.6 

Prob. >|t| 0.1 <0.0001 <0.0001 <0.0001 0.04 0.0008 <0.0001 <0.0001 0.0003 

DF 19 19 19 19 15 15 15 15 15 

 ∆ soil pH 
  (CTRL) 
 

∆ soil pH 
 (RCG) 

∆ soil pH 
  (SWG) 
 

∆ soil pH 
 (SWGN) 

∆ soil pH 
  (Q1) 
 

∆ soil pH 
 (Q2) 

∆ soil pH 
  (Q3) 
 

∆ soil pH 
 (Q4) 

∆ soil pH 
 (Q5) 

Test statistics -6.3 -6.4 -8.8 -7.9 -6 -9.8 -5.3 -7.8 -5.8 

Prob. >|t| <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

DF 19 19 19 19 15 15 15 15 15 
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Table 2.6b. Fixed effects for response variables for change in soil properties from 2011 to 2014 

(∆OM, ∆ active carbon, ∆ wet aggregate stability and ∆ soil pH). 

 

 ∆ OM (%) 
 

∆ Active carbon  
(mg C kg-1) 
 

∆ Wet aggregate 
stability (%) 
 

∆ soil pH 
   
 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
            Ratio    value 

 

DF     F             P  
          Ratio     value 

DF     F          P  
        Ratio     value 

Cropping 
system 

 

3      4.1      0.009 3     4.4      0.007 3      3.9     0.01 3     1.3    0.3 

Moisture rank 

 
4      0.9      0.5 4       1.1    0.4 4      0.5     0.7 4      1.5    0.2 

 

 

Table 2.7. Fixed effects and their interaction for the response variables 2014 SOC, (g C kg-1), 

2014 TN, (g kg-1), cumulative harvested above-ground biomass (Mg ha-1) from 2012 to 2014. 

 

 

 

 

2014 SOC 
(g C kg-1)                

 

2014 TN  
(g kg-1) 

Total harvested above-ground 
biomass, 2012-2014 
(Mg ha-1) 

Effect DF         F           P  
             Ratio    value 

 

DF         F           P  
             Ratio    value 
 

DF     F        P      
       Ratio     value                                

Cropping system 

 
3         5.2         0.003 3          2.4       0.1 3     1.7        0.2 

Moisture rank 

 

4         9.4      <0.0001 4           13      <0.0001 4      3.5     0.01 

Cropping system 
X Moisture rank 

  12    2.2     0.02 

 

 

 

 

 

 

 

 

 

 

 

 



 

31 

 

Table 2.8. The post-hoc comparisons of least square means for 2014 SOC, (g C kg-1), 2014 TN, 

(g  kg-1), cumulative harvested above-ground biomass (Mg ha-1) from 2012 to 2014,  averaged 

over cropping systems for fallow-control (CTRL), reed canarygrass + fertilizer 75 kg N ha-1 

(RCG), switchgrass (SWG) and switchgrass + fertilizer 75 kg N ha-1(SWGN) or wetness 

quintiles (Q1 wettest-Q5 driest, water content variation between 0.3 g g-1 and 0.5 g g-1) and their 

interaction with Tukey adjusted P values. Levels not connected by same letters are significantly 

different. 

 

 

 

 

 

 

 

 

 

2014 SOC 
(g C kg -1) 
   
(Cropping system) 
 
 

2014 SOC (g C kg -1) 
 
(Moisture rank) 
 

2014 TN 
(g kg -1) 
 
(Moisture rank) 
 
 

Total harvested above-ground 
biomass, 2012-2014 
(Mg ha-1) 
 
(Cropping system X Moisture rank 
Interaction) 

Level  Least 
Sq. 
Mean 

Std.  
error 

Level  Least  
Sq.  
Mean 

Std. error   Level         Least       Std. error 
                   Sq. 
                   Mean 

 Level  Least Sq. Mean  Std. 
error 

CTRL A   36.6 1.1 Q1 A 39.2 1.2 Q1    A           3.9         0.1 SWGN, Q5 A 18.8 1.7 

RCG AB   33.5 1.1 Q2 B 33.7 1.2  Q2     B            3.3        0.1 SWG,  Q5 AB 16 1.9 

SWG B   31.7 1.1 Q3 B 32.2 1.2  Q3     B            3.2        0.1 SWG,  Q4 AB 16 1.7 

SWGN B   31.2 1.1 Q4 B 31.1 1.2  Q4     B            3.0        0.1 CTRL, Q3 AB 15.4 1.9 

  Q5 B 30 1.2  Q5     B            3.0        0.1 SWGN, Q4 AB 15.2 2.1 

       RCG,   Q3 AB 14.2 1.7 

       CTRL, Q1 AB 14 1.7 

       SWGN, Q2 AB 13.8 1.9 

       CTRL, Q4 AB 13 2.6 

       RCG,  Q4 AB 12.8 1.5 

       RCG, Q5 AB 12.8 1.9 

       CTRL, Q5 AB 12.3 2.1 

       RCG,  Q1 AB 12.3 2.1 

       RCG,  Q2 AB 11.8 2.6 

       CTRL, Q2 AB 11.6 1.5 

       SWGN, Q3 AB 10.4 1.9 

       SWGN, Q1 AB 9.8 1.9 

       SWG, Q1 B 8.5 1.9 

       SWG, Q3 B 7.8 2.1 

       SWG, Q2 B 7.2 1.9 
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Figure 2.7a. Scatter plot matrices displaying relationships between analyzed variables of 2014, 

SOC, TN, active carbon, wet aggregate stability, cumulative harvested above-ground biomass 

and cumulative root biomass from 2012 to 2014 and the edaphic factors, clay contents, silt 

contents sand contents and soil pH (n=80). 
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Figure 2.7b. Scatter plot matrices displaying relationships between change in soil properties 

(∆OM, ∆ active carbon, ∆ wet aggregate stability, ∆ soil pH) from 2011 to 2014 and cumulative 

harvested above-ground biomass and cumulative root biomass from 2012 to 2014 (n=80). 
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Discussion  

Influences on OM, SOC and TN It is unsurprising that the wettest Q1 soils displayed 

significantly greater OM and SOC in comparison to drier (less wet) soils, during any sampling 

year (Fig.2.3a, Fig.2.5a). Additionally, the driest soils (Q5), displayed the lowest OM/SOC value 

during any sampled year. Thus, in the moisture range of 0.3g g-1 (Q5) to 0.5g g-1 (Q1), results 

from our field indicate that wettest and driest soils were reservoirs of the greatest and smallest 

OM/SOC pool, respectively, as is well understood (Trumbore 1997; Jobba´gy and Jackson 2000, 

O’Brien et al., 2010) based on how saturated vs. dry conditions affect C mineralization. 

Conditions of seasonal saturation result in decreased OM mineralization, while increased OM 

inputs during the growing season (especially during midsummer when moisture is limiting in 

drier soils, as in Knapp et al., 1993, O’Brien et al., 2010). As TN is closely associated with SOC 

and is an important constituent of OM, it displayed similar trends, consistent with other studies 

(e.g. O’Brien et al., 2010, which showed greater TN accrual in wetter restored prairie soil).  

The SOC loss from this 0-15 cm surface soil (Fig. 2.3a, 2.3b, and compared to fallow control  in 

2014, 5b) associated with reed canarygrass and switchgrass  establishment (including mowing, 

spraying, plowing, disking and harrowing) is consistent with other perennial grass establishment 

studies, where surface soil SOC values either decreased or remained unchanged (Corre et 

al.,1999; Mehdi et al., 1999; Skinner et al., 2006; Sanderson, 2008; Miller and Dell, 2012; 

Jaggard, 2012; Bonin and Lal, 2014; Pryatel et al., 2015) during similar or longer timeframe 

establishment of grasses. Davidson and Ackerman (1993) concluded that up to 40% of the 

original Ap SOC stocks could be lost within the first five years when uncultivated lands are 

brought into cultivation. Our study indicates 25-31% OM loss in 3 years for the plots planted to 

the grasses. Hence, our hypothesis of OM/SOC loss following plowing is supported. In addition 

to induced direct losses, the low biomass inputs during the seeding year (2011) and during the 
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slow multiyear establishment phase of switchgrass (Corre et al., 1999; Paul et al., 2002; 

Anderson-Teixeira et al., 2009, Zhang et al., 2010) have probably also contributed to the 

observed lower OM/SOC levels in switchgrass plots. Furthermore, in an annually harvested 

bioenergy system, SOC recovery/buildup may require a longer time than an unharvested system 

where C inputs from above-ground biomass are remain in place, enabling faster recovery 

(Steinbeiss et al., 2008). 

 However, the notable concurrent decrease in OM levels in the fallow control plots (Fig. 

2.3b,2.4b) was surprising (and resulted in repeated rechecking of sampling and analysis records). 

We subsequently recognized multiple factors that potentially contributed to this observed 

decline. First, it was recognized that maintaining the control plots in a strictly unmowed fallow 

condition since 2011 represented a shift from earlier historical treatments in which occasional 

mowing (e.g. every 1-2 years) took place, which would have stimulated greater biomass 

production and surface OM deposition in the prior regime. (Historical aerial imagery suggests 

that annual mowing had actually been discontinued sometime between 2005 and 2009, as 2009 

imagery showed decreased vegetative uniformity at the site. Thus, a shift to lower rates of 

surface deposition occurred prior to the study’s onset.) Second, while the subsurface drains 

installed in 2011 were not extensive in terms of field coverage, their impact by draining the 

“bottom of the bowl” at the site would have helped bring about drier average conditions 

somewhat earlier in the spring and later in the fall. OM losses associated with hydrologic 

modification such as drain installation has been reported as a disadvantage of such systems 

(Brady and Weil, 2000; Manale, 2002; Williams et al., 2015). Third, annual climatic factors may 

have also contributed, as the growing seasons of 2011-2014 were drier than the 29-year average 

(Fig. 2.2a). Net loss of carbon from grasslands during drought months is often observed (Novick 
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et al., 2004; Skinner et al., 2006). Additionally, the mean annual temperature (especially the non-

growing season, October to March) during the study period (Table 2.1, Fig.2.2b) was greater 

than the 29-year average, a factor that has been observed to contribute to OM losses (Skinner et 

al., 2006). The first two factors (management and drainage) would be expected to result in new 

lower equilibrium SOC levels, with the warmer and drier conditions in 2011-to 2014 also 

contributing in the same direction.  

The lack of significant difference between C3 reed canarygrass and C4 switchgrass (fertilized 

and unfertilized) for OM, OM loss from baseline and SOC values, during any sampling year 

(Fig.2.3b,2.4b,2.5b), suggest that (at least in the short term) plant photosynthetic pathway had 

little impact on SOC dynamics, consistent with other studies (Corre et al., 1999; Mahaney et al., 

2008). The absence of significant differences between SOC levels of switchgrass and 

switchgrass+fertilizer indicates that moderate (i.e. lower than those used to maximize crop 

yields, here 75 kg ha-1) N fertilization rates were not (again in this short time frame) either 

beneficial or detrimental for SOC, as noted by other researchers (Khan et al., 2007; Stewart et 

al., 2016). Our hypothesis that there would be no near-term difference in OM or SOC levels as 

consequences of plant photosynthetic pathway or N fertilization are thus supported. The positive 

correlation of 2014 SOC levels to both clay and silt contents is consistent with many reports that 

OM is protected through associations with these particles (Parton et al., 1987; Schimel et al., 

1994; Hassink 1997; Hassink et al., 1997; Jobba´gy and Jackson, 2000; Six et al., 2002, Zhao et 

al., 2006, Grandy and Neff 2008; He et al ., 2009; Baer et al., 2010), improving long-term 

SOC accrual and stabilization. 

Influences on active carbon Although moisture regime was not a significant main effect on the 

percent change in active carbon from baseline levels, the greatest loss in the driest soils was 
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reflective of moisture control of active carbon pools (Fig.2.4c), also evidenced in the wettest 

soils (Q1) having values that were significantly greater than the driest soils for each sampling 

year (Fig.2.3c). The effects of the 2011 plowing on active carbon were reflected both in levels in 

subsequent years (Fig.2.3c,2.3d) and in their change from baseline (Fig.2.4c,2.4d). Rapid 

recovery to baseline values in the reed canarygrass plots appeared tied to the rapid crop 

establishment, in contrast to the lag in the slow-to-establish switchgrass treatments (Fig.2.4d).  

Thus, effects of rapidly established vegetation appeared to be key in offsetting losses initiated by 

plowing. Increases in active carbon concurrent with decreasing OM in some treatments 

(especially during 2013 and 2014, Fig.2.3a, 2.3b,2.3c,2.3d) were indicative of a much quicker 

recovery of active carbon in comparison to SOC. The faster dynamics substantiates its 

correlation to non-mineral-associated fast-cycling C pools. The strong positive association of 

active carbon with SOC is as expected and as reported in other studies (Culman et al., 2012; 

Lucas and Weil, 2012). 

Influences on wet aggregate stability As aggregates between 0.25 and 2 mm were the basis of 

stability analysis, trends reported here were indicative of soil quality/soil health changes, as large 

aggregates of this range are more sensitive to management effects, while smaller aggregates (< 

0.25 mm) are related to older and more stable forms of SOC (USDA-NRCS 2008). Thus, 

decreases in wet aggregate stability values from baseline were primarily reflective of plowing, 

given that fallow-control soils had significantly greater wet aggregate stability than all other 

post-plowing treatments during all sampling years (Fig.2.3f). The positive correlation of 

aggregate stability to SOC is consistent with Grandy and Robertson (2007) and Tiemann and 

Grandy (2015) in silt-loam soils, in contrast to others who found no association (Carter, 1994; 

Tiemann and Grandy, 2015). Similar to our results, Kibet et al. (2016) found that low (60 and 



 

38 

 

120 kg N ha−1) rates of N application did not adversely affect aggregate stability, in contrast to 

decreases in soil macroaggregates under switchgrass at much greater N application rates (202 kg 

N ha−1, Jung and Lal, 2011).   

Influences on soil pH The consistently lower soil pH in the driest soils (Q5) during each 

sampling year was reflective of the soil series, with these soils most likely to have eroded and 

been more strongly leached during prior use (Fig.21b, Table 2.4), landscape position being key 

to the overarching wetness levels (drainage class) and associated soil pH levels. Subsequent pH 

changes correlated with fertilizer application were evident in 2014, when unfertilized switchgrass 

soils displayed significantly greater pH than that of fertilized switchgrass soils (Fig.2.3h). The 

decrease in soil pH with perennial grass plantings (Fig.2.4h) is similar to the modest drop in 

topsoil pH reported in a 5-year switchgrass study (Schmer et al., 2011). 

Influences on cumulative harvested above-ground biomass The initial harvestable biomass 

yields of reed canarygrass, switchgrass, and switchgrass+N treatments are comparable to other 

studies in this region (Fick et al., 1994, Hong et al., 2014). The greater yields of switchgrass in 

the drier quintiles substantiates the better early establishment response of the upland variety of 

switchgrass, Shawnee (with or without N fertilization). At this stage, we found no difference in 

the cumulative harvested above-ground biomass between switchgrass and switchgrass+N. This is 

consistent with the findings of Hong et al., 2014, which shows that N response is variable for 

switchgrass in the NE, with some site showing no yield benefit for added N (at least during 

establishment), while other, such as the five-year screening trial for perennial grasses in New 

York state by Fick et al. (1994) showing that N fertilization (30-130 kg ha-1) significantly 

improved yields, especially on poorly drained soils. 
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Relationships between soil and crop productivity parameters As expected, due to annual harvest 

removals, there was no correlation between harvested yields and SOC or active carbon. The 

positive association of SOC, TN, active carbon, wet aggregate stability with cumulative root 

biomass - and absence of association with cumulative above-ground yields - reinforces the 

understanding that below-ground biomass is of greater importance for SOC dynamics (Jobbagy 

and Jackson, 2000; Garten and Wullschleger, 1999; Lemus and Lal, 2005; Rasse et al., 2005; 

Xiong and Katterer, 2010: Jaggard, 2012). Additionally, higher root biomass correlations to 

lower OM loss, lower active carbon loss and lower wet aggregate stability loss substantiates it 

further. However, in addition to the positive influence of root productivity on SOC accretion, 

attendant counterproductive mechanisms could also result in OM losses. Perennial grasses with 

more root biomass produce more exudates which increase microbial decomposition of older 

SOM by the process of positive priming (Kuzyakov, 2002, Dijkstra et al., 2006; Kuzyakov, 

2006; Bird et al., 2011; Tiemann & Grandy, 2015). However, root-mediated OM decomposition 

is often short-term and root biomass ultimately plays a key role in accrual of SOC in the longer 

term, offsetting those losses within one growing season (Kuzyakov, 2002) potentially explaining 

lower OM loss being correlated to greater root biomass. 

 

Conclusions 

Overall, soil moisture status (drainage class and associated landscape position) is a key 

governing variable that needs to be accounted for when assessing soil properties and SOC 

dynamics resulting from establishment of perennial bioenergy crops. Three years after planting, 

the loss of soil OM and SOC incurred by conventional moldboard plowing and fitting of 

formerly fallow had not been repaid under reed canary-grass or slower-to-establish upland 
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switchgrass on wetness-prone marginal land. Use of minimal tillage (such as no-till or zone-till) 

may be a useful way to avoid incurring this observed SOC debt if resulting crop establishment is 

satisfactory. Additional time will be needed for SOC recovery at this site, which is being 

monitored accordingly (substantial biomass inputs in switchgrass treatments since 2014 may 

help accelerate this recovery). In contrast, the more rapid recovery of the relatively dynamic pool 

of active carbon suggests that it may be useful as a moisture-sensitive leading indicator of 

changing SOC dynamics in a shorter time frame. Research quantifying soil respiration and OM 

turnover through time in long-term experiments is needed to better understand plant-soil 

interactions affecting soil C dynamics in such seasonally wet soils. Additionally, time-integrated 

plant input studies and analysis will allow definition of a more complete C balance.  
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                                                               CHAPTER 3 

 

DEPTH DISTRIBUTION OF SOIL ORGANIC MATTER AND SOIL ORGANIC CARBON 

IN A SEASONALLY-WET, FALLOW FIELD OF THE TEMPERATE REGION2 

 

Abstract 

 

In this study, we report the depth profile (in six intervals to 120 cm) of soil organic matter (OM), 

soil organic carbon (SOC), total nitrogen (TN), carbon-to-nitrogen (C/N) ratio, bulk density and 

δ13C of soils from a seasonally-wet fallow (~50 year abandoned aside from occasional mowing) 

field in New York State, before its conversion to bioenergy cropping. The impact of surface 

volumetric water content and shallow water table depth on the distribution of these soil 

properties was also studied. Additionally, accuracy of loss-on-ignition (LOI) assay (using New 

York State soil testing conversions from LOI to OM and SOC) with respect to dry combustion-

elemental analysis for SOC estimations during soil analytical studies was tested. The soil profile 

displayed characteristic decreases in OM, SOC and TN values with depth; values varied 

significantly (p<0.0001) between 0-5, 5-15, 15-30 cm and beyond 30 cm. SOC for the top 15 cm 

represented 69% of the SOC in the 120cm profile. SOC stocks for the depth intervals 0-5, 5-

10,15-30,30-60,60-90 and 90-120 cm were 22.1±9, 45.1±9, 41±8, 27±2, 37±5 and 39±5 Mg C 

ha-1, respectively. Surface volumetric water content had a greater influence on soil properties to a 

depth of 120 cm than did shallow perched water depth. δ13C values of the Ap horizon soil 

reflected signature values [-27.9 ±0.3 (‰) and -27.4 ±0.4 for 0-5 and 5-15 cm respectively] 

consistent with cool-season C3 vegetation dominating the fallow field for decades. LOI derived 

C (%) vs. combustion elemental analysis C (%) regressions to 60 cm correlated well (R2=0.99). 

However, for depths beyond 60 cm at our site, LOI overestimated C (%) values. 

                                                 
2 Srabani Das, Rachael E. Thomas, Brian K. Richards, Michael F. Walter, Tammo S. Steenhuis (This Chapter is not 

for current publication.) 
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Keywords seasonally-wet fallow land, depth profile (120 cm), organic matter, soil organic 

carbon(SOC), bulk density, δ13C, loss-on-ignition (LOI). 

 

Introduction 

Perennial bioenergy crops are a projected option for reducing dependence on non-renewable 

fossil fuels. In the Northeast (NE) United States, fallow marginal lands are being cited as a 

resource base for the perennial bioenergy sector, with a potential of improving rural economies. 

Many soils in this region are unsuitable for row crop agriculture due to seasonal water saturation 

or near-saturation which primarily results from presence of shallow restrictive layers, rendering 

about 20% NE soils poorly or very poorly drained (Stout et al., 1994; Stoof et al., 2015). Warm-

season (C4) grasses like switchgrass (Panicum virgatum L.) and giant miscanthus (Miscanthus X 

giganteus) are well known for placing organic matter (OM) in deeper soil layers with their robust 

rooting systems; OM inputs via grass roots penetrating dense fragipan is also a possibility 

(Blanco-Cancui, 2010; Mayton personal communication 2012). However, deeper rooting 

systems could conversely have negative impacts on soil organic carbon (SOC) buildup through 

distribution of fresh C at depth, stimulating mineralization of ancient buried C by priming effects 

(Fontaine et al., 2007). Additionally, the deeper rooting hypothesis could be counterintuitive, as 

root length being a function of water scarcity, could be constrained by wet soils (Dell personal 

communication 2013). 

At the global scale, although SOC typically increases with precipitation and clay content and 

decreases with temperature, the importance of these controls varies with depth and climate 

dominating in the shallow layers vs. clay presence dominating in the deeper layers (Jobba´gy and 

Jackson, 2000). Deeper portions of soil profile have historically been ignored in soil C 
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sequestration studies. Increasing focus on deep rooted perennial grass plantations as part of 

Global Change mitigation policy and soil conservation strategy necessitates study of the impacts 

of such vegetation on soil organic carbon (SOC) in deeper soil zones. Plant functional groups 

control SOC distribution with depth, due to differing root distribution and above-ground/below-

ground allocation patterns (Jobba´gy and Jackson 2000). The major processes of OM input into 

subsoils are root biomass and root exudates, dissolved organic carbon percolating via preferential 

flow pathways, and particulate OM transport from the surface through bioturbation (Von Lützow 

2006; Rumpel and Kӧgel-Knabner 2011; Schmidt et al., 2011). OM in deeper soil layers 

constitutes a greater proportion of microbially-derived C than plant-derived C, with decreasing 

carbon-to nitrogen (C/N) ratio, and increasing stable C and N isotope ratios (Rumpel and Kӧgel-

Knabner 2011; Schmidt et al., 2011). It is well known that major photosynthetic pathways 

(C3 and C4) discriminate against 13CO2 to differing degrees which is then reflected in the soil C 

that accumulates under either C3 or C4 vegetation. As such, land use changes that convert from 

C3 to C4-based vegetation (or vice versa) provides the opportunity for a natural tracer 

experiment that is a sensitive method for tracking C sequestration (Balesdent et al., 

1988; Farquahar et al.,1989; Balesdent & Mariotti, 1996; Corre et al., 1999; Sanderson 2008). A 

simple isotopic mixing model can be used to calculate the proportion of new C input to the soil; 

switchgrass (C4) with a δ13C of -12‰, often alters the δ13C of a C3 dominated soil environment 

(approximately -28‰; Boutton, 1996). Furthermore, the gradient of SOC plotted against δ13C 

has often been suggested as a proxy of soil turnover and follows a linear relationship (Acton et 

al., 2013). Microbes tend to favor the lighter 12C isotope during oxidation of OM, which leads 

the soil substrate to become enriched in the heavier 13C isotope and 13C atoms being sequestered 

relative to 12C atoms and smaller OM particles then physically migrate downward by physical 

http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2004.01201.x/full#b66
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2004.01201.x/full#b66
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mixing processes through time and result in increased δ13C values at depth. Estimations of C 

sequestration rates at depth increments is subject to bulk density differences (and imprecision), 

which can greatly impact determinations of SOC stocks (Ellert and Bettany, 1995). Equivalent 

soil mass techniques can be used to correct for variation and shifts in soil bulk density (Ellert and 

Bettany, 1995; Wuest, 2009). While surface volumetric water content (VWC) directly controls 

OM buildup and C mineralization rates in the Ap zone, shallow/perched water tables are also 

thought to have an impact on conserving OM stocks (Drösler, 2005). 

Loss-on-ignition (LOI) is a widely–used method to estimate organic matter (OM) content of soil, 

being simple, rapid, and inexpensive. However, the accuracy of the technique and of factors for 

conversion from LOI values to OM and/or SOC contents have often been questioned (Bernal, 

2008; Sutherland, 2010; Pallaser et al., 2013; Lehmann, personal communication 2014). Several 

inconsistencies as regards to pretreatment, soil heating temperature and time protocols have been 

reported in literature (Cambardella et al., 2001; Collins and Kuehl 2001; Anderson and Mitsch, 

2006). Dry combustion elemental analysis of soils by thermogravimetric methods are used to 

determine more accurate total C values. However, the scale of sampling may necessitate the use 

of the LOI assay, hence its suitability and accuracy for assessing SOC merits investigation. Many 

studies also recommend LOI analyses to be supported by results from standard total carbon 

analysis or other methods such as thermogravimetric processes that can identify mass changes 

with differences in temperature in small intervals. 

In this study, we analyzed OM in six depth increments to 120 cm in a wetness-prone field 

maintained for decades in a minimally-managed fallow state before it was plowed and disked in 

preparation for seeding with perennial grasses. A subset of soil samples were used for SOC, total 

nitrogen (TN), C/N ratio, bulk density and δ13C analysis. The objectives were to (i) to determine 
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the profile for preconversion baseline OM and other soil characteristics to a depth of 120 cm of 

the wet-marginal field before it was planted to perennial grass, (ii) to determine the influence of 

surface volumetric water content and shallow-water table on the distribution of OM and other 

soil characteristics to 120 cm, and (iii) to test the suitability of loss-on-ignition (and using the 

New York State empirical relationships between LOI, OM and organic C) for soil analytical 

studies by comparing it to dry combustion-elemental analysis. We hypothesized that OM, SOC, 

TN, C/N ratio of soils would decrease with increasing depth, being significantly low beyond 30 

cm. Additionally, we hypothesized that δ13C and bulk density of soils would increase with depth 

and δ13C signature of Ap soil would vary in the range for C3 vegetation. While we expected 

VWC content in the Ap layer (~0-15cm) to influence OM content for Ap horizon, we expected 

the shallow-water table to impact the OM content at all depths. Furthermore, we hypothesized 

that LOI assay technique would be suitable surrogate for SOC for at least the Ap and shallow 

soil horizons.  

Methods 

Site description 

During the summer of 2011, a seasonally wet, fallow field near Ithaca, NY (N 42 28.20’, W 76 

25.94’) was converted to a perennial grass crop field. The presence of restrictive layers 

(fragipans and/or dense basal till) in combination with slightly undulating topography of the field 

results in wide a range of soil moisture conditions, with the soil drainage classes varying between 

moderately well-drained to poorly drained. The predominant drainage catena is comprised of 

three soil series: small areas of well-drained Canaseraga (coarse-silty, mixed, active, mesic typic 

Fragiudept, fragipan depth 45-85 cm), somewhat poorly drained Dalton (Coarse-silty, mixed, 

active, mesic aeric Fragiaquept, fragipan depth 30-55 cm) and poorly drained Madalin (fine, 
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illitic, mesic mollic Endoaqualf) soils. Small areas of associated Rhinebeck (fine, illitic, mesic 

Aeric Endoaqualfs) and Langford (fine-loamy, mixed, active, mesic Typic Fragiudepts, fragipan 

depth- 35-70cm) soils are also present. The field topography is undulating, with slopes varying 

from 0 and 8% along with a small area reaching 15% on the eastern edge. Perched water tables 

are found seasonally (as well as during excessively wet periods during the growing season), 

resulting from relatively permeable surface soils atop shallow restrictive layers. In these areas, 

significant quantities of lateral interflow atop the restrictive layer saturates downslope 

depressions and concave areas (Steenhuis et al., 1995; Zollweg et al., 1996; Frankenberger et al., 

1999; Walter et al., 2000), a characteristic feature of many wet soils of the region. The soil 

textures in these profiles are primarily silt-loam. The existing vegetation was dominated by 

legacy reed canarygrass as well as other cool-season broadleaf forbs and grass species. The field 

characteristics details can be found in Richards et al., 2013.  In preparation for future perennial 

grass study, the field was divided into 16 adjacent strip plots (each between 0.34-0.44 ha), 

assigned randomly to quadruplicate perennial grass treatments and fallow controls. A primary 

goal in the field layout was to capture the natural continuum of soil moisture conditions within 

each strip plot. Five permanent sampling sub-plots were established along the natural moisture 

gradients within each stripplot based on an initial intensive survey (June 12, 2011) of surface 

volumetric water content measurements by time-domain reflectometry (TDR, Campbell 

Scientific Hydrosense meter using 12 cm sensor rods). Thus, eighty permanent sampling points 

were established where soil was sampled yearly and periodic TDR and shallow well 

measurements were made to characterize the relative soil moisture status of each subplot. For 

each measurement event, a field average VWC of all 80 subplots was calculated, and each 

specific subplot’s value was normalized relative to the field mean (yielding a “relative soil 
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moisture ratio” for that subplot and time point). These relative values were averaged over the 

entire study period for each subplot, yielding a characteristic relative soil wetness or dryness vis-

a-vis the field average. Finally, these multi-years mean values for the 80 subplots were 

aggregated into “soil wetness quintiles” (VWC Q1, wettest through VWC Q5, driest) for the 

entire study period. For this study, the dynamic quintile rankings through fall 2013 were used. 

Perched water table depths were monitored using shallow wells from 2012 onwards. The 

measuring instrument consisted of a PVC pipe (2 cm diameter, 1.2m long), installed vertically, 

covered with a loose-fitting (3 cm diameter) PVC cap and used custom depth measurement stick-

device that provided audible sensing of the water surface. Flooded subplots were assigned a 

depth of zero (Mason et al., 2017). The eighty subplots were similarly assigned perched water 

table depth quintile ranks (PWT Q) Q1 being shallowest (wettest) and Q5 deepest/driest. 

Experimental design 

For determining baseline OM values, data from all six (0-5, 5-15, 15-30, 30-60, 60-90 and 90-

120 cm) depth increments of all 80 subplots (n=480) from 2011 soil corings were used. Three 

analytical replicates were used for each individual sample (analysis n=480x3=1440). 

For determining soil characteristics viz SOC, TN, C/N ratio, bulk density and δ13C analysis, a 

subset of 24 subplots were chosen from the 2011 depth samplings and soil samples from six 

depth increments were utilized (n=144). A full factorial design of four planned cropping systems 

by two field replicates (present 8 field replicates of fallow lands) by three water content levels 

(VWC quintiles: Q1(wettest), Q3(mid-wet), and Q5(driest) was utilized. 

For LOI-elemental analysis C correlations, 2011 OM data was grouped as per the dynamic 

wetness quintile rank (through May 2013) and 90 out of 480 samples were chosen for 

determination of C values by combustion elemental analysis, covering the various depth 
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intervals. A full factorial design of five wetness quintiles (VWC quintiles Q1,Q2 Q3,Q4,Q5) by 

four field replicates by three depth increments (0-5, 5-15, 15-30 cm) chosen randomly (based on 

low standard deviation values <0.05)  for the top three depth intervals and a full factorial design 

of five wetness quintiles by two field  replicates  by three depth increments (30-60, 60-90 and 

90-120 cm) chosen randomly (based on low standard deviation values <0.03) for the bottom 

three intervals, were used. Additionally, LOI-elemental analysis correlations were also done for 

surface soil samples from 80 subplots sampled in 2014. 

Field soil samplings In July 2011, soil was sampled at the eighty subplots to a depth of 120cm 

using a tractor-mounted soil probe or auger (Giddings Machine Co., Ft Collins), separated by 

depth increments of 0-5, 5-15, 15-30, 30-60, 60-90 and 90-120cm. Soils were able to be cored 

only to ~15 cm; due to dense subsoils, all deeper layers had to be extracted via augering. The soil 

removed was immediately weighed for each depth interval, bagged after hand removal of large 

stones, re-weighed, subsampled for gravimetric moisture content, and subsequently air-dried and 

stored for further analysis.  

Laboratory analyses Dried soil was passed through a Dynacrush DC-5 Soil Crusher (Custom 

Laboratory Eqpt, Orange City, Florida) with 10 mesh sieve (2mm openings) three times in 

succession, and was then sieved with a 1.8 mm sieve, in accordance to the procedure of Garten 

and Wullschleger (1999). Visible roots were hand-picked during the milling and sieving process 

and saved. The separated coarse fragments were weighed to help when converting analytical 

results (which are based on fine soil only) to a realistic areal basis, since said fragments remain 

present during bulk density determinations. The mineral soil fraction (including any very fine 

roots not handpicked or sieved) was thus prepared for use in LOI assay and combustion analysis. 

Elemental C and N analysis was carried out by combustion infrared detection (LECO TruMac 
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CN, LECO Corp, St. Joseph, MI) using 0.4 g of oven dried (60°C) soil. N precision was 0.1 mg 

or 0.3% RSD (whichever is greater) and Carbon was 0.01mg or 0.4% RSD (whichever is 

greater). Bulk density was coarsely estimated using the oven-dry (24 hrs. at 105°C) weight and 

the nominal volume of sample (based on core diameter and depth interval), corrected for the 

mass and volume of any large coarse fragments subsequently found in the sampled core.  

The isotopic composition (δ13C) and SOC and TN of each sample from the subset of 24 was 

measured in sterilized tin capsules (containing 15 mg soil for soil intervals above 30 cm and 

containing 30 mg for soils for below 30 cm depth) using a continuous-flow isotope-ratio mass 

spectrometer, IRMS (Delta Plus, Finnigan MAT) equipped with Carlo Erba NC 2500 elemental 

analyzer. The precision of IRMS for the soil (internal standard) material was between 1 and 2% 

with regard to carbon and <1% for the isotope analysis. The 13C abundance was expressed as 

delta depletion (δ13C) from the international standard, Pee Dee Belemnite (PDB) as in equation 

1: 

 δ13C (‰) ----------------------(1) 

where R sample is the isotope ratio, 13C/12C, of the sample and R reference is that of PDB (Balesdent 

and Mariotti, 1996). 

Percent OM was estimated by loss on ignition LOI assay, for which air dried, ground and sieved 

soil samples (5g) were dried in an oven at 105°C for at least 4 hours, cooled in dessicator (15 

mins) weighed and then placed in muffle furnace for 2 hours at 500°C cooled and weighed again. 

New York State soil testing laboratory empirical relationships between LOI, OM and SOC, OM 

= 0.7(LOI)-0.23 (R2= 0.94) and OM = 1.724C were used for conversion to C values (%). 

(Moebius-Clune et al., 2016).  

http://www.cobsil.com/elemental_analyzer.php
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To incorporate a low-cost analysis scheme for 480 samples (also due to not having access to 

elemental analysis equipment during the first year), LOI assays were used to estimate percent 

OM (and thus organic C) for 2011 samples. For subsequent years, both elemental C and LOI 

analyses were performed. Thus, to compare and reconcile the possible discrepancies in carbon 

(%) estimation from LOI assay, a retroactive elemental analysis (LECO) was done on a subset of 

90 (out of 480) samples (representing all depth intervals) from 2011 and all 80 Ap samples 

(surface depth only) from 2014.  

Statistical methods For determining overall differences in OM at different depths, one-way 

analysis of variance (ANOVA) was performed with depth interval as main effect. Similarly, one-

way ANOVA was used to compare soil properties (SOC, TN, bulk density, δ13C) for the 

different depth intervals.  

Additionally, to assess differences of OM between soils of different moisture groups within each 

depth interval, one-way ANOVA was also used to compare VWC and PWT wetness quintile 

ranks as main effect. Hierarchical linear models were fit using SOC, TN, C/N, bulk density, δ13C 

as response variables and VWC and PWT quintile wetness quintile ranks as main effects for each 

depth, and subplots were used as random effect. These models assessed the influence of surface 

volumetric water and perched water table depth on these parameters.  

Simple regression analysis and Bland-Altman analysis were done to test the accuracy of LOI 

assay with respect to dry combustion-elemental C analysis. The LOI-derived values were 

regressed against the LECO values found for the same samples. Regression analyses were done 

on sample groupings representing the upper two depth intervals (0-5 and 5-15 cm), upper three 

depth intervals (0-5, 5-15, and 15-30 cm), lower three depth intervals (30-60, 60-90 and 90-120 

cm) and upper four depth intervals (0-5, 5-15, 15-30 and 30-60 cm). Some outliers were removed 



 

59 

 

(from each depth interval, based on standard deviation values). Regressions were also done for 

all 80 surface soils sampled in 2014. All statistical analyses were carried out using JMP Pro 12 

(SAS Inc., Cary, NC). 

Results 

Depth distribution of OM and soil properties 

Overall, the soil profiles displayed characteristic significant (p<0.0001) decreases in OM                                           

with depth; while values varied significantly between 0-5, 5-15, 15-30 cm and beyond 30 cm, 

there was no significant difference among values for OM for lower three depth intervals below 

30 cm (Fig.3.1). Overall, OM varied between 80.4±13 to 16.6±2.7 g kg-1 in the 0-5 and 90-120 

cm depth interval, respectively.  
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Figure 3.1. Depth distribution of preplow (2011) organic matter (g kg-1) of soil samples from 80 

subplots for six depth increments between 0-120 cm (n = 80 for each depth level, total 480) 

For the smaller subset of samples, SOC in the first 15 cm represented 69% of the SOC in the 

upper 120 cm. The mean and standard deviations of soil characteristics for each depth interval is 

shown in Table 3.1. SOC and TN for soils of the first three depth intervals were significantly 
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(p<0.0001) greater than the lower three depth increments (Table 3.1). While C/N ratios of soils 

from the lowest (90-120cm) depth interval were significantly (p<0.0001) greater, those of soils 

from the depth interval 30-60cm were significantly (p<0.0001) lower than all other depths. Bulk 

density values (estimated from mass and nominal coring volume after subtracting large stone 

mass and volume) for soils of the 0-5 cm interval were significantly (p<0.0001) lower than those 

of deeper horizons.  Bulk density estimations for the depth intervals below 90 cm were judged 

invalid due to markedly poorer control of extracted soil volume and mass with the auger. The 

δ13C of soils from the lowest two depth intervals were significantly (p<0.0001) lower than those 

of soils at 0-60cm.The SOC stocks for the 6 depth increments were 22.1±9, 45.1±9, 41±8, 27±2, 

37±5 and 39±5 Mg C ha-1 for the depth increments 0-5, 5-15, 15-30, 60-90 and 90-120cm, 

respectively. 

Table 3.1. Mean and standard deviation of soil characteristics for preplow (2011) soils of six 

depth intervals from 24 subplots (n=24) for each depth level, total 144).  

 

Influence of soil moisture on OM, SOC and soil properties at different depth increments 

 For the first two depth intervals (0-5 and 5-15 cm) covering the Ap horizon, OM contents of the 

VWC quintile Q1 soils were significantly greater (p=0.0003, p=0.001) than drier soil groups. For 

the 90-120cm interval, the two driest quintile (Q4, Q5) soils had significantly (p= 0.003) greater 

OM contents than those of the wettest soils (Fig.3.2a). When PWT quintile rankings were 

considered, there was no difference among OM values of the different wetness groups at any 

Depth interval 

(cm) 

SOC (g kg-1) TN (g kg-1) C/N ratio Bulk density (g cm-3) δ13C (‰) 

0-5 55.2 ±8.9 a 4.8 ±0.9 a 11.6±0.2 ab 0.8 ±0.2 d -27.9 ±0.3 c 

5-15 37.6 ±8.7 b  3.5 ±0.9 b 10.7±0.1 b 1.2 ±0.2 c -27.4 ±0.4 c 

15-30 18.2 ±7.3c 1.8 0.7 c 10.2±0.5 b 1.5±0.2 ab -26 ±3.8 c 

30-60 5.6 ±1.5 d 0.8±0.1 d 6.9±0.3 c 1.6 ±0.4 a -24.9 ±3.1c 

60-90 7.2 ±3.4 d 0.7 ±00.1 d 10.4±1.2 b 1.7±0.2 a -18.9 ±6.8 b 

90-120 9.9 ±3.7 d 0.7 ±0.2 d 14.7±1.4 a     NA -14.3 ±6.3 a 
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depth (Fig.3.2b). The influence of VWC or PWT depth on all soil parameters (subset of 24 soil 

samples) at each depth interval is seen in Fig. 3.3a and 3.3b, whereas the p values (whenever 

significant) are depicted in Table 3.2. When considering VWC, the wettest soils had significantly 

greater SOC in comparison to both the mid-wet soils at 0-5 cm as well as the mid-wet and driest 

soils at 5-15 cm, whereas mid-wet soils had significantly greater SOC than the wettest soils at 

depths of 60-90 and 90-120 cm. While the wettest soils also had significantly greater TN 

compared to the mid-wet and driest soils at 0-5 and 5-15 cm, the mid-wet soils had significantly 

greater TN than the wettest soils at 60-90 and 90-120cm. C/N ratios of the driest soils were 

significantly greater than those of the wettest soils at 0-5 and 15-30cm, while the values for the 

wettest soils were greater than that of the driest soils at 90-120cm. While the bulk density of 

driest soils was greater than the wettest soils at 5-15 cm, at the 30-60 cm interval that of wettest 

soils were significantly greater than the driest soils. δ13C values of soils of driest soils were 

greater than wettest soils at 0-5cm and that of mid-wet soils were greater than driest soils at 90-

120cm. 

In terms of the impacts of PWT depth, both δ13C and bulk density of driest soils were greater 

than the wettest soils, while at the depth interval of 5-15cm both SOC and TN values were lower 

than that of the wettest soils. For the rest of the depth intervals, PWT rank only correlated with 

estimated bulk density (Table 3.2). 
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Figure 3.2. Depth distribution of preplow (2011) organic matter (g kg-1) of soil samples from 80 

subplots for six depth increments between 0-120 cm (n = 16 for each quintile group of each 

depth level, total 480) grouped as a function of their (a)volumetric water content (VWC) quintile 
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Figure 3.3. Depth profile of preplow soil characteristics from 24 subplots for six depth increments between 0-120 cm (n = 8 for each 

wetness level for each depth interval, total 144) grouped as a function of their (a) volumetric water content (VWC) quintile rank and 

(b) as perched water table (PWT) depth quintile rank. 

 



 

64 

 

Table 3.2. p values (whenever significant) of the main effects VWC and PWT quintile rank for different soil properties at various 

depth increments between 0-120 cm. Preplow soils (n = 8 for each wetness level for each depth interval, total 144) grouped as a 

function of their volumetric water content (VWC) quintile rank and perched water table (PWT) depth quintile rank have been used. 

Boxes in two shades indicate significance of VWC and PWT in influencing soil parameters at a specific depth. 
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Figure 3.4. Regression analysis of C (% values from combustion elemental analysis) vs C (% values from LOI analysis) of a) 61 soil 

samples (outliers removed) for depth interval 0-60 cm and b) 31 soil samples (outliers not removed) for depth interval 0-15 cm from 

the pre-plow 2011 soils.  

Depth 

increment  

(in cm) 

SOC TN C/N Bulk density δ13C (‰) 

 VWC PWT VWC PWT VWC PWT VWC PWT VWC PWT 

0-5 P=0.006  P=0.0004  0.01      

5-15 P=0.0002 P=0.05 P<0.0001 P=0.02   P=0.0009 P=0.005 P=0.0009 P=0.001 

15-30     P=0.03      

30-60       P=0.0005 P=0.008   

60-90 P=0.04  P=0.03        

90-120 P=0.03  P=0.03  P=0.03    P=0.02  
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Comparison of elemental C analysis of 31 surface samples in 2011 and all 80 surface samples in 

2014 (for additional testing for post plowing soils) to LOI-based C contents yielded similar 

results (R2=0.99). While paired t-tests showed no significant difference during both years [(P= 

0.8, t-Ratio = 0.3) for 2011 and (P = 0.1, t-Ratio = -1.6, for 2014] between the two techniques 

(Table 3.3), Bland-Altman plots (Figure 3.5) provided a visual assessment for the difference 

between the two processes.  The plots for 31 surface soil samples from 2011 and 80 surface soil 

from 2014 for the two techniques both indicate that as average C values increased, the difference 

between LOI and elemental analysis became negative and was unevenly scattered around the 

mean value of the two processes, considered together.  Hence, at C values, especially above 3%, 

LOI assay estimations were lower than elemental C analysis. 

 

 Figure 3.5. Bland-Altman plot for the difference between percent C estimated by the LOI assay 

(LOI) and the dry combustion elemental analysis method for 31 and 80 surface soil samples (0-

15cm, no outliers removed from both sample sets) a) from 2011 and b) 2014. Red bold line 

indicates the mean difference, the dotted lines in a) indicate 95% upper and lower confidence 

interval and in b) and 99% upper and lower confidence interval. Soils sampled by coring in 2011 

and by shovel in 2014. 
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Table 3.3. Paired t-tests for the difference between percent C estimated by the LOI assay (LOI) 

and the dry combustion elemental analysis (LECO) for 31 and 80 surface soils (0-15cm) for 

2011 and 2014 respectively. 

 

 

 

 

 

 

Discussion 

Depth profile of OM, SOC and soil properties 

The significant decreases in OM, SOC, TN and increase in bulk density of soils with depth were 

as expected. With a smaller degree of plant inputs and lower biological activity, lower OM 

turnover in subsoils in comparison to the Ap horizon is expected. Our observed decreased in 

SOC, TN and increase in bulk density were comparable to the studies of Corre et al., 1999, Ma et 

al., 2000, Matamala et al., 2008 and Schmer et al., 2011. The fact that 69% of the profile SOC 

was found in the top 15 cm is consistent with results of Jobba´gy and Jackson, 2000, who found 

that on average the 0-15 cm layer contained 42% of the SOC in the 0-100 cm profile in grassland 

soils, globally. Significant decrease in OM (Fig.3.1, Fig.3.2) SOC and TN beyond the 30-60 cm 

depth increment (Fig.3.3) could be an indicator of fragipan presence approximately at the same 

depth. However, the order reversal of SOC (5.6 ±1.5,7.2 ±3.4, 9.9 ±3.7 g kg-1) and C/N ratio 

(6.9±0.3 ,10.4±1.2, 14.7±1.4) values in the depth intervals 30-60, 60-90 and 90-120 cm (Table 3.1) 

though puzzling, were probably indicative of carbonate presence beyond depth of 60 cm. 

Additionally, as such a reverse order was not seen for TN or OM (Fig.3.1), confounding of the 

elemental C concentrations due to carbonate presence is likely. 

The mean SOC (in g kg-1) reported from our study ranged between those of remnant and restored 

prairie sites in Illinois as reported from the study of Matamala et al., 2008 and were greater than 

 n Mean 

difference 

Std.  error t-Ratio Df P value 

2011 31 0.01 0.05 0.32 30 0.75 

2014 80 -0.04 0.02 -1.61 79 0.11 
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those from the study of Schmer et al., 2011 which reported values from 5yr old switchgrass 

plantations in Nebraska and from plots planted to perennial grasses in the study of Ma et al., 

2000 in Alabama, all at comparable depth intervals. The mean SOC in the first two depth 

increments (55.2 ±8.9 and 38±8.7 g kg-1, respectively) were close to lower ranges of salt marshes 

and wetlands (Bernal, 2008; Keller et al., 2012) and similar to rangelands and prairies (Davidson 

and Ackerman, 1993). Being fallow with minimal disturbance for circa 50 years, the site had 

probably reached a relatively stable equilibrium level of SOC at the time of its conversion in 

2011. High initial SOC levels seemed to have limited additional C accumulation by perennial 

crops in some studies (Tiemann and Grandy, 2015) and this site could similarly result in limited 

increases in SOC levels with bioenergy cropping in the future years. Low C saturation deficit 

(difference between the theoretical maximum C storage capacity and the current C content (Six 

et al., 2002) at the field cannot be ruled out. However, on the other hand, changes in 

management practices at the site, such as introduction of subsurface drains and alteration in 

mowing regime potentially resulted in OM losses during some instances, indicating room for 

further SOC accrual with bioenergy cropping. 

 The δ13C of the surface soils ~ -27 (‰) was in the range of signature values for C3 vegetation, 

pointing to the detritus inputs from legacy C3 broadleaf vegetation which historically dominated 

the field.  Increasing values of stable carbon isotope with depth, especially in the 60-90 and 90-

120 cm interval suggests absence of deep rooting plant varieties of the legacy C3, beyond 60 cm 

approximately. The δ13C signature values at the lower depths indicate primary microbial and 

abiotic control (Powers and Schlesinger, 2002). Precise fragipan depth estimations, depth-level soil 

texture and pH characterization are being suggested as a future work areas, which would be help better 

characterize the soil profile. Acid pretreatment for SOC estimations will also be tested to improve results 

https://www.researchgate.net/publication/225713994_Stabilization_Mechanisms_of_Soil_Organic_Matter_Implications_for_C-Saturation_of_Soils?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/225713994_Stabilization_Mechanisms_of_Soil_Organic_Matter_Implications_for_C-Saturation_of_Soils?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/225713994_Stabilization_Mechanisms_of_Soil_Organic_Matter_Implications_for_C-Saturation_of_Soils?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
https://www.researchgate.net/publication/225713994_Stabilization_Mechanisms_of_Soil_Organic_Matter_Implications_for_C-Saturation_of_Soils?el=1_x_8&enrichId=rgreq-afad7ecf-e9f3-46ed-8863-4b773c8fe947&enrichSource=Y292ZXJQYWdlOzI3NTA2MDY2MTtBUzoyMjAzODQ2NDY0Mzg5MTJAMTQyOTU1NTIwMjQ2Ng==
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in the lower depth intervals. We will revisit the site 10 years from establishment, to assess the influence of 

deep rooted perennial grasses on soil properties at depths and SOC accrual at depth. 

Influence of moisture on OM, SOC and soil properties at different depth increments 

Contrary to our hypothesis, surface volumetric content displayed a more dominant control on soil 

properties examined than did the perched water table depth, over the 0 to 120 cm soil depths 

examined.  Although the TDR probes measuring VWC only reach a depth of ~12 cm, the surface 

VWC was more strongly correlated to depth distribution of the soil properties examined, 

indicating surface water content being a more useful predictor for the deeper soil characteristics 

than the perched water table depth. Additionally, as the subset was chosen based on their primary 

VWC quintile rank, all PWT ranks were close, but not the best representation of their PWT rank. 

The influence of shallow water table depth was observed from a depth of 5cm and was consistent 

in its correlation with bulk density value up to 120cm. As both soil wetness indices pointed 

towards greater OM, SOC, TN and lower C/N ratios, bulk density, δ13C for the wettest soils, 

compared to the drier at surface depths, the influence of moisture on OM and SOC accrual is 

evidenced. As more soil moisture facilitated organic matter inputs, SOC content of soils 

increased and bulk density decreased. However, the order was reversed from 30-60 cm depth 

increment, where mid-wet soils displayed greater SOC and TN and driest soils displayed greater 

C/N, bulk density and δ13C than wettest soils. This indicated that increased moisture was limiting 

for SOC build up at greater depth, possibly due to lower soil oxygen availability.  

 

Correlation of LOI to elemental combustion 

Significant R2 values for LOI–elemental analysis regression for surface soils resulting in 

dependable derived % C values is in line with other work, where clay content of soils was less 

than 30% (Pallaser et al., 2013) and LOI temperatures close to 500°C (Girard and Klassen, 2001) 



 

69 

 

have been used. The high R2 value, ~ 0.99 obtained from our analysis can be considered very 

good in establishing a strong relationship of LOI to a C estimation technique, using the New 

York State empirical relationships between LOI, OM and SOC. This is consistent with studies 

that have shown that LOI methods define OM and SOC through calculation within the error 

range of the elemental analysis methods, but state that the relationship deteriorates at higher 

analysis temperatures and greater depths. In our study, C values for depth intervals of 0-5, 5-15, 

15-30, and 30-60 centimeters were correlated [(elemental analysis-C) = 1.2 (LOI-C) - 0.9] with a 

R2 of 0.99 (Fig. 3.4a), showing that the data was linear and with a slope of nearly 1. Below 60 

centimeters, values were not well correlated by regression. Low C (%) values and increased 

occurence of carbonate (which skews elemental C upwardly) presence at lower soil depths 

seemed to have reduced the correlation. These methods have shown that the greatest mass 

changes from dry combustion occurred between 200 and 430°C, the range in which the soil 

organic matter is combusted (Veres 2002; Pallasser et al., 2013). Above this temperature range, 

high percentage clay soils can go through collapse and extra dehydration, leading to inaccurate 

mass changes. The relatively low percentage of clay (mean 10.7±8.3) in our samples (0-15cm) 

and burn temperature of 500°C in our work seemed to have been suitable. The Bland-Altman test 

added another dimension of precision validation, indicating that for C values above 3%, LOI 

assay underestimated C. Thus, although we hypothesized LOI could be a suitable surrogate for C 

elemental analysis in our field situation, it was most accurate in the range of 1.5-3 C (%); below 

1.5 C (%), the technique overestimated C values and above 3%, it underestimated C values. 

Though, the two methods for determining C (%) were not interchangeable, LOI assay proved 

suitable as a simple and cost effective method to estimate OM, which can be used as a surrogate 

for estimating SOC within a defined soil sample set. 
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Conclusions 

Characteristically decreasing OM, SOC, TN and increasing bulk density and δ13C with depth 

were observed in our field, with legacy C3 vegetation dominating the Ap horizon soil δ13C 

signature. Elevated SOC values from 60-120 cm and deviations from the LOI vs. C relationship 

established in upper soil layers indicated likely carbonate presence confounding SOC 

determinations at that depth interval. Though high initial SOC levels were estimated in the Ap 

horizon, loss of SOC during subsequent years (in the first study at the same field site), leaves 

room for future SOC accrual with perennial bioenergy grasses. Furthermore, initial SOC and 

δ13C values at depths beyond 30 cm, indicate room also for robust C4 root-mediated SOC 

accrual at depth, in the future. Surface volumetric water content had a substantial correlation to 

soil properties up to 120 cm and was more useful than shallow water table depth in this regard. 

While OM, SOC, and TN of wetter soils were greater, C/N ratios, bulk density, and δ13C of those 

wetter soils were lower than those of drier soils, all to depths of 30 cm. Within our narrow 

sample set, the correlation between LOI-C and combustion elemental analysis-C was very good 

(R2=0.99), using the broad-based New York State soil testing correlations between LOI, OM and 

SOC. Given the continuing use of the simple, inexpensive LOI assay to estimate soil OM, our 

results suggest that it can be a useful surrogate for SOC and trends within a defined soil sample 

set. 
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                                                               CHAPTER 4 

CARBON MINERALIZATION WITH CHANGING LEGACY WATER AVAILABILITY IN 

PERENNIAL GRASS BIOENERGY PLANTATIONS3 

 

Abstract 

To improve our ability to predict soil organic carbon (SOC) mineralizability as affected by 

legacy soil moisture differences from different bioenergy crops, a 371-day incubation study was 

conducted at different moisture contents using soils of four cropping systems in New York State. 

Soils experiencing high (average of 0.5 g g-1), mid (0.4 g g-1) and low (0.3 g g-1) moisture were 

collected from fields with reed canarygrass+N, switchgrass and switchgrass+N in comparison to 

a broadleaf-grass fallow. Moisture of the laboratory incubations were adjusted mimicking the 

three average field moisture levels in a full factorial design. Increasing laboratory moisture in the 

incubations increased C mineralization (cumulative C mineralization per unit soil) and C 

mineralizability (cumulative C mineralization per unit SOC) (main effect p<0.001), indicating 

that lower average moisture as found at this site on average limited mineralization but not higher 

average moisture. C mineralizability was 24-30% lower with high field moisture compared to 

low field moisture across the cropping systems, regardless of moisture adjustment in the 

incubation. The mean slow C pool size of soils from high field moisture sites (983.7 ±0.5 CO2-C 

g-1 C) was 0.8% greater than that of soils from low field moisture sites (p<0.001), obtained by 

fitting a double-exponential model. The mean residence time of the slow mineralizing pool for 

soils from low field moisture sites was 17.8±0.1 years, in comparison to 23.8±0.1 years for soils 

from high field moisture sites (p<0.001). While permanganate-oxidisable carbon (POXC) per 

                                                 
3 Manuscript in preparation, Srabani Das, Brian K. Richards, M. Todd Walter, Tammo S. Steenhuis, Kelly L. 

Hanley, Johannes Lehmann* 
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unit SOC (r=0.1) was positively correlated to C mineralizability, wet aggregate stability (r=0.3) 

was negatively correlated to C mineralizability. Above-ground biomass or root biomass did not 

affect Cmineralizability (p > 0.05), after correcting for soil texture variations. Additionally, after 

correcting for soil texture variations and biomass inputs, C mineralizability significantly 

decreased with higher field moisture (p=0.002), indicating possible stabilization mechanism 

through mineral interactions of SOC under high water content.  

 

Keywords perennial bioenergy grass cropping system, soil moisture, C mineralization, 

stabilization mechanism 

 

Introduction 

Soil moisture is one of the key environmental controls of plant growth and microbial activity, 

hence it affects both organic carbon (C) inputs and CO2 outputs of soil. Globally, soil organic C 

(SOC) stocks are positively correlated with mean annual precipitation and negatively with mean 

annual temperature (Trumbore, 1997; Jobbágy and Jackson, 2000). Poorly drained soils usually 

display higher organic matter contents in comparison to well-drained soils, especially in 

temperate ecosystems. While initial decomposition rates of plant residues in surface soils 

correlate with indices of bulk chemical composition of plant materials (e.g., C:N ratio and 

lignin), it is now understood that long-term stabilization of SOM is essentially an ecosystem 

property (von Lützow et al. 2006; Schmidt et al. 2011; Stockmann et al. 2013), much under the 

control of parameters such as soil moisture. While temperature impacts on SOC are better 

understood, processes relating soil moisture to SOC stabilization are poorly understood and 

quantified. 



 

77 

 

Along with moisture, temperature, pH, inorganic nutrients, texture and porosity of soil also 

impact organic matter decomposition or heterotrophic (microbial) respiration. While soil water 

content indirectly controls microbial substrate diffusion, aeration, temperature effects on 

decomposition, microbial movement from one microenvironment to another etc., it directly 

impacts cell hydration, fluid exchange between microbes and soil and resulting microbial 

biomass growth. When soil water decreases during dry conditions, water-filled pore space is 

lowered and water in pores get disconnected, limiting solute supply to microbes and 

subsequently decreasing microbial activity and viability (Sommers et al., 1981; Orchard and 

Cook 1983; Linn and Doran 1984). On the other hand, when soil water contents increase and 

soils approach saturation, the proportion of air-filled pores decreases causing lower oxygen 

availability and hence less metabolic activity of aerobic organisms (Sommers et al., 1981; 

Davidson, 1993; Franzluebbers, 1999). Subsequently, the microbial community changes from 

predominantly aerobic organisms to facultative anaerobic organisms and finally to obligate 

anaerobic organisms (with even less oxygen). Microbial activity has minimums at both moisture 

extremes and a maximum at a level of moisture, where the balance of water and oxygen 

availability is optimal (Moyano et al., 2013).  

Hypotheses such as the ‘regulatory gate hypothesis’ suggest that the limiting step of C 

mineralization is controlled by abiotic processes which involve conversion of non-bioavailable 

SOC to bioavailable forms, regardless of microbial biomass or community composition 

(Kemmitt et al., 2008), which may be impacted by moisture levels in soil. Soil mineralogy plays 

an important role in determining the amount of SOC and its residence time, especially the slow 

cycling pool. Torn et al. (1997) showed that the presence of non-crystalline minerals increased 

along a precipitation gradient and resulted in increased turnover time of stored C. The formation 
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of mineral-organic associations (MOAs) has been recognized as an important mechanism of C 

stabilization and storage in recent decades (Kleber et al. 2015). Newer concepts of SOC 

stabilization, such as the soil continuum model (SCM) focus on spatial arrangement of soil 

organic matter and controls of temperature, moisture and soil mineralogy. The spatial 

arrangement of OM within the mineral matrix, micro-redox environment, microbial ecology and 

interaction with mineral surfaces, all factors contributing to OM persistence in SCM model are 

impacted by moisture independently as well as through moisture-temperature interactions 

(Lehmann and Kleber, 2015). 

Several SOC models typically use soil moisture-respiration functions representing the average 

response of microbial respiration to soil moisture contents; but information about variations in 

response to different stabilization mechanisms as a result of different moisture contents is 

lacking. Hence, it is important to understand the impact of legacy soil moisture effects on the 

respiration-moisture relationship. This may affect C mineralizability that is commonly used in C 

simulation models (Kirschbaum, 2006). 

The objective of this study was to provide mechanistic understanding of the role of moisture on 

C mineralization for soils that were exposed to different moisture levels. We investigated 

whether any or all of the following legacy effects from different field moisture levels determine 

C mineralizability with varying moisture contents: (1) plant above-ground /below-ground 

biomass inputs and therefore SOC contents; (2) SOC stabilization and therefore the extent of 

mineral protection of SOC; and (3) SOC accumulation due to lower mineralizability because 

moisture-mineralization relationships change as a result of different SOC contents or forms. 

We hypothesized that those soil moisture contents that result in the lowest mineralization and 

highest plant growth also generate the greatest SOC accrual.   
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Methods 

Experimental site 

The field site was located near Ithaca, New York, USA (42N28.20', 76W25.94') (Fig. S4.1). The 

mean annual temperature and mean annual precipitation are 10°C and 940 mm, respectively. The 

soils are comprised of three series: well-drained Canaseraga (coarse-silty, mixed, active, mesic 

typic Fragiudept), somewhat poorly drained Dalton (Coarse-silty, mixed, active, mesic aeric 

Fragiaquept) and poorly drained Madalin (fine, illitic, mesic mollic Endoaqualf) soils. The soil 

texture is primarily silt-loam. The different soil properties are shown in Table 4.1. 

Field experiment 

A randomized complete block design was used for 16 large strip-plots (denoted A through P, 

Fig. S4.1) that comprised four replicate plots of four cropping treatments: switchgrass (Panicum 

virgatum L.)  switchgrass+ fertilizer N, reed canarygrass (Phalaris arundinaceae L.) + fertilizer 

N and pre-existing fallow control. Where used, the N fertilization rate was 74 kg N ha-1, applied 

as ammonium sulfate ((NH4)2SO4), once annually in the spring starting in 2012 for reed 

canarygrass and starting in 2013 for switchgrass + N. The soil moisture conditions vary naturally 

from moderately well-drained to poorly-drained in the strip-plots. Five permanent sampling sub-

plots were established along the natural moisture gradients of each strip-plot (Fig. S4.1) based on 

an initial intensive survey (summer 2011) of surface layer moisture measurements by a time-

domain reflectometry (TDR) soil moisture sensor with 0.12 m probes (Hydrosense™, Campbell 

Scientific Australia Pty. LTD.). The TDR instrument which determines the proportion of 

volumetric water content (% VWC) used to determine soil moisture from the average of 3 

measurements taken at each sub-plot. The subplot approach thus yielded 80 permanent sampling 

points where frequent periodic water content measurements were used to characterize the relative 
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soil moisture status of each subplot. For each measurement event, a field average volumetric 

water content of all 80 subplots was calculated, and each subplot’s value was normalized relative 

to the field mean (yielding a “relative soil moisture ratio” for that subplot and time point) 

(Richards et al., 2013). These relative values were averaged over the entire study period for each 

subplot, and each subplot’s characteristic wetness (relative to the field average) was thus 

established over 40 such measurement events cumulatively representing several thousand 

readings at the site. The multi-year mean values for the 80 subplots were aggregated into “soil 

wetness quintiles” for each treatment for the entire study period. The VWC values were 

converted to the proportion of water filled pore space (WFPS) by scaling the instrument’s values 

based on a linear trend that was established from the average VWC observed for saturated (100% 

WFPS) and dry (0% WFPS) conditions (Mason et al., 2017). Instantaneous values of WFPS at 

each subplot were converted to ratios of the simultaneous field average. A long-term wetness 

ranking was established, similar to the VWC ranking technique. The WFPS values 

corresponding to long-term VWC quintile 1 (highest), quintile 3 (mid-level) and quintile 5 

(lowest) were 63%, 50% and 40% respectively.  

During soil sampling for the incubation experiment, VWC measurements were undertaken at the 

36 designated subplots in August 2014. Also, before starting the experiment, the gravimetric 

water content of the sampled soils from the 36 subplots was determined as described in the next 

section. VWC was related to the gravimetric water content (Fig. S4.2a), to compute mean water 

content values corresponding to the long-term high, mid and low VWC quintiles from the field. 

The mean gravimetric water content corresponding to quintile 1 (highest), quintile 3 (mid-level) 

and quintile 5 (lowest) were 0.5, 0.4, and 0.3 g g-1 respectively (Table S4.1a). 
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Field sampling protocol 

For the incubation, soils from subplots representing 3 field replicates of the 4 cropping systems 

belonging to the 3-field moisture content (wetness quintiles) levels were randomly chosen (Table 

S4.1b). Soils from the surface Ap horizon were sampled in August 2014, after more than a week 

without rain, and months after N fertilization. A flat shovel was used to dig to a depth of 0.15 m 

(defined here as the average Ap horizon) at two locations equidistant (1.2 m) from the center of 

each subplot (as marked by a permanent subplot flag). Approximately 2 kg of soil was dug from 

each of the two locations, mixed and composited in a bucket, with about 200 g transferred to 

labeled polyethylene bag in a hand-cooler. Volumetric moisture content at the subplots was also 

determined by TDR at the time of sampling. 

Laboratory analyses of gravimetric water contents, soil properties and crop growth parameters 

Gravimetric water contents of field moist soils were determined by weighing 10 g of soil and 

drying at 105ºC for 24 hr and reweighing (Jarell et al. 1999). Elemental C and N analysis of soils 

was carried out by combustion infrared detection [LECO TruMac CN, LECO Corp, St. Joseph, 

MI, precision-Nitrogen-0.01 mg or 0.3% RSD (whichever is greater) and Carbon- 0.01mg or 

0.4% RSD (whichever is greater)] on oven dried (60°C) 0.4 g of soil. As pH values of all soil 

samples were below 7, total C was considered equivalent to SOC (Propheter and Staggenborg, 

2010; Bonin and Lal 2014), with no carbonate presence assumed, which was further confirmed 

using 5 M HCl which did not result in any effervescence on a subset of 16 soil samples. 

Permanganate-oxidisable carbon (POXC) was determined via permanganate oxidation and 

spectrophotometry (Weil et al., 2003, Culman et al., 2012, Moebius-Clune et al., 2016). Wet 

aggregate stability was measured using a sprinkle infiltrometer that steadily rained on a sieve 

containing a known weight of soil aggregates between 0.25 mm and 2 mm (Moebius-Clune et 
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al., 2016); while the unstable aggregates fall apart and pass through the sieve, the fraction of the 

soil that remains on the sieve is used to calculate the proportion aggregate stability.  

Soil pH and texture analyses were performed by a standard technique as outlined in Moebius-

Clune et al. (2016). Texture for soils from the 36 sub plots was relatively uniform [sand (%)- 

mean- 16.6, std. dev-4, silt (%) – 67.2, std. dev-3.5, clay (%)- mean-16.2, std.dev-3.3]. There 

was no significant difference among the soils of the three wetness groups from the different 

cropping systems (in results section). Nevertheless, to understand the influence of moisture on C 

mineralization, we used soil texture as a fixed effect, in a model predicting the impact of 

different variables on C mineralization (in results section). 

Above-ground biomass yields from each subplot were determined for the years 2012, 2013 and 

2014 using hand-harvesting of replicate 1 m2 quadrants, weighing and dry matter analysis. 

Values from the three years were subsequently added to obtain cumulative harvested above-

ground biomass (harvestable standing biomass) specific for each subplot. For root biomass, 

coarse roots were removed by hand picking from dried soil samples (root crowns were not 

sampled). The roots were then passed through a 2 mm-sieve to remove associated soil particles 

and then weighed. This procedure (of non-washing and handpicking) recovers ~60% of the root 

mass typically obtained through more extensive soil washing techniques (Matamala et al., 2008). 

The coarse root biomass estimation from each subplot was thus undertaken for the years 2012, 

2013 and 2014 and added towards a cumulative root biomass value for each subplot. 

Incubation set-up and C mineralization measurement 

Field-moist soils were passed through a 4-mm sieve to remove plant roots and rocks. Sieving 

was done under a laminar flow hood and subsequently soils were re-stored in the cooler. After 

sieving, the soil sample was split in two batches, one for use in the incubation experiment and 
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the other for determining gravimetric water content and soil properties. 15 g of field moist soil 

were transferred into pre-weighed 60-mL glass Qorpak vials for the incubation experiment and 

they were then air dried for 48 hours at 30°C in a climate controlled incubation chamber, where 

the samples were kept for the duration of the experiment. Each air-dried soil sample was then 

adjusted to long-term equivalent levels of high, mid and low (0.5, 0.4 and 0.3 g-1 g respectively) 

field moisture contents, before the incubation. Two technical replicates (duplicates) were set up 

for each moisture adjustment. Thus, the final incubation set-up consisted of a full factorial design 

of four cropping systems by three field replicates by three water contents in the field (wet, mid 

and dry) by three water contents in the lab (wet, mid and dry) in duplicates (technical replicates 

that were not used in the statistical analysis). The Qorpak vials were transferred to 473-mL wide-

mouth Mason jars. A 20-mL scintillation vial containing freshly prepared 15-mL 0.09M KOH 

was also placed open in the Mason jar and the jar was capped tightly. The KOH solution used to 

trap CO2 emitted was prepared with CO2-free deionized water (DIW) (Whitman et al,. 2014). 

For every 12 samples, 1 blank was used. The blank sample set-up consisted of only a KOH trap 

in the Mason jar and no soil addition. The incubation was set up in the dark  

A staggered sampling schedule for measuring CO2 emissions was used, due to the presence of a 

high number of sample vials (216). Three batches of 72 samples consisting of duplicates of each 

wetness level and six blanks were established for measuring one batch on a single sampling day. 

On day 1, 3, 7, 14, 21, 28, 42, 105, 210, 294, 371 for each batch, the jars were opened and the 

electrical conductivity (EC) of the KOH traps was measured at a constant temperature of 30.0 (± 

3) °C. Fresh vials of 15 mL 0.09M KOH replaced the previous ones. Mason jars were resealed. 

With each measurement of electrical conductivity, soil-containing Qorpak vials were weighed 



 

84 

 

and the water content in the soil was readjusted to its wetness level by addition of DIW, 

whenever needed.  

On one of the sampling days, a standard curve was established by sealing KOH traps in Mason 

jars with rubber septa in their lids and injecting a known volume of CO2.  EC of the traps was 

measured after 24 hours and linearly correlated with the known CO2 volumes to create a standard 

curve (Fig. S4.3). To account for the small amount of CO2 present in the jar, EC measurements 

from the ‘blank’ from each group was subtracted from that of each sample jar. The resulting 

delta EC value was then converted into total CO2 released by the sample using the standard curve 

(Fig. S4.2b). The CO2 units were converted to gravimetric units of C using the universal gas law 

equation. The resulting CO2–C emission was then normalized for per g soil or per g SOC. For 

the latter, results were divided by the amount of SOC present in the soil at the beginning of the 

incubation. 

Statistical analyses and modeling  

SOC mineralization data were fitted to a double exponential model, based on the highest r square 

values (r2> 0.99) during pre-analysis. The mean cumulative mineralization value for three field 

replicates of each field-lab moisture combination was fitted with a first-order, two-pool model 

(Liang et al., 2008; Zimmerman et al., 2011). Data were fitted in nlsLM (nonlinear regression, 

Levenberg-Marquardt search), R Studio Team (2015).  The Levenberg-Marquardt algorithm 

estimates the values of the model parameters to minimize the sum of the squared differences 

between model-calculated and measured values.  

The following equation was used: 

                    C cumulative  C1 (1-e - k1
t) + C2 (1-e - k2

t) 
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 Where, C cumulative = CO2-C production per unit soil (mg CO2-C g-1 soil), t is time in days, C1 is 

the fast pool, C2 is the slow pool and k1 and k2 are the first–order decomposition rate coefficients 

for fast and slow pools, respectively; the parameter constraints were chosen as follows: k1>0, 

k2>0 and C1+C2 = initial SOC in soil sample in (mg g-1 soil). Curve fitting was also done using 

the same equation for CO2-C production per unit initial SOC (mg CO2-C g-1 C) with parameter 

constraints chosen as k1>0, k2>0 and C1+C2 = 1000 mg C. 

Three-way ANOVA were performed using cumulative C mineralization per unit SOC (from here 

on called “C mineralizability”) and per unit soil (called “C mineralization”) at 371 days, with 

fixed effects of field moisture level, laboratory moisture level and cropping system. ANOVA 

were also performed for the four parameters estimated by nonlinear regression (double 

exponential model). The three-way interaction between field moisture level, laboratory moisture 

level and cropping system and two-way interactions between field moisture level vs laboratory 

moisture level and laboratory moisture level vs cropping system were not found to be significant 

(p value > 0.05) in all models. Thus, only a two-way interaction between field moisture level and 

cropping system (do soils of varying long term wetness mineralize differently when exposed to 

different cropping systems?) was considered in the final models. Multiple comparison of Least 

Square Means differences was conducted only when the ANOVA results for the main effects or 

interactions were significant. Post-hoc comparisons were made using Tukey’s HSD method to 

control for multiple comparisons. Five jars out of 216 were excluded due to suspected leaks 

(strong outlier, 6-8 standard deviation from all samples). 

To explore the primary factors influencing C mineralizability we performed a series of statistical 

analyses. First, univariate analyses allowed us to establish the soil property variables 

significantly correlated with C mineralizability. Pearson correlation coefficients were computed 
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between cumulative C mineralizability (mg CO2-C g-1C) and SOC, total nitrogen (TN), POXC, 

wet aggregate stability, soil texture, soil pH, cumulative harvested above-ground biomass and 

cumulative root biomass. To address collinearity among soil properties influencing C 

mineralizability, we then performed principal components analysis (PCA) for the dataset (adding 

POXC per unit SOC and excluding soil texture). To tease out the control of soil texture and 

biomass inputs, if any, on C mineralizability, we performed a mixed effects model analysis with 

the first two principal components, field and laboratory moisture levels, above-ground and root 

biomass, sand and clay content as fixed effects and subplots as random effects. Thus, the 

significance of moisture in influencing C mineralizability, when corrected (controlled) for 

biomass inputs and soil texture, was tested. Additionally, a principal components analysis for the 

dataset including C mineralizability and all correlated variables was performed. The bi-plots 

report the eigenvectors and proportion of variance explained by the first two principal 

components. The variables included in each analysis were plotted as vectors representative of the 

strength and direction to which they loaded each component. All statistical analyses were carried 

out by JMP Pro 12 (SAS Inc., Cary, NC). 

Results 

C mineralization and C mineralizability 

While higher laboratory moisture (averaged over cropping system and field moisture levels) 

significantly (p<0.001, Fig. 4.1a, Table S4.2a) increased cumulative CO2 evolution per unit soil 

mass (here called ‘C mineralization’) at 371 days, field-moisture (averaged over cropping system 

and laboratory moisture adjustments) did not have a significant effect (p=0.7, Fig. 4.1a). 

Additionally, cropping system (averaged over field moisture levels and laboratory moisture 

adjustments) had a significant (p<0.001, Fig. 4.1a) effect on C mineralization, with C 
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mineralization in fallow-control soils being greater than reed canarygrass and switchgrass soils, 

and in switchgrass +N being greater than in switchgrass soils (Table S4.2b). The interaction field 

moisture vs cropping system had a significant effect (p=0.005) on cumulative C mineralization 

(Fig. S 4.3a, Table S4.2a), whereas the interaction field moisture vs lab moisture did not have a 

significant effect on C mineralization (p=0.9). When expressed as cumulative CO2 evolution per 

unit SOC (here called ‘C mineralizability’), the values were lower in field-high, than field-mid 

and field-low moist soils, for all laboratory moisture adjustments of fallow-control, reed 

canarygrass+N, switchgrass and switchgrass+N (Fig. 4.2a, 4.2b, 4.2c, 4.2d) at 371 days. 

Furthermore, high field moisture resulted in significantly (p<0.0001) lower C mineralizability 

than both mid and low field moisture levels (Fig. 4.1b, Table S4.3a, S4.3b), when averaged over 

cropping systems and laboratory adjustments. Higher laboratory moisture (averaged over 

cropping systems and field moisture levels) significantly (p<0.0001, Fig.4.1b) increased C 

mineralizability, with lab-high being significantly greater than lab-low. This trend was consistent 

for all sampling time points (Fig. S4.4). The interaction field moisture vs cropping system also 

had a significant effect (p=0.001, Fig. S4.3b Table S4.3a) on C mineralizability. Though the 

interaction field moisture vs lab moisture did not have a significant effect on C mineralizability 

(p=0.9), the moisture combination, field high-lab low had the lowest value in each of the 

cropping system soils (Fig. 4.2).  

While the size of the fast mineralizing C pool, C1 varied between 11.3 (±1.5) and 30.6 (± 1.8) mg 

CO2-C g-1 C (Table 4.3), that of the slow mineralizing C pool, C2 varied between 969.5 (± 1.8) 

and 988.7(±1.5) mg CO2-C g-1 C among various moisture-crop combinations (Table 4.3). The 

interaction between field moisture and cropping system was significant for both C1 (p = 0.003, 

not shown) and C2 (p<0.0001) (Table S4.4c). Though the interaction field moisture vs laboratory 
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moisture was not significant, the size of C1 was smallest and concurrently, the size of C2 was 

greatest for soils of field high-lab low moisture combination compared to other moisture levels, 

regardless of the cropping system (Table 4.3). The mineralization rate constants of the slow 

degrading pool (k2) (ranging from 0.000112 ±0.000005 to 0.00017 ±0.00001) were three orders 

of magnitude lower than that of the fast degrading pool (k1) (ranging from 0.032±0.003 to 

0.047±0.008). The mean residence time of the fast mineralizing pool (MRT1) varied between 

21.3 and 34.7 days and that of the slow mineralizing pool (MRT2), varied between 22.7 and 24.5 

years among the different moisture-crop combinations. The interaction between field moisture 

and cropping system was significant for both MRT1 (p=0.02) and MRT2 (p<0.0001) (Fig. S4.5a 

& S4.6a, Table S4.5c, S4.6c). 

C mineralization and C mineralizability in relation to soil properties and crop growth 

parameters 

No correlations were observed between cumulative C mineralization (mg CO2-C g-1 soil) and 

soil properties as well as above-ground biomass. C mineralization was positively correlated to 

root biomass (r = 0.3, n = 108, P = 0.004) (Fig. S4.5a). 

Pearson correlations between cumulative C mineralizability (mg CO2-C g-1 C) and soil properties 

measured at the start of the experiment, before texture corrections, indicated strong negative 

correlation with SOC (r = -0.7, n = 108, p<0.0001), TN (r = -0.8, n = 108, p<0.0001), POXC (r = 

-0.7, n = 108, p<0.0001), and weak negative correlation with pH (r = -0.3, n = 108, p=0.0002), 

wet aggregate stability (r = -0.3, n = 108, p=0.0009) and root biomass (r = -0.2, n = 108, p=0.03). 

It also indicated weak positive correlations with POXC per unit SOC (r = 0.12, n = 108, p=0.2) 

and above-ground biomass and mineralizability (r = 0.2, n = 108, = 0.04) (Fig. S4.5b). 
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Table 4.1.   Soil properties from the four cropping system soils belonging to the Low, Mid and High field moisture levels (n= 3 for 

each moisture level of each cropping system), mean values with standard deviations in parenthesis.  

  

 

 
 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 

 

 

 

 

 SOC  
(g kg-1 soil) 

TN 
(g kg-1 soil) 

Wet aggregate 
stability  
(%) 

Sand 
(%) 
  

Silt 
(%) 

Clay 
(%) 
  

POXC  
(mg C kg-1 soil) 

POXC per unit SOC 
(mg C g-1 C) 

pH 
  

 High Mid Low High Mid Low High Mid Low High Mid Low High Mid Low High Mid Low High Mid Low High Mid Low Hig
h 

Mid Low 

Fallow 40.7 
(2.4) 

A 
 
 

38.
3 

(2.3
AB 

33.9 
(1.4) 

   B 

3.9 
(0.6) 

A            
 

3.6 
(0.2) 

A 

3.2 
(0.2) 

A 

81.8 
(6.9) 

A 

76.0 
(4.1) 
A 

81.8 
(6.4) 

A 

11.4 
(4.0) 

A 

14.2 
(1.9) 

A 

17.5 
(1.5) 

     A 

71.9 
(1.7) 

A 

66.7 
(5) 

   A 

65.1 
(2.1) 

A 

16.7 
(5.5) 

A 

18.9 
(4.2) 

A 

17.4 
(1.5) 

A 

878 
(134) 

A 

926 
(67) 

   A 
 

751 
(52) 
  A 

22 
(4.2) 
A 

24.
2 
(2) 
A 

22.2 
(1) 
A 

6.2 
(0.1

) 
A 

6.2 
(0.3

) 
 A 

 

6.1 
(0.5

) 
A 

Reed 
canarygras
s+N 
 

36.9 
(0.6) 

A 

36.
2 

(5.2
) 

  A 

30.8 
(7.4) 

A 

3.6 
(0.5) 
     A 

 

3.5 
(0.4) 

A 

2.8 
(0.5) 

A 

60.4 
(8.8) 

A 

62.6 
(20.3

) 
A 

63.1 
(24) 
A 

15.2 
(0.3) 
 A 

18.4 
(2.5) 

 A 

18.7 
(1.8) 
 A 

68.6 
(5) 

   A 

66.5 
(2.5) 

A 
 

66.6 
(0.7) 

A 

16.2 
(5) 

 A 

15.1 
(1.9) 

A 

14.6 
(1) 

   A 

851 
(42) 
  A 

829 
(103) 

A 

684 
(89) 
  A 

23 
(1.2) 

    A 

23 
(2) 
A 

23 
(4) 
A 

5.6 
(0.5

) 
A 

5.6 
(0.5

) 
A 

5.1 
(0.1

) 
A 

 

Switchgras
s 
 

39.6 
(11.

5) 
A 

29.
8 

(4.3
) 

A 

27.9 
(3.3) 

A 

4.0 
(1.2) 

A 

2.9 
(0.5) 

A 

2.7 
(0.2) 

A 

70.5 
(22) 
A 

59.0 
(16.5

) 
A 

72.3 
(9.3) 

A 

11.8 
(4.2) 

A 

17.2 
(4.6) 

 A 

19.6 
(1.4) 
 A 

68.9 
(0.6) 

A 

66.8 
(0.7) 
AB 

64.5 
(2.5) 
 B 

19.7 
(4.5) 

A 

16.0 
(5.2) 

A 

15.9 
(2.1) 

A 

827 
(41) 
 A 

762 
(84) 
 AB 

613 
(11

1) 
B 

22 
(5) 

  A 

26.1 
(6) 
  A 

22 
(2) 
A 

6.2 
(0.5

) 
A 

5.9 
(0.6

) 
A 

5.8 
(0.5

) 
A 

 

Switchgras
s+N 
 

40.5 
(9.8) 

A 

26.
5 

(4.6
) 

  A 

28.8 
(0.6) 

A 

4.0 
(0.7) 
    A 

2.6 
(0.3) 

B 

2.9 
(0.1) 
AB 

71.7 
(20) 
A 

54.7 
(9.2) 
A 

71.2 
(9.5) 

A 

15.8 
(4.6) 

A 

15.8 
(1) 

 A 

23.2 
(4.2) 
 A 

70.0 
(2.2) 
 A 

68.6 
(2.8) 
AB 

62.1 
(3.6) 

B 

14.2 
(2.7) 

A 

15.6 
(2) 

   A 

14.7 
(1.6) 
 A 

876 
(119) 

A 

625 
(221) 

A 

687 
(47) 
    A 

22.1 
(3) 

A 

23.1 
(5.1

) 
A 

24 
(1.1) 
   A 

6.3 
(0.2

) 
A 

5.8 
(0.1

) 
AB 

5.7 
(0.3

) 
B 

 

P value for 
cropping 
system 

0.1 
    

0.5 0.05 0.06 0.8 0.2 0.08 0.9 0.007 
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Table 4.2. Cumulative above-ground biomass and cumulative root biomass from 2012-2014 for the four cropping systems belonging 

to the High, Mid and Low field moisture levels (n= 3 for each moisture level of each crop), mean values with standard deviations in 

parenthesis. 

 

 Cumulative above-ground 
biomass   
(Mg ha-1) 

Cumulative root biomass 
(g kg-1 soil) 

 High Mid Low High Mid Low 

Fallow 2.3 
(1.1) 
 B 

3.8 
(2.4)             
 AB 
 

 11.3 
(3.8) 
  A 

       13.1 
(3.6) 

  A 
 

     5.9 
(4.5) 

B 
 

   10.0 
(1.9) 

B 
 

Reed  
canarygrass+N 
 

 5  
(3.4)               
 
A                                          

  6.1     
(3.1)        
A                   

3.6 
(1.8) 
A         

12.7 
(3.7) 

A 
 

6.8 
(2.1) 

B 
 

6.3 
(4.1) 

B 
 

 
Switchgrass 
 

3 
(1.2) 
 
B 

4 
(1.1)  
AB 

 6.8 
(2.9) 
 A 

4.1  
(1.3) 

A 
 

2.0 
(0.7) 
B 
 

3.3 
(1.8) 

B 
 

Switchgrass+N 

 
 
 

3.7         
(0.7) 
B                  

4.3 
(1.9) 
AB                  

 7.7    
(2.8) 
   A            

7.9  
(2.6) 
A 
 
 

4.7 
(2.2) 
B 
 
 

3.0 
(2.3) 

B 
 
 

       
P value for 
cropping 
system 

 
0.8 

      
<0.0001 
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Figure 4.1. Mean cumulative C mineralization and C mineralizability at 371 days. Different letters above bars indicate significant 

differences within the same figure pane (p<0.05). Mean laboratory moisture values [(mean +SE for n=36) (each averaged over 2 

technical replicates)] are averaged over field moisture levels and cropping systems, mean field moisture values [(mean +SE for n=36) 

(each averaged over 2 technical replicates)] are averaged over laboratory moisture levels and cropping systems and mean cropping 

system values [(mean +SE for n=27(each averaged over 2 technical replicates)] are averaged over field moisture and laboratory 

moisture levels. The cropping systems were fallow-control (fallow), reed canarygrass + fertilizer 75 kg N ha-1 (RCGN), switchgrass 

(SWG) and switchgrass + fertilizer 75 kg N ha-1 (SWGN). The water contents corresponding to field Low, Mid and High and lab-low, 

lab-mid and lab-high are both 0.3 g g-1, 0.4 g g-1and 0.5 g g-1, respectively. 
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Figure 4.2. Cumulative C mineralizability per unit SOC in soils of the four cropping systems, fallow-control (a), reed canarygrass + 

fertilizer 75 kg N ha-1 (b), switchgrass (c) and switchgrass + fertilizer 75 kg N ha-1 (d). Mean +SE for, n = 3, averages of 2 technical 

replicates each), for the three-similar laboratory moisture level adjustment of three field moisture levels of each cropping system. 

LSD=least significant differences between all moisture combinations for each cropping systems for each time point at p< 0.05; curves 

fitted by using a double-exponential equation. The water contents corresponding to field Low, Mid and High and lab-low, lab-mid and 

lab-high are both 0.3 g g-1, 0.4 g g-1 and 0.5 g g-1, respectively. 
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Figure 4.3. Mean residence time of fast mineralizing (MRT1) and slow mineralizing carbon pool (MRT2) of the different field 

moisture-cropping system combinations; curves fitted by using a double-exponential equation. For each cropping system-field 

moisture combination, mean + SE for n= 3 field representatives, each averaged over 3 laboratory levels, n = 9 (average of 2 technical 

replicates, each)] Different letters above bars indicate significant differences (p<0.05) of the different field moisture-cropping system 

combinations. The cropping systems were fallow-control, reed canarygrass + fertilizer 75 kg N ha-1, switchgrass and switchgrass + 

fertilizer 75 kg N ha-1 and the laboratory moisture levels were lab-low, lab-mid and lab-high. The water contents corresponding to 

field Low, Mid and High and lab-low, lab-mid and lab-high are both 0.3 g g-1, 0.4 g g-1 and 0.5 g g-1, respectively. 
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Table 4.3. C mineralization kinetics of soil after 371 days’ incubation at 25ºC for the different cropping systems.  Pool sizes and decay rates of 

cumulative soil C mineralization using double exponential model Cumulative= C1 (1-exp (-k1 x)) +C2 (1-exp (-k2 x)), where C1 is the fast pool, C2 is 

the slow pool and k1 and k2 are the first–order decomposition rate coefficients for fast and slow pool respectively, the parameter constraints 

chosen, k1>0, k2>0 and C1+C2=1000. MRT1 = mean residence time of fast pool in days (MRT1=1/k1) and MRT2 = mean residence time of slow 

pool in years {MRT2=(1/k2)/365}. Mean+ SE for n = 3, averages of 2 technical replicates, each), for the three similar laboratory moisture level 

adjustment of three field moisture levels of each cropping system. The cropping systems were fallow-control, reed canarygrass + fertilizer 75 kg N 

ha-1, switchgrass and switchgrass + fertilizer 75 kg N ha-1. The water contents corresponding to field Low, Mid and High and lab-low, lab-mid and 

lab-high are both 0.3 g g-1, 0.4 g g-1 and 0.5 g g-1, respectively. Tables S4, S5 and S6 in SI refer to detailed statistics of the parameters. 

 Cropping system 
 

Moisture level  C1 (mg CO2-C g-1 C) k 1 (day-1) C2 (mg CO2-C g-1 C) k 2 (day-1) MRT1 

(days) 
MRT2 
(years) 
 

Fallow- control Field high-lab 

high 

 

20.6±1.4 0.034±0.004 979±1 0.000115±0.000005 28.7 23.9 
 Field high-lab 

mid 

 

18.4±1.18 0.040±0.005 982±1.2 0.000113±0.000005 24.6 24.2 
 Field high-lab 

low 

 

12.0 ±1.4 0.036±0.007 988±1.4 0.000112±0.000005 27.8 24.5 
 Field mid-lab 

high 

 

27.7±1.9 0.035±0.004 972±1.9 0.00013±0.000001 28.6 20.6 
 Field mid-lab 

mid 

 

23.3±1.7 0.036±0.005 977±1.7 0.00013±0.00001 27.4 20.7 
 Field mid-lab 

low 

 

19.7±1.7 0.036±0.005 980±1.7 0.00013±0.000001 27.7 20.7 
 Field low-lab 

high 

 

29.0±1.9 0.033±0.004 971±2 0.00014±0.00001 30.1 19.0 
 Field low-lab 

mid 

 

24.9±1.5 0.034±0.004 975.±1.5 0.000145±0.000006 29.2 18.9 
 Field low-lab 

low 

 

18.2±1.4 0.035±0.004 981.8±1.4 0.00015±0.00000 28.6 18.4 
Reed canarygrass 
+N 

Field high-lab 
high 
 

20.3±1.7 0.037±0.004 980±1.2 0.00012±0.00000 26.4 23.9 
 Field high-lab 

mid 
 

17.7±1.2 0.035±0.004 982±1.2 0.00012±0.00000 28.5 23.6 
 Field high-lab 

low 
 

11.3±1.2 0.037±0.007 989±1.2 0.00012±0.00001 26.4 23.6 
 Field mid-lab 

high 
 

21±1.3 0.032±0.003 979±1.3 0.00014±0.00001 30.9 19.9 
 Field mid-lab 

mid 
 

19±1.1 0.032±0.003 981±1.1 0.00014±0.0000 32.1 20.3 
 Field mid-lab 

low 
 

13±1.6 0.033±0.005 987±1.2 0.00014±0.00000 30.3 19.7 
 Field low-lab 

high 
 

31±1.9 0.031±0.003 969±1.9 0.00016±0.00001 32.1 17.7 
 Field low-lab 

mid 
 

25±1.7 0.035±0.004 974±1.7 0.00016±0.00001 28.6 17.6 
 Field low-lab 

low 
 

22.1±1.7 0.035±0.005 978±1.7 0.00015±0.00001 28.3 17.8 
Switchgrass Field high-lab 

high 

 

20.5±1.2 0.036±0.004 979±1.3 0.00012±0.00001 27.9 22.7 
 Field high-lab 

mid 

 

15.2±1.4 0.032±0.005 984±1.4 0.000115±0.000005 31.2 23.7 
 Field high-lab 

low 

 

11.7±1.6 0.032±0.007 988±1.6 0.000112±0.000006 31.7 24.4 
 Field mid-lab 

high 

 

20.9±1.8 0.032±0.005 979±1.8 0.00015±0.00001 30.9 17.9 
 Field mid-lab 

mid 

 

18.1±1.9 0.034±0.006 981±1.9 0.00015±0.00001 29.1 18.4 
 Field mid-lab 

low 

 

13.3±1.8 0.043±0.011 986±1.8 0.00015±0.00001 23.4 17.8 
 Field low-lab 

high 

 

26.6±2.1 0.040±0.005 973±2.1 0.00017±0.00001 26.5 15.8 
 Field low-lab 

mid 

 

21.4±2.3 0.040±0.007 979±2.3 0.00017±0.00001 27.0 16.5 
 Field low-lab 

low 

 

25.5±1.9 0.030±0.004 974±1.9 0.00015±0.00001 34.5 18.0 
Switchgrass +N Field high-lab 

high 

 

20.4±1.8 0.035±0.005 980±1.8 0.00012±0.00001 28.3 22.9 
 Field high-lab 

mid 

 

16.1±1.5 0.035±0.006 984±1.5 0.000115±0.000006 28.4 23.9 
 Field high-lab 

low 

 

11.3±1.5 0.035±0.008 989 ±1.5 0.000114±0.000006 29.0 24.1 
 Field mid-lab 

high 

 

26.7±2 0.039±0.005 973±2 0.00017±0.00001 25.1 16.3 
 Field mid-lab 

mid 

 

21.7±1.9 0.047±0.008 978±1.9 0.00017±0.00001 21.5 16.1 
 Field mid-lab 

low 

 

18.5±1.9 0.045±0.009 981±1.9 0.00017±0.00001 22.2 16.2 
 Field low-lab 

high 

 

22.5±2 0.043±0.007 978±2 0.00016±0.00001 23.3 17.7 
 Field low-lab 

mid 

 

21.2±1.9 0.043±0.007 979±1.9 0.00015±0.00001 23.4 17.8 
 Field low-lab 

low 

 

21.1±1.9   0.047±0.008 979±1.9 0.00015±0.00001 21.3 17.9 
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SOC (0.96), TN (0.95), wet aggregate stability (0.7), POXC (0.7), pH (0.58) loaded substantially 

in the same direction, whereas POXC per unit SOC (-0.46) loaded in the opposite direction for 

the first principal component (PC1) which explained 58% variability among the soil properties 

(Fig.4.4, Table S4.8a,4.8b).  For the second principal component (PC2) which explained 21% of 

variability, POXC (0.5) and POXC per unit SOC (0.6) loaded substantially in same direction. 

PC1 (p<0.0001), PC2 (p=0.002), field moisture level (p=0.002) and lab moisture level 

(p<0.0001) were significant in explaining variations in C mineralizability (Table 4.4). However, 

cropping system, cumulative harvested above-ground biomass or cumulative root biomass, sand 

or clay contents were not significant in explaining variations in C mineralizability. Thus, when 

controlled for soil texture, cumulative above-ground biomass or cumulative root biomass, field 

moisture was significant in influencing c mineralizability (p=0.002, Table 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Principal Components Analysis biplot of variability among soil properties (excluding 

soil texture components) related to C mineralizability. Red vectors represent principal 

component loadings of each variable. The blue, black and orange symbols indicate the dataset for 

the field high, mid and low field moisture levels, respectively. 
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Table 4.4. Fixed effects for C mineralizability (mg CO2-C g-1 C) at 1 year (371 days) in model 

performed to check the influence of field moisture, when controlled for texture components and 

biomass inputs. 

Effect tests  

 

 

 DF F Ratio P value 

Field moisture level 2 0.4 0.002 
Laboratory moisture level 2 0.3       <0.0001 

Sand (%) 1 1.5 0.2 

Clay (%) 1 1.4 0.2 

Cumulative above-ground biomass 1 0.5 0.5 

Cumulative root biomass 1 0.9 0.3 

PC1 1 21.5 <0.0001 

PC2 1 4.8 0.04 

    

 

 

 

 

 
Figure 4.5. Principal Components Analysis biplot of variability among soil properties, crop-

growth properties and C mineralizability. Red vectors represent principal component loadings of 

each variable. The blue, black and orange symbols indicate the dataset for the field high, mid and 

low field moisture levels, respectively, corresponding to 0.5 g g-1, 0.4 g g-1 and 0.3 g g-1, 

respectively. 
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For the PCA including C mineralizability and all correlated soil and crop variables (not corrected 

for soil texture), the eigenvectors and proportion of variance explained by the first two principal 

components are seen in Fig.4.5 and Tables S4.10 and S4.10b, respectively. 

Discussion 

Moisture effects on carbon mineralization and soil organic carbon 

The wettest soils in this experiment, the field-high moist soils displayed significantly lower C 

mineralizability, though higher moisture in the laboratory adjusted to the same level as in the 

field resulted in greater mineralizability. While the former could point towards variation in SOC 

forms and its stabilization level at higher long-term moisture level in the field, the latter is a more 

commonly reported observation (Table S4.10). In unsaturated soils, increasing water content 

enables greater solute diffusion as well as greater microbial viability and movement in 

microenvironments. Microbial activity is maximized at moisture levels where the balance of 

water and oxygen availability is optimal (Moyano et al., 2013) which is presumably the case at 

the high moisture levels in our study. 

Generally, aerobic microbial activity is optimal at 60% WFPS, with Linn and Doran (1984) 

reporting highest soil respiration rates between 40 and 70% WFPS and confirmed by other 

studies (Table S4.10). This indicates that even high (corresponding to 63% WFPS) moisture 

conditions in our experimental setup were well below the range of any anaerobic limitation, with 

greater laboratory moisture resulting in increased C mineralization and mineralizability, 

regardless of the field moisture level chosen (Table 4.3) or averaged over treatments (Fig.4.1). 

The average WFPS (corresponding to 63% WFPS) in high moisture field sites was exceeded 

during 46% of the monthly measurements conducted over the four years. The moisture contents 

of these sites were lower than that corresponding to 70% WFPS during 57% of the moisture 
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measurement events and lower than that corresponding to 80% WFPS during 82% of the 

moisture measurement events over the four years (unpublished data). Therefore, in water 

adjustments mimicking high field moisture conditions, SOC mineralization was still favored, and 

any decrease in C mineralizability at higher field moisture was likely not a result of moisture 

restrictions to mineralization. The lower mineralizability associated with wetter field soils is 

therefore most likely related to SOC being stabilized differently under long-term wetter 

conditions. 

The influence of field moisture conditions and laboratory moisture adjustments on C 

mineralization and C mineralizability are also indicated by the results of the double exponential 

model. The greatest mean residence time of slow cycling C pools of the wettest soils of each 

cropping system (Table 4.3, Table S4.7) points to an operative stabilization mechanism for SOC 

at greater long-term field moisture. Again, the smaller size of the slow pool (C2) and greater size 

of the fast pool (C1) values for the field-high/lab-high moisture soils in comparison to field-

high/lab-low for any cropping system (Table 4.3, Table S4.7), points to high field moisture (~ 

63% WFPS) not restricting C mineralization or mineralizability. 

The wettest soils in the field experiment (the field-high moist soils of all crop groups) had the 

greatest SOC levels (Table S4.7). Thirty-six out of the 80 field subplots used in this study show a 

characteristic trend of greater SOC values (ranging between 26-43 mg C g-1 soil) with increasing 

long-term field moisture. When all 80 subplots were considered, the same OM/SOC trend is seen 

during each sampling year (2011, 2012, 2013, 2014), with the wettest soils displaying 

significantly greater OM/SOC compared to the drier soils (unpublished data). Generally, low 

biomass C inputs associated with drier soils in the range of soil moistures observed at the study 

site and greater C inputs associated with higher soil water conditions are thought to result in 
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decreased and increased SOC stocks, respectively. Though litter inputs measurements had not 

been included in our study, they can be expected to be proportional to harvested above-ground 

biomass. As drier soils displayed greater harvested biomass (Table 4.2), litter inputs were 

expected to also be greatest at low water contents in the range occurring at the study site. Thus, 

greater above-ground biomass inputs in wetter soils, resulting in higher OM/SOC, in comparison 

to drier soils, had not occurred in the field. Though coarse root biomass was greater in the 

wettest soils in comparison to drier soils, for all cropping systems (Table 4.2), OM inputs from 

root biomass of perennial cropping systems are expected to be low in the early establishment 

phase (Corre et al., 1999), as is the case for the three cropping systems in the experiment. In such 

a short time frame they are thought to stimulate active OM decomposition (Wortmann et al., 

2017). Additionally, our incubation results indicated that C mineralizability was not correlated to 

harvested above-ground biomass or coarse root biomass (Table 4.3) and both crop parameters 

displayed low loading values for principal component analysis with C mineralizability and soil 

and crop characteristics (Table S4.9b). Thus, it can be concluded that greater biomass inputs 

were not a primary reason for lower C mineralizability and hence greater SOC in wetter soils in 

the field. With high soil moisture not restricting C mineralization at the study site (as shown 

from our incubation) and with biomass inputs not being the reason for greater SOC, the observed 

lower C mineralizability of soils from wetter fields can only be explained by a specific 

mechanism of SOC stabilization that is operative in the unsaturated moisture range of the Ap 

horizon, at neutral/near neutral pH. 

Why was C mineralizability lower in soils of higher long-term water content? 

As lower C mineralizability at higher field moisture was not a result of moisture restrictions to 

mineralization or greater biomass inputs, it is most likely related to SOC being stabilized 
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differently under long-term wetter conditions. Low C mineralization may be related to physical 

protection through aggregation (Six et al. 2000; Six et al., 2002; von Lützow et al. 2006), which 

limits diffusion of catabolites and enzymes as well as interaction with mineral surfaces (Oades 

1988; Kögel-Knabner et al., 2008; von Lützow and Kögel-Knabner, 2010; Schmidt et al. 2011; 

Kleber et al. 2015). Greater physical protection through greater aggregation, though important is 

less likely the major explanation here, as aggregate stability had a weak negative correlation to C 

mineralizability and loaded with a value of 0.59, in PC1* (Table S4.9b). The direction and 

loading value of POXC per unit SOC in PC1* (0.39 Table S4.9b) and its weak positive 

correlation with C mineralizability indicate that this parameter was also importantly associated to 

C mineralizability of soils. POXC per unit SOC represents the readily available, biologically 

active C pool associated with heavier and smaller particulate organic C fractions (Culman et al., 

2012). This non-mineral associated fraction is likely used efficiently in heterotrophic respiration 

and may have been completely depleted in the year-long incubation experiment (the total pool of 

POXC per unit SOC was less than the cumulative C mineralizability at 371 days for all samples). 

Thus, the less mineralizable SOC that remained was likely to have been mineral protected 

(through organo-mineral interactions and/or aggregations) and resulted in lower mineralizability 

(of wetter soils) in this experiment.  

Did mineral attachment lead to lower mineralizability of wetter soils?  

Greater soil moisture results in increased organic C contained in the soil aqueous phase, which 

are smaller sized, solvated, mobile molecular fragments which are highly efficient in forming  

mineral-organic associations (MOAs) with mineral reactive phases that have large specific 

surface areas, such as Fe oxides, short-range ordered Al-silicates, permanently charged clay 

minerals, or metal cations (Al3+ and Fe3+) (Eusterhues et al., 2003; Mikutta et al., 2005; Kalbitz 

http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0320
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0320
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0215
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0245
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0110
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0300
http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0195
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and Kaiser, 2008, Kleber et al., 2015). Increased heterotrophic respiration (and to some extent 

root respiration) in wetter soils can lead to a drop in soil pH which creates secondary minerals 

resulting in increased formation of MOAs, through processes of adsorption and coprecipitation 

(Kleber et al., 2015). While low pH of the soil solution leads to stronger innerspace bonds 

between metal oxides and clay minerals, weaker outerspace complexation and H-bonds are 

active at neutral and alkaline pH (Kleber et al., 2015). The low C mineralizability of such soils 

near neutral pH is an important reason why adsorption is thought to not be the sole reason for 

long turnover times of OM (Torn et al., 2009). Coprecipitation is a driving mechanism of OM 

stabilization in wet anaerobic soil systems where reduced Fe (II) in solution is oxidized to Fe 

(III) upon aeration and then coprecipitates with OM. However, it has been recently recognized 

that Fe-OM coprecipitate formation is not restricted to aquic soil systems but is also observed in 

upland soils exposed to partial anaerobic conditions (Fimmen et al., 2007; Thompson et al., 

2006; Kleber et al., 2015), especially in the rhizosphere (Collignon et al., 2012; Kleber et al., 

2015). For our field soils (pH range of 5.7-6), mechanisms of stabilization that are common to 

near neutral or mildly acidic pH, and exposed to partial oxygen deficiency conditions during 

high rainfall events are therefore likely. Additionally, organic matter composition and its effects 

on sorption or coprecipitation may also dictate MOA formation, with O/N-alkyl C, alkyl C, 

aromatic C, carboxyl C moieties displaying selective preferences (Kleber et al., 2015). 

Additionally, as the fact that OM bound via weaker electrostatic forces display greater desorption 

in comparison to innerspace complexes (Mikutta et al., 2007; Wang and Lee, 1993) can also be 

proposed to be a mechanistic explanation in our experiment, where C stabilization is best 

explained by outerspace weak bonding in the neutral/near neutral pH range. Therefore, an 

influence of long-term moisture on the distribution of secondary minerals and any such MOA 

http://www.sciencedirect.com/science/article/pii/S0016706115000452#bb0195
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formation mechanism may be key to answering the cause of decreased C mineralizability of the 

wetter field soils in our experiment. Furthermore, we cannot rule out variations in long-term 

moisture causing differences in spatial arrangements of OM within the mineral matrix as in the 

SCM model (Lehmann and Kleber, 2015), resulting in differential C stabilization and low C 

mineralizability. 

Conclusions 

In our experiment, added moisture increased C mineralizability in the tested moisture range (0.3 

g g-1, 0.4g g-1 and 0.5 g g-1), indicating greater moisture resulted in increased rates of aerobic 

heterotrophic respiration. However, wetter field soils in the same incubation moisture range 

displayed decreased C mineralizability, with longer mean residence time of the slow-

mineralizing C pools, suggesting a mineral-associated pathway of OM stabilization operative in 

the wetter soils, in comparison to drier ones. Climate-carbon cycle feedback is intricately related 

to SOC response to moisture. However, most SOC models, such as CENTURY (Parton et al., 

1987) or RothC (Coleman and Jenkinson, 1999), typically assume greater mineralization and do 

not include greater stabilization with increasing soil moisture within the range examined in this 

study. Multiple moisture-driven abiotic and biotic factors operative in surface soils are likely to 

control mineral-related SOC stabilization. Integrating microbial community and extracellular 

enzyme studies, controlled field respiration studies and analytical approaches characterizing 

MOAs with such long-term incubation experiments will substantially solidify results and help 

elucidate the mechanistic processes surrounding moisture- and mineral-associated SOC 

stabilization. 
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                                          APPENDIX FOR CHAPTER 4 

 

Carbon mineralization with changing legacy water availability in perennial grass bioenergy 

plantations4  

 

 

 

 

Figure S4.1. Field site layout depicting the experimental subplot selection schematic from the 

strip plots belonging to the four cropping systems. (drawings on July 2012 Google earth 

photograph). Sub-plot locations are shown with schematic drawings and subplot ID ‘s are shown 

in Table S4.1. 
 
 

 
 
 

                                                 
4 Srabani Das, Brian K. Richards, M. Todd Walter, Tammo S. Steenhuis, Kelly L. Hanley, Johannes Lehmann* 
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Figure S4.2a. Gravimetric water content as a function of volumetric water content for soils from 

the subset of chosen subplots (n=36) for the sampling day in Aug 2016. Linear equation used for 

estimating long-term equivalent gravimetric content of three wetness levels and subsequent 

laboratory water adjustments. 
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Figure S4.2b. Standard graph regression for determination of electrical conductivity value at 

known CO2 volume for use in calibration  
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Figure S4.3. Cumulative C mineralization and C mineralizability at the end of 371 days of 

incubation per unit soil weight (a) and per unit initial SOC (b) for the cropping system-field 

moisture combinations. For each cropping system-field moisture combination, mean + SE for 3 

field representatives each averaged over 3 laboratory levels, n = 9 (average of 2 technical 

replicates). Different letters above bars indicate significant differences (p < 0.05) of the different 

field moisture-cropping system combinations. The cropping systems were fallow-control, reed 

canarygrass + fertilizer 75 kg N ha-1, switchgrass and switchgrass + fertilizer 75 kg N ha-1 and 

the laboratory moisture levels were lab-low, lab-mid and lab-high. The water contents 

corresponding to field Low, Mid and High and lab-low, lab-mid and lab-high are both 0.3 g g-1, 

0.4 g g-1and 0.5g g-1, respectively. 
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Figure S4.4.  Mean C mineralizability at the 11 measurement timepoints. Different letters above 

bars indicate significant differences at each time point (p < 0.05). Mean C mineralizability values 

for laboratory moisture and cropping system are averaged over the three-field moisture levels: 

Low, Mid, High. The cropping systems were fallow-control, reed canarygrass + fertilizer 75 kg 

N ha-1, switchgrass and switchgrass + fertilizer 75 kg N ha-1 and the laboratory moisture levels 

were lab-low, lab-mid and lab-high. The water contents corresponding to field Low, Mid and 

High and lab-low, lab-mid and lab-high are both 0.3 g g-1, 0.4 g g-1and 0.5g g-1, respectively. 
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Figure S4.5a. Scatterplot matrix for Cumulative C mineralization (mg C g-1 soil) to soil 

properties and cumulative crop growth parameters. 
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Figure S4.5b. Scatterplot matrix for Cumulative C mineralizability (mg C g-1 SOC) to soil 

properties and cumulative crop growth parameters. 
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Table S4.1a. Equivalent water content values of long term high, mid and low volumetric wet 

quintile ranks 

 
Cropping system Field-moisture level 

  

 

High Mid Low 
Fallow-Control A2 A1 F1 
 A4 I2 I1 
 I4 F4 I5 
    
RCG C2 C4 C3 
 E3 L3 L5 
 C1 C5 L4 
    
SWG                   B2 B5 J5 
 G4 M3 M5 
 J3 G2 M1 
    
SWGN D2 D4 K1 
 H4 N4 K5 
 N2 H2 N3 
 

 

 

   

 

 

Table S4.1b. Subplot IDs of different moisture and distribution of the four cropping systems 

 

 

 

 

 

 

 

 

 

Long  

term volumetric  

high value (%) 

Long term 

volumetric 

 mid value (%) 

Long term 

volumetric  

low value (%) 

 

Long term 

equivalent 

high-water content 

g/g 

Long term equivalent 

mid -water content g/g 

Long term equivalent  

low-water content g/g 

53.94 43.1 34.9 

  

0.5 0.4 0.3 
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Table S4.2a. Fixed effects and their interaction for the response variable cumulative CO2 

evolution per unit soil (mg CO2-C g-1 soil) at 1 year (371 days) 

Effect tests 

 DF F Ratio P value 

Field moisture level 2 0.3 0.7 

Laboratory moisture level 2 21 <0.0001 

Cropping system 3 19.1 <0.0001 

Field moisture level 

*Cropping system 

6 3.4 0.005 

 

Table S4.2b. Post-hoc comparisons of least square means for main effect lab moisture level and 

cropping system. 

 
Level     Least Square Mean 

lab-high A    2.5 

lab-mid  B   2.4 

lab-low   C  2.2 

Level    Least Square Mean 

Fallow A   2.5 

Switchgrass+N A B  2.4 

Reed canarygrass+N  B  2.4 

Switchgrass   C 2.1 

 

Table S4.2c. Post-hoc comparisons of least square means for the interaction field moisture* 

cropping system at 371 days for SOC loss expressed in per unit soil, α =0.05 Tukey’s HSD used 

to correct for multiple comparisons 

 
Level     Least Square 

Mean 

Mid, Fallow A    2.7 

High, Reed canarygrass+N A B   2.5 

Low, Fallow A B   2.5 

Low, Switchgrass+N A B   2.5 

High,Fallow A B C  2.4 

Mid,Switchgrass+N A B C  2.4 

High, Switchgrass+N A B C  2.4 

Low, Reed canarygrass+N  B C D 2.3 

Mid, Reed canarygrass+N  B C D 2.2 

Mid, Switchgrass  B C D 2.2 

Low, Switchgrass   C D 2.2 

High, Switchgrass    D 2.1 
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Table S4.3a. Fixed effects and their interaction for the response variable cumulative CO2 

evolution per unit SOC (mg CO2-C g-1 C) at 1 year (371 days) 

Effect tests 

 DF F Ratio P value 

Field moisture level 2 54 <0.0001 

Laboratory moisture level 2 7.4 0.001 

Cropping system 3 1.4 0.3 

Field moisture level 

*Cropping system 

6 2.6 0.02 

 

Table S4.3b. Post-hoc comparisons of least square means of cumulative CO2 evolution per unit 

SOC (mg CO2-C g-1 C) for main effect field moisture and lab moisture at 371 days  

Level 

Least Square Mean 

lab-high A   74.5 

lab-mid A  B 70.2 

lab-low   B 66.5 

Level     Least Square Mean 

 Low A    79.4 

Mid   B  73.6 

High    C 58.3 

 

Table S4.3c. Post-hoc comparisons of least square means for the interaction field moisture* 

cropping system at 371 days for SOC loss expressed in per unit SOC, α =0.05 Tukey’s HSD 

used to correct for multiple comparisons 

 
Level 

 

    Least Square 

Mean 

Mid, Switchgrass+N A    83.2 

Low, Switchgrass A    83 

Low, Reed canarygrass+N A    81.1 

Low, Switchgrass+N A B   77.2 

Low, Fallow A B   76.4 

Mid, Switchgrass A B C  72.5 

Mid, Fallow A B C D 71.6 

Mid, Reed canarygrass+N  B C D 67 

High, Reed canarygrass+N   C D 58.6 

High, Switchgrass+N    D 58.3 

High, Fallow    D 58.3 

High, Switchgrass    D 58 
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Table S4.4a. Fixed effects and their interaction for the response variable slow mineralizable pool 

C2(mg CO2-C g-1 SOC) at 1 year (371 days) 

 

Effect tests 

 DF F Ratio P value 

Field moisture level 2 51.5 <0.0001 

Laboratory moisture level 2 47.5           <0.0001 

Cropping system 3 2.4 1 

Field moisture level *Cropping 

system 

6 4.7 0.003 

 

Table S4.4b. Post-hoc comparisons of least square means for main effect field moisture and lab 

moisture level. 
Level    Least Square Mean 

High A   983.7 

Mid  B  979.8 

Low   C 975.9 

Level     Least Square Mean 

3 A    983.5 

2   B  979.8 

1    C 976.1 

 

Table S4.4c. Post-hoc comparisons of least square means for the interaction field moisture* 

cropping system at 371 days for C2, α =0.05 Tukey’s HSD used to correct for multiple 

comparisons 
 

Level     Least Square 

Mean 

High, Switchgrass A    984.2 

High, Switchgrass +N A    984.1 

High, Reed canarygrass A B   983.5 

High, Control A B C  980 

Mid, Switchgrass A B C  982.6 

Mid, Reed canarygrass A B C  982.5 

Low, Switchgrass +N  B C D 978.4 

Mid, Switchgrass +N   C D 977.7 

Mid, Control    D 976.4 

Low, Control    D 976 

Low, Switchgrass    D 975.4 

 

 

 

Low, Reed canarygrass    D 974.1 
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Table S4.5a. Fixed effects and their interaction for the response variable MRT1 in days 

 
Effect tests  

 DF F Ratio P value 

Field moisture level 2 0.4 0.7 

Laboratory moisture level 2 0.3       0.7 

Cropping system 3 8 0.0008 

Field moisture level *Cropping 

system 

6 3.4 0.02 

 

 

Table S4.5b. Post-hoc comparisons of least square means for main effect cropping system 

 
Level   Least Square 

Mean 
Reed canarygrass A  29.3 

Switchgrass A  29.1 

Control A  28.1 

Switchgrass +N  B 24.7 

 

 

 

Table S4.5c. Post-hoc comparisons of least square means for the interaction field moisture* 

cropping system MRT1, α =0.05 Tukey’s HSD used to correct for multiple comparisons 
 

 

Level   Least Square 

Mean 
Mid, Reed canarygrass A  31.1 

High, Switchgrass A  30.3 

Low, Reed canarygrass A  29.7 

Low, Switchgrass A B 29.3 

Low, Control A B 29.3 

High, Switchgrass +N A B 28.6 

Mid, Control A B 28 

Mid, Switchgrass A B 27.8 

High, Reed canarygrass A B 27 

High, Control A B 27 

Mid, Switchgrass +N  B 23 

Low, Switchgrass +N  B 22.7 
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Table S4.6a. Fixed effects and their interaction for the response variable MRT2 in years 

 
Effect tests  

 DF F Ratio P value 

Field moisture level 2 588.2 <0.0001 

Laboratory moisture level 2 2.4     0.1 

Cropping system 3 35.8 <0.0001 

Field moisture level *Cropping 

system 

6 15.8 <0.0001 

 

Table S4.6b. Post-hoc comparisons of least square means for main effect field moisture and 

cropping system 
 

Level    Least Square Mean 

High A   23.8 

Mid  B  18.7 

Low   C 17.8 

Level 

 

   Least Square Mean 

Control A   21.2 

Reed canarygrass  B  20.5 

Switchgrass   C 19.5 

Switchgrass+N   C 19.2 

 

Table S4.6c. Post-hoc comparisons of least square means for the interaction field moisture* 

cropping system at 371 days for MRT2, α =0.05 Tukey’s HSD used to correct for multiple 

comparisons 
 

 

Level       Least Square 

Mean 
High, Control A      24.2 

High, Reed canarygrass A      23.7 

High, Switchgrass+N A      23.6 

High, Switchgrass A      23.6 

Mid, Control  B     20.7 

Mid, Reed canarygrass  B C    19.9 

Low, Control   C D   18.8 

Mid, Switchgrass    D E  18.0 

Low, Switchgrass +N    D E  17.8 

Low, Reed canarygrass    D E  17.7 

Low, Switchgrass     E F 16.8 

Mid, Switchgrass +N      F 16.2 

 

 

 

 



 

115 

 

Table S4.7.  C mineralization kinetics of soil after 371 days incubation at 25°C for the cropping 

systems: Fallow-control, Reed canarygrass, Switchgrass and Switchgrass +N. Pool sizes and 

decay rates of soil C mineralization using double exponential model : Cumulative= C1 (1-exp(-k1 x)) 

+C2 (1-exp(-k2 x)), where C1 is the fast pool, C2 is the slow pool and k1 and k2 are the first–order 

decomposition rate coefficients for fast and slow pool respectively, the parameter constraints 

chosen, k1>0, k2>0 and C1+C2=initial SOC. MRT1 = mean residence time of fast pool in days 

(MRT1=1/k1) and MRT2 = mean residence time of slow pool in years {MRT2=(1/k2)/365}. The 

cropping systems were fallow-control, reed canarygrass + fertilizer 75 kg N ha-1, switchgrass and 

switchgrass + fertilizer 75 kg N ha-1. The water contents corresponding to field Low, Mid and 

High and lab-low, lab-mid and lab-high are both 0.3 g g-1, 0.4 g g-1and 0.5g g-1, respectively. 

 

 

 

Cropping system Moisture level  C1  
(mg CO2-C g-1soil) 

k 1 (day1) C2  
(mg CO2-C g-1 soil) 

k 2 (day-1) MRT1 

(days) 

MRT2 

(years) 

Initial SOC  

(mg C g-1 soil) 

Fallow- control Field high-lab 

high 

 

0.85±0.06 0.04±0.00 41.1±0.1 0.00011±0.00001 28.4 24.2 42 

 Field high-lab mid 

 

0.77±0.05 0.04±0.01 41.2±0.1 0.00011±0.00001 24.3 24.4 42 

 Field high-lab low 

 

0.5±0.06 0.04±0.01 41.5±0.1 

 

0.00011±0.00001 27.8 24.9 42 

 Field mid-lab high 

 

1.02±0.07 0.04±0.00 36.2±0.1 0.00013±0.00001 28.6 20.7 37.2 

 Field mid-lab mid 

 

0.85±0.06 0.04±0.01 36.3±0.1 0.00013±0.00001 27.5 20.7 37.2 

 Field mid-lab low 

 

0.72±0.06 0.04±0.01 36.5±0.1 0.00013±0.00001 27.7 20.7 37.2 

 Field low-lab high 

 

0.95±0.06 0.03±0.00 32.1±0.1 0.00014±0.00001 30.0 19.3 33 

 Field low-lab mid 

 

0.81±0.05 0.034±0.004 32.2±0.1 0.00014±0.00001 29.0 19.2 33 

 Field low-lab low 

 

0.6±0.05 0.04±0.01 32.4±0.1 0.00015±0.00001 28.4 18.6 33 

Reed canarygrass 
+N +N 

Field high-lab 
high 
 

0.88±0.05 0.04±0.00 42.1±0.1 
 

0.000114±0.000004 26.6 24.1 43 

 Field high-lab mid 
 

0.75±0.05 0.03±0.00 42.2±0.1 
 

0.000115±0.000004 
 

28.7 23.8 43 

 Field high-lab low 
 

0.5±0.05 
 

0.04±0.01 
 

42.5±0.1 0.000116±0.000005 
 

26.7 23.7 43 

 Field mid-lab high 
 

0.71±0.05 
 

0.03±0.00 33.3±0.1 0.000134±0.000005 
 

30.7 20.4 34 

 Field mid-lab mid 
 

0.63±0.04 
 

0.03±0.00 33.4±0.0 0.000132±0.000004 
 

31.2 20.8 34 

 Field mid-lab low 
 

0.44±0.04 0.03±0.01 33.6±0.1 
 

0.000136±0.000004 
 

29.8 20.1 34 

 Field low-lab high 
 

0.86±0.05 
 

0.04±0.00 28.2±0.1 
 

0.000155±0.000007 
 

27.7 17.7 29.1 

 Field low-lab mid 
 

0.71±0.05 0.04±0.00 28.4±0.1 0.000156±0.000006 
 

28.3 17.6 29.1 

 Field low-lab low 
 

0.63±0.05 
 

0.04±0.01 28.5±0.1 0.000154±0.000006 
 

28.1 17.8 29.1 

Switchgrass Field high-lab 

high 

 

0.71±0.04 0.04±0.00 36.6±0.0 0.00011±0.00000 27.6 23.5 37.3 

 Field high-lab mid 

 

0.5±0.05 0.03±0.01 36.8±0.1 0.00011±0.00001 31.5 24.2 37.3 

 Field high-lab low 

 

0.37±0.05 0.03±0.01 36.9±0.1 0.00011±0.00001 31.3 25.0 37.3 

 Field mid-lab high 

 

0.64±0.05 0.03±0.01 30.4±0.1 0.00015±0.00001 31.0 18.1 31 

 Field mid-lab mid 

 

0.55±0.06 0.03±0.01 30.4±0.1 0.00015±0.00001 29.3 18.7 31 

 Field mid-lab low 

 

0.41±0.05 0.04±0.01 30.6±0.1 0.00015±0.00001 23.4 18.0 31 

 Field low-lab high 

 

0.68±0.05 0.04±0.01 25.5±0.1 0.00017±0.00001 26.7 15.8 26.2 

 Field low-lab mid 

 

0.56±0.06 0.04±0.01 25.6±0.1 0.00016±0.00001 27.8 16.7 26.2 

 Field low-lab low 

 

0.65±0.04 
 

0.03±0.00 25.5±0.1 0.00015±0.00001 34.7 17.9 26.2 

Switchgrass +N Field high-lab 

high 

 

0.89±0.07 0.03±0.01 40.5±0.1 0.000116±0.000006 28.4 23.7 41.4 

 Field high-lab mid 

 

0.65±0.06 0.03±0.01 40.7±0.1 0.000111±0.000005 28.3 24.7 41.4 

 Field high-lab low 

 

0.4±0.06 0.03±0.01 
07435 

40.9±0.1 0.000111±0.000005 29.4 24.7 41.4 

 Field mid-lab high 

 

0.7±0.05 
 

0.04±0.01 28.3±0.1 0.000166±0.000006 24.7 16.6 29.1 

 Field mid-lab mid 

 

0.62±0.05 0.05±0.01 28.5±0.1 0.000167±0.000007 21.9 16.4 29.1 

 Field mid-lab low 

 

0.53±0.05 0.04±0.01 28.6±0.1 0.000166±0.000007 22.5 16.5 29.1 

 Field low-lab high 

 

0.72±0.06 0.04±0.01 31.2±0.1 0.000153±0.000007 23.8 17.9 32 

 Field low-lab mid 

 

0.67±0.06 0.04±0.01 31.3±0.1 0.000152±0.000007 23.7 18.0 32 

 Field low-lab low 

 

0.68±0.06 0.05±0.01 31.3±0.1 0.000152±0.000007 21.8 18.0 32 
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Table S4.8a. Eigenvector values for principal component analysis showing relation among soil 

covariates (excluding soil texture components), principal component 1 (PC1) and principal 

component 2 (PC2) 

Eigenvectors PC1 PC2 

SOC ( mg C g-1 soil) 0.52 0.05 

TN ( mg N g-1 soil) 0.51  -0.00 

Wet aggregate stability (%) 0.41  -0.18 

POXC per unit SOC (mg C g-1 C)  -0.25 0.76 

pH 0.32  0.02 

POXC (mg C kg-1soil) 0.38 0.61 

 

Table S4.8b. Loading matrix values for principal component analysis showing relation among 

soil covariates (excluding soil texture components), principal component 1 (Prin1) and principal 

component 2 (Prin2) 

Loading matrix PC1 PC2 

SOC (mg C g-1 soil) 0.96 0.1 

TN (mg g-1soil) 0.95  -0.02 

Wet aggregate stability (%) 0.76  -0.3 

POXC per unit SOC (mg C g-1 C)  -0.46 0.6 

pH 0.58  -0.1 

POXC (mg C kg-1soil) 0.70 0.5 

 

 

 

 

 

 

 

 

 

 

 

 



 

117 

 

Table S4.9a. Eigenvector values for principal component analysis with C mineralizability and 

soil and crop characteristics, principal component 1 (PC1*) and principal component 2 (PC2*) 

Eigenvectors PC1* PC2* 

C mineralizability (mg CO2-C g-1 C)  -0.35 0.05 

SOC (mg C g-1soil) 0.43 0.03 

TN (mg N g-1soil) 0.43 0.09 

Sand (%)  -0.30 0.09 

Silt (%) 0.21  -0.49 

Clay (%) 0.15 0.404 

pH 0.24 0.16 

Wet aggregate stability (%) 0.27 0.32 

POXC (mg C kg-1 soil) 0.33  -0.22 

POXC per unit SOC (mg C g-1 C)  -0.17  -0.37 

Above-ground biomass (Mg ha-1)  -0.13 0.49 

Root biomass (mg g-1 soil) 0.19  -0.06 

 

Table S4.9b. Loading matrix values for principal component analysis with C mineralizability 

and soil and crop characteristics, principal component 1 (PC1*) and principal component 2 

(PC2*) 

Loading matrix PC1* PC2* 

C mineralizability (mg CO2-C g-1C)  -0.78 0.07 

SOC (mg C g- soil) 0.95 0.04 

TN (mg N g-1soil) 0.94 0.14 

Sand (%)  -0.68 0.14 

Silt (%) 0.48  -0.70 

Clay (%) 0.34 0.57 

pH 0.58 0.2 

Wet aggregate stability (%) 0.59 0.59 

POXC (mg C kg-1 soil) 0.73  -0.32 

POXC per unit SOC (mg C g-1 C)  -0.39  -0.53 

Above-ground biomass (Mg ha-1)  -0.29 0.70 

Root biomass (mg g-1 soil) 0.42  -0.09 
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Table S4.10. Cumulative C mineralization in incubation experiments at different moisture levels 

at constant temperature varying between 25° to 35°C 

 

 

Study details Moisture levels and Cumulative C mineralization Incubation 

duration 

(days) 

Study authors 

High elevation peatlands of 

Sierra Nevada, USA. 

Greatest at the wettest (-0.1bar) and driest (-4 bar) water 

potential, U shaped pattern. 

392  Arnold et al. 2014 

Forest, grassland and cropland 

soils of Atlantic humid 

temperate zone, Spain. 

 42 Guntiňas et al. 2013 

Burned and unburned soils of 

40-year-old subtropical Chinese 

Fir forest, China. 

Increased with increasing moisture from 25% to 75% 

WHC. 

90  Guo et al. 2012 

Soils of arid and semiarid 

ecosystems on the Mongolian 

plateau. 

Increased 23% from 30 to 60% WFPS and by 176% 

from 60-90% 

28 Mi et al. 2015 

Mediterranean forest soils, Italy 

 

 

Mineralization increased with increasing moisture 

content from 20 to 40 to 60 to a maximum at 80% and 

decreased beyond it, at 100% WHC. 

30 Rey et al. 2005 

Forest soils of Changbai 

mountain, (temperate region) 

Northeast China. 

Increased with increasing moisture from 20% to 40% to 

60% of mass water content (g g-1 soil) 

 

42 Qi et al. 2011 

Soils of humid mid-subtropical 

forest soils, South China. 

More in mid mass water content (33%) in comparison  

to low (21%) and high (45%) mass water contents 

45 Wang et al.2015 
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