ABSTRACT

KAWA, SAMBA ANSUMANA. Impact of Tillage and Management Practices on Soil Organic
Carbon and Nitrogen Dynamics in Diverse Agroecosystems. (Under the direction of Dr.
Michael G. Wagger.)

Agricultural management practices impact the sources and sinks of carbon dioxide
(CO,) and other greenhouse gases attributed to global warming. Application of long-term
no-till (NT) practices to sequester soil C has been recognized in C trading and agroecosystem
sustainability. Contributions by conservation management practices (e.g. no-till, cover
cropping, and organic amendments) in sequestering C can be estimated at about one-fourth
to one-third of annual atmospheric CO;, enrichment; whereas conventional tillage (CT) and
management practices such as crop residue removal and low-input agriculture contribute to
soil organic carbon (SOC) and nitrogen (SON) loss. This research examines the impacts of
tillage and management induced changes on SOC and SON dynamics in diverse
agroecosystems. The objectives of the research were to investigate tillage effects on water
stable aggregation (WSA) and C and N distribution in bulk soil, aggregates, and particle-size
fractions; and to evaluate various soil factors controlling WSA and SOC using a principal
component analysis (PCA) method. Soil samples used in the investigation were from the
surface 0- to 10-cm depth of NT and CT systems in a Wickham sandy loam (fine-loamy,
mixed, semi active, thermic Typic Hapludult), Delanco fine-sandy loam (fine-loamy, mixed,

mesic, Aquic Hapludult), and Wedowee sandy clay loam (fine, kaolinitic, thermic Typic



Kanhapludult); representing North Carolina Coastal Plain, Mountain, and Piedmont
locations, respectively. Water stable aggregation was determined on wet-sieved aggregates.
Silt+clay fractions were fractionated according to particle size. Carbon, nitrogen, and free
and non-crystalline aluminum (Al) and iron (Fe) (hydr)oxides were determined and
enrichment factors for C (EC) and N (EN) (mass C or N per mass fraction/mass C or N per
mass bulk soil) calculated. Relative to CT, NT increased WSA and SOC/N and MBC/N. In the
Mountain, C and N pools in bulk soil and aggregates were 1.6-2.6 times greater under
organic-amended NT (NTO) than CT. In the Piedmont, NT increased WSA by 1.4-2.0 times,
SOC and N by 1.5-2.0 times, and aggregate associated C and N by 1.4-3 times. Average SOC
in equivalent soil mass was 1.5 and 1.8 times greater under NT in the Mountain and
Piedmont, respectively; and 1.1 times greater in the fallow system in the Coastal Plain.
Under NT and CT, silt+coarse clay proportion was 3-12 times greater than fine clay but C
and N concentrations and enrichment factors were 1.1-3 times greater in fine clay than
silt+coarse clay across locations. Silt+coarse clay and fine clay C and N concentrations were
1.1 and 1.6 times greater under NT than CT, while EC and EN were 1.3 and 1.1-1.2 times
greater under CT than NT, in the Mountain and Piedmont, respectively. The EC was 1.1
times greater under CT than NT in the Coastal Plain. Significant relationships existed
between MWD and non-crystalline Fe, hot water extractable C (HWEC; which measures
potentially bioavailable C), and SOC and bulk density in the Coastal Plain, Mountain, and

Piedmont, respectively; whereas SOC related with clay in the Coastal Plain, humic matter in



the Piedmont, and HWEC in all locations. These results illustrate greater enhancement of
WSA and sequestration of C and N in bulk soil, aggregates, and the fine clay fraction under
NT in the soils studied. The results further demonstrate the usefulness of the physical
fractionation procedure used to differentiate SOC and N distribution in bulk soil, aggregates,
and particle-size fractions, and of principal components in estimating WSA and SOC, under

different tillage and management practices in diverse agroecosystems.
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CHAPTER |
TILLAGE EFFECTS ON WATER STABLE AGGREGATES AND AGGREGATE ASSOCIATED

MICROBIAL BIOMASS CARBON AND NITROGEN

Abstract

No-till (NT) can improve water stable aggregation (WSA) and alter long-term soil
organic C (SOC) and N (SON) dynamics. Tillage effects on WSA and soil and aggregate
associated microbial biomass C (MBC) and N (MBN) in the surface 10 cm depth of NT and
conventional tillage (CT) systems were examined in three experiments varying in duration
and soil type. The soils were a Wickham sandy loam (fine-loamy, mixed, semi active,
thermic Typic Hapludult), Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic
Hapludult), and Wedowee sandy clay loam (fine, kaolinitic, thermic Typic Kanhapludult) in
the Coastal Plain, Mountain, and Piedmont, respectively. In the Piedmont, NT increased
WSA by 1.4 to 2.0 times, compared to CT. The SOC concentrations were 1.5 and 2.0 times
greater under NT and organic-amended NT (NTO) than CT in the Piedmont and Mountain,
respectively. Average SON in the Mountain and Piedmont was 2 times greater under NT
than CT, respectively. In the Mountain, MBC was 1.5 times greater under NT than CT
systems; macro- and micro-aggregate C and N were 2 times greater under NTO than CT. In
the Piedmont, macro- and micro-aggregate C and N were 2-3 times greater under NT than

CT; macro- and micro-aggregate MBC and MBN were 1.4 and 1.9, and 1.7 and 1.8, times



greater under NT than CT, respectively. These results demonstrate that NT systems, alone
or with organic amendments, can enhance WSA and organic and microbial biomass C and N

in aggregates and bulk soil in the locations studied.



Introduction

Tillage practices that disrupt aggregates cause increased breakdown of soil organic
matter (SOM) (Adu and Oades, 1978) and affect the constituent SOM fractions (Parton et
al., 1987; Angers et al., 1992; Cambardella and Elliott, 1994). Conventional tillage systems
result in SOC loss (Dalal and Mayer, 1986) and soil aggregate destruction (Tisdale and
Oades, 1982) via exposure of physically protected SOM to microbial attack (Beare et al.,
1994). Comparison of stable versus unstable aggregates has been used to identify factors
that influence aggregate stability (Puget et al., 1999). Relative to microaggregates (< 0.250
mm), stable macroaggregates (> 0.250 mm) are characterized as containing higher amounts
of organic C (Elliott, 1986; Puget et al., 1995) and microbial biomass (Degens et al., 1994).
Reduced aggregation in CT systems has been attributed to soil mixing and inversion (Chan
and Mead, 1988). In a study of soil components affecting aggregation, Chesters et al. (1957)
concluded that microbial gum had the most important effect on soil aggregate formation in
the surface 15 cm of a Spodosol. Studying the differences in microbial biomass in a NT
chronosequence previously under continuous maize cropping (0 to 20 yr) on a silt loam
Alfisol, Staley et al. (1988) reported that microbial biomass C in the top 7.5 cm of soil was
about 60% greater under NT compared to CT. Hernandez-Herndndez and Hernandez (2002)
observed greater amounts of macroaggregate associated MBC under NT than CT systems in
a Venezuelan Ultisol and suggested that tillage impacts on the hierarchical distribution of

soil aggregates are caused by changes in microbial biomass size and activity in



macroaggregates. The objective of the present study was to examine the effects of tillage
systems on the distributions of organic and microbial biomass C and N associated with
aggregates in soils of diverse agroecosystems. It was hypothesized that tillage intensities
will differentially influence water stable aggregation and organic and microbial biomass C

and N associated with aggregates.

Materials and Methods

Site description and soil sampling

This study was conducted at three locations: 1) Center for Environmental Farming
Systems (CEFS; 35° 23' 5" N, 77° 59' 35" W) located near Goldsboro, Wayne County, 2)
Mountain Horticultural Crops Research Station (MHCRS; 35° 25' 50" North, 82° 30' 5" West)
near Mills River, Henderson County, and 3) Upper Piedmont Research Station (UPRS; 36° 21"
17" N, 79° 39' 53" W) near Reidsville, Rockingham County. These sites are located in the
Coastal Plain, Mountain, and Piedmont physiographic regions of NC, respectively.
Experimental designs at each site were randomized complete block, with 3 replications per
treatment at CEFS and 4 replications each at MHCRS and UPRS. This study examined 4
treatments at CEFS [conventional tillage (CT) and no-till (NT), an organic system under CT
(CTO), and a successional or forest regrowth system(S)]. At MHCRS, the five treatments
included synthetic (fertilizers, herbicides, etc.) amended plots under CT (CTS) and NT (NTS),

organic-amended plots under CT (CTO) and NT (NTO), and a control CT system receiving no



inputs (CT). The three treatments at UPRS consisted of a moldboard plow/disk (MBP), spring
chisel plow only (SCP), and no-till (NT). At CEFS, soil samples were taken around previously
geo-referenced points, using a 2.5 cm diameter by 30 cm deep long probe, within plant
rows from the surface 10 cm. At the other locations, sampling was done within plant rows
from 3 to 6 randomly assigned and demarcated sampling locations selected within defined
soil-landscape positions in each replication. Samples were taken from the same 10 cm soil
depth using a 7.5 cm diameter by 30 cm deep long core auger. At all locations, three
samples were taken around each sampling location, composited, placed into ziplock bags,

and transported to the laboratory. Table 1 describes selected properties of the soils.

Aggregate fractionation

The modification by Haynes (1993) of the Yoder (1936) wet sieving method was used
to separate soil samples into three water stable aggregate size classes: macroaggregates
(4.00-0.250 mm diameter), microaggregates (0.250-0.053 mm diameter), and silt+clay (<
0.053 mm diameter). The device used to accomplish the separations consisted of four nests
of three 12.5-cm diameter sieves, each nest consisting of a 2.00-mm, 0.250-mm, and 0.053-
mm aperture sieve.

Thirty-five gram samples (oven dry equivalent) of field moist samples, previously
crushed gently by hand and passed through 8- and 4-mm aperture sieves and stored in zip-

lock bags at 4°C, were placed on the 2-mm sieve, pre-wetted for 5 min, and mechanically



raised and lowered on each nest of sieves through a distance of about 3.5 cm at a rate of 34
oscillations min™* for 15 min. The sieves were allowed to drain and a strong jet of distilled
water from a wash bottle used to backwash the contents on each sieve into small,
aluminum trays. The contents were weighed and placed in a freeze dryer (VirTis Freeze
Mobile 12XL from The VirTis Company, Gardiner, N.Y. 12525). The material that passed
through the smallest sieve, containing materials <0.053 mm, was kept for further
fractionation into silt+coarse clay and fine clay fractions in a separate study. After freeze-
drying, the 4.00-2.00 mm and 2.00-0.250 mm materials were composited and labeled
macroaggregates, so that each sample was now divided into macro- (4.00-0.250 mm) and
micro-aggregates (0.250-0.053 mm).

The percentage of soil remaining on each sieve was calculated after excluding the
material >4 mm. The respective values obtained were designated as the water stable
aggregate size distribution between 4.00 to 2.00, 2.00 to 0.250, and 0.250 to 0.053mm.
Mean weight diameter (MWD) values were used as another way to express aggregate size

distribution (Youker and McGuiness, 1957) and were calculated as follows:

MWD = 5(proportion of sample retained on sieve x size class midpoint or mean
diameter of the size fraction)

The size class midpoints (mean intersieve diameters) were calculated as follows:



((4.00+2.00)/2), ((2.00+0.250)/2), ((0.250+0.053)/2), and ((0.053+0)/2), or 3.0, 1.125, 0.152,
and 0.027 mm, respectively. The macro and microaggregates were stored between 0 to 4°C

until further analysis.

Sample analyses

The chloroform fumigation extraction method according to Vance et al. (1987) was
used to determine soil microbial biomass C and N in aggregates without the subtraction of
controls, using the method of handling small sample sizes of aggregates suggested by
Kandeler et al. (1999). Aggregate size materials were finely ground and total Cand N
concentrations, as well as those in bulk soil, were determined by direct combustion in a
Perkin—Elmer 2400 CHN analyzer. Soil particle size analysis was according to the hydrometer
method of Gee and Bauder (1986). Soils in this study were generally at pH 6.5 or less and
low in carbonates. Therefore, total C was assumed equal to organic C. Aggregate weights
and C and N concentrations were corrected for sand according to Wick et al. (2009) and
Denef et al. (2001). Gravimetric moisture content was measured and found to range
between 12 and 14% in the Coastal Plain, 10 to 15% in the Mountains, and 8 to 12% in the
Piedmont location. The samples were stored for between 90 and 150 days at 4°C before

biochemical analyses.



Calculations and Statistical Analysis

Contributions of organic or microbial biomass C and N in an aggregate size class
relative to organic C and N in bulk soil were calculated according to Paul et al. (2008):

RCiraction = (Craction/ Chulk soit) X 100,
where: RCaction (%) is the contribution of C or N in an aggregate size class relative to organic
C and N in bulk soil; Cfraction (g C kg’l soil) is the absolute quantity of soil C or N in an
aggregate size class per kg bulk soil; and Couisoi (g C kg™ soil) is the quantity of soil C or N
per kg bulk soil.

Tillage and region effects were evaluated by using the mixed procedure (Proc Mixed)
model of the Statistical Analytical Software (SAS Inst., Cary, NC) to compare treatment
means, aggregate size classes, and particle size fractions. Pearson’s correlation coefficients
were determined for the correlation matrix of variables measured in aggregates and

fractions.

Results and Discussion
Size distribution and water stable aggregation
Across all locations, percent recovery of samples relative to bulk soil that was
fractionated ranged from 87 to 92%. Total sand free water stable aggregates ranged
between 18 and 27%, 35 and 44%, and 21 and 30% in the Coastal Plain, Mountain, and

Piedmont locations, respectively; but tillage did not significantly impact the distribution of



these aggregate size classes in these locations (Fig. 1). Tillage had no effect on mean weight
diameter (MWD), an index of water stable aggregation (WSA) in the Coastal Plain and
Mountain locations; but did impact (p = 0.0034) MWD in the Piedmont location. In the
Piedmont location, MWD under the no-till system (NT) was 1.4 times greater than under the
spring chisel plow (SCP) and twice that under moldboard plow (MBP); and MWD was 1.4
times greater under SCP than MBP (Fig. 1). The greater MWD under NT (1.0 mm) than in the
disturbed or cultivated soils (0.7 mm for SCP, and 0.5 mm for MBP) illustrates the adverse
effects of cultivation and the positive influence of NT on soil aggregation; while the greater
MWD under SCP than MBP suggests further that the adverse effects of cultivation on WSA
increases with intensity of tillage. Crop residues and other soil cover under NT can have a
mulching effect as well as contribute to organic matter replenishment, which in turn
enhances WSA (Tisdall and Oades, 1980; Blanco-Canqui and Lal, 2004). In contrast, biomass
removal under CT results in bare soils that are susceptible to surface soil erosive forces. The
topography of the Piedmont region is rolling to hilly, with the hills and valleys separated by
a few hundred meters of elevation ranging from about 90 to about 460 m (Daniels et al.,
1999). Furthermore, binding agents that bind micro- and macro-aggregates are sensitive to
cultivation (Stott et al., 1999). Cultivation disrupts soil aggregates, thereby reducing their
MWD. Thus while tillage operations under CT expose soil and cause soil aggregate
destruction (Tisdale and Oades, 1982); NT enhances aggregation (Zotarelli et al., 2005).

The absence of significant tillage effects on aggregate size distribution and MWD in



the Coastal Plain and Mountain locations suggests that the duration a given tillage system
has been in place may be a factor determining aggregation in the surface depth in these
soils. Six et al. (2000) wet-sieved field moist soils to measure MWD in the 0 to 5 cm depth in
NT and CT systems of a sandy loam Alfisol and regarded the “young age” of the then 9-yr
experiment as a probable cause for similarities in MWD values between NT and CT. Also,
Bayer et al. (2000) observed SOC and N accumulation to proceed in a step-by-step depth-
wise distribution for a sandy clay loam Paleudult previously plowed, converted to NT, and
amended with crop residue. The authors observed SOC and N accumulation in the 0 to 2.5,
0to7.5,0to012.5,and 0to 17.5 cm depths only after 3,5, 9, and 11 years of NT. At the time
of sampling in the present study, the experimental plots in the Coastal Plain and Mountain
had been established for 9 and 14 yr, respectively, compared to 24 yr for the plots sampled
in the Piedmont. In a previous study, Overstreet (2005) observed greater macroaggregate
content in the top 15 cm of the NTO plots compared to the other systems of the same
MHCRS experimental site in this study. Differences in aggregation between the former and
current findings may be related to differences in sampling depth (top 15 cm in study by
Overstreet (2005) versus top 10 cm in current study). Greater aggregation has been
observed in the 5 to 20 than 0 to 5cm depth in NT systems in a Duroc loam (fine-silty,
mixed, mesic Pachic Haplustoll) (Six et al., 1998) and in the 10 to 20 cm than 0 to 10 cm

depth in native, perennial, and annual pasture systems in a Typic Cryrendoll (Li et al., 2007).
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Soil organic and microbial biomass Cand N

Tillage significantly influenced SOC concentrations in the Coastal Plain (p = 0.0328),
Mountain (p = 0.0006), and Piedmont (p = 0.0006) locations (Fig. 2). In the Coastal Plain,
SOC was approximately 10% greater in the successional (S; 10.7 g kg_1 soil) than no-till (NT;
9.9 g kg * soil) or conventional tillage (CT; 9.5 g kg™* soil); but did not differ between S and
organic (CTO; 10.2 g kg™* soil). The SOC concentrations under CTO, NT, and CT did not differ.
On average, undisturbed (NT and successional) systems contained 10.3 g SOC kg_1 soil,
compared to 9.8 g SOC kg_1 soil in systems with tillage (organic and CT). In the Mountain
location, SOC concentrations were of the order NTO >NTS = CTO = CTS = CT. The SOC
concentrations under NT averaged 13.4 g kg_1 soil, 1.5 times greater than under CT. In the
Piedmont location, SOC was significantly greater under NT (10.6 g kg_1 soil) than either SCP
(6.7 g kg™* soil) or MBP (5.2 g kg * soil). On average, the concentration of SOC under NT was
1.8 times greater than under CT (SCP and MBP). Concentrations of SON in the Mountain and
Piedmont locations followed patterns similar to SOC in those locations; with SON
concentrations averaging 1.6 and 1.7 times greater under undisturbed (NT) than disturbed
(tilled) systems, respectively. Tillage did not impact SON in the Coastal Plain.

The greater concentration of SOC under the successional system (S), compared to
concentrations under NT and CT, may be attributed to the nearly steady addition of organic
matter, lack of tillage-induced SOC loss, and lack of SOC loss (such as in crop harvests) in the

S system. This illustrates the positive effects of S systems on the enhancement of SOC levels
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in soil. Based on the mean values for various types of turkey litter

(http://www.soil.ncsu.edu/publications/Soilfacts/AG-439-05/), it was calculated that the

high rate (3900 —13500 Mg ha*) of turkey litter added to the CTO system in the Coastal
Plain location supplied between 81 and 282 Mg N ha™* (Table 2). Assuming that only 50% of
the N in the turkey litter was available for plant uptake during the growing season, this
would translate to between 40 and 140 Mg N ha™* from the turkey litter, compared to 0.20
Mg N ha! from urea and N:P:K fertilizers in the CT system. It might be expected, therefore,
that SON would be significantly greater under CTO than the other systems in the Coastal
Plain. However, it is possible that a large proportion of the excess N in the turkey litter was
lost to leaching, ammonia volatilization, and uptake by the previous (2006) soybean crop.
The significance of organic amendments is illustrated in the Mountain location,
where the difference between the two no-till systems (NTO and NTS) was greater SOC
content under NTO than NTS. In addition to crop residues left on the soil surface with both
no-tillage systems, the NTO system received more organic amendments. This resulted in
greater SOC content in the NTO than NTS and other systems in the location. The greater
SON under NTO and CTO in the Mountain location also indicates the positive influence of
organic amendments on SON enhancement. Assuming 100% solubility for soybean meal
applied, the organic-amended (NTO and CTO) systems in the Mountain each received about
0.02 Mg N ha™'; whereas the synthetic-amended systems (NTS and CTS) systems received

about 0.06 Mg N ha™* from ammonium nitrate fertilizer added (Table 2). However,
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increased organic residues from cover crops and previous crops have possibly resulted in
increased SON under NTO. The different types of cover crops in the organic- and synthetic-
amended systems may make up for the difference in SON concentrations, since soil N
contribution is expected to be greater under the leguminous (hairy vetch (Vicia sativa L.))
than non-leguminous (rye (Secale cereale L.) cover crop. Sainju and Singh (2008) observed
greater N concentrations in hairy vetch than rye cover crop with or without N fertilization
application under NT and CT. Organic amendments in conjunction with leguminous cover
crop under NT seemed to increase SOC in the Mountain. Overstreet (2005) observed
greater SOC and SON in organic-amended than synthetic-amended systems under NT than
under synthetic-amended tilled systems in similar plots from the same experimental site.
The NT, SCP, and MBP systems in the Piedmont location each received 0.06 Mg N ha™?, 0.03
Mg P ha!, and 0.03 Mg K ha'. However, crop residues that were left on the soil surface,
together with the lack of soil disturbance, are responsible for the higher SOC and SON under
NT than SCP or MBP.

Tillage did not impact MBC in the Coastal Plain and Piedmont locations; but a tillage
effect was observed in the Mountain location, with MBC concentrations of the order NTO >
CTO = CTS = CT = NTS. Averaged across tillage systems for the Mountain location, MBC was
1.5 times greater under NT than CT (Fig. 3). The greater concentration of MBC in the NTO
than CTO suggests the positive influence of no-till, while the greater concentration under

organic-amended (NTO or CTO) than synthetic-amended systems suggests the positive
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influence of organic amendments on enhancing MBC in soil.

Tillage influenced MBN concentrations in all locations (Fig. 3). In the Coastal Plain,
the MBN concentration did not differ under S (0.03, g kg ™" soil), NT (0.02 g kg™* soil), and CT
(0.02 g kg™* soil) but MBN was significantly greater under CTO (0.03 g kg ™" soil) than under
these other systems. Average MBN concentration was 1.4 times greater under NT than CT
systems in the Mountain, where the order for MBN was the same as that for MBC. In the
Piedmont, the MBN concentration under NT (0.04 g kg_1 soil) was twice the concentration
under SCP (0.02 g kg™* soil) or MBP (0.02 g kg soil); while MBN under SCP and MBP did not
differ. These results suggest the positive impacts of organic amendments, no-till and/or
organic amendments, and no-till systems to MBN enhancement in the Coastal Plain,
Mountain, and Piedmont locations, respectively.This study thus observed greater C and N
concentrations under undisturbed systems [SOC in S, NTO, and NT in the Coastal Plain,
Mountain, and Piedmont, respectively; SON in NTO and NT in the Mountain and Piedmont
locations, respectively; MBC (NTO in the Mountain location); and MBN (NTO and NT in the
Mountain and Piedmont locations, respectively)] and under disturbed systems that received
organic amendments [MBC under CTO in the Mountain location) and MBN under CTO in
both Coastal Plain and Mountain locations). Other authors (Overstreet, 2005;
Muruganandam, 2007; Gruver, 2007) have reported similar results about greater SOC and N
and MBC and N contents under NT compared to CT in the same experimental Mountain and

Piedmont plots. The results also
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support evidence for the positive impacts of NT on organic C and N accumulation reported
elsewhere in the literature. The results provide further evidence for the increased
aggregation with decreasing tillage intensity observed in the Piedmont location, where
greater SOC and SON under NT (Fig. 2) corresponded to greater MWD under same system
(Fig. 1). Zhang et al. (2004) observed higher MBC and MBN in NT and organic than CT
systems in the Coastal Plain location. Under NT, continuous residue addition to the soil
surface occurs, resulting in increased organic C and N concentrations (Tisdall and Oades,
1980). Gradual decomposition of these residues on the soil surface by the soil microbial
biomass enhances SOC and SON concentrations in NT systems. Relative to NT, organic
matter loss is greater under CT because the soil is more severely disturbed by cultivation

(Adu and Oades 1978).

Aggregate associated organic and microbial biomass Cand N

There were no significant effects due to tillage on aggregate associated Cand N
(organic Cand N in aggregates) in the Coastal Plain location, nor were there any tillage and
aggregate size interactions (Fig. 4). However, there was a significant effect due to aggregate
size in this location; as organic C was two times greater in macro- (118.8 g C kg_1
aggregates) than micro-aggregates (59.1 g C kg_1 aggregates) in the successional or forest
regrowth system (S). Tillage significantly affected aggregate associated C and N in the

Mountain location; and there were also significant effects due to aggregate size, but not
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due to tillage by aggregate size interaction (Fig. 4). In this location, organic C concentration
in macroaggregates was about two times greater under NTO than under CTO, CTS, or CT;
whereas it did not differ between NTO and NTS or between NTS and CTO, CTS, and CT.
Microaggregate associated C was two times greater under NTO than CT but not significantly
different between NTO and NTS, CTO, and CTS or between CT and NTS, CTO, and CTS. In the
Piedmont, tillage significantly affected aggregate associated C but there were no aggregate
size or tillage x aggregate size interaction effects (Fig. 4). Macroaggregate associated C was
two times greater under NT than SCP and three times greater than under MBP; the
concentrations under SCP and MBP did not differ. Microaggregate associated C was two
times greater under NT than SCP or MBP.

Tillage, aggregate size, and tillage x aggregate size effects on aggregate associated N
in all locations were similar to those observed for aggregate associated C in the respective
locations; except in the Mountain location where aggregate size effects on organic N in
aggregates did not differ (Fig. 5). Organic N was two times greater in macro- (10.6 g C kg_1
aggregates) than micro-aggregates (4.7 g C kg_1 aggregates) in the successional or forest
regrowth system (S) in the Coastal Plain location. In the Mountain location, aggregate
associated N in macroaggregates was two times greater under both NTO and NTS than
under CT. Concentrations of aggregate associated N did not differ between NTO or NTS and
CTO and CTS. Microaggregate associated N was 2 times greater under NTO than CT. In the

Piedmont location, macro- and micro-aggregate associated N concentrations were two
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times greater under NT than SCP or MBP, while concentrations did not differ under SCP and
MBP.

In their study of crop rotation effects on roots, hyphae, and organic matter and
water-stable aggregates in the 0 to 10 cm depth in a red-brown earth in Australia over five
decades, Tisdall and Oades (1980) attributed the higher organic matter content of
macroaggregates than microaggregates to the occurrence of decomposing roots and
hyphae in intimate association with inorganic materials. The authors suggested that tillage
operations accelerated the destruction of the roots and hyphae, thereby disrupting the
association and rendering macroaggregates unstable. The authors also observed that
microaggregates contained less organic C than macroaggregates. In another study involving
the 0 to 30 cm depth of a loam soil (fine, silty, mixed, mesic Pachic Haplustolls) in Nebraska,
Elliott (1986) explained that the higher organic C contents of macroaggregates vs
microaggregates were due to the organic C contents of microaggregates that are bound
together to form macroaggregates (microaggregates within macroaggregates). In the
present study, the concentrations of macroaggregate associated C and N were 2 or 3 times
greater under NT and NTO than CT (SCP and MBP) and CT in the Piedmont and Mountain
locations, respectively. The greater C and N concentrations are likely due to Cand N
concentrations of decomposing plant materials, crop residues on the soil surface and plant
roots and hyphae in the undisturbed NT systems relative to the tilled systems. These results

support the findings of Tisdall and Oades (1980) and illustrate the positive influence of NT
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and/or organic-amended NT systems, and the adverse effects of CT and no-amended CT
systems, on aggregate C and N enhancements.

It is not clear why there were no significant tillage effects on aggregate associated
organic C and N in the Coastal Plain location. This result may, however, be related to the
age of the experiment (9 yr) at this location, relative to 13 and 24 yr in the Mountain and
Piedmont locations, respectively. According to Angers et al. (1992), tillage-induced changes
in cultivated native soils are observed first with aggregate size distribution and stability
before changes in SOC are observed. This premise was supported in the present study by
the lack of evidence for significant differences in MWD in the Coastal Plain and Mountain
locations (Fig. 1). It is likely that the experiment at the Mountain location, 4 yr older than
the Coastal Plain location at the time this study was undertaken, has begun to show
observable changes in SOC content and will subsequently show differences in aggregate
stability. The experiment at the Piedmont location was 15 and 11 yr older than those at
Coastal Plain and Mountain locations, respectively. It is also possible that some inherent
properties, such as clay or sand content, may account for the absence of significant effects
in the Coastal Plain contrary to what was observed in the Mountain. The Coastal Plain
contained approximately 50% less clay, but 1.2 times more sand, than either the Mountain
or Piedmont location (data shown in Chapter IV of this dissertation).

Aggregate associated MBC and MBN concentrations were unaffected by tillage or

aggregate size in the Coastal Plain and Mountain locations. In contrast, tillage significantly
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impacted aggregate associated MBC and MBN in the Piedmont location (Fig. 4). In the
Coastal Plain, mean MBC associated with macroaggregates was 1.3and 1.7 g kg_1 soil under
NT and CT, respectively; while MBC associated with microaggregates averaged 0.9 and 1.2 g
kg_1 soil under NT and CT, respectively. Corresponding values for MBN in this location were
01g kg_1 soil for both macro- and micro-aggregates under CTand 0.2 g kg_1 soil for both
aggregate types under NT. In the Mountains, mean concentrations of macro- and micro-
aggregate associated MBCwere 0.7and 0.5 g kg_1 soil under CTand 0.8 and 0.7 g kg_1 soil
under NT. Average concentrations of MBN associated with macroaggregates were 0.2 g kg_1
soil under both NTand CTand 0.1 g kg_1 soil under NTand near0O g kg_1 soil under CT for
MBN associated with microaggregates. In the Piedmont, the concentrations of MBC and
MBN were greater under NT than either SCP or MBP (Fig. 4). In this location, the
concentrations of macroaggregate associated MBC and MBN were, respectively, 1.4 and 1.9
times greater under NT than CT; while concentrations of microaggregate associated MBC
and MBN were 1.7 and 1.8 times greater, respectively. Other authors (Costantini et al.,
1996; Wright et al., 2005) have reported significant tillage effects on microbial biomass in
the 0 to 2.5 and 0 to 5cm depths, but not deeper. Wright et al. (2005) observed no
significant MBC differences in the 2.5 to 20 cm depth in corn under NT or CT, and no
differences in MBN for the 0 to 20 cm depth.

The proportions of aggregate associated C in SOC were significantly impacted by

tillage and aggregate size effects in the Coastal Plain, where the contribution of aggregate
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associated C in SOC was significantly greater in NT than CTO by 1.4 times; and greater in
macro- than micro-aggregates under all tillage systems in the location by 2-3 times (Fig. 6).
There were no significant effects due to interaction between tillage and aggregate size in
this location. In the Mountain, there were no significant effects due to tillage or aggregate
size but there were significant effects due to interaction between tillage and aggregate size.
In the Piedmont, there were no significant tillage or aggregate size effects but there were
significant tillage x aggregate size effects. On average, organic C contributions by macro-
and micro-aggregates to SOC were, respectively, 57 and 19% under NT and 53 and 21%
under CT in the Coastal Plain; 54 and 24% under NT and 60 and 28% under CT in the
Mountain; and 63 and 24% under NT and 34 and 37% under CT in the Piedmont location.
Contributions to SON by organic N in macro- and micro-aggregates averaged, respectively,
63 and 22% under NT and 53 and 24% under CT in the Coastal Plain; 54 and 25% under NT
and 59 and 30% under CT in the Mountain; and 60 and 22% under NT and 34 and 34%
under CT in the Piedmont. The tillage x aggregate size interactions in the different locations
suggest that tillage effects on aggregate C (or N) contributions in SOC (or SON) depended on
aggregate size.

Aggregate associated MBC and MBN quotients, which express the proportions of
SOC and SON contributed by aggregate associated MBC and MBN, were not significantly
different under both NT and CT in the three locations (Fig. 7). There were significant

aggregate size effects on MBC quotients in the Coastal Plain, where aggregate C
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contributions to SOC were 4 and 3 times greater in macro- than micro-aggregates under CT
and NT; and in the Mountain, where the contributions were 6 times greater in macro- than
micro-aggregates under CTO. There were tillage x aggregate size interactions in the
Piedmont location. Contributions to SON were 3 times greater in macro- than micro-
aggregates under CT in the Coastal Plain.

Soil microbial biomass quotient has been suggested as an index to measure the
efficiency of conversion of organic C into microbial C and to measure SOC losses during
decomposition, with a suggested range of 1-5% of SOM (Sparling, 1992). The values
obtained in the present study ranged from about 1 to 2% (Fig. 8). The similar and relatively
narrow C/N ratios in microbial biomass (Table 4) suggest that similar sizes and nature of
microorganisms were present in both macro- and micro-aggregates in the different tillage
systems at each location. The MBC/MBN ratios all seem to be approximately in the range
(10 to 12) for fungal MBC/MBN ratio (Jenkinson and Ladd, 1981). Soil microbial biomass
guotient, which has also been suggested as an index to measure SOM response to
management changes (Ross et al. 1982), has been found to vary from 0.27 to 7.0% across
different soil management systems, sampling times, and analytical methodology (Anderson
and Domsch, 1989).

Soil, aggregate, and microbial biomass C/N ratios were not significantly different in
all locations (Table 4). However, the microbial biomass C/N ratios were generally below the

soil C/N ratios, suggesting that there was no net immobilization of N by microbial biomass.
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Conclusions

After 9, 13, and 24 yr of continuous tillage systems in the Coastal Plain, Mountain,
and Piedmont location, respectively, NT practices increased water stable aggregation in the
Piedmont but not in the other locations. Among other factors, the duration a given tillage
system has been in place and the intensity of the tillage system may be determining factors
of aggregation in the surface depth of the soils studied. Due to the accumulation of organic
residues on the soil surface, undisturbed systems (with or without organic amendments)
increased SOC and SON concentrations in the bulk soil at all locations. Aggregation
increases with decreasing tillage intensity and greater SOC and SON contents indicated
greater MWD under NT systems. Relative to NT, organic matter loss is greater under CT
because the soil is more severely disturbed by cultivation under CT. No-till systems have
positive effects on the enhancement of organic C and N in aggregate because no-till systems
increase organic C and N concentrations in macro- and micro-aggregates, likely due to C and
N concentrations of decomposing plant materials and crop residues on the soil surface in un
disturbed systems. Relative to CT, NT systems (with or without organic amendments) can
enhance organic and microbial biomass C and N contents of aggregates and bulk soil; likely

because continuous residue addition to the soil surface occurs under NT.
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Fig. 1. Aggregate size class distribution and mean weight diameter of wet-sieved samples from three long-term
experimental sites. Columns with the same or no letters indicate no significant difference between tillage
systems (p < 0.05). Coastal Plain systems / CT, NT: conventional tillage and no-till practices, respectively; CTO:
Organic-amended CT; S: successional system. Mountain systems / CT: CT with no inputs; CTO: organic-
amended CT; CTS: synthetic-amended CT; NTO: organic- amended NT; NTS: synthetic-amended NT. Piedmont
systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till.
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32



0.6
05 L E MBC Coastal Plain

04 L -
03 | ]
02 -

0.1 _Eggg ]
0 e — = —

CT CTO NT S

w

0.6
05 L A Mountain |

04 ]
03 |
02 |

0.1 a c ]

CT CT CTS NTO NTS

soil)

ig kg™

(]

Idicrobial hiomass C and N
m
1

06 . v
05 | Piedmont

04 | _
03 | &
02 | 3
LB . B ‘

b 3 b
0 — ] | ——

NBP NT SCP
System

Fig. 3. Microbial biomass C and N concentrations in bulk soil for different tillage systems in the Coastal Plain,
Mountain, and Piedmont locations. Columns with the same (upper/lower case) or no letter indicate no
significant difference between tillage systems at (p < 0.05). Coastal Plain systems / CT, NT: conventional tillage
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Fig. 5. Organic N concentrations in soil aggregates under different tillage systems in the Coastal Plain,
Mountain, and Piedmont locations. Columns with same or no letter indicate no significant difference between
tillage systems at (p < 0.05): upper and lowercase letters for macro- and micro-aggregate associated N. Coastal
Plain systems / CT, NT: conventional tillage and no-till practices, respectively; CTO: Organic-amended CT; S:
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amended CT; NTO: organic- amended NT; NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard
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Fig. 6. Contributions of aggregate associated C to SOC under different tillage systems in the Coastal Plain,
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Mountain, and Piedmont locations. Columns with the same or no letters indicate no significant difference
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Table 1. Tillage systems and selected chemical and physical properties of the 0 to 10 cm
depth of soils studied.

Systemt Duration PHuwater CEC Sand Silt Clay
yr cmol, kg'l %
Coastal Plain
CcT 9 6.1a 5.6a 67.3 23.6 9.1
CTO 9 59a 6.4 a 70.2 20.3 9.4
NT 9 59a 6.0a 64.7 24.6 10.7
S 9 48b 4.2b 74.2 17.2 8.6
Mountain
CcT 13 59b 6.9b 60.8 19.8 19.4
CTO 13 6.3a 7.4b 53.0 23.2 23.8
CTS 13 6.1ab 6.8b 57.6 20.2 22.1
NTO 13 6.9 a 10.5a 52.1 26.6 21.3
NTS 13 6.0b 7.6b 50.9 26.9 22.2
Piedmont
MBP 24 54b 46Db 50.7 26.9 22.4
NT 24 59a 6.1a 56.9 26.1 17.1
SCP 24 6.1a 59a 58.1 18.3 23.6

tCoastal Plain systems/ CT, NT: conventional tillage and no-till practices, respectively; CTO:
Organic system under conventional tillage; S: successional or natural vegetation re-growth
system. Mountain systems/ CT: conventional tillage (CT) with no inputs; CTO: organic-
amended system under CT; CTS: synthetic-amended system under CT; NTO: organic-
amended system under no-till; NTS: synthetic-amended system under no-till. Piedmont
systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till.
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Table 2. Description of crops grown in the plots studied at the experimental sites.

Year(s)/Period Treatments (Tillage systems and crops grown)
Coastal Plain
cTt NT €10 S
1999 Corn (Zea mays L.) Corn Soybean Fallow
2000 Peanut (Arachis | Peanut Sweet potato (lIpomea | Fallow
hypogaea L.) batatas L.)
2001 Cotton (Gossypium Cotton Wheat-Cabbage (Brassica | Fallow
spp- L.) oleracea L.)
2002 Corn Corn Corn Fallow
2003 Peanut Peanut Soybean Fallow
2004 Corn Corn Corn Fallow
2005 Corn Corn Corn Fallow
2006 Grain sorghum | Grain and | Biculture: Cowpea (Vigna | Fallow
(Sorghum bicolor L.) | wheat sinensis L.) or soybean and
and wheat (Triticum crimson clover (Trifolium
aestivum L.) incarnatum L.) or wheat
2007 Soybean (Glycine max | Soybean | Soybean Fallow

L.)

TCT, NT: conventional tillage and no-till practices, respectively; CTO: Organic system under

conventional tillage; S: successional or natural vegetation re-growth system.

41



Table 2 continued

Year(s)/Period

Treatments (Tillage systems and crops grown)

Mountain
CTSt NTS CTO NTO CT
1995-2006 Staked tomatoes Staked tomatoes | Staked tomatoes with
(Solanum lycopersicum) with hairy vetch wheat or crimson clover
with rye (Secale cereale (Vicia sativa L.) as | (Trifolium incarnatum L.)
L.) as cover crop cover crop as cover crop
2007 Corn only with rye as Corn only with Corn only with wheat or
cover crop vetch as cover crop | crimson clover as cover
crop
Piedmont
MBPT SCP NT
1984-1989 Corn only
1990-2005 Corn-Soybean rotation
2006-2007 Corn only

tMountain systems/ CT: conventional tillage (CT) with no inputs; CTO: organic-amended

system under CT; CTS: synthetic-amended system under CT; NTO: organic- amended system

under no-till; NTS: synthetic-amended system under no-till. Piedmont systems/ MBP:

moldboard plow; SCP: spring chisel plow; NT: no-till.
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Table 3. Organic and synthetic amendments at the experimental sites.

Amendment  Application method Rate Element supplied
N P K
(Mg ha™)

Coastal Plain

Turkey litter Mechanically incorporated 3900 - 81-282 51-176 52-176
13500
TSP (0-46-0) - 0.11 -
Potash (0-0- - 0 0.14
60) Banded in NT, mechanically 0.23
Urea incorporated in CT 0.11 0 0
N:P:K 10-34-0 0.02 0.08 0
N:P:K 30-0-0 0.07 0 0
Gypsum, for Broadcast and mechanically 0.22to
liming peanut incorporated 8.75
Mountain
Soybean meal 0.23 0.02 0.005 0.002
(N:P:K, 7:2:1)
ammonium 0.17 0.06
nitrate Banded in NT, mechanically
(NH4NOs) incorporated in CT, at
TSP (0-46-0) planting. According
KClI (0-0-60) to soil test
RP (0-30-0)
Sul-Po-Mag Surface broadcast prior to
(0-0-22) planting winter cover crops.
Piedmont
N:P:K 10-20- At planting. Banded in NT, 0.13 0.01 0.03 0.03
20 mechanically incorporated in
MBP and SCP.

NH4NO; Applied as side-dressing 0.15 0.05

about one month after
planting. Banded in NT,
mechanically incorporated in
MBP and SCP.

TSP: triple superphosphate; RP: rock phosphate; KCl: potassium chloride
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Table 4. C:N ratios in soil and aggregate associated organic matter and microbial biomass under different
tillage systems in the Coastal Plain, Mountain, and Piedmont locations.

Bulk soil C:N Bulk soil Aggregate associated C:N
MBC:MBN

Systemt M_OM m_OM MMB mMB

Coastal Plain

cT 15 (1)t 8 (1) 14 (1) 11(1) 11(3) 8 (3)
NT 13(1) 10(1) 12 (1) 11(1) 16 (3) 9(3)
cTOo 12(1) 6(1) 12 (1) 11(1) 8 (3) 9(3)
S 13(1) 7 (1) 11(1) 13 (1) 9(3) 7(3)
Mountains
cT 10(0) 4(1) 12 (1) 11(1) 13(2) 13(2)
cTo 11 (0) 5 (1) 11(1) 11(1) 8(2) 11(2)
CTS 11(0) 6(1) 10(1) 10(1) 10(2) 10(3)
NTO 12 (0) 6(1) 11(1) 10 (1) 15(2) 12 (3)
NTS 11 (0) 5 (1) 12 (1) 11(1) 9(3) 11(3)
Piedmont
MBP 10 (0) 8 (1) 10 (1) 10 (1) 12 (1) 12 (1)
scp 10 (0) 8 (1) 10 (1) 11(1) 10(1) 11(1)
NT 11(0) 5(1) 11(1) 11(1) 8 (1) 10 (1)

tCoastal Plain systems/ CT, NT: conventional tillage and no-till practices, respectively; CTO: Organic system
under conventional tillage; S: successional or natural vegetation re-growth system. Mountain systems/ CT:
conventional tillage (CT) with no inputs; CTO: organic-amended system under CT; CTS: synthetic-amended
system under CT; NTO: organic- amended system under no-till; NTS: synthetic-amended system under no-till.
Piedmont systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till.

ttValues in parentheses are standard errors of means. M_OM, m_OM: macro- and micro-aggregate
associated organic matter; MMB/mMB: macro- or micro-aggregate associated microbial biomass, respectively.
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CHAPTER I
TILLAGE EFFECTS ON C AND N DYNAMICS IN DIVERSE AGROECOSYSTEMS: SOIL CAND N

STRATIFICATION AND SEQUESTRATION

Abstract

No-till (NT) practices conserve organic matter and enhance C sequestration. This
study assessed tillage impacts on soil organic C (SOC) and N (SON) dynamics in the 0 to 10
cm depth of a Wickham sandy loam (fine-loamy, mixed, semi active, thermic Typic
Hapludult), Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic Hapludult), and
Wedowee sandy clay loam (fine, kaolinitic, thermic Typic KanHapludult) in Coastal Plain,
Mountain, and Piedmont locations, respectively. Mean SOC under NT was 18 and 14 Mg
ha!in the Mountain and Piedmont respectively, 1.5 and 1.8 times greater than under
conventional tillage (CT). Average SOC under both NT and CT in the Coastal Plain was 13 Mg
ha™'. Under NT and CT, SON ranged from 1 to 2 Mg ha ' in all locations. Stratification ratios
(SR), which express the ratio C (or N) in surface soil depth to that in lower depths, generally
averaged 2 under NT and 1 under CT for both SOC and SON in the upper depth ratio for all
locations. The difference between SR in the lower and upper depth ratios was generally 1 in
the Coastal Plain and Piedmont, and zero in the Mountain. These results illustrate greater
accumulation and stratification of SOC and SON under NT; and that stratification ratios can

reflect SOC and SON dynamics across tillage systems and locations.
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Introduction

Soils contain the largest pool of organic Cin the terrestrial ecosystem and are
important to offsetting global warming (Lal, 2007). Benefits of high levels of SOC in farming
systems include ease of cultivation, root penetration, greater aggregate stability, reduced
bulk density, and improved water holding capacity (Carter and Stewart, 1996; Lal, 2002).
Perturbations such as tillage influence SOC maintenance and enhancement (Jarecki and Lal,
2003; Lal, 2004) and, therefore, long-term ecosystem sustainability (Percival et al., 2000).
Farmers adopt no-till (NT) and other conservation tillage systems mainly because the
practices are energy efficient and cost effective, sequester C, conserve soil moisture and
organic matter, reduce erosion, and deliver other benefits related to improvement of wild
life habitat and soil biodiversity (Ahl et al., 1998; Dick et al., 1998; Kushwaha et al., 2001;
Mitchell et al., 2007). By enhancing soil aeration contact between soil and crop residues,
and exposing organic matter protected by aggregates to attack by microbial biomass,
conventional tillage (CT) systems result in SOC loss (Dalal and Mayer, 1986; Beare et al.,
1994). Adoption of conservation tillage practices causes modifications in soil properties
which in turn results in a new equilibrium distribution of soil organic C and N (Dick et al.,
1998). Organic matter attenuation, through mixing of surface with lower soils horizons, and
decomposition due to frequent tillage operations (Angers et al., 1992) are some of the
causes of tillage-induced decline in SOC content of native soils (Tiessen et al., 1982; Elliott,

1986). In the southeastern region of the United States, about 42.5% of the cropped land
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was under no-till or other forms of conservation tillage in 2002 (Franzluebbers, 2005).

Soil organic matter (SOM) comprises 50 to 58% C (Nelson and Sommers, 1982) and is
the main source of N in native soils (Bauer and Black, 1994). Soil microorganisms obtain
most of their energy from SOM and, therefore, control SOM composition (Sparling, 1985;
Jenkinson, 1988), in addition to the source of the organic material. Soil organic matter
influences key soil processes and properties including nutrient cycling, soil structure
formation, water retention, C sequestration, bulk density, infiltration rate, cation exchange
capacity, aggregate stability, and biological activity (Mitchell et al., 2000; Olk and Gregorich,
2006). Soil microbial biomass responds more rapidly to changes in the below-ground quality
of SOM, compared to the quantity of SOM present (Powlson et al., 1987; Saffigna et al.,
1989). It is, therefore, often used as an early and highly responsive indicator of tillage-
induced changes in soil (Lynch and Panting, 1980; Drury et al., 1991). Staley et al. (1988)
observed that microbial biomass C (MBC) levels were 60% greater in the 0 to 7.5 cm soil
depth of NT than under CT systems in a NT chronosequence previously under continuous
maize (Zea mays) cropping (0 to 20 yr) on a silt loam Alfisol.

By influencing the extent of soil mixing and crop residue incorporation, tillage affects
organic matter distribution and microbial biomass activity within the soil (Carter, 1986).
Conventional tillage disperses plant and other organic residues in an even manner and
enhances greater soil-residue contact and decomposition in a uniform soil environment.

This more uniform distribution of OM promotes soil aeration, organic C and N distribution
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in the plow layer, and microbial activity (Piovanelli et al., 2006). However, these benefits
fade with time. These soil conditions stimulate the mineralization of native SOM and added
residue (Wander and Yang, 2000), which slows down soil C sequestration (Piovanelli et al.,
2006; Wander and Yang, 2000). In conservation tillage, crop residue accumulates near the
surface of the soil (Franzluebbers, 2002; Deen and Kataki, 2003; Piovanelli et al., 2006) and,
because most of the residue is humified, its accumulation reduces SOM mineralization,
thereby increasing C sequestration (Piovanelli et al., 2006). There are, however, no
evidences suggesting that conservation tillage systems are superior to CT systems regarding
the amount of C sequestered in the entire soil profile. In an on-farm assessment of C
sequestration in a 0 to 60 cm soil depth in paired fields under long-term (>4 yr) NT and CT
systems across 11 representative Major Land Resource Areas (MLRAs) in Ohio, Kentucky,
and Pennsylvania, Blanco-Canqui and Lal (2008) concluded that on the whole, NT does not
store SOC more than CT for the entire soil profile.

There are few studies that have examined the influence of management practices on
SOC across physiographic regions in the southeastern US (Causarano et al., 2008). Also,
assessments of SOC storage in soils under varying tillage and management systems in
different regions on an equivalent soil mass basis has been reported to be more appropriate
and accurate (Ellert and Bettany, 1995; Yang and Wander, 1999; Wuest, 2009). In a
comparative evaluation of various methods of calculating nutrient storage, Ellert and

Bettany (1995) found that expressing SOC and other nutrients on an equivalent soil mass
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basis can account for differences in soil bulk density and, therefore, for soil mass effects on
estimates of SOC storage. With these factors in mind, the objectives of this study were to
use the equivalent mass method to assess the impacts of different tillage systems on SOC
and N dynamics in long-term experiments of different agroecosystems. The results will be
used to test the following hypotheses: 1. Changes in soil organic and microbial biomass C
and N in the 0-to 10 cm soil depth will be associated with changes in tillage intensity.

2. Differential stratification ratios (SR), which indicate the differences between SR for an
element (e.g. SOC or SON) in different depth ratios (e.g. the 0-10:10-20 cm and 0-10:20-30
cm depth ratios examined in this study), can serve as an index of tillage intensity and SOC

and SON dynamics.

Materials and Methods

Description of study sites

This study was conducted in three long-term experiments on research stations, two
farmer-managed fields, and three forests adjacent to each long-term experimental site. The
experimental sites are each located in one of the three physiographic regions of North
Carolina, namely, the Coastal Plain, Piedmont, and Mountain regions, which represent
approximately 45, 39, and 16% of the state’s land area, respectively. Detailed descriptions
of the regions are given in Daniels et al. (1999) and Medina et al. (2004). The Center for

Environmental Farming Systems (CEFS; 35° 23' 5" N, 77° 59' 35" W) was established in 1994
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and is located near Goldsboro, Wayne County. The Mountain Horticultural Crops Research
Station, MHCRS; (35° 25' 50" North, 82° 30' 5" West) is situated near Mills River, Henderson
County. The Upper Piedmont Research Station; UPRS (36° 21' 17" N, 79° 39' 53" W) is near
Reidsville, Rockingham County. Long term mean annual temperatures and precipitations at
the experimental sites in the Coastal Plain, Mountain, and Piedmont are 16°C and 953 mm,
13°C and 1050 mm, and 15°C and 1066 mm, respectively (State Climate Office of North
Carolina). Comparative studies of tillage and management practices in the experimental
plots in the Coastal Plain, Mountain, and Piedmont locations started 9, 14, and 24 years,
respectively before the current study was undertaken. Further details about each of the
experimental sites can be obtained at the following web sites:

http://www.cefs.ncsu.edu/farmingsys.htm, http://www.ces.ncsu.edu/fletcher/, and

http://www.agr.state.nc.us/research/uprs.htm. Table 1 shows the different crops grown

since establishment of experiments in the three locations. Adjacent to each experimental
site, a natural forest was included as a reference ecosystem. Two farmer-managed fields
were also studied in Faison, Duplin County (Coastal Plain location) and Reidsville,
Rockingham County (Piedmont location).

Tillage systems evaluated at CEFS included a Best Management Practices (BMP)
cropping system subdivided into NT and CT, an organic production system under CT (CTO),
and an old field succession ecosystem under fallow (S). Conventional tillage in both organic

and CT with BMP systems generally consisted of fall disking followed by chisel plowing in
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early spring. At MHCRS, tillage systems included the following: 1) moldboard plowing,
followed by disking and harrowing, receiving organic inputs and a fall planted hairy vetch
cover crop (CTO); 2) moldboard plowing, followed by disking and harrowing and receiving
fertilizers and other synthetic amendments (e.g. herbicides and fungicides) and a fall
planted rye cover crop (CTS); 3) moldboard plowing, followed by disking and harrowing and
receiving no inputs or cover crops (CT); 4) no-till, receiving chemical fertilizers and other
synthetic amendments and a rye cover crop (NTS); and 5) no-till, receiving organic fertilizers
and other amendments and a hairy vetch cover crop (NTO). Tillage systems studied at UPRS
were part of a larger experiment investigating nine tillage systems. However, the present
study evaluated only three of these systems: no-till (NT); spring moldboard plow followed
by disking (MBP); and spring chisel plow (SCP; chisel plowing in the spring without disking).
Depths of tillage in the moldboard, chisel, and disk operations, where applicable at each
research station, were approximately 25, 25, and 12 cm, respectively.

Various synthetic and organic fertilizers or amendments were applied in the plots at
each location, reflecting the different farming systems and needs for the various crop types
(Table 2). It was assumed that over 90% of the P and K in turkey litter were available for
plant uptake during the growing season. The applied quantities of turkey litter were
assumed to provide a fertilizer N, P, and K equivalents of 141 to 488, 153 to 530, and 89 to
308 kg ha™*, respectively. Litter application was mainly for supplying N, so that P and K were

apparently over-applied. Maximum (100%) solubility was assumed for soybean meal
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applied, while a 3% solubility was assumed for rock phosphate. In the synthetic treatments,
disease and insect control treatments were applied according to recommendations from
the NC Ag Chemical Manual. In the organic treatments disease and insect control in the
organic treatments were according to generally approved methods for organic production
systems. Table 2 describes the amendments applied at the experimental sites as well as the
timing and frequency of applications of inputs.

For the on-farm sites, the Piedmont farmer had practiced no-till for at least 20 yr
that included cover cropping (a mixture of rye, hairy vetch, and crimson clover) and crop
rotation. Fertilizer (18-46-0) was surface applied at 113 kg ha™* for corn, as well as cattle
manure at 25 Mg ha*. The organic farm at Faison, ridged and planted to sweet potato, had
been in operation for about 15 yr and received mainly poultry manure at about 6-7 Mg ha™?,

corresponding to 220 to 250 kg N ha™™.

Experimental designs

Experimental plots consisted of replicated tillage treatments (n=3 at CEFSand n =4
at both UPRS and MHCRS) in randomized complete block designs. The experimental design
at CEFS comprised five treatments in each replication. The soils at this (CEFS) site are mainly
Wickham sandy loam (fine-loamy, mixed, semi active, thermic Typic Hapludult), although
there was some area classified as a Tarboro loamy sand (mixed, thermic, Typic

Udipsamment). Plots vary in size from 0.8 to 4.5 ha (Bell, 2002). Plot dimensions at MHCRS
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were 24 by 12 m (Overstreet, 2005) and 16 by 5.8 m at UPRS (Gruver, 2007). The soil type at
MHCRS was a Delanco fine-sandy loam (fine-loamy, mixed, mesic, Aquic Hapludult) and at
UPRS a Wedowee sandy clay loam (fine, kaolinitic, thermic Typic Kanhapludult). Table 3

describes selected physical and chemical properties of the soils studied.

Soil sampling

Sampling at all locations occurred between May and August 2008, beginning at CEFS
and ending at the MHCRS plots. Sampling in natural ecosystems was on the same day(s)
that samples were taken at the research station in the region. Planting had already occurred
prior to sampling at the UPRS, but not at the CEFS and MHCRS experimental sites. Sampling
at CEFS was near or around 5 to 6 points that have been previously marked or geo-
referenced for sampling purposes. At other locations, 3 to 6 randomly assigned and
demarcated sampling locations were selected within defined soil-landscape positions in
each replication or farm. Samples were taken within plant rows for the 0-10, 10-20, and 20-
30 cm soil depths using a 2.5-cm diameter by 30-cm deep long soil probe (at CEFS) or a 7.5-
cm diameter by 30-cm deep long soil probe at UPRS, MHCRS, and farmer fields). Around
each sampling location, three samples were taken and combined in plastic buckets
according to the three soil depths. Composite samples were placed into ziplock bags and
stored in coolers containing ice for transport to the laboratory.

A subsample from each composite depth samples was placed in moisture cans for
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determination of gravimetric soil water content. Once at the lab, and within 6 to 24 h after
sample collection, field moist samples were gently crushed by hand and sieved to pass, first
through an 8-mm sieve, and then a 4-mm sieve. A set of the sieved samples was stored in a

refrigerator (4°C) while another set was air-dried and ground to pass a 2-mm sieve screen.

Soil physical, chemical, and microbiological analyses

Particle size distribution was determined according to Gee and Bauder (1986). The
surface soil (0-10 cm depth) was sampled with an Uhland core sampler (ring diameter of
7.6cm by 7.6 cm in length) for bulk density determinations (Blake and Hartge, 1986) at
locations in the Piedmont region. For the experimental sites at research stations in the two
other regions, bulk density was measured in the previous year (2007). The soil maximum
field capacitywas determined according to Schachtschabel et al., 1998). Determination of
CEC, soil pH, and exchangeable bases were performed by the North Carolina Department of
Agriculture and Consumer Services. The chloroform fumigation extraction method
according to Vance et al. (1987) was used to determine soil microbial biomass C (MBC) on
moist samples, previously stored at 4°C, without the subtraction of values from controls or
unfumigated samples. Mineralizable C and N were determined according to Anderson
(1982) and Parfitt et al. (2001). Whole soil and aggregate size materials were finely ground
and their total C and N concentrations determined by direct combustion in a Perkin—Elmer

2400 CHN analyzer. The methods of Ghani et al. (2003) and Chan and Heenan (1999) were
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used to determine water soluble C (WSC) and hot water extractable C (HWEC). Soils in this
study were generally at pH 6.5 or less and low in carbonates. Therefore, total C was

assumed equal to organic C.

Calculations and statistical analysis

Correction for artifacts of sampling equipment and conditions are crucial for across-
region comparisons (Wuest, 2009). Sample adjustment to equivalent soil mass removes
sensitivities associated with these artifacts (McGarry and Malafant, 1987; Ellert and
Bettany, 1995). Therefore, SOC and N stocks for tillage systems in each ecosystem were

calculated on an equivalent mass basis according to Ellert and Bettany (1995):

a. Calculating soil mass for each treatment at each site from:
Soil mass per unit area (Mg ha™?) = soil depth (m) x bulk density (Mg m ) x 10000 m 2 ha™.

b. ldentifying the equivalent soil mass: In this study, the mass of the most disturbed
system (in the 0- 10-cm depth) in each location was denoted as the equivalent mass
(Mequiv) per unit area.

c. Accounting for between-sample variations, by calculating the additional thickness
(Tagq) or the layer additional to the 0-10 cm soil depth that is required to attain the
equivalent mass:

Tadd = ((Mequiv - MO—lO) x 0.0001 ha m_z)/pb
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where Tagg and Mequiv are as defined above, Mg.1o is the soil mass in the 0-10
cm depth, and py, is the bulk density at the 0-10 cm depth of the soil to be
adjusted.

d. Expressing SOC (or N) pools on mass per unit area in equivalent soil mass basis:
SOC (or N) (Mg ha™!) = C (or N) (kg Mg ™" 50il)/Mequi-

According to Ellert and Bettany (1995), it is not so much the definitive value chosen
as the Mqiy that is critical, but the use of a single reference value for comparing SOM
storage at a particular site. In the present investigation, Mequiy values were used for within-
region comparisons only. Sampling was done in 10-cm increments up to 30 cm; but only the
first 10 cm depth was analyzed for masses of SOC and SON per area in equivalent soil mass.

Natural ecosystems can serve as references for experimental treatments in managed
systems (Dalal and Mayer, 1986) since they may be considered the standard ecosystem of
“climax steady-state” (Puget et al., 2005), with nearly steady addition of organic matter and
no anthropogenic perturbations or exports of elements (e.g. in harvests or tillage). For this
reason, the difference between C and N pools in forests and those in managed systems can
serve as indicators of each managed system’s potential to sequester C (Degryze et al.,
2004). Ellert and Bettany (1995), however; seem to urge caution regarding comparisons of
managed and natural systems which are clearly not subjected to similar experimental
conditions. This study considered Ellert and Bettany’s (1995) caution and, therefore, did not

include data from both natural and farmer-managed sites into the statistical analysis for
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data from the experimental sites. The data from both natural and farmer-managed sites
were averaged within locations and included for non-statistical comparisons only.
Sequestered SOC (or SON) was taken to be the mass of SOC (or SON) per unit area (Mg ha™?)
in the equivalent mass of soil for each location. Soil organic C sequestration rates (mass of
SOC per unit area in an equivalent soil mass per duration of experiment) were calculated as

follows:

SOC sequestration rate = SOCsystem; in equiv. soil mass/duration of experiment

where SOCsystem: in equiv. soil mass IS the mass of SOC per unit area in the equivalent soil
mass for the tillage system under consideration and duration is the number of years

for which the tillage system has been in place.

According to the definition by Franzluebbers (2002), the stratification ratio (SR) of C
or N in the present study is the amount of C (or N) in the surface (0- to 10-cm depth) divided
by the amount of C (or N) in the 10 to 20 or 20 to 30cm depth. Differential stratification
ratio (DSR) is thus defined in this study as the difference between SR at the lower depth of
stratification and SR at the upper depth of stratification. Since bulk densities measurements
were conducted for the 0 to 10 cm soil depth only, SR C and N concentrations (instead of

masses) were used to calculate SR1&2 and DSR.
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a. DSR C (or N) = SR2 C (or N)o-10:20-30 cm — SR1 C (0r N)o-10:10-20 em

where DSR C (or N) = differential stratification for C (or N).

b. SR1 C (or N) = C (or N) concentration in the 0 to10 cm depth divided by C (or N)
concentration in the 10-20 cm depth; and
¢. SR2 C (or N) = C (or N) concentration in the 0-10 cm depth divided by C (or N)
concentration in the 20 to 30 cm depth.

Tillage effects and comparison of treatment means were evaluated by using the mixed

procedure (Proc Mixed) model of the Statistical Analytical Software (SAS Inst., Cary, NC).

Results and Discussion

Soil mass, bulk density, and additional soil thickness required to attain equivalent mass

Tillage effects on bulk density (Db) were significant in the Coastal Plain and
Mountain but not in the Piedmont (Fig. 1). Soil Db values ranged from 1.2 to 1.5, 1.1 to 1.3,
and 1.3to 1.4 Mg m~>in the Coastal Plain, Mountain, and Piedmont locations, respectively.
This study observed significantly greater Db values in less disturbed systems (NT and S)
compared to CT in the Coastal Plain, suggesting that tillage reduced Db in the location.
Relative to the conventional tillage system with no inputs (CT), lower Db values were

observed in both conventional tillage and no-till systems with organic (CTO, NTO) or
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synthetic (CTS, NTS) amendments in the Mountain, suggesting that organic or synthetic
amendments decreased Db in this location. On average, Db values were 1.1 times greater
under no-till than conventional tillage systems in the Coastal Plain location and 1.1 times
greater under conventional than no-tillage in the Mountain location. There were no
significant tillage differences in Db among tillage systems in the Piedmont. Reports about
tillage effects on Db are varied in the literature. Osunbitana et al. (2005) observed increased
Db with increased tillage intensity in the 0 to 15 cm depth in an Oxic Tropudalf, while Yang
and Kay (2000) did not observe any differences in Db between NT and CT. In contrast,
Wander et al. (1998) and Pierce et al. (1994) found greater Db values for NT relative to CT.
Other authors have reported that Db in both NT and CT is also affected by row position. Da
Silva et al. (1997) and Vervoot et al. (2001) observed greater Db in trafficked than
untrafficked interrows in three different Alfisols.

Tillage effects on soil mass per area followed similar patterns as soil Db; with
significant effects occurring in the Coastal Plain and Mountain locations but not in the
Piedmont (Table 4). Tillage effects on soil mass were in the order NT =S > CT = CTO in the
Coastal Plain; and CT > CTS = CTO = NTO = NTS in the Mountain. Soil mass per area ranged
from 1231 to 1501, 1133 to 1323, and 1252 to 1412 Mg ha ' in the Coastal Plain, Mountain,
and Piedmont, respectively. Additional soil thickness (T_add) required to attain the
equivalent soil mass differed significantly in the Coastal Plain; being significantly greater in

CTO than NT and S but not significantly different from CT. In the Mountain location, T_add
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was significantly lower in CT but not different in the other systems. The values for T_add did
not differ among tillage systems in the Piedmont (Table 4). In all tillage systems, the
patterns for T_add were opposite those for soil mass and Db, suggesting negative

correlations of T_add with soil mass and Db.

Soil organic carbon and nitrogen

Tillage significantly affected SOC stocks in surface soils of all locations (Fig. 2). In the
Coastal Plain location, SOC was significantly greater under the successional system (S; 14.0
Mg ha™) than no-till (12.9 Mg ha™*) and conventional tillage under best management
practices (CT; 12.3 Mg ha’l). The SOC stock did not, however, differ between S and CTO, the
conventional system with organic amendments (13.3 Mg ha™%). In the Mountain location,
SOC under no-till with organic amendments (NTO; 21.0 Mg ha™") was significantly greater
than SOC under no-till with synthetic amendments (NTS; 14.6 Mg ha™%), CTO (12.2 Mg ha™),
conventional tillage with synthetic amendments (CTS; 11.4 Mg ha™%), and conventional
tillage receiving no inputs (CT; (11.1 Mg ha™%). The SOC in these latter systems (NTS, CTO,
CTS, and CT) were not significantly different. In the Piedmont, the no-till system (NT)
contained a significantly greater stock of SOC (13.9 Mg ha™}) than either the spring chisel
plow (SCP; 8.8 Mg ha*) or moldboard plow (MBP; 6.8 Mg ha?*). The SOC stocks under SCP
and MBP did not differ. Averaged across tillage systems, SOC stocks did not differ between

less disturbed and disturbed systems in the Coastal Plain but were 1.5 and 1.8 times greater
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under less disturbed than disturbed system. Soil organic N stocks were not significantly
affected by tillage systems in the Coastal Plain; but patterns in SON distribution in the
Mountain and Piedmont were similar to those for SOC (Fig. 2). In the Mountain, SON was
significantly greater under NTO (2.0 Mg ha™!) than under the other tillage systems which
averaged approximately 1.0 Mg SON ha™’. In the Piedmont, SON was significantly greater
under NT (1.3 Mg ha™*) than SCP (0.9 Mg ha™*), which was in turn greater than SOC under
MBP (0.7 Mg ha™!). The SOC stock averaged 1.1, 1.6, and 1.7 times greater under less
disturbed than disturbed systems in the Coastal Plain, Mountain, and Piedmont locations,
respectively.

The above findings indicate that undisturbed systems in the Coastal Plain, such as
the successional or forest re-growth system, and conventional tillage systems receiving
organic amendments, generally increased SOC and SON stocks. In the Mountain, organic
amendments also increased SOC and SON; while in the Piedmont, no-till increased SOC and
SON. Relative to disturbed systems, less disturbed soils contain more C and N in the surface
layers (Doran, 1987; Bossuyt et al., 2002) and are often covered on the surface by crop
residues which protect surface soil from erosion and SOC from exposure to biotic and
abiotic degradative processes (Dumontet et al, 2001). Organic amendments also increase
SOC in soils (Tirol-Padre et al., 2007). Relative to less disturbed systems, SOC oxidation is
greater under conventional tillage systems due to increased soil aeration, soil-crop residue

contact, and exposure of aggregate-protected organic C to biotic and abiotic degradation
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(Elliott, 1986; Beare et al., 1994; Al-Kaisi and Yin, 2005). Soil organic C is also greater under
conventional tillage systems due to increased soil erosion under these systems (Chaney and
Swift, 1984). Overstreet (2005) and Gruver (2007) have reported greater SOC amounts in
conservation tillage systems compared to disturbed systems in the Mountain and Piedmont

locations, respectively.

Labile pools of carbon and nitrogen

Soil microbial biomass C stocks were significantly affected by tillage in the Mountain
(p <0.0001) and Piedmont (p < 0.0001) locations but not in the Coastal Plain location (Fig.
3). Soil microbial biomass C averaged 0.23 and 0.24 Mg ha* under no-till and conventional
tillage systems in the Coastal Plain. In the Mountain, MBC stocks were of the order NTO
(0.65 Mg ha™*) > CTO (0.37 Mg ha™*) > CTS (0.22 Mg ha™!) = CT (0.18 Mg ha™*) = NTS (0.13
Mg ha™%). The MBC stocks in the Piedmont were in the order of SCP (0.22 Mg ha™!) > NT
(0.17 Mg ha™*) = MBP (0.16 Mg ha™%). Averaged over tillage systems within a location, MBC
did not differ under NT and CT in the Coastal Plain and Piedmont but was 1.5 times greater
under NT than CT in the Mountain. Microbial biomass N stocks did not differ among tillage
systems in the Coastal Plain and Piedmont. In the Mountain, MBC stocks were of similar
order to MBC: NTO (0.12 Mg ha™*) > CTO (0.08 Mg ha™*) > CTS (0.04 Mg ha™) = CT (0.04 Mg
ha™) = NTS (0.03 Mg ha™") (Fig. 3).

This study did not find any differences in MBC and MBN among tillage systems in the
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Coastal Plain. Zhang et al. (2004) reported higher amounts of MBC and MBN in the NT and
organic systems than CT and successional systems for the plots at this location. Among
other reasons, such as the time or season of the year when sampling was conducted, the
discrepancy between the observation in this study and that of Zhang et al. (2004) may
possibly be related to differences in the sampling depths (15 cm in the study by Zhang et al.
(2004) versus 10 cm in the present study). The amounts of C or N in the relatively shallow
depth in the present study may not have been subjected to greater dilution as may occur
when samples from deeper down the soil profile are mixed with the surface soil. This study
also considered the possibility of differences due to the methods of expressing amounts of
C and N in the two studies, namely; on concentrations basis by Zhang et al. compared to an
equivalent soil mass basis in the present study. According to Ellert and Bettany (1995),
differences in soil Db and thickness influence nutrient storage in soil. In the present study
Db, which was greater under NT than CT systems (Fig. 1), correlated highly and positively
with soil mass (r 2 0.99; p <0.0001), but highly and negatively with T_add, the additional
soil thickness required to achieve equivalent mass (r 2 — 0.99; p < 0.0001). This suggests
that between two soils differing in Db, the lower Db soil would require greater additional
thickness to achieve an equivalent mass of the denser soil. Therefore, it is speculated that
the (CT) system with the lower Db would require greater additional thickness to achieve an
equivalent mass of the denser (NT) system, resulting in increased MBC under CT and

subsequent elimination of significant differences in MBC stocks between the two systems.
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In the 0-10 cm depth considered in the present study, expressing C and N pools on
concentration as well as equivalent soil mass basis did not, however, drastically change the
order of the different pools (Table 5); suggesting that the two methods of expressing C and
N amounts will not differ to any great extent in this depth. In the present study, additional
thickness required in a tillage system to attain the equivalent soil mass ranged from —0.01
to 0.03 m (Table 4), which was not expected to introduce any appreciable errors or
differences in estimating element masses in equivalent soil mass as may occur when
estimates have to be made for deeper depths.

In the Mountain location, organic amendments in the NTO and CTO systems resulted
in greater MBC and MBN stocks (Fig. 3). The significantly greater stock of MBC under SCP
than NT at the Piedmont location (Fig. 3) may be due to transient benefits of long-term
tillage, viz a viz slight increases in soil temperature (Dao, 1998) which, in turn, enhance
microbial processes (Jackson et al., 2003) and biomass increase. This study noted, however,
that increases in MBC and MBN have been observed due to (N) fertilizer applications
(Raiesi, 2004) and organic amendments (Kandeler er al., 1999; Tu et al., 2006). Microbial
biomass quotient (MBQ), reflecting the percentage of SOC that was microbial biomass C,
ranged from 1 to 3% and was not affected by tillage in the three locations (Fig. 4). The MBQ
range was within the (1 to 5% ) range for soils, used as an index reflecting management-
induced changes in SOM rather than SOC alone (Sparling, 1992).

Tillage significantly influenced mineralizable C in the Coastal Plain (p < 0.0001) and
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Mountains (p = 0.0053) locations but not in the Piedmont (Table 4). Mineralizable C stocks
in the Coastal Plain were of the order S > NT > CT > CTO. In the Mountain, mineralizable C
was greater under NTS than all other systems; but the other systems did not differ in
mineralizable C stock. Mineralizable C stocks were 2.6, 1.7, and 1.5 times greater under NT
than CT systems in the Coastal Plain, Mountain, and Piedmont locations, respectively. The
lower stock of mineralizable C under CT, relative to NT, systems in all locations may be
attributable to stimulated microbial activity during tillage operations. Tillage did not
influence the mineralizable N pool in all locations (Table 4).

Water soluble (WSC) and hot water extractable (HWEC) C stocks were significantly
influenced by tillage systems in all locations studied (Table 4). Tillage significantly affected
the WSC stocks in the Coastal Plain (p = 0.0021), Mountains (p = 0.0098), and Piedmont (p =
0.0032). In the Coastal Plain, WSC was significantly greater in the successional system than
all other systems. The stock of WSC did not differ among these other systems. In the
Mountain location, WSC stocks did not differ between no-till systems and between
conventional tillage systems; but WSC stocks were greater under no-till than conventional
tillage systems. In the Piedmont, WSC was greater under no-till than either SCP or MBP but
not different between SCP and MBP. Averaged by tillage systems within locations, WSC
stocks were 1.4, 1.6, and 1.6 times greater under less disturbed than disturbed systems in
the Coastal Plain, Mountain, and Piedmont, respectively. Stocks of HWEC were also

significantly affected by tillage systems in the Coastal Plain (p = 0.0377), Mountain (p =
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0.0004), and Piedmont (p = 0.0004), respectively (Table 4). In the Coastal Plain and
Piedmont locations, the orders for HWEC were similar to the orders for WSC in the
respective locations. However, HWEC stocks did not differ between S and CTO in the Coastal
Plain. In the Mountain, HWEC was significantly greater under NTO than other systems; but
HWEC did not differ among these other systems. Average HWEC was 1.1, 2.0, and 2.1 times
greater under less disturbed than disturbed systems in the Coastal Plain, Mountain, and
Piedmont locations, respectively. Under less disturbed and disturbed systems, the
percentage of SOC that was contributed by WSC averaged 1.8 and 1.3% in the Coastal Plain,
1.7 and 1.6% in the Mountain, and 1.5 and 1.7% in the Piedmont. The corresponding
percentages for HWEC were 4.9 and 4.6% in the Coastal Plain, 3.5 and 2.8% in the
Mountain, and 5.0 and 4.2% in the Piedmont. Puget et al. (1999) observed that HWEC made
up about 2% of SOC in a Typic Hapludalf, while Ghani et al. (2003) extracted 3 to 6% of SOC
as HWEC in allophanic soils.

Water soluble C reflects readily soluble C from recent liming materials and animal
manures or plant residues (Ghani et al., 2003). Hot water extractable C is another measure
of potentially bio-available materials (Zsolnay and Gorlitz, 1994; Ghani et al., 2003) and is
highly capable of differentiating between treatments within and across ecosystems (Ghani
et al., 2003). The greater WSC and HWEC values under less disturbed than disturbed
systems in all three locations were likely due to little or no dilution into a larger soil volume

of these labile C pools and to the presence of plant residues and/or organic amendments
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under the less disturbed systems. Relative to MBC, HWEC seemed to better separate the
soils on the basis of tillage intensity. For instance, MBC did not differentiate among tillage
systems in the Coastal Plain (Fig. 3) but HWEC did in all three locations (Table 4). There were
significant correlations between C pool with SOC and HWEC in the Coastal Plain (r =0.62; p
=0.0315), Mountain (r = 0.96; p < 0.0001), and Piedmont (r = 0.94; p < 0.0001),
respectively, support this statement. These results support the findings of Ghani et al.

(2003), indicating that HWEC was a sensitive indicator of changes in SOC.

Soil organic and microbial biomass C and N stratification ratios

The effects of tillage, stratification ratios (SR), and SR by tillage interactions are
shown in Table 6. There were no significant tillage effects on SOC, SON, MBC, and MBN
stratification ratios (SR) in the Coastal Plain. There were significant SR effects on SOC, SON,
and MBN but no interactions for all SRs. In the Mountain location, there were significant
effects due to tillage, SR, and the SR by tillage interaction. In the Piedmont, there were
significant tillage effects on SOC, SON, and MBN; and there were significant effects due to
SR for SOC and SON. Where there were significant SR effects, on SOC, SON, MBC, and MBN,
SR was significantly greater in the lower (0-10 cm minus 20-30 cm) than upper (0-10 cm
minus 10-20 cm) soil depth ratios.

In the Coastal Plain, SR for SOC in the upper soil depth ratio (0 to 10 cm:10 to 20 cm

depth ratio) ranged from 1.5 to 2.0; while the SR for the lower depth ratio (0 to 10 cm:20 to
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30 cm depth ratio) ranged from 2.6 to 3.0. In the Mountain, SR for SOC in both soil depth
ratios were of the order NTO >NTS > CTO = CT = CTS (Table 7). In the Piedmont location, the
SR for SOC in the upper soil depth ratio did not differ. The SR for the lower depth ratio was
significantly greater for both NT and SCP than MBP; but the SR under NT and SCP did not
differ. In this location, the SR for SOC was greater in the lower than upper soil depth ratios
in the SCP and NT systems (Table 7). In both Coastal Plain and Mountain locations, SR orders
for SON in both depth ratios were similar to the orders in the SR for SOC. However, the SRs
in the lower depth ratio were greater than those in the upper depth ratio. In the Piedmont,
the SR for SON in the upper depth ratio was of the order NT = SCP > MBP; whereas in the
lower depth ratio it was NT > SCP > MBP. Under NT, the SR for SON was greater in the lower
than upper depth ratio. The SRs for MBC and MBN in both depth ratios did not differ among
tillage systems in the Coastal Plain and Piedmont locations. In the Mountain, the SRs for
MBC and MBN were greater under NTS than the other tillage systems (NTO, CTS, CTO, and
CT). The SR for MBC in the upper depth ratio did not differ for these other systems; while in
the lower depth, the SR for MBC under CTO was significantly greater than NTO, CTS, CTO,
and CT. The pattern for the SR for MBN was similar to the pattern in the SR for MBC.

Under NT and SCP systems in the Piedmont, SRs for SOC in the lower soil depth ratio
were greater than in the upper soil depth ratio (Table 7), suggesting that SOC stock
decreased with soil depth in this location. Similarly, SON decreased with soil depth under

NTO and NTS in the Mountain location and under NT in the Piedmont location. In these
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minimally disturbed systems, most C or N is concentrated near the soil surface, whereas in
plowed systems, a greater proportion of soil C and N is mixed into lower depths, thus
narrowing differences in C and N contents between depths. The range of SR for SOC and
SON for the 0-10 cm:20-30 cm depth in CT and NT systems in some of the systems in the
present study is comparable to the ranges observed in the 0-5:12.5-20 cm depths in similar
systems in the southeastern US (Causarano et al, 2008) and to NT, chisel plow and MBP
systems for the 0-5 cm:15-30 cm depths in two Alfisols studied by Jarecki and Lal (2005).
Larger differences between SR for C or N pools (SOC, SON, MBC, or MBN) in lower
depths and SR for those pools in upper soil depths (differential SR) will indicate greater
guantities of C (or N) pools in the upper depth ratio. Therefore, higher differential SR are
expected in NT than CT systems. However, significant differences between differential SR
for these C and N pools occurred only in the Mountain location, where differences were
significantly greater under the NTO than other systems. Differences in SR in the lower and
upper soil depth ratios did not differ among these other tillage systems in the Mountain
(Table 8); differential SR also did not differ in the Coastal Plain and Piedmont locations.
These results suggest that SR can, but that differential SR cannot, indicate SOC and SON

dynamics across tillage systems and locations in these soils.

Soil organic carbon sequestration rates and factors influencing C sequestration

Tillage systems significantly affected the rate of SOC sequestration in all locations

69



(Fig. 5). In the Coastal Plain, C sequestration rate under the successional system (S; 1.6 Mg
ha ! yr™) did not differ from the rate under CTO (1.5 Mg ha™* yr™*) but was significantly
greater than the NT (1.4 Mg ha* yr'*) and CT (0.9 Mg ha " yr™?) systems; while the
sequestration rate did not differ among CTO, NT, and CT. In the Mountain, the order for C
sequestration rate was NTO (1.6 Mg ha™ yr?) > NTS (1.1 Mg ha* yr™!) = CTO (0.9 Mg ha™
yr)=CTS (0.9 Mg ha t yr!) = CT (0.9 Mg ha * yr'™%). In the Piedmont, C sequestration rate
was significantly greater under NT (0.6 Mg ha™* yr!) than either SCP (0.4 Mg ha * yr%) or
MBP (0.3 Mg ha ' yr}); but sequestration rates under SCP and MBP did not differ. On
average, sequestration rates were 1.1, 1.5, and 1.8 times greater under undisturbed or less
disturbed (no-till) than disturbed (conventional tillage) systems in the Coastal Plain,
Mountain, and Piedmont, respectively. Values for C sequestration rates for the natural
forests in this study were 1.7, 1.4, and 1.0 Mg ha™* yr_1 for the Coastal Plain, Mountain, and
Piedmont, respectively; while rates for the farmer-managed conventional tillage with
organic amendments in the Coastal Plain and no-till system with organic amendments in the
Piedmont were 0.7 and 1.2 Mg ha™* yr_l, respectively. The values for C sequestration rates
observed in the present study (Fig. 5) are above those observed by Jarecki and Lal (2005),
who reported sequestration rates of 0.15 and 0.20 Mg ha™* yr_1 for NT systems in two
Alfisols in Ohio.

Significantly greater sequestration rates occurred under the undisturbed

successional system (S; 1.6 Mg ha'yr ') and conventional tillage system with organic
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amendments (CTO; 1.5 Mg ha 'yr™!) in the Coastal Plain; under no-till with organic
amendments (NTO; 1.6 Mg ha 'yr™") in the Mountain; and under no-till (NT; 0.6 Mg
ha_lyr_l) in the Piedmont (Fig. 5), suggesting that undisturbed systems accumulate more C
than disturbed systems. As is obvious, these high sequestration rates, relative to rates in the
other systems, correspond to high SOC storage in these systems (Fig. 2). The greater C
sequestration rate under CTO in the Mountain also suggests that organic amendments to
no-till or conventional tillage systems can also increase C sequestration rates in this soil.
Higher yields would be expected from these systems with the highest C sequestration rates.
This is supported in Fig. 6, where the NTO system in the Mountain location had the highest
corn yield (13.6 Mg ha™) in 2007, the year before this study was undertaken. According to
Gruver (2007), the no-till (NT) system in the Piedmont location also showed the highest
yield (10.2 Mg hafl) in the 2006 growing season, compared to 6.1 Mg ha™* under MBP. The
yield of 9.3 Mg ha™! under SCP did not differ significantly from those in both NT and MBP.
Tu et al. (2006) reported higher yields of cabbage (4.1 Mg ha™!) under CTO, compared to 1.4
Mg ha ! under CT, between 2000 and 2002 in the Coastal Plain.

Several factors may explain the higher sequestration rates observed under these
systems. First, relatively high levels of nutrients were added via organic amendments in the
organic system in the Coastal Plain (Table 2). Based on the mean values calculated in this

study for various types of turkey litter(http://www.soil.ncsu.edu/publications/Soilfacts/AG-

439-05/ ), turkey litter provided between 81 to 282 Mg N ha ™, 51 to 176 Mg P ha %, and 52
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to 176 Mg K ha*. The conventional tillage systems in this location received about 0.2 Mg N
ha™! from urea and N:P:K fertilizers added. The NTO and CTO system in the Mountain each
received, from the 0.23 Mg soybean meal (7:2:1) ha™* applied, about 0.02 Mg N ha™, 0.005
Mg P ha™, and 0.002 Mg K ha’. The conventional tillage systems in this location received
about 0.06 Mg N ha™! from ammonium nitrate fertilizer. The no-till in the Piedmont location
received 0.06 Mg N ha™!, 0.03 Mg P ha™!, and 0.03 Mg K ha™?, as did the SCP and MBP
systems. A second factor to consider is that the successional system and the no-till
treatments received no or only minimal disturbance by way of tillage since the inception of
the different experimental sites. Thus aggregate stability, which has been shown in this
study (Chapter 1 and the current chapter) and other studies to increase SOC storage, would
be greater in these systems relative to the disturbed systems. Finally, results from
experiments in Chapter 4 of this dissertation also showed that SOC accumulation is
influenced by soil properties such as clay in the Coastal Plain, humic matter (HM) in the
Piedmont, and hot water extractable C (HWEC; a measure of potentially bioavailable C) in
all three locations. The correlations among SOC (and sequestration rate) and the selected
soil properties are shown in Table 9. The significant correlations of SOC with HWEC and clay
in the Coastal Plain; with HWEC and MWD in the Mountain; and with HWEC, MWD, and HM
in the Piedmont suggest links between SOC accumulation (and C sequestration rates) and
these soil properties. Additionally, significant correlations between SOC and stratification

ratios for SOC in the 0-10:10-20 (SOCSR1) and 0-10:20-30 cm (SOCSR2) soil depth ratios, as
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well as the difference between these ratios (SOCSR1 subtracted from SOCSR2), were
observed in the Mountain and Piedmont locations. These latter correlations suggest that
spatially descriptive parameters such as stratification ratios (Franzluebbers, 2002) may

differentiate tillage systems with regard to their capability to sequester C.

Conclusions

This study examined the sequestration and stratification of organic C and N under
no-till and conventional tillage systems in three locations representing the physiographic
regions of North Carolina. Within the 0-10 cm soil depth studied for C and N sequestration,
there was little or no difference in expressing amounts of C or N on either concentration
basis or mass per area in an equivalent soil mass. Carbon and nitrogen pools (SOC, SON,
MBC, and MBN) seemed to influence bulk density under the different tillage systems
studied. Soil bulk density was generally greater under NT than CT in all locations. Because
they are less disturbed, no-till systems generally resulted in greater pools of Cand N,
especially in the Mountain and Piedmont locations. Depth ratios used in this study can
potentially distinguish tillage effects on SOC and SON stratification in all locations. However,
the differences between stratification ratios in different depth ratios may distinguish
between tillage effects only in the Mountain location possibly because of the greater SOC
contents in the region. Accumulation of SOC in the three locations was primarily controlled

by the amount of bioavailable materials, especially labile C extracted by hot water. Soil OC
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accumulation in the Coastal Plain was linked to clay content; while in the Mountain it was
also linked to water stable aggregation and to depth stratification of SOC. In the Piedmont,
SOC accumulation was linked to humic matter content and depth stratification. The
differences in depth stratification can also possibly influence SOC storage in no-till and/or
organic systems in the Mountain location. Spatially descriptive parameters can, therefore,

differentiate tillage systems with regard to their capability to sequester C.
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Fig. 1. Soil bulk density values in diverse tillage systems in the Coastal Plain, Mountain, and Piedmont
locations. Values with same or no lower- or upper-case letters indicate no significant difference at p < 0.05.
Coastal Plain systems/ CT: Conventional tillage (CT) under Best Management Practices (BMP); NT: no-till under
BMP; CTO: organic system under CT; S: old field succession ecosystem under fallow. Mountain systems/ CT:
Conventional tillage (CT) receiving no inputs; CTO: CT receiving organic amendments; CTS: CT receiving
synthetic amendments; NTO: no-till receiving organic amendments; NTS: no-till receiving synthetic
amendments. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow.
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Fig. 2. Soil organic C and N stocks in equivalent soil mass for tillage systems in Coastal Plain, Mountain, and
Piedmont locations. Values with same or no letters indicate no significant differences between tillage systems,
p < 0.05. Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till; CTO: organic-amended CT; S:
successional system. Mountain systems/ CT: CT receiving no inputs; CTO: organic-amended CT; CTS: synthetic-
amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard
plow; NT: no-till system; SCP: spring chisel plow.
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Fig. 3. Microbial biomass C (MBC) and N (MBN) stocks in equivalent soil mass for tillage systems in Coastal
Plain, Mountain, and Piedmont locations. Values with same or no lower- or upper-case letters indicate no
significant difference at p < 0.05. Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till; CTO: organic-
amended CT; S: successional system. Mountain systems/ CT: CT receiving no inputs; CTO: organic-amended
CT; CTS: synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT. Piedmont systems/
MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow.
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extractable C (HWEC) in Coastal Plain, Mountain, and Piedmont locations. Values with same or no letters
indicate no significant difference at p < 0.05. Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till;
CTO: organic-amended CT; S: successional system. Mountain systems/ CT: CT receiving no inputs; CTO:
organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT.
Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow.
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Fig. 5 Carbon sequestration rates in different tillage systems in Coastal Plain, Mountain, and Piedmont
locations. Values with same or no letters indicate no significant difference at p < 0.05. Coastal Plain systems/
CT: Conventional tillage (CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/
CT: CT receiving no inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT;
NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel
plow.
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Fig. 6 Corn yields in the experimental plots in the Mountain for 2007 and 2008. The 2008
yields are for the year following the end of this study. Values with same or no letters
indicate no significant difference at p < 0.05. CT: Conventional tillage (CT) receiving no
inputs; CTO: CT receiving organic amendments; CTS: CT receiving synthetic amendments;
NTO: no-till receiving organic amendments; NTS: no-till receiving synthetic amendments.
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Table 1. Description of crops grown in the plots at the experimental sites.

Year(s)/Period Treatment

Coastal Plain

CT NT CTO

1999 Corn (Zea mays L.) Corn Soybean

2000 Peanut (Arachis | Peanut Sweet potato (lpomea
hypogaea L.) batatas L.)

2001 Cotton (Gossypium Cotton Wheat-Cabbage (Brassica
spp- L) oleracea L.)

2002 Corn Corn Corn

2003 Peanut Peanut Soybean

2004 Corn Corn Corn

2005 Corn Corn Corn

2006 Grain sorghum | Grain and | Biculture: Cowpea (Vigna
(Sorghum bicolor L.) | wheat sinensis L.) or soybean and
and wheat (Triticum crimson clover (Trifolium
aestivum L.) incarnatum L.) or wheat

2007 Soybean (Glycine max | Soybean | Soybean
L.)

Fallow

Fallow

Fallow

Fallow

Fallow

Fallow

Fallow

Fallow

Fallow
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Table 1 continued

Year(s)/Period Treatment
Mountain
CTS NTS CTO NTO CT
1995-2006 Staked tomatoes Staked tomatoes | Staked tomatoes with
(Solanum lycopersicum) with hairy vetch wheat or crimson clover
with rye (Secale cereale (Vicia sativa L.) as | (Trifolium incarnatum L.)
L.) as cover crop cover crop as cover crop
2007 Corn only with rye as Corn only with Corn only with wheat or
cover crop vetch as cover crop | crimson clover as cover
crop
Piedmont
MBP SCP NT
1984-1989 Corn only
1990-2005 Corn-Soybean rotation
2006-2007 Corn only
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Table 2. Organic and synthetic amendments used at the experimental sites.

Amendment  Application method Rate Element supplied
N P K
Mg ha™*

Coastal Plain

Turkey litter Mechanically incorporated 3900 - 81-282 51-176 52-176
13500
TSP (0-46-0) - 0.11 -
Potash (0-0- - 0 0.14
60) Banded in NT, mechanically 0.23
Urea incorporated in CT 0.11 0 0
N:P:K 10-34-0 0.02 0.08 0
N:P:K 30-0-0 0.07 0 0
Gypsum, for Broadcast and mechanically 0.22to
liming peanut incorporated 8.75
Mountain

Soybean meal 0.23 0.02 0.005 0.002
(N:P:K, 7:2:1)
ammonium 0.17 0.06
nitrate Banded in NT, mechanically
(NH4NOs) incorporated in CT, at
TSP (0-46-0) planting. According
KCl (0-0-60) to soil test
RP (0-30-0)
Sul-Po-Mag Surface broadcast prior to
(0-0-22) planting winter cover crops.

TSP: triple superphosphate; RP: rock phosphate; KCI: potassium chloride
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Table 2. Continued.

Amendment  Application method Rate Element supplied
N P K
Mg ha™!
Piedmont
N:P:K 10-20- At planting. Banded in NT, 0.13 0.01 0.03 0.03
20 mechanically incorporated in
MBP and SCP.
NH4NO; Applied as side-dressing 0.15 0.05

about one month after
planting. Banded in NT,
mechanically incorporated in
MBP and SCP.

TSP: triple superphosphate; RP: rock phosphate; KCl: potassium chloride
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Table 3. Tillage systems and characteristics of the 0 to 10 cm soil depth at the three locations studied.

System* Duration PHuater CEC Sand Silt Clay
yr cmol, kg™ %
Coastal Plain
CT 9 6.1a 5.6a 67.3 23.6 9.1
CTO 9 59a 6.4a 70.2 20.3 9.4
NT 9 59a 6.0a 64.7 24.6 10.7
S 9 48b 4.2b 74.2 17.2 8.6
FmrCTO 15 5.7 5.9 71.9 22.9 5.2
Forest 30 4.8 9.8 58.5 19.3 22.2
Mountain
CT 13 59b 6.9b 60.8 19.8 19.4
CTO 13 6.3a 74b 53.0 23.2 23.8
CTS 13 6.1ab 6.7b 57.6 20.2 22.1
NTO 13 6.9a 10.5a 52.1 26.6 21.3
NTS 13 6.0b 7.6b 50.9 26.9 22.2
Forest 30 4.7 7.0 44.2 31.1 24.6
Piedmont
MBP 24 54b 46b 50.7 26.9 22.4
NT 24 59a 6.0a 56.9 26.1 17.1
Scp 24 6.1a 59a 58.1 18.3 23.6
FmrNT 20 6.3 7.8 66.1 159 17.7
Forest 30 5.2 6.3 66.5 19.7 13.8

tCoastal Plain systems/ CT: Conventional tillage (CT) under Best Management Practices (BMP); NT: no-till
under BMP; CTO: organic system under CT; S: old field succession ecosystem under fallow; FmrCTO, farmer-
managed organic farm under conventional tillage; Forest: natural forest system adjacent to experiments site.
Mountain systems/ CT: Conventional tillage (CT) receiving no inputs; CTO: CT receiving organic amendments;
CTS: CT receiving synthetic amendments; NTO: no-till receiving organic amendments; NTS: no-till receiving
synthetic amendments; Forest: natural forest system adjacent to experiments site. Piedmont systems/ MBP:
moldboard plow; NT: no-till system; SCP: spring chisel plow; FmrNT: farmer-managed no-till system; Forest:
natural forest system adjacent to experiments site.

Values with similar or no letters indicate no significant difference between tillage systems, p < 0.05.

Values for forests and farmer-managed systems are means of duplicated samples but were not included in
statistical analysis for experiment sites; but are included for non-statistical comparisons only.
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Table 4. Masses of soil and various pools of C and N per area in equivalent soil mass.

Systemt Soil mass T _add WSCTH+ HWECTT Mineralizable Mineralizable
C N
Mg ha™! cm Mg ha™
Coastal Plain
CT 1304.5b% 0.03ab 0.15b 0.51b 2.04 c 11.97
CTO 1230.8 b 0.63a 0.20b 0.67 ab 1.04d 12.23
NT 1500.8a -1.30b 0.18b 0.57b 3.34b 15.64
S 1410.5a -0.73b 0.30a 0.72a 473 a 14.35
FmrCTO 1265.0 0.31 0.15 0.54 0.57 10.17
Forest 1036.6 2.61 1.29 2.75 7.77 33.47
Mountain

CT 1322.9a 0.05b 0.18b 0.31b 0.66 b 8.76
CTO 1167.5b 1.33a Nd nd 0.52b 6.51
CTS 1175.0b 1.25a 0.17b 031b 0.33b 11.26
NTO 1152.5b 1.48a 0.28 a 0.76 a 0.48b 4.83
NTS 1132.5b 1.68 a 0.28 a 0.47b 1.23 3 5.04
Forest 1040.8 3.11 0.43 1.46 0.88 4.89

¥Values with similar or no letters indicate no significant difference between tillage systems,

p < 0.05; nd: not determined.
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Table 4. Continued.

Systemt  Soilmass T_add WSCtt HWECtt  Mineralizable Mineralizable
C N
Mg ha! cm Mg ha™*
Piedmont

MBP 1313.6% 0.05 0.12b 0.29b 0.27 2.94

NT 1412.5 -0.68 0.21a 0.69 a 0.61 11.96

SCP 1252.1 0.53 0.15b 0.35b 0.57 3.05

FmrNT 1326.6 -0.10 0.35 0.98 1.23 14.13

Forest 1174.8 1.19 0.43 1.58 1.03 21.88

$Values with similar or no letters indicate no significant difference between tillage systems,
p < 0.05; nd: not determined.

T_add: Additional soil thickness required to attain the equivalent soil mass.

tCoastal Plain systems/ CT: Conventional tillage (CT) under Best Management Practices
(BMP); NT: no-till under BMP; CTO: organic system under CT; S: old field succession
ecosystem under fallow; FmrCTO, farmer-managed organic farm under conventional tillage;
Forest: natural forest system adjacent to experiments site. Mountain systems/ CT:
Conventional tillage (CT) receiving no inputs; CTO: CT receiving organic amendments; CTS:
CT receiving synthetic amendments; NTO: no-till receiving organic amendments; NTS: no-till
receiving synthetic amendments; Forest: natural forest system adjacent to experiments site.
Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow;
FmrNT: farmer-managed no-till system; Forest: natural forest system adjacent to
experiments site.

Values for forests and farmer-managed systems are means of duplicate samples but were
not included in statistical analysis for experiment sites; they were included for non-
statistical comparisons only.

ttTWSC, HWEC: water soluble and hot water extractable C, respectively.
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Table 5. Soil C and C pools, expressed as concentration and equivalent mass, for different tillage systems in the Coastal Plain, Mountain, and Piedmont.

SOC

SON

HWEC

MBC

MBN

Equivalent mass basis (Mg ha " in equivalent soil mass)

System soct SON HWEC MBC MBN
Concentration basis (Mg kg™ soil)
Coastal Plain

CcT 9.47b 0.67 0.39¢ 0.16 0.02b
CTO 10.17 ab 0.83 0.51ab 0.19 0.03a
NT 9.87b 0.80 0.44b 0.21 0.02b
S 10.73 a 0.83 0.56 a 0.16 0.03b

Mountain
CT 8.43b 0.78 bc 0.23b 0.14c 0.03c
CTO 9.25b 0.80 bc 0.27c 0.06 b

nd

CTS 8.63b 0.73 ¢ 0.23b 0.17 c 0.03c
NTO 15.85a 1.48 a 0.58a 0.49 a 0.09a
NTS 11.03 b 0.95b 0.36b 0.10b 0.02 ¢

Piedmont
MBP 520b 0.53 ¢ 0.22b 0.13 0.02b
NT 10.60 a 0.98 a 0.53a 0.13 0.04 a
ScpP 6.68 b 0.65b 0.27b 0.17 0.02b

12.35b

13.26 ab

12.87b

14.00 a

11.15b

12.24 b

11.41b

20.97 a

14.59 b

6.83b

1392 a

8.77b

0.87

1.08

1.04

1.08

1.02b

1.06 b

0.96b

1.95a

1.26b

0.69¢c

1.28 a

0.86b

0.51b

0.67 ab

0.57b

0.72 a

0.31b

nd

0.31b

0.76 a

0.47b

0.29b

0.69 a

0.35b

0.21

0.25

0.28

0.20

0.18c

0.37b

0.22c

0.65a

0.13c

0.16 b

0.17b

0.22 a

0.03

0.04

0.03

0.03

0.04c

0.08 b

0.04c

0.12a

0.03c

0.02

0.04

0.03

tSOC, SON: Soil organic C and N, respectively; HWEC: hot water extractable C
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Table 6. Type 3 tests of fixed effects for SR for C and N pools in different tillage systems.

Effect Num DenDF FValue Pr>F Num DenDF FValue Pr>F Num DenDF FValue Pr>F
DF DF DF
Coastal Plain Mountain Piedmont
SOCSRT
System 3 14 1.58 0.2377 4 27 55.59 <.0001 2 15 7.25 0.0063
SR 1 14 31.88 <.0001 1 27 40.18 <.0001 1 15 13.79 0.0021
System*SR 3 14 0.17 0.9141 4 27 14.12 <.0001 2 15 3.3 0.065
SONSR
System 3 14 0.99 0.4259 4 27 50.11 <.0001 2 15 11.63 0.0009
SR 1 14 23.49 0.0003 1 27 49.09 <.0001 1 15 10.29 0.0059
System*SR 3 14 0.12 0.9466 4 27 11.99 <.0001 2 15 2.37 0.1279
MBCSR
System 3 14 0.34 0.798 4 21 19.29 <.0001 2 15 2.61 0.1068
SR 1 14 0.66 0.4309 1 21 41.02 <.0001 1 15 0.45 0.5141
System*SR 3 14 2.64 0.0902 4 21 25.38 <.0001 2 15 0.72 0.5035
MBNSR
System 3 14 0.53 0.6707 4 21 5.91 0.0024 2 15 7.54 0.0054
SR 1 14 4.67 0.0484 1 21 34.15 <.0001 1 15 1.11 0.3078
System*SR 3 14 0.42 0.7398 4 21 10.3 <.0001 2 15 1.55 0.2453

tSR: stratification ratio; SOCSR, SOCSR, MBCSR, MBNSR: stratification ratios for soil organic C and N and microbial biomass C and

N, respectively.
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Table 7. Stratification ratios of C and N pools under different tillage systems.

System Ratio depth 1 (0-10:10-20 cm) Ratio depth 2 (0-10:20-30 cm)

SOC SON MBC MBN ele SON MBC MBN

Coastal Plain
cT 1.7 1.4 1.3 2.8 2.6 2.6 0.9 5.3
CTO 1.5 1.6 1.5 3.2 2.6 2.8 1.3 3.5
NT 1.7 1.7 1.4 2.6 3.0 2.6 1.2 4.4
S 2.0 1.8 1.0 1.1 3.0 2.9 1.4 3.8
FmrCTO 1.0 1.1 1.6 1.6 1.2 1.4 1.5 1.8
Forest 2.6 2.6 1.7 2.9 3.6 4.1 1.8 4.2
Mountain
cT 1.0c 1.0c 1.1b 1.1b 11c 11c 1.0c 1.3b
CTO 11c 1.0c 1.4b 1.6 aB 1.2¢ 11c 16b 2.4 bA
CTS 1.0c 1.0c 1.2b 1.5ab 1.0c 1.0c 1.2¢ 1.8b
NTO 2.1aB 2.0aB 1.1b 1.0b 2.9aA 2.6aA 1.0c 1.0b
NTS 1.5 bB 1.5 bB 2.1aB 3.0aB 1.7 bA 1.8 bA 3.83aA 6.0 aA
Forest 3.7 2.9 1.9 3.3 7.2 4.4 1.8 4.0
Piedmont

MBP 1.0 11b 0.9 0.9 1.0b 11c 0.8 1.1
NT 198B 1.9 aB 1.5 2.3 3.0aA 2.8 aA 1.6 3.1
scp 1.3B 1.3ab 1.3 1.9 2.2 aA 1.8b 1.5 1.7
FmrNT 2.8 2.4 1.5 2.6 4.1 4.3 1.5 3.2
Forest 2.0 2.2 1.1 2.4 2.9 3.5 1.5 3.1

tDifferent upper or lower case letters indicate significant difference at p < 0.05. Lower case letters (within
columns) represent comparisons between tillage systems for a ratio depth (0—10:10-20 cm or 0-10:20-30
cm); and upper case letters (across rows) are comparisons between ratio depths within a tillage system. Ratio
depth 1 (0-10:10-20 cm) is the upper SR depth ratio, while ratio depth 2 (0-10:20-30 cm) is the lower SR depth
ratio.

Coastal Plain systems / CT, NT: conventional tillage and no-till practices, respectively; CTO: Organic-amended
CT; S: successional system; FmrCTO, farmer-managed organic-amended CT. Mountain systems / CT: CT with no
inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic- amended NT; NTS: synthetic-
amended NT. Piedmont systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till; FmrNT: farmer-
managed no-till system. All locations/ Forest: natural forest system adjacent to experiments site.

Values for forests and farmer-managed systems are means of duplicated samples but were not included in
statistical analysis for experiment sites; they were included for non-statistical comparisons only.
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Table 8. Differential stratification ratios of soil organic C and N (SOC and SON) and microbial
biomass C and N (MBC and MBN) under different tillage systems.

Systemtt SOC SON MBC MBN
Coastal Plain
CT 0.8 1.2 -04 2.5
CTO 1.1 1.1 -0.2 0.2
NT 1.3 0.8 -0.2 1.8
S 1.0 1.1 0.4 2.7
FmrCTO 0.2 0.3 -0.1 0.2
Forest 0.9 1.5 0.2 1.3
Mountain
CT 0.1 bt 0.1c 0.0b 0.2b
CTO 0.1b 0.1c 0.2b 0.8b
CTS 0.0b 0.0c 0.0b 03b
NTO 0.7 a 0.6a 1.8a 3.0a
NTS 0.2b 03b -0.1b 0.0b
Forest 3.5 1.5 0.0 0.7
Piedmont
MBP 0.0 0.1 -0.2 0.2
NT 1.1 0.8 0.1 0.7
SCP 1.0 0.5 0.2 -0.3
FmrNT 1.2 1.8 0.0 0.6
Forest 0.9 1.3 0.4 0.7

Values with similar or no letters indicate no significant differences at p < 0.05 for comparisons between the
lower and higher depth ratios in tillage systems.

T+ Coastal Plain systems / CT, NT: conventional tillage and no-till practices, respectively; CTO: Organic-
amended CT; S: successional system; FmrCTO, farmer-managed organic-amended CT. Mountain systems / CT:
CT with no inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic- amended NT; NTS:
synthetic-amended NT. Piedmont systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till; FmrNT:
farmer-managed no-till system. All locations/ Forest: natural forest system adjacent to experiments site.

Values for forests and farmer-managed systems are means of duplicated samples but were not included in
statistical analysis for experiment sites.
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Table 9. Correlations between SOC and soil properties affecting SOC sequestration in the Coastal Plain, Mountain, and Piedmont.

SocC HWEC Ncrys_Fe Clay MWD SOCSR1 SOCSR2 DSRSOC HM
Coastal Plain
Cgrate 1.00*** 0.62* 0.17 0.66* 0.39 0.02 0.05 0.02 0.23
socC 0.62* 0.17 0.66* 0.39 0.02 0.05 0.02 0.22
HWEC -0.24 0.09 -0.21 0.25 0.25 0.08 0.27
Ncrys_Fe 0.55 0.84%** -0.12 -0.07 0.06 0.06
Clay 0.66* 0.19 0.24 0.10 0.25
MWD -0.29 0.04 0.25 -0.14
Mountain

Cgrate 1.00*** 0.96%** -0.20 -0.06 0.60* 0.63** 0.66** 0.58* -0.55
soc 0.96%** -0.20 -0.06 0.60* 0.63** 0.66** 0.58* -0.55
HWEC -0.26 -0.02 0.61* 0.75%** 0.81%** 0.75%** -0.59*
Ncrys_Fe 0.48 0.19 -0.51* -0.44 -0.21 0.66*
Clay 0.02 -0.10 0.04 0.15 -0.19
MWD 0.19 0.28 0.41 0.01

Cgrate: C sequestration rate; SOC: soil organic C; HWEC: hot water extractable C; NcrysFe: non-crystalline Fe (hydr)oxides; Clay: percent clay content;
MWD: mean weight diameter; HM: humic matter; SOCSR1 (and SOCSR?2): stratification ratios for SOC in the 0-10:10-20 cm and 0-10:0-20-30 cm soil depth
ratios, respectively; DSRSOC: difference between SOCSR2 and SOCSR1. *, **, *** show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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Table 9. Continued.

SOC HWEC Ncrys_Fe Clay MWD SOCSR1 SOCSR2 DSRSOC HM
Piedmont

Cgrate 1.00*** 0.94*** -0.56 -0.10 0.91*** 0.91%** 0.80%*** 0.63* 0.62
SOC 0.94*** -0.57 -0.10 0.91*** 0.91%** 0.80%*** 0.62%* 0.62%*
HWEC -0.60 -0.31 0.86*** 0.85%** 0.71%** 0.51 0.80**
Ncrys_Fe -0.24 -0.23 -0.66* -0.61* -0.52 -0.52
Clay -0.25 -0.09 0.08 0.19 -0.39
MWD 0.82 0.64 0.48 0.52

Cgrate: C sequestration rate; SOC: soil organic C; HWEC: hot water extractable C; NcrysFe: non-crystalline Fe (hydr)oxides; Clay: percent clay
content; MWD: mean weight diameter; HM: humic matter; SOCSR1 (and SOCSR2): stratification ratios for SOC in the 0-10:10-20 cm and 0-
10:0-20-30 cm soil depth ratios, respectively; DSRSOC: difference between SOCSR2 and SOCSR1.

*, ¥k *E* show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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CHAPTER I
TILLAGE EFFECTS ON THE DISTRIBUTION OF ORGANIC CARBON AND NITROGEN IN SOIL

PARTICLE-SIZE FRACTIONS

Abstract

The non-labile organic matter pool associated with clay particles is a vital reservoir
for long-term C sequestration. This study assessed tillage impacts on C and N distribution in
particle size fractions in the 0 to 10 cm depth in three long-term experiments under no-till
(NT) and conventional tillage (CT). Silt+clay from a Wickham sandy loam (fine-loamy, mixed,
semi active, thermic Typic Hapludult), Delanco fine-sandy loam (fine-loamy, mixed, mesic,
Aquic Hapludult), and Wedowee sandy clay loam (fine, kaolinitic, thermic Typic
Kanhapludult) in Coastal Plain, Mountain, and Piedmont locations, respectively, was
fractionated according to particle size and analyzed for C and N. Under NT and CT, the
silt+coarse clay proportion was 3-12x greater than fine clay but C and N concentrations and
enrichment factors (EC and EN) were 1.1-3x greater in fine clay than silt+coarse clay across
locations. Silt+coarse clay and fine clay C and N concentrations were 1.1 and 1.6x greater
under NT than CT, while EC and EN were 1.3 and 1.1-1.2x greater under CT than NT in the
Mountain and Piedmont locations, respectively; while EC was 1.1x greater under CT than NT
in the Coastal Plain. The results suggest that NT potentially increases C sequestration by

increasing the fine clay associated C concentration. Tillage practices did not enrich Cin
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particle-size fractions. The physical fraction procedure used in this study can differentiate

organic C and N distributions in particle-size fractions in diverse agroecosystems.
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Introduction

Soil OM (SOM) comprises a complex mixture of organic substances in association
with inorganic soil components (Guggenberger et al., 1994), resulting in a series of size
fractions or pools (Schimel et al., 1985; Rosell et al., 2001) with turnover times that define
the pools (Elliott et al., 1996; Rosell et al., 2001). Particle-size fractionation suggests that
particle-size associated organic C and N pools differ in structure and function (Christensen,
1992, 2001). For instance, SOM recovered in primary particle-size fractions > 0.05-mm was
noted to be of plant origin (Balesdent, 1996), while that in clay sizes was attributed to
microbial biomass (Guggenberger et al., 1994). Organic C and N associated with sand is
enriched in plant residues, while that associated with clay and silt are rich in microbial
derived products and both plant and microbial residues (Guggenberger et al. 1995).
Particle-size fractionation has, therefore, been used to examine the response of organic C
and N dynamics to the impacts of management practices (Tiessen and Stewart 1983).

Particle-size fractions differentiate between labile or active and non-labile or
intermediate and refractory pools of SOM (von Litzow et al. 2007). While the labile pools
readily supply nutrients but are quickly depleted (Rosell et al., 2001), the non-labile pool
associated with clay particles is an important reservoir for long-term C sequestration (Kiem
et al., 2002). Soil incorporation of organic matter via tillage results in increased contact of
incorporated organic C with the mineral components (Balesdent et al., 2000). While both

plant- and microbial-derived organic substances influence the composition of OM in the
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organomineral complex, the degree of decomposition from plant-derived substances
follows the order: sand-sized > silt-sized > clay-sized complexes. In contrast, microbial
derived OM increases with decreasing particle size, so that clay-complexed OM contain
more microbial- than plant-derived substances (Guggenberger et al., 1994 and 1995).

The objective of this study was to use physical fractionation techniques to quantify
the differences in the distribution of organic C and N in silt+coarse clay and fine clay
fractions in the surface 10 cm of three long-term experiments under diverse tillage systems,
located in the Coastal Plain, Mountain, and Piedmont physiographic regions of North
Carolina. It was hypothesized that in soils under diverse tillage systems; organic Cand N
distribution will be greater in the fine clay (< 0.0002-mm diameter) than silt+coarse clay
(0.053-0.0002-mm diameter) particle-size fractions, irrespective of tillage system, but that

tillage will preferentially affect the distribution.

Materials and Methods
Soils and soil sampling
Soil samples were collected from long-term field experiments at the Center for
Environmental Farming Systems (CEFS) in the Coastal Plain; Mountain Horticultural Crops
Research Station (MHCRS) in the Mountain; and Upper Piedmont Research Station (UPRS) in
the Piedmont. The experimental designs studied consisted of 4, 5, and 3 treatments in 3, 4,

and 4 replications at the CEFS, MHCRS, and UPRS experimental sites, respectively. Samples
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were also collected from forests adjacent to each experimental site and from farmer-
managed fields in the Coastal Plain and Piedmont. Sampling at CEFS was around previously
geo-referenced points. At other locations, sampling was from 3-6 randomly assigned and
demarcated sampling locations selected within defined soil-landscape positions in each
replication or farm. Samples were taken within plant rows from the 0 to 10 cm soil depth
using a 7.5-cm diameter by 30-cm deep long soil probe at all locations except CEFS, where a
2.5-cm diameter by 30-cm deep long soil probe was used. Three samples were taken
around each sampling location, composited, placed into plastic bags, and transported to the
laboratory. In the laboratory, the field moist samples were divided into two: one for air-
drying and then determination of physico-chemical properties and another for wet-sieving
and microbiological determination. The samples for wet-sieving and microbiological

determination were stored at 0-4°C until processed.

Particle size fractionation (separation of non aggregate-occluded particle size fractions)

In this study, the particle-size fractions that were outside of aggregates were called
the non-aggregate occluded particle size fractions. A modification of the methods of Laird et
al. (1991, 1994) was used to separate silt+coarse clay (0.053-0.0002-mm diameter) and fine
clay (< 0.0002-mm diameter) particle-size fractions from material that passed through the
0.053-mm sieve screen by a modification of the wet-sieving method of Yoder (1936). Briefly,

the <0.053-mm diameter material was mixed and quantitatively transferred into pre-
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weighed 250-ml polypropylene centrifuge bottles using distilled, deionized water to a pre-
determined depth based on Stoke’s Law. The suspension was centrifuged at 90 relative
centrifugal force (RCF) for 3 min 55 s on a GSA fixed angle rotor (6 x 250 ml bottles) Sorvall
RC 5B Superspeed Centrifuge, collecting the supernatant in 4-L plastic beakers, re-
suspending the mainly silt material at the bottom of the bottles by adding distilled
deionized water close to the pre-determined mark, dispersed by sonicating for 90-100 s at
12-15% intensity (or 66-85 W) of the output power of a 1.3 cm diameter probe-type
ultrasonic unit (Sonic Dismembrator probe Model 550 from Fisher Scientific), and
centrifuged again. The tip of the sonicator probe was immersed to a depth of ~2to 3 cm
from the bottom of the centrifuge bottle. The sonication-centrifugation-decantation steps
were repeated for a total of 4 to 8 times or until a clear supernatant was obtained. Then the
mainly silt material at the bottom of the bottle was quantitatively transferred into pre-
weighed plastic cups, weighed, and freeze-dried.

The supernatant suspensions containing clay in the 4-L plastic beakers were stirred
and poured again into 250-ml bottles, centrifuged as above, but this time at 2600 RCF for 13
min 48 s, and the supernatants decanted into other 4-L beakers. The suspension-sonication-
centrifugation-decantation procedures were repeated 3 more times, after which the coarse
clay at the bottom of each bottle was quantitatively transferred into pre-weighed plastic
sample cups, weighed, freeze-dried, weighed again after freeze-drying, combined with the

silt fraction (the silt+coarse clay fraction), and stored at room temperature.
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Solid sodium chloride (NaCl) was added (at approximately 60 g L™* suspension) to the fine
clay suspension to flocculate the fine clay. After flocculation, a hooked capillary tube was
used to siphon off the clear supernatant solution and to reduce the volume of water. The
concentrated clay was rinsed into a dialysis membrane (molecular weight of 12,000-14,000
Daltons; thickness of 0.0008 inches) and dialyzed in a bucket of distilled deionized water,
changing the water 3 to 4 times a day for 2 to 3 days until the samples were free of NaCl salt
(indicated when a 20 to 25 mL sample of distilled water from the dialysis bucket remained
clear after adding 1 to 2 drops of AgNOs). When dialysis was complete, fine clay in the
dialysis tubing was quantitatively transferred, using distilled water, into a tared centrifuge
bottle, centrifuged at 16250 RCF for 1 h, discarding the supernatant and quantitatively
transferring the residue at the bottom to pre-weighed cups. The residue was weighed,
freeze-dried, re-weighed after freeze drying, and stored in 20-mL vials. Freeze-dried fine
clay and silt+coarse clay particle size fractions were finely ground, separately, and stored at
room temperature until analysis for total C and N by direct combustion in a Perkin—Elmer
2400 CHN analyzer. Particle size analysis was according to the hydrometer method of Gee

and Bauder (1986).

Determination of mineral associated and particulate organic matter (separation of

aggregate-occluded particle size fractions)

The silt+clay particle-size fractions contained in each aggregate size class were called
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the aggregate- occluded particle size fractions in that size class. These comprised the
mineral-associated organic matter (MAOM) or the <0.053 mm diameter materials, and the
particulate organic matter or the >0.053 mm diameter particles. Determination of MAOM
was determined according to Mikha and Rice (2004). Briefly, 3 g (oven dry equivalent) of
intact macro- or micro-aggregate size class was placed in a 150-mL plastic sample cup and
15 mL of 5 g L™* (0.5% w/v) sodium hexametaphosphate (SMP) added. Samples were
covered, left to stand overnight (16 h), and dispersed in the SMP by shaking on a gyrating
shaker at 350 rpm for 4 h. The dispersed samples were passed through a 0.053-mm sieve
and the dispersed OM collected in an Al tray. A flush of distilled water from a water bottle
was used to wash over the sieve several times until most or all dispersed OM was washed
into the Al tray. Sand (and particulate organic C and N associated with macro- and micro-
aggregates, MPOC/N and mPOC/N, respectively) remaining on sieves were transferred into
Al cans, dried in an oven at 105°C for 24 h, and weighed. The material that passed through
the sieve, containing the mineral associated C and N in macro- and micro-aggregates
(MMAC/N and mMAC/N), was transferred into pre-weighed Al cans and placed in a forced
air oven at 50°C. Depending on the amount of water in the slurry, it took between 24 to 72
h to dry the samples. Once dried, the samples were weighed, ground to a fine powder in a
mortar and pestle and stored at room temperature. Macro- and micro-aggregate associated
POC and PON in material that was retained on the sieve was estimated as the difference

between C or N in material that passed through the 0.053-mm sieve screen and Cor N in
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non-dispersed aggregates (Cambardella and Elliott, 1992; Chan, 2001; Al-Kaisi and Grote,
2007). Analysis for total C and N in bulk soil was also by direct combustion in a Perkin—Elmer
2400 CHN analyzer. Soils in this study were generally at pH < 6.5 and low in carbonates.
Therefore, total C was assumed to be equal to organic C. Selected physical and chemical

properties of the soils studied are shown in Table 1.

Calculations and statistical analysis

So that differences due to bulk soil contents of organic C and N were eliminated, and
thereby allow for region-wide comparison of organic C and N concentrations of particle size
fractions separated from different soils, enrichment factors for C (EC) and N (EN), which
express the ratio of the concentration of C (or N) in a particle size fraction to the

concentration in bulk soil, were calculated (Christensen, 2001) as follows:

1) EC (0r EN)raction = & C(0r N) kg fraction/ g SOC(or SON) kg™* bulk soil,

where: ECtaction (Or EN) is the enrichment factor for C or N in a particle-size fraction; g C (or
N) kg_lfract]on is the concentration of C (or N) in fraction (g Cor N kg_1 fraction); and SOC (or
N) is the concentration of C or N in bulk soil (g Cor N kg_1 bulk soil). Since the material
retained on the sieve in the determination of MAC and MAN contained some POM

Cambardella and Elliott, 1993; Manna et al., 2007), even though the POM is not involved in
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stabilizing organo-mineral complexes (Christensen, 1986), EC and EN were calculated for
the POM.

Tillage and region effects were evaluated by using the mixed procedure (Proc Mixed)
model of the Statistical Analytical Software (SAS Inst., Cary, NC) to compare treatment
means and particle size fractions. Pearson’s correlation coefficients of the correlation matrix

of C and N measured in particle size fractions were determined.

Results and Discussion

Distribution of primary particle-size fractions

Figure 1 shows that the distribution of the aggregate size classes (macro- and micro-
aggregates and silt+clay) within locations did not differ significantly. Percent recoveries of
samples relative to bulk soil fractionated ranged between 87 and 92% (data not shown).
Particle-size fractions (silt, coarse clay, fine clay, and silt+coarse clay) outside of aggregates
were not affected by tillage treatments in the Coastal Plain and Mountain. In contrast, the
percentage coarse clay under no-till (NT) in the Piedmont was half that under spring chisel
plow (SCP) or moldboard plow (MBP) (Fig. 2). Distribution of other particle-size fractions did
not differ in this location. Averaged across systems, between 3-5% of the total soil mass
fractionated from the conventional tillage systems in the three locations was comprised of
silt+coarse; 3-6% of coarse clay; and 1-3% of fine clay. Under minimal or no disturbance

systems (no-till and successional), average soil mass contributed by silt fractions in the three
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locations was between 3 and 4%; whereas coarse clay and fine clay respectively contributed
3 to 4 and 1 to 2% of the soil mass.

Tillage effects on the distribution of sand size particle-size fractions within macro-
(MPOM) and micro-aggregates (mPOM) were not significant in all locations (Fig. 3). The
proportions of MPOM in macroaggregates ranged from 81 to 94% for the Coastal Plain
location, 59 to 67% in the Mountain location, and 75 to 79% in the Piedmont location.
Corresponding proportions for mPOM were 68 to 89%, 46 to 74, and 81 to 89% in the
Coastal Plain, Mountain, and Piedmont locations, respectively. Tillage also had no effect on
the distribution of silt+clay size fractions (mineral associated organic matter, or MAOM) in
macro- (MMAOM) and micro-aggregates (MMAOM) in the Mountain and Piedmont
locations. Aggregate size effects were observed in the Piedmont location, however, where
the proportions of MMAOM were 1.3 and 1.4 times greater than mMAOM in the SCP and
NT systems, respectively (Fig. 3). In the Coastal Plain location, the distribution of silt+clay
size fractions in aggregates differed significantly among tillage systems; being of the order
NT ~ CT = CTO =S for MMAOMand CTO ~ CT = NT > S for mMAOM. The mMAOM proportion
was greater than MMAOM.

Kiem et al. (2002) found no significant within-location differences in the distribution
of particle-size fractions in three soils with similar climatic features but under different
management systems (fertilizer or organic amended versus unmanured or unfertilized) for

over 40 years. The soils in the authors’ study were two Luvisols and a Chernozem (or two
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Alfisols and a Mollisol in the US Soil Taxonomy System). Puget et al. (2000) also observed no
significant differences in the distributions of primary particles in aggregates from two silty
soils (Inceptisols; Eutric Cambisols in the FAO classification) in France. According to the
aggregate hierarchy of Tisdall and Oades (1982), binding agents in the < 0.002-mm diameter
range are not impacted by management practices (Stott et al., 1999). The absence of
statistical evidence for tillage effects on the distributions of silt, coarse clay and fine clay
fractions (outside aggregates) in the Coastal Plain and Mountain locations (Fig. 2), and in the
distribution of silt+coarse clay and fine clay fractions within aggregates in the Mountain and
Piedmont locations (Fig. 3), supports the findings of these authors.

There are possible explanations for the significant differences observed in the
distributions of coarse clay size fractions in the Piedmont (Fig. 2) or in the distribution of
silt+clay fractions within aggregates (mineral associated organic matter in the Coastal Plain
(Fig. 3). Gruver (2007) and Muruganadam (2007) observed higher clay contents in the
surface depths (0-7.5 and 0-10 cm, respectively) under MBP relative to SCP and NT systems
in this location. Gruver (2007) attributed this occurrence to soil inversion (differential
mixing of clay-rich B horizon with sandier A horizon soil) during tillage operations. Results
from the present study also suggest that erosion could be involved. Biomass removal under
CT, as opposed to leaving crop residues in place under NT to provide mulch and protection
for surface soil, results in bare soils that are susceptible to soil erosive forces which

transport soil and expose the finer textured soil below. The topography of the Piedmont
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region is rolling to hilly (Daniels et al., 1999); and long-term erosion under conventional
tillage under such circumstances can have significant consequences on clay content in the
surface soil. A possible explanation for the differences in distribution of silt+coarse clay in
macro- or micro-aggregates may be the possibility of incomplete dispersion of aggregates;
e.g. incomplete dispersion of macroaggregates from the other tillage systems relative to the
NT samples, or of microaggregates from the other tillage systems relative to those from the
CTO samples, during sonication. These results suggest that silt and clay contents do not
make major contributions to aggregate stability in the surface soil depth studied in these
locations. According to the aggregate hierarchy of Tisdall and Oades (1982), binding agents
in the clay (< 0.002-mm diameter) range are not impacted by management practices (Stott

et al., 1999).

Carbon and nitrogen composition of particle-size fractions

Tillage had no significant effects on C concentrations in particle-size fractions in the
Coastal Plain and Mountain locations; but C concentrations were greater in the fine clay
than silt+coarse clay particle-size fractions at each location (Fig. 4). In the Piedmont, there
were significant effects due to tillage and aggregate size. The C concentration in the
silt+coarse clay fraction was 2 times greater under NT than under MBP but not different
from the C concentration under SCP; whereas the C concentration in the fine clay fraction

was 2 times greater under NT than either MBP or SCP. The C concentrations under the NT
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system were greater in micro- than macro-aggregates. In, There were no significant
interaction effects at any location. The N concentrations were impacted by tillage and
particle size effects in the Coastal Plain and Piedmont locations (Fig. 5). In the Coastal Plain,
tillage had no effect on N concentrations in the silt+ coarse clay fraction; but N
concentration in the fine clay fraction was of the order CTO =S ~ NT = CT. In the Piedmont,
N concentration in the silt+coarse clay fraction was of the order NT ~ SCP = MBP; whereas
the order in the fine clay fraction was of the order NT > SCP = MBP. In both locations, N
concentrations under the different tillage systems were greater in the fine clay than
silt+coarse clay fraction (Fig. 5). Although tillage effects were not significant in the
Mountain, N concentrations were greater in fine clay than silt+coarse clay fractions; and
significant tillage x particle size interaction occurred, suggesting that tillage effects
depended on particle-size fraction.

The lower contents of C associated with the fine clay fraction under the SCP and
MBP systems relative to the undisturbed NT system in the Piedmont, where cultivation has
been used for 24 years (2 and 3 times longer than in the Mountain and Coastal Plain
locations, respectively), suggest that long-term cultivation affects the soil clay fraction.
Tillage practices under the SCP and MBP reduced the C associated with the fine clay
fraction. Tillage and other management practices in arable soils generally influence particle-
size fractions to a lesser extent than initial management practices in permanent vegetation

(Christensen, 2001). It is thus possible that the relatively short duration of management in
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the Coastal Plain and Mountain experiment sites may be responsible for the general lack of
significant effects on the C contents, and N contents to a greater extent, associated with
silt+coarse clay and the fine clay fractions.

The greater concentrations of C and N observed in the fine clay fraction relative to
the coarser fraction (silt+coarse clay) in this study agree with Christensen (2001); who
observed greater C concentrations in clay-sized than either silt- or sand-sized particles in
temperate arable soils. Organic C associated with the fine clay fraction has been described
as containing more microbial than plant derived substances and to play a greater role in
organic matter stabilization than does the silt+coarse clay fraction (Guggenberger et al.,
1994, 1995; Christensen, 2001). It is, therefore, possible that more humification occurred in
the fine clay than silt+coarse clay particles in these soils. These results are also in accord
with other findings (Elliott et al., 1991; Stemmer et al., 1998; Kiem et al., 2002); where
increasing C concentrations were observed with decreasing particle size. The present study
observed that the region-wide average proportion of silt+coarse clay was 5.8 times greater
than the proportions of fine clay (Fig. 2); whereas concentration of C or N was 1.9 times
greater in the fine clay than silt+coarse clay fraction (Fig. 4). These results suggest that the
fine clay particle-size fractions bind with organic matter more effectively than coarse
particle-size fractions in these soils.

The distribution of total soil organic C (SOC) and N (SON) pools among aggregate and

particle size fractions in this study are shown in Table 2. The proportions of SOC and SON
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derived from the particle size fractions decreased with decreasing particle size; i.e. from
silt+coarse clay to fine clay. These results suggest that only very small proportions of the
organic C and N in the surface depth studied were stored in the fine particle-size fraction
over the durations of the experiments. There were significant correlations between the SOC
(or SON) concentrations and the proportions of silt+coarse clay and fine clay in the
Mountain location; but none was observed in the Coastal Plain and Piedmont locations
(Table 3). Correlations between the SOC (or SON) and the C (or N) concentrations in size
fractions were significant in the Mountain location; whereas the correlations were not
significant in the Coastal Plain and Piedmont locations. Significant correlations among SOC
and SON and the proportions (of SOC and SON) coming from C and N in both particle size
fractions were also observed in the Mountain location; whereas significant correlations
between SOC and the proportions from fine clay C and silt+coarse clay N were observed in
the Piedmont. No significant correlations were observed for C and N pools in the Coastal
Plain location (Table 3). Christensen (2001) suggests that actual amounts of organic matter
in soils do not show direct relationships with the contents of silt+clay fractions or with the
distribution of SOC or SON in these fractions. Furthermore, soil type and management are
important factors affecting the relationship between silt, clay, and SOC concentrations

(Lorenz et al., 2008).
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Concentrations of C and N in particle-size fractions within aggregates

Figures 6 and 7 show the concentrations of C and N in silt+clay- (mineral associated
Cand N; MAC and MAN, respectively) and sand-sized (particulate organic C and N; POC and
POC, respectively) particles associated with macro- (Ma) and micro- (Mi) aggregates in the
three locations studied. Tillage effects on MAC were significant in all locations. There were
also significant effects due to particle-size fraction in the Piedmont and to the interaction
between tillage and particle-size fraction in the Mountain and Piedmont locations. In the
Coastal Plain, MAC associated with macroaggregates was of the order S= CTO > NT = CT;
and the order for MAC associated with microaggregates was similar: S= CTO ~ NT = CT (Fig.
6). In the Mountain location, MAC associated with macro- and micro-aggregates were of the
orders NTO = NTS > CTO = CTS = CT and NTO > CTO = NTS = CTS = CT, respectively. The MAC
content was greater in macro- than micro-aggregates under NTS (Fig. 6). In the Piedmont,
the orders for MAC associated with macro- and micro-aggregates were NT > SCP = MBP and
NT > SCP > MBP, respectively. The concentration of MAC associated with aggregates was
greater in macro- than micro-aggregates under the NT system in the Piedmont (Fig. 6).
Tillage effects on the concentrations of MAN were similar to the effects on MAC; i.e. the
concentrations of MAN in both macro- and micro-aggregates were generally greater under
undisturbed (NT or S) than disturbed or tilled systems in all locations (Fig. 7).

There were no significant effects of tillage on C and N in sand-sized particles (POC

and PON) associated with macro- and micro-aggregates in the Coastal Plain location; but
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there were significant effects in the Mountain and Piedmont locations (Figs. 6 and 7). In the
Mountain location, tillage effects on POC in macroaggregates were of the order NTO ~ NTS
~ CTO ~ CTS = CT; whereas effects on POC in microaggregates were of the order NTO > CTS
= NTS = CTO ~ = CT. In the Piedmont, the order for POC in macroaggregates was NT > SCP =
MBP; POC in microaggregates did not differ between tillage systems. As with MAC and
MAN, tillage effects on PON were similar to those on POC. However, PON in
macroaggregates did not differ between tillage systems in the Piedmont.

The generally greater concentrations of MAC/N and POC/N associated with macro-
and micro-aggregates under NT relative to CT may be related to mechanisms that result in
physical protection of organic matter. Aggregate disruption is much greater under CT, but
relatively inconsequential under NT, since tillage exposes soil aggregates to microbial attack
and OM loss. Other authors (Bayer et al., 2006; Cambardella and Elliot, 1992) have reported
greater values for both MAC/N and POC/N in surface soil depths under NT than CT.
Increased soil aggregation under NT reduces microbial biomass accessibility to OM and,
therefore, enhances physical protection of the OM fractions (Bayer et al., 2006). In a
separate but integral component of the assessment of the soils in this study, it was
observed that NT systems increased water stable aggregation and OM content of soils

relative to CT systems.
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Enrichment of particle-size fractions

Tillage did not impact enrichment factors for C (EC) associated with particle-size
fractions outside aggregates (silt+coarse clay and fine clay fractions not contained in macro-
and micro-aggregates) in all locations studied. There were also no tillage x particle-size
interaction effects in all locations but there were significant particle size effects in the
Coastal Plain and Mountain locations, where C enrichment was greater in fine clay than the
silt+clay fraction in most of the tillage systems (Fig. 8). In all tillage systems combined, the
EC factors were 1.3 to 2.7 times higher in fine clay than silt+coarse clay fractions. There
were significant effects due to tillage and particle-size fraction on EN in the Mountain
location, with values in the silt+coarse clay fraction of the order CTS ~ CT ~ NTS = NTO =
CTO; and the EN in the fine clay of the order CTS ~ CTO = CT ~ NTS = NTO. The EN values
were 1.1 to 2.8 times greater in the fine clay fraction than silt+coarse clay fraction in all
tillage systems in this location. Considering all locations together, the EN values were either
equal to or 1.1 to 1.4 times greater than the EC values in the silt+coarse clay or the fine clay
fraction. Although tillage effects on EC and EN were generally not significant (Figs. 8 and 9),
greater EC and EN values for fine clay relative to silt+coarse clay suggests that C and N were
more enriched in the fine clay than the silt+coarse clay fraction.

There were no tillage effects on EC in particle-size fractions contained in aggregates
in all locations (Fig. 10). However, EC in sand-sized particles (POC) was greater in micro-

than macro-aggregates under the disturbed or tilled systems (CT, CTO, and CTS) in the
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Mountain location (Fig. 10); and MAC was greater in macro- than micro-aggregates under
MBP but was lower in macro- than micro-aggregates under NT and SCP in the Piedmont
location. There were also no tillage or particle-size effects on C pools in the Coastal Plain
location. Tillage effects on EN in particle-size fractions in macro- and micro-aggregates did
not differ in the Coastal Plain and Mountain locations; but there were significant differences
in the Piedmont location (Fig. 11). However, there were particle-size effects in the Mountain
location where the EN in PON was generally greater in micro- than macro-aggregates (Fig.
11). The EN was significantly impacted in the Piedmont location; where the EN in MAN in
macro- and micro-aggregates was greater under NT than MBP (Fig. 11).

Enrichment factors for both C and N under undisturbed (untilled) and disturbed
(tilled) systems were greater in the fine clay than silt+coarse clay by 2-3, 2, and 1.1-1.4
times in the Coastal Plain, Mountain, and Piedmont locations, respectively. Averaged by
location, both EC and EN for combined particle-size fractions (fine clay plus silt+coarse clay)
were 1.3 and 1.1-1.2 times greater under CT than NT in the Mountain and Piedmont
locations, respectively; but EC was 1.1 times greater under CT than NT. The EC and EN
values under both NT and CT in all locations were also generally greater in finer fractions
(MAC and MAN) than in the sand-sized fractions (POC and PON) in both macro- and micro-
aggregates. Thus C and N enrichments were greater in the finer particle-size fractions than
the coarse fractions, suggesting that greater quantities of C and N are potentially

sequestered in fine clay or mineral associated organic matter than silt+coarse clay or
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particulate organic matter size fractions in these soils, irrespective of tillage system
(Christensen, 2001). Generally, EN values for both coarse and fine fractions were greater

than the corresponding EC values at all locations.

Carbon-to-nitrogen ratios

Wider C/N ratios were observed in the sand-sized (particulate organic matter in
macro- and micro-aggregates; POMy, and POM\;) than silt+clay-sized (mineral associated
organic matter in macro- and micro-aggregates; MAOMy, and MAOM;) fractions (Table 4).
The C/N ratios in the particulate organic matter (sand-sized fractions) were higher than the
C/N ratios in the silt+coarse clay or the fine clay fractions (not contained in aggregates),

suggesting the presence of partially decomposed organic matter in the sand-sized fractions.

Conclusions
This study assessed tillage effects on soil C and N distribution in silt+coarse clay and
fine clay fractions isolated from the surface 10 cm in three long-term experiments in the
Coastal Plain, Mountain, and Piedmont. Tillage did not have significant effects on the C and
N concentrations in particle size fractions in the Coastal Plain and Mountain locations; but
there were significant impacts in the Piedmont where tillage operations had been in place
for 24 years, 2-3 times longer than were employed in the Coastal Plain and Mountain

locations. The proportion of soil that comprised the silt+coarse clay fraction was greater
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than the proportion that was fine clay; but the fine clay-size fraction was quantitatively
more effective in sequestering SOC than the silt+coarse clay fraction, irrespective of tillage
system. No-till systems, alone or in combination with organic amendments, generally
contained more fine clay or silt+coarse clay associated C and N associated with particle-size
fractions in or outside aggregates. Therefore, no-till systems receiving organic amendments
can potentially increase C sequestration by increasing the concentration of C associated
with the fine clay particle-size fractions. Over the duration of the experiments, tillage
practices have not enriched the C contents of both silt+coarse clay and fine clay fractions.
The physical fraction procedure used in this study can differentiate the distribution of

organic C and N in particle-size fractions in under diverse tillage systems.
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Fig. 1. Aggregate size class distribution and mean weight diameter of wet-sieved samples from three long-term
experimental sites. Columns with the same or no letters indicate no significant difference between tillage
systems (p < 0.05). Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till; CTO: organic-amended CT;
S: successional system. Mountain systems/ CT: CT receiving no inputs; CTO: organic-amended CT; CTS:
synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT. Piedmont systems/ MBP:
moldboard plow; NT: no-till system; SCP: spring chisel plow.
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Fig. 2. Particle-size fraction distribution (not including sand particles) outside of macro- and micro-aggregates.
Columns with similar or no lower or upper case letters show no significant differences between tillage systems
or between fine clay and silt+coarse clay proportions, respectively (p < 0.05). Coastal Plain systems/ CT:
Conventional tillage (CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/ CT:
CT receiving no inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT;
NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel
plow.

127



140

120 L E MPOM Coastal Plain i
MR
100 | AR 8
- %
a0 b9 ] % 1
50 [0 ed bS]
[ o bS] 1
& ¢ K3 ‘o2
40 Yo% = k3 %!
[ K PR %% -
[ K > KX e
20 [554 el bS] =
[0 ed bS] 2
0 , [ L B4 , B
CTO NT S
System
g E 140 ;
o & 120 L Mountain i
w @
s @ 100 L E
@ 80 L .
£ '™ 60
a o
s 2 40
3 2 2
T =
o 6 0 N " L L :
o CT CTO CTS NTO NTS
140 . T
120 L Piedmont ¥
100 L 4
80 | e
80 | B o oo
RS 02 K]
P50 o2 K]
40 | X Sele) K]
RS 202! K]
20 | B o2 K]
[ s%e% o2 fee%
e 202! %%

NT
System

Fig. 3. Distribution of particulate and mineral associated organic matter. Columns with similar or no lower or
upper case letters show no significant differences between tillage systems or between particle-size fractions,
respectively (p < 0.05). MPOM, mPOM: sand size particles within macro- and micro-aggregates, respectively;
MMAOM, mMAOM: silt+clay size particles within macro- and micro-aggregates, respectively.

The sum of the proportions for each size fraction (e.g. MPOM + MMAOM, or mPOM + mMAOM) was slightly
greater, or less, than 100% in some fractions. Such slight differences are likely due to variabilities in
methodology and/or inherent soil properties.
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Fig. 4. Carbon concentrations in particle-size fractions in Coastal Plain, Mountain, and Piedmont locations.
Columns with similar or no lower or uppercase letters indicate no significant differences between particle-size
fractions or between tillage systems, respectively (p < 0.05). Coastal Plain systems/ CT: Conventional tillage
(CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/ CT: CT receiving no
inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-
amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow.
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Fig. 5. Nitrogen concentrations in particle-size fractions in Coastal Plain, Mountain, and Piedmont locations.
Columns with similar or no lower or uppercase letters indicate no significant differences between particle-size
fractions or between tillage systems, respectively (p < 0.05). Coastal Plain systems/ CT: Conventional tillage
(CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/ CT: CT receiving no
inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-
amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel plow.
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tillage systems/particle-size fractions, respectively (p < 0.05).
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Fig. 7. N concentrations in silt+clay- (mineral associated N; MAN) and sand-sized (particulate organic N; PON)
particles associated with macro- (Ma) and micro- (Mi) aggregates in Coastal Plain, Mountain, and Piedmont
locations. Columns with similar or no upper/lowercase letters indicate no significant differences between
tillage systems/particle-size fractions, respectively (p < 0.05).
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Fig. 8. Enrichment factors for C in Coastal Plain, Mountain, and Piedmont locations. Columns with similar or no
letters indicate no significant differences between particle-size fractions (p < 0.05). Coastal Plain systems/ CT:
Conventional tillage (CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/ CT:
CT receiving no inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT;
NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel
plow.
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Fig. 9. Enrichment factors for N in Coastal Plain, Mountain, and Piedmont locations. Columns with similar or no
uppercase letters indicate no significant differences between tillage systems; or with similar or no lowercase
letters indicate significant differences between particle-size fractions (p < 0.05). Coastal Plain systems/ CT:
Conventional tillage (CT); NT: no-till; CTO: organic-amended CT; S: successional system. Mountain systems/ CT:
CT receiving no inputs; CTO: organic-amended CT; CTS: synthetic-amended CT; NTO: organic-amended NT;
NTS: synthetic-amended NT. Piedmont systems/ MBP: moldboard plow; NT: no-till system; SCP: spring chisel
plow.
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Fig. 10. Enrichment factors for C in particle size fractions contained in aggregates. Columns with similar or no
upper/lower case letters indicate no significant differences between tillage systems/particle-size fractions,
respectively (p < 0.05). Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till; CTO: organic-amended
CT; S: successional system. Mountain systems/ CT: CT receiving no inputs; CTO: organic-amended CT; CTS:
synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT. Piedmont systems/ MBP:
moldboard plow; NT: no-till system; SCP: spring chisel plow.

PON Ma/MAN Ma (or PON Ma/MAN Mi): mineral associated (or particulate organic) N in macro- and micro-
aggregates, respectively.
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Fig. 11. Enrichment factors for N in particle size fractions contained in aggregates. Columns with similar or no
upper/lower case letters indicate no significant differences between tillage systems/particle-size fractions,
respectively (p < 0.05). Coastal Plain systems/ CT: Conventional tillage (CT); NT: no-till; CTO: organic-amended
CT; S: successional system. Mountain systems/ CT: CT receiving no inputs; CTO: organic-amended CT; CTS:
synthetic-amended CT; NTO: organic-amended NT; NTS: synthetic-amended NT. Piedmont systems/ MBP:
moldboard plow; NT: no-till system; SCP: spring chisel plow.

PON Ma/MAN Ma (or PON Ma/MAN Mi): mineral associated (or particulate organic) N in macro- and micro-
aggregates, respectively.
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Table 1. Tillage systems and selected chemical and physical properties for the 0 to 10 cm depth in

soils studied.
Systemt pH CECt+ SOC SON Sand Silt Clay Db
cmol kg™ gkl s i, /3 Mg m3
Coastal Plain

CTO 5.9 6.4 10.17 0.83 70.2  20.3 9.4 1.23
CT 6.1 5.6 9.47 0.67 67.3 23.6 9.1 1.30
NT 5.9 6.0 9.87 0.80 64.7 24.6 10.7 1.50
S 4.8 4.2 10.73 0.83 742 17.2 8.6 1.41

Mountain
CTS 6.1 6.7 8.63 0.73 576 202 221 1.18
CTO 6.3 7.4 9.25 0.80 53.0 23.2 23.8 1.17
NTS 6.0 7.6 11.03 0.95 50.9 26.9 22.2 1.13
NTO 6.9 10.5 15.85 1.48 521 266 213 1.15
CT 5.9 6.9 8.43 0.78 60.8 19.8 194 1.32

Piedmont
NT 5.9 6.0 10.60 0.98 569 261 171 1.41
MBP 54 4.6 5.20 0.53 50.7 269 224 1.31
SCP 6.1 5.9 6.68 0.65 58.1 183 236 1.25

tCoastal Plain systems/ CT, NT: conventional tillage and no-till practices, respectively; CTO: CT with

organic amendments; S: successional vegetation re-growth. Mountain systems/ CT: CT with no

inputs; CTO: organic-amended CT system; CTS: synthetic-amended CT system; NTO: organic-

amended NT system; NTS: synthetic-amended NT system. Piedmont systems/ MBP: moldboard

plow; SCP: spring chisel plow; NT: no-till.

t1CEC: cation exchange capacity; SOC/N: soil organic C or N; Db: bulk density.
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Table 2. Distribution of SOC and SON among aggregates and particle-size fractions.

System % SOC contribution % SON contribution
Mat Mi S+CC FC Total Ma Mi S+CC FC Total
Coastal Plain

CcT 47 b 17 19 4 87 50 23 23 6 101

CTO 60ab 26 19 5 109 56 26 19 5 105

NT 63 a 19 15 4 100 64 21 19 5 108

S 51ab 19 11 7 88 61 22 14 8 105
Mountain

CcT 51 27 17 7 102 42 26 24 7 100

CTO 67 19 6 6 98 66 19 8 8 101

CTS 60 37 18 8 123 68 44 25 10 147

NTO 55 10 6 2 73 55 12 7 2 77

NTS 53 38 8 6 105 52 38 10 7 107
Piedmont

MBP 27 41 22 5 95 27 38 29 5 100

NT 63 24 12 1 100 60 22 15 1 99

SCP 41 32 28 4 105 42 29 26 4 101

tMa: macroaggregates; Mi: microaggregates; S+CC: silt+coarse clay; FC: fine clay.

Note:The totals for each row (i.e. Ma + Mi + S+CC + FC) are slightly greater or less than 100%
in the table above. These differences are likely due to variabilities in methodology and/or

inherent soil properties.
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Table 3. Main correlations among soil organic C and N with the C and N contents and proportions of SOC and SON contributed by

particle-size fractions.

SON SCCC FCC SCCN FCN SCCprpn  FCprpn SCCC/SOC FCC/SOC SCCN/SON FCN/SON
Coastal Plain
SOC 0.88***  0.09 -0.09 0.24 -0.11 0.24 0.27 0.04 -0.36 0.04 -0.44
SON 0.13 -0.20 0.34 -0.16 0.05 0.05 -0.11 -0.42 -0.20 -0.55
Mountain
SOoC 0.98***  (0.58* 0.81***  0.49* 0.80*** -0.56* -0.60** -0.45 -0.71*** -0.51* -0.72%%*
SON 0.47* 0.76*** 0.41 0.77*** -0.50* -0.58** -0.46 -0.70** -0.52* -0.73%**
Piedmont
SOC 0.99***  0.25 0.51 0.50 0.48 -0.50 -0.26 -0.57 -0.61* -0.67* -0.48
SON 0.32 0.54 0.56 0.51 -0.57 -0.37 -0.52 -0.68* -0.66* -0.58

*, k® k*E: Significant correlations at p = 0.05, 0.01, and 0.001, respectively.

SOC, SON: soil organic C and N, respectively; SCCC (or SCCN), FCC (or FCN): C (or N) associated with silt+coarse clay and fine clay
fractions, respectively; SCCprpn, FCprpn: proportion of silt+coarse clay and fine clay particle-size fractions in mass of silt and clay
material (outside aggregates) fractionated, respectively; SCCC/SOC, FCC/SOC, SCCN/SON, FCN/SON: proportions of SOC (or SON)
contributed by C (or N) associated with silt+coarse clay and fine clay fractions, respectively.
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Table 4. C/N ratios for organic matter associated with particle-size fractions within and outside aggregates

from the 0 to 10 cm soil depth at three locations.

System"’ SCCt+ FC POMMa POMMi MAOMMa MAOMMl

Coastal Plain

CT 12 10 18 13 10 aA 9 bB
NT 10 10 13 13 10 ab 10 ab
CTO 12 10 12 6 10 aA 8 bB
S 11 10 11 21 10ab 10a
Mountain
CT 8B 10A 30ab - 9ab 9a
CTO 9 9 15ab 6 10 ab 9a
CTS 8 9 7b 10 10a 10a
NTO 8 9 13 ab 15 9b 8b
NTS 9 10 19 ab 16 10 ab 10a
Piedmont
MBP 7B 10A 9 1 10aB 12 aA
SCp 9 10 11 29 9b 10c
NT 8B 10A 13 12 10a 11b

tCoastal Plain systems/ CT, NT: conventional tillage and no-till practices, respectively; CTO: CT with organic
amendments; S: successional vegetation re-growth. Mountain systems/ CT: CT with no inputs; CTO: organic-
amended CT system; CTS: synthetic-amended CT system; NTO: organic- amended NT system; NTS: synthetic-
amended NT system. Piedmont systems/ MBP: moldboard plow; SCP: spring chisel plow; NT: no-till.

t1SCC: silt+coarse clay fraction; FC: fine clay fraction; MAOM,,,, MAOM;/ POMy,,, POM\;: mineral associated
(or particulate) organic matter in macro-/micro-aggregates, respectively. Values with similar or no lower- or
uppercase letters indicate no significant differences between tillage systems (under columns) or between

particle-size fractions (across rows) (p < 0.05).
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CHAPTER IV
MULTIVARIATE ANALYSIS OF SOIL FACTORS INFLUENCING AGGREGATE STABILITY AND

ORGANIC CARBON CONTENT IN DIVERSE AGROECOSYSTEMS

Abstract

Many factors control water stable aggregation (WSA) and soil organic matter
content (SOM) in diverse agroecosystems. This study used principal component analysis
(PCA) to assess soil factors affecting WSA and SOM in the 0 to 10 cm depth in a Wickham
sandy loam (fine-loamy, mixed, semi active, thermic Typic Hapludult), Delanco fine-sandy
loam (fine-loamy, mixed, mesic, Aquic Hapludult), and Wedowee sandy clay loam (fine,
kaolinitic, thermic Typic Kanhapludult); representing North Carolina Coastal Plain,
Mountain, and Piedmont locations, respectively. Variables defining principal components
(PCs) were used in multiple linear regressions (MLR) to predict SOC and MWD, an index of
WSA. Four and three PCs together explained 82 and 70% of total variations among 11
variables examined in PCAs on MWD and SOC, respectively. Significant relationships existed
between MWD and non-crystalline Fe (hydr)oxides, hot water extractable C (HWEC), and
SOC and bulk density in the Coastal Plain, Mountain, and Piedmont, respectively; whereas
SOC related with clay in the Coastal Plain, humic matter in the Piedmont, and HWEC in all
locations. The HWEC, which measures potentially bioavailable C, was 1.6 and 1.4x greater in

the Coastal Plain than Mountain and Piedmont, respectively; and MWD was 1.3 and 1.4x
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greater in the Coastal Plain and Mountain, respectively, than Piedmont. The SOC ranged
from 10.1 to 13.7 Mg ha " but did not differ among locations. These results indicate that
organic amendments can enhance MWD and SOC in these soils; and illustrate the

usefulness of PCs in estimating WSA and SOC in diverse agroecosystems.
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Introduction

Soil aggregation and SOM content affect vital properties and functions of the soil.
Aggregates protect SOM through physical protection and chemical and biochemical
stabilization (Christensen, 1996). Soil organic matter influences nutrient cycling, water
retention, C sequestration, energy availability to soil microorganisms, and environmental
guality maintenance (Mitchell et al., 2000; Olk and Gregorich, 2006). Soil properties such as
bulk density, cation exchange capacity (CEC), aggregate stability, and biological activity
(Mitchell et al., 2000) are also influenced by SOM. The interaction of SOM with soil mineral
components is a determining factor of aggregation and other properties (Ellert and Bettany,
1995). Chemical stabilization results from chemical or physicochemical binding between
SOM and soil minerals. Key factors in chemical stabilization of organic C and N include clay
content and type (Feller and Beare, 1997). Physical protection occurs when aggregates form
physical barriers between microbes and enzymes and their substrates, and thus control
food web interactions and microbial turnover (Elliott and Coleman, 1988). Soil organic
matter is protected in free microaggregates (< 50 um) (Balesdent et al., 2000) and in
microaggregates within macroaggregates (Six et al., 2000b). Thus formation of
microaggregates within macroaggregates and, therefore C stabilization within these
microaggregates, is reduced by rapid turnover of macroaggregates (Six et al., 2000b).
Biochemical stabilization is due to the chemical composition of soil organic materials (e.g.

recalcitrant compounds such as lignin and polyphenols) and occurs through processes such
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as condensation and complexation of decomposition residues in soil. Thus the inherent or
acquired resistance to biochemical decomposition of this pool of SOM makes it stable (Six et
al., 2002).

Many studies (Chaney and Swift, 1984; Albiach et al., 2001; Duiker et al., 2003) have
reported significant relationships between aggregation and SOM, while other authors
(Retzer & Russell, 1941; Guidi et al., 1988) found no relationships. Other factors that have
been reported to influence aggregation and SOM content include clay content (Horn et al.,
1994; Kay, 1997), aluminum (Al) and iron (Fe) (hydr)oxides contents (Despande et al., 1968;
Arias et al., 1996; Duiker et al., 2003; Igwe and Stahr, 2004; Barthés et al., 2008), soil bulk
density (Idowu, 2003; Celik, 2005), exchangeable ions, clay mineralogy, and soil profile
depth (Kay, 1997). Soil texture and structure (Lal, 2004) are the main soil factors affecting
SOM dynamics. Climate and management factors affect both aggregate stability and SOC
content (Kay, 1997; Lal, 2004).

Different investigators (Ovalles and Collins, 1988; Nwadialo and Mbagwu, 1991;
Mbagwu et al., 1994; Barthés et al., 2008) have used principal component analysis (PCA), a
multivariate analysis technique used to reduce large amounts of variables to a few major
components, to study relationships among variables, including aggregate stability. Using
this technique, the few major components retained after conducting the analysis are
uncorrelated and generally account for the bulk of the variation among the variables
examined. Knowledge of the few principal components can be used, without loss of vital

information and in place of the many properties, since they account for the bulk of the total
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variation among the many properties. Information about the application of PCA to describe
the principal soil components that account for the bulk of the variations in soil aggregate
stability and SOM content for soils of the southeastern US coastal plain, mountains, and
piedmont regions is not common. Such information is, however, useful for approaching
management-related issues of ecosystem sustainability, soil quality and productivity, and
biogeochemical cycles for C and related nutrients in these soils.

The objective of this study was to evaluate soil factors that characterize soil
aggregate stability and SOM in diverse agroecosystems in the three physiographic regions
studied, using the PCA technique. The model of aggregate formation proposed by Edwards
and Bremner (1967) suggested that polyvalent cation bridges bind clay to clay (clay-pc-clay),
organic matter to organic matter (OM-pc-OM), or clay to organic matter (clay-pc-OM)
complexes to form organo-mineral micro aggregates. Since organically-bound Al and Fe
(hydr)oxides are extracted along with non-crystalline Al and Fe (hydr)oxides (Jackson et al.,
1986; Skjemstad et al., 1989), it was hypothesized in this study that non-crystalline
(hydr)oxides of Al and Fe were contributing factors to soil aggregation and SOM stabilization

in the soils studied.

Materials and Methods

Soil sampling and analysis

This study was conducted in experimental plots at the Farming Systems Unit of the
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Center for Environmental Farming Systems (CEFS) near Goldsboro in Wayne County (Coastal
Plain); the Mountain Horticultural Crops Research Station (MHCRS) near Mills River in
Henderson County (Mountain); and the Upper Piedmont Research Station (UPRS) near
Reidsville in Rockingham County (Piedmont) in the state of North Carolina. The
experimental plots at the CEFS Farming Systems Unit, MHCRS, and UPRS were initiated in
1999, 1995, and 1984, respectively. Soil samples were collected from the 0 to 10 cm depth
of diverse tillage systems representing these locations. Three samples were taken from
either previously geo-referenced points (at CEFS) or around 3-6 randomly assigned and
demarcated sampling points selected within defined landscape positions in each treatment
replication (in the experimental plots at MHCRS and UPRS. The experimental design studied
at the CEFS site consisted of four treatments in three replications: NT (no-till with Best
Management Practices (BMP)); CT (conventional tillage with BMP); Org (organic farming
system under CT); and S (succession or forest re-growth system). At MHCRS, there were
four replications of five treatments: CTS (conventional tillage with synthetic amendments);
CTO (conventional tillage with organic amendments); NTS (no-till with synthetic
amendments); NTO (no-till with organic amendments); and CT (conventional tillage with no
inputs; neither synthetic nor organic amendments). However, the CTO treatment was not
included in this study. At UPRS, three treatments in four replications were studied: NT (no-
till), SCP (spring chisel plow), and MBP (moldboard plow).

Aggregate stability was measured on moist soil samples using the method of Yoder
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(1936) as modified by Haynes (1993). Briefly, four nests of three 12.5-cm diameter sieves,
each nest consisting of a No. 10 sieve (2-mm diameter), No. 60 (0.250-mm diameter), and
No. 270 (0.053-mm diameter) were mounted on a shaking device, with the largest sieve on
top and the smallest at the bottom. Thirty-five g samples (oven dry equivalent) of field-
moist soil (4-8mm aggregates size) previously stored at 4°C were placed on the largest size
of each nest of sieves. After small roots and other obvious plant residues were removed,
each nest of sieves was slowly lowered into distilled water in the Plexiglas cylinder, making
necessary adjustments to the water volume in the cylinders, so that soil samples on the
topmost sieves were just covered with water when the lift mechanism on the sieving device
was at the highest point of oscillation. The device was left in this position for 5 min to allow
pre-wetting. Then the samples were sieved by a raising and lowering action of samples in
and out of the water through a distance of about 3.5 cm at a rate of 34 oscillations per min
for 15 min, after which the device was stopped and the sieves raised out of the water to
allow draining to occur. The contents remaining on each sieve were backwashed separately
into small, aluminum foil trays and poured into labeled, pre-weighed, wide-mouth 120-mL
plastic sample cups. The samples were separately weighed and freeze dried. The
percentage of soil remaining on each sieve was calculated after excluding the fraction > 4
mm. The respective values obtained were designated as the water stable aggregate size
distribution, in g aggregate size class per kg bulk soil, between 2.0 to 4.0, 0.250 to 2.0, and

0.053 to 0.250 mm. Aggregate stability was expressed as mean weight diameter (MWD),
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which values were calculated as follows:

MWD = 3(proportion of sample retained on sieve x size class midpoint or mean

diameter of the size fraction)

The size class midpoints (mean intersieve diameters) were calculated as follows:
((4.0+2.0)/2), ((2+0.250)/2), ((0.250+0.053)/2), and ((0.053+0)/2), or 3.0, 1.125, 0.152, and
0.027 mm, respectively. Mean weight diameter was used to express aggregate stability
because of its high degree of sensitivity (Conaway and Edward Strickling, 1962) and because
of the relative ease of using a single value in comparing different soils and management
practices.

Oven dry equivalent masses of air-dry whole soil and of freeze-dried samples of
aggregate size materials were finely ground and their respective total C concentrations
were determined by direct combustion in a Perkin—Elmer 2400 CHN analyzer. To obtain
sand-free aggregate materials, eliminate the influence of texture and enhance across-region
comparisons on aggregates, samples of aggregates were dispersed in 0.5% (w/v) sodium
hexametaphosphate (SMP). Sand corrected weights of aggregates were calculated
according to Wick et al. (2009) using the following relationship:

Sand corrected weight = aggregate weight — ((weight of sand + weight of SMP-

dispersed soil sample) x aggregate weight)

Sand-free C in aggregate size classes were calculated according to Denef et al. (2001) using

the relationship:
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Sand-free C concentration in fraction = C concentration in fraction/(1 — sand

proportion in fraction).

Aluminum (Al) and iron (Fe) (hydr)oxides were determined using the citrate-
ascorbate (CA) method of Reyes and Torres (1997) as described by Six et al. (2000b); and
free Al and Fe were determined using the dithionite/citrate extraction method according to
Blakenmore et al. (1987). The acid ammonium oxalate (AOD) method is effective for
extracting non-crystalline as well as organically-bound Fe and Al (hydr)oxides (Jackson et al.,
1986; Skjemstad et al., 1989) and has, therefore, been used in most studies examining these
forms of Fe and Al in soil (Six et al., 2000b). The citrate-ascorbate (CA) method extracts
similar amounts of non-crystalline components extracted by the AOD method but is a
simpler method, has higher selectivity for these components, and does not contain toxic
chemicals (Reyes and Torrent, 1997; Six et al., 2000). Hence it was used in this study.
Dithionite/citrate extractable Fe and Al (hydr)oxides contain all (whether crystalline, poorly
crystalline or organically bound) (hydr)oxides of Fe and Al (Skjemstad et al., 1989). To
determine noncrystalline Fe and Al (hydr)oxides in bulk soil samples, 40 mL of pre-mixed 0.2
M sodium citrate—0.05 M sodium ascorbate solution (pH 6) was added to each of 200 mg
(oven-dry weight) air-dry soil samples previously weighed into 50-mL polypropylene
centrifuge tubes. The contents were placed on a gyrating shaker and shaken at 200 rpm.
After 16 h shaking, the suspensions were centrifuged at about 26900 relative centrifugal

force (rcf) for 15 min and the supernatant was decanted and analyzed for noncrystalline Fe
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(noncrys-Fe) and Al (noncrys-Al) by inductively coupled plasma spectrometry. One gram
sodium dithionite and 40 mL of 0.75 M sodium citrate were added to the residues in the
tubes. The tubes were again shaken for 16 h and the suspensions centrifuged at 26900 rcf
for 15 min. The supernatants were decanted and analyzed for “free” Fe (free-Fe) and Al
(free-Al) (Blakenmore et al., 1987). The methods of Ghani et al. (2003) and Chan and
Heenan (1999) were used to determine hot water extractable C (HWEC). Soils in this study
were generally at pH 6.5 or less and low in carbonates. Therefore, total C was assumed
equal to organic C.

Particle size distribution in the samples was determined according to the method
Gee and Bauder (1986). Determination of CEC soil pH, and exchangeable bases in bulk soil
were performed by the North Carolina Department of Agriculture and Consumer Services
(NCDA&CS). At NCDA&CS, CEC (expressed as milliequivalents per 100 g soil; meq 100 g ) is
reported as the summation of extractable K, Ca, Mg, Na, and acidity. A buffer procedure is
used to directly determine the meq of extractable acidity; while an extraction procedure is
used to determine the meq of K, Ca, Na, and Mg (Mehlich, 1978). The chloroform
fumigation extraction method, according to Vance et al. (1987), was used to determine soil
microbial biomass C (BMC) on moist bulk soil samples without the subtraction of controls.
Field moist samples (aggregates or bulk soil) that have been previously stored at 4°C were
used in the extraction for MBC. Table 1 describes the tillage systems sampled and selected

physical and chemical properties for samples from each study location. Soil properties were
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separately determined on samples collected from different tillage systems in the three

locations studied.

Principal component and statistical analyses

Basically, PCA is an exploratory technique which returns new variables, called
principal components (PCs) or axes, summarizing the information contained in a set of
variables that were originally entered for analysis. The new variables will be fewer than the
initial set of variables and will be linear combinations of the initial variables. In this study,
two separate PCAs were performed: one for SOC and the other for MWD. There are 10
variables for each PCA: bulk density (Db), microbial biomass carbon (MBC), non-crystalline
aluminum (ncrys_Al), non-crystalline iron (ncrys_Fe), humic matter (HM), hot water
extractable carbon (HWEC), cation exchange capacity (CEC), soil pH, percent sand content
(Sand), and percent clay content (Clay). However, MWD was added to these 10 variables, so
that there are 11 variables in the PCA for SOC. Similarly, SOC was included in the PCA for
MWD, making 11 variables. The intention was to perform a PCA on 11 variables (a
combination of physical, chemical, and microbiological soil properties) to determine
whether a smaller number of variables (the PCs) can adequately account for most of the
variation among the initial 11 variables. The resulting PCs will then be used as the predictor
variables (to predict MWD or SOC) in the respective multiple regression analyses. All of

these factors are reported elsewhere in the literature to be involved in WSA and/or C
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sequestration.

The SAS software was used in the application of the PCA procedure in this study.
Since PCA is a variable reduction procedure, a correlation matrix was first developed to
identify all variables that were significantly correlated and, therefore, possibly measuring
the same construct and introducing some redundancy in those variables. The second step
involved the computation of Eigen values, which are the variances of the principal
components (PC). Of the 11 variables examined in this study, the first few components that
were thought to meaningfully explain most of the variation among the variables examined
were retained for interpretation and for use in subsequent regression analysis. The
Mineigen or Kaiser criterion (Kaiser, 1960), wherein the number of components with Eigen
values > 1 is used to explain correlations among the variables examined, was used to
determine the number of components to retain in the PCA. According to the principles of
PCA, the first PC will explain most of the variation among the variables examined. The
second PC will explain the majority of the variations that the first PC did not explain.
Similarly, subsequent PCs will explain the majority of the variations that previous PCs did
not explain. Subsequent PCs will not correlate with previous PCs but each PC may correlate
with variables with which other PCs do not correlate. Thirdly, PC loadings (or eigen vectors),
which are correlations of the measured variables and the PCs, are produced in a new
correlation matrix. Varimax rotation was then applied to the PC loadings so as to make the

PC loadings orthogonal or uncorrelated. Varimax rotation enhances PC loadings on
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variables; e.g. can maximize PC loadings that are already high and lowers those that are
already low (Hali and Rao, 1992). In this way, Varimax rotation can make interpretation of
the PCA easier. Considering the general guidelines for significance of component loadings as
outlined in Hair et al. (1987) regarding the ratio of observations to variables (about 3:1 in
this study), an arbitrary cut-off point of 0.50 was used as criterion for declaring significance
of PC loadings for interpretation. That is to say that a PC loading was considered as
significant if its absolute value was > 0.50. Use of cut-off values are also discussed in Stevens
(1986) and Peres-Neto et al. (2003). Further, any variable on which more than one PC
loading occurred following the imposition of the 0.50 cut-off criterion was not included in
the interpretation of the PC loadings, since such variables will not give a “pure”
measurement of any single component (O'Rourke et al., 2005). Finally, all “surviving” or
remaining variables with high loadings on the respective PCs were reviewed in order to
determine common relationships between these variables or what each of the retained
components measured. This step involved identification of the variables with high loadings
for each component, and determination of underlying or common relationships between
these variables.

Using the SAS software (Proc Reg), multiple linear regression equations were
developed, via stepwise regression, in order to obtain quantitative relationships between
MWD (or SOC) and variables on which the PCs loaded (referred to in this study as the

component defining variables or CDVs); in order to identify which variables can adequately
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predict MWD or SOC. The CDVs were used as independent variables while MWD and SOC
were dependent variables. The Proc Mixed procedure was used to determine overall
location effects on the CDVs. Finally, Pearson moments correlation coefficients between the
component defining variables and SOC and MWD were determined according to location. In
this study, MWD was used to express water stable aggregation and SOC to characterize soil

organic C concentration.

Results and Discussion

Location effects on SOC and MWD, the two variables on which the PCAs were run,
are shown in Fig. 1. The figure shows that SOC did not differ among locations but that MWD
was significantly greater in the Coastal Plain and Mountain than the Piedmont.

The correlation matrices of the PCAs for MWD and SOC (Table 2) show variables
with significant correlations in each PCA. Since PCA is a variable reduction procedure,
several pairs or sets of these significantly correlated variables are possibly measuring the
same constructs and are, therefore, introducing redundancies in the full set of variables. For
instance, in the correlation matrix of the PCA on MWD, Db showed positive correlations
with HM, HWEC, and sand; and positive correlations with CEC, pH, clay, and non-crystalline
Fe (hydr)oxides. Soil organic C showed positive correlations with HM, HWEC, and CEC; while
MBC showed no significant correlations with any other variable in the correlation matrix. In

the correlation matrix of the PCA on SOC, non-crystalline Al and Fe (hydr)oxides showed
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significant positive correlations with each other and with clay content; while Fe (hydr)oxides
showed significant negative correlation with sand content. There were significant positive
correlations between MWD and HWEC and between humic matter (HM) and Db. Soil pH
was negatively correlated with Db but positively correlated with CEC and non-crystalline Fe
(hydr)oxides. Microbial biomass C did not significantly correlate with any other variable in
the correlation matrix. The final results of the PCAs will, therefore, be expected to remove
the redundancies among the complete sets of variables in both PCAs and produce fewer
variables in each case.

Based on the Mineigen criterion, four orthogonal PCs explained the variations
among the 11 soil variables examined in the PCA for MWD. The first, second, third, and
fourth PCs respectively explained 38, 21, 13, and 10% of the total variation among the
variables. Together, the four PCs explained 82% of the total variation (Table 3). In the PCA
for SOC, three orthogonal PCs together explained 70% of the total variation among the 11
soil variables examined. The first PC explained 39% of the total variance, the second 20%,
and the third 11%. Thus only the first four and three PCs were retained for interpretation of
the results of the PCAs on MWD and SOC, respectively.

Principal component loadings on variables after Varimax rotation are shown in Table
4. Principal component loadings are correlations between PCs and the variables that load on
them; and they show the relative importance of each examined variable within a PC.

Following the criteria for declaring significance of PC loadings (namely, that a PC loading
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was considered significant if its absolute value was > 0.50; and that any variable on which
more than one PC loading occurred following the imposition of the 0.50 cut-off criterion
was not included in the interpretation of the PC loadings), the underlined PC loadings in
Table 4 were declared as significant. In the PCA on MWD, the remaining or “surviving”
variables that made up the significant PC loadings under the first PC were CEC, pH, sand,
and Db. The other surviving variables were non-crystalline Al and Fe (hydr)oxides under the
second PC; SOC and HWEC under the third; and MBC under the fourth. In the PCA on SOC,
the “surviving” variables were clay, sand, and non-crystalline Al and Fe (hydr)oxides under
the first PC; MWD, HWEC, and MBC under the second; and HM, Db, and pH under the third.
Examination of these surviving variables, also called in this study the PC defining variables
(PCDVs) suggests that the “surviving” variables under each PC in the two PCAs are related to
MWD and SOC (Table 4).

Mbagwu et al. (1994) used the variables with the highest PC loadings to interpret
the results of a PCA performed on MWD in some Italian soils. The authors suggested that
these variables would provide the best relationship between MWD and the initial set of
variables examined in the PCA. Applying the concept to the present study (Table 4), it is
observed that CEC, non-crystalline Al, SOC, and MBC control MWD; while non-crystalline Al,
MWD, and HM control SOC across the locations studied. However, biplots are also a useful
tool in PCA and since they allow for visual examination of patterns in data matrices (Gabriel,

1971), they can provide more information as well as permit comparison of patterns in
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different locations. To enhance the interpretation of the results of the PCAs in the present
study using biplots, MWD and SOC values have been added as references to the biplots,
resulting in three-dimensional plots (Figs. 2 and 3). Each biplot consists of a vector for each
row and a vector for each column in each matrix of PC loadings (Gabriel, 1971). Examination
of the biplot presented in Figs. 2 and 3 suggest the presence of some clustering or patterns

in the PCs.

Interpretation of PCs based on values for MWD

In the biplot with MWD as reference (Fig. 2), there seems to be a general change in
direction or “slope” of the points (each representing positions or coordinates for PC1, PC2,
and MWD) from positive or high to negative or low values along PC1. Greater values of
MWD in the no-till system with organic amendments (NTO), in the Mountain location seem
to occur in a band at the furthermost end (where PC1 = 2.12) and on the positive portion of
the PC1 axis (Fig. 1). Values of MWD at these points range from about 1.06 to more than
1.38 Mg ha . This band is followed by the band of points from the no-till system with
synthetic amendments (NTS); this next band occurs around the point where PC1 = 0.78. The
corresponding values for MWD at these points range from about 1.04 to 1.06 Mg hat. The
last band of points is for those from the conventional tillage systems with synthetic
amendments (CTS) and with no inputs (CT). This band occurs almost at the positive-negative

boundary and into the negative portion of PC1. With regard to PC2, practices in the
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Mountain location generally tend to occur on the positive side.

The patterns observed in tillage systems in the Mountain location in the biplot
suggest that among the variables defining PC1 (CEC, pH, sand, and Db), some have positive,
while others have negative, impacts on MWD; whereas both variables defining PC2 (non-
crystalline Al and Fe (hydr)oxides) have positive influences on MWD. The CEC and pH were
both significantly greater in the Mountain than either Coastal Plain or Piedmont location
(Table 5). Levy and Miller (1997) studied the aggregate stability in the 0- to 10 cm depth of
soils from the Piedmont, Mountain, and Coastal Plain regions of Georgia; and related
stability in these soils to the high CEC of “2:1 type clay impurities” which have been
reported to favor aggregation. The CEC in the soils in the authors’ study ranged from 1.9 to
11.3 cmol. kg™*. The ranges of CEC values for the soils in the present were 4.2 to 6.4, 6.9 to
10.5, and 4.6 to 6.1 for the Coastal Plain, Mountain, and Piedmont, respectively (Table 1);
and seem to be of similar range to that of Levy and Miller (1997). Weed and Nelson (1962)
observed the occurrence of “chlorite-like intergrade” minerals in the surface 10-cm depths
of soils occurring in the locations in the present study. The CEC in the soils studied by Uribe
and Cox (1988) in their study of the effects of CEC and HM on potassium availability indices
in seventeen soils from the Coastal Plain, Piedmont, and Mountain regions of North
Carolina ranged from 2.2 to 12.9 cmol, kg_l. Many studies (Chaney and Swift, 1984; Albiach
et al., 2001; Duiker et al., 2003) have reported significant links between aggregation and

SOC. This study also found a significant correlation (r = 0.59) between SOC and MWD in this
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location; and (r = 0.52) between MWD and CEC (Table 6). Therefore, the effect of CEC on
MWD in these soils may also be via the relationship between CEC and SOC in soils with low
SOM. Investigating the nature of the exchangeable hydrogen in SOM in 18 soils from the
Atlantic Coastal Plain, Kamprath and Welch (1962) observed a high correlation (r = 0.89)
between SOM and CEC; reporting that 55% of the total CEC of the soil at pH 7 came from
SOM. The authors suggested that in low SOM status soils with low clay content, the little
SOM present can still be an important source of CEC. Evangelou and Blevins (1985),
studying soil-solution exchange phase interactions in NT with annual N fertilizer
amendments, NT with no N fertilizer amendments, and CT with no N fertilizer amendments
in a field experiment on a Maury silt loam (Typic Paleudalfs) at the Kentucky Agricultural
experiment Station Farm at Lexington, Kentucky, observed that CEC increased with SOM
build-up under NT. Soil CEC is influenced by pH, generally increasing as soil pH increases;
this suggesting a positive influence of pH.

The variables that can negatively influence MWD in the Mountain location are sand
and Db, since these have negative loadings on PC1 (Table 4). However, the influence of
these two variables will be discussed under the Coastal Plain and Mountain locations, since
sand content is significantly greater in the Coastal Plain than in either Mountain or
Piedmont location; and Db is significantly greater in the Coastal Plain and Piedmont
locations than in the Mountain location (Table 5).

The positive influences of non-crystalline Al and Fe (hydr)oxides) on MWD is related
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to the role of these minerals in linking clay particles and organic molecules together to form
microaggregates. Aluminum and Fe (hydr)oxides are involved in bridging the generally
negatively charged clay surfaces and anionic groups of polymeric organic matter in soil, such
as in the OM-(Al, Fe)-clay or clay-(Al, Fe)-clay or OM-(Al, Fe)-OM complexes (Edwards and
Bremner, 1967). Several studies (Deshpande, 1964; Hsu, 1989; Arias et al., 1996) have
suggested that the Al (hydr)oxides are more effective than Fe (hydr)oxides in aggregate
formation, since Fe (hydr)oxides do not generally occur as cementing but discrete crystals in
soil. However, Lutz (1936) suggested the involvement of Fe (hydr)oxides as cementing
agents in soil aggregation in soils from locations in the regions of this study. Mbagwu also
(1999) suggested that “any cementing agent” can enhance soil aggregation. Duiker et al.
(2003) found that non-crystalline Fe (hydr)oxide may stabilize soil more effectively than free
Fe and that non-crystalline Fe (hydr)oxides may be more influential than SOC on water
stable aggregation in low SOM status soils. This study did not, however, observe any
significant correlations between MWD and Al and Fe (hydr)oxides (Table 6).

The practices in the Coastal Plain location are positioned along the mid-point of PC1
(from the positive end around the 0.78 point for PC1) to the furthermost negative point
(where PC1 = —1.89). In this location, best management practices under no-till (NT1) and
under conventional tillage (CT1), as well as the organic farming system under conventional
tillage (CTO) appear to be “mixed” together, with the CTO points are even difficult to spot in

the figure. These points form a band along PC1, where PC1 ranges from —0.55 to +0.78. The
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successional system (S) occurs further down the negative portion, from just about —0.55 to
the end of the axis (PC1 = —1.89). Along PC2, all the systems in this location generally occur
on the negative portion of PC2. Tillage practices in the Piedmont generally tend to occur
along the negative side of PC1 but on the positive side of PC2; except the MBP system
which occurs clearly on the negative side of PC2.

The “mixing” together of points or bands suggest a combination of interaction or
counteraction of the influences of the variables that define PC1 and PC2. Sand content was
significantly greater in this location than in the Mountain or Piedmont (Table 5); and there
are reports (Kemper and Koch, 1966) that discrete sand grains may act as aggregates, in this
way contributing to the proportion of water stable aggregates. The potential contribution
by sand to aggregate stability may explain the necessity for sand correction in aggregate
stability experiments (Seybold and Herrick, 2001; Marquez et al., 2004). In the present
study, no sand corrections were made for soil masses. However, in other related studies
(e.g. Chapter1: Tillage effects on water stable aggregates and aggregate associated
microbial biomass carbon and nitrogen), proportions of sand-corrected aggregates in bulk
soil were always lower than non sand-corrected aggregates. Seybold and Herrick (2001) also
measured water stable aggregation in soils (surface 7.6 cm) from different regions in the
United States and reported lower quantities of sand-corrected aggregates in bulk soil than
in non sand-corrected aggregates. The negative correlation returned in the PC loadings

(Table 4) suggests that MWD has a negative relationship with sand content. A significant
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negative correlation (r = —0.60) between sand and MWD was also observed in this location
(Table 6).

Because of the generally positive relationship between SOM content and aggregate
stability (e.g. Chaney and Swift, 1984; Albiach et al., 2001; Duiker et al., 2003), a negative
relationship between Db and MWD may be generally expected. Idowu (2003) found
significant negative linear correlations between aggregate stability index and Db in the 0 to
10 cm depth of an Alfisol in Nigeria. Celik (2005), studying the effects of different land uses
(cultivated, pasture, and forest) on SOM and physical properties in the 0 to 20 cm depth of a
Typic Haploxeroll in Turkey, observed an increase in bulk density and attributed this to a
decline in MWD. The present study did not find any significant correlations between Db and
MWD, with the exception of a significant correlation between Db and SOC (r = 0.66) in the
Piedmont location (Table 6). The occurrence of the band of points (for all systems in this
location) on the same side of the PC2 axis, suggests that the variables that describe PC2 (i.e.
non-crystalline Al and Fe (hydr)oxides) affect the systems in similar way. Although the
masses of non-crystalline Al and Fe (hydr)oxides) are significantly greater in the Mountain
and Piedmont locations than the Coastal plain (Table 5), a significant correlation was
observed between MWD and non-crystalline Fe (Hydr)oxides in the Coastal Plain (Table 7).
The involvement of non-crystalline Fe (Hydr)oxides in bridging clay and organic matter
molecules to form aggregates has already been mentioned.

Because tillage practices in the Piedmont generally tend to occur along the negative
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side of PC1 but on the positive side of PC2, it is speculated that a decrease in the amounts
of one or more of the variables defining PC1 and/or an increase in one or both factors
defining PC2 results in increased MWD in the location. Similarly, an increase in the amounts
of variables under PC1 or increase in the amounts of the variables under PC2 will decrease
MWD in the location. Since machinery is often used on these plots as well as on the plots at
the other sites, one option would be to reduce trafficking and thereby reduce Db. The Db at
the Piedmont and Coastal Plains did not differ but both were significantly greater than in

the Mountain (Table 5).

Interpretation of PCs based on values for SOC

In the biplot for SOC (Fig. 3), tillage systems from both the Mountain and Piedmont
locations occur on the positive portion of the PC1 axis while the systems in the Coastal Plain
occur on the negative end. Considering that the contents of both (hydr)oxides are
significantly greater in the Mountain and Piedmont than Coastal Plain, the involvement of
non-crystalline Al and Fe (hydr)oxides in SOC accumulation in the Mountain and Piedmont
locations is speculated. Several authors (Boudot, 1992; Sollins et al., 1996) have reported on
the involvement of Al and Fe (hydr)oxides in SOM stabilization. Strong complexes of Al and
Fe (hydr)oxides are formed as a result of complexation reactions that occur between the
surface hydroxyl groups of the (hydr)oxides and the acid functional groups of organic

matter. Several proposed mechanisms explaining the roles of Al and Fe (hydr)oxides in SOM
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accumulations, including the formation of Al-organic matter complexes that protect organic
matter from microbial decomposition or that reduce mineralization rates are discussed in
the literature (Boudot, 1992; Sollins et al. 1996; Percival et al., 2000). Both Al and Fe
(hydr)oxides showed significant correlations with SOC (Table 6).

The occurrence of tillage systems in the Coastal Plain location (NT1, CTO, CT1, and S)
along the negative end of PC1 suggests the negative effect on SOC of one of the variables
that define PC1. This variable is likely the sand content, with a PC loading of —0.60 (Table 4).
Soil organic C content is generally expected to be considerably lower in sandy than fine or
medium textured soils (Burke et al., 1989). Lower SOC contents have been reported in sand
separates relative to silt or clay separates (Christensen, 2001; Kiem et al., 2002). Sand
content was greater in this location than in either the Mountain or Piedmont location; while
sand content did not differ in the latter locations (Table 5). In this location, the pattern also
shows a direction or “slope” that changes from high (where SOC values are between 15.51
to 20.53 Mg ha*) under NT1 through moderate under S (SOC value about 15.51 Mg ha™%) to
low (SOC values below 15.51 Mg ha™*) under CTO and CT1. In the Mountain location, the
slope changes mainly from high under NTO through moderate under NTS to low under CTS.
In the Piedmont, the pattern of change is from a high under NT (SOC values around 18 Mg
ha™) to low under SCP and MBP (SOC values below 10.5 Mg ha™%). These patterns of greater
SOC under NT systems and lower SOC under CT systems suggest that no-till or less disturbed

systems enhance SOC than cultivated or more disturbed systems. The SOC values for NTO,
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NTS, CTS, and CT (in the Mountain) and MBP, SCP and NT (in the Piedmont) occur along the
positive side of PC1, suggesting positive influences of clay and non-crystalline Al and Fe
(hydr)oxides on SOC; these variables show positive correlations with PC1 (Table 4).
Another pattern observed is that greater SOC values for NTO system (Mountain
location) seem to occur mainly along the positive side of PC2 while the other systems in the
location are along the negative portion of the (PC2) axis. This pattern suggests that relative
to other tillage systems in the location, no-till plus organic amendments increase SOC via
enhancement of one or more of the variables defined by PC2 (MWD, HWEC, and MBC). The
SCP and MBP systems in the Piedmont form a band on the negative side of PC2, below the
—0.11 point on the PC2 line; and show SOC values of 10.50 Mg ha* or less. The points for
the no-till system (NT) form a band on the positive side of the (PC2) axis and have SOC
values approaching 20 Mg ha™*. These patterns suggest that the variables describing PC2
will not exhibit a positive influence on SOC under SCP and MBP but will favorably impact
SOC under no-till. The tillage systems in the Coastal Plain all occur in the lower positive and
upper negative regions on PC2, suggesting that the effects from variables under PC1 are
more dominant in impacting SOC in this location. Considering the significantly low clay
content in this location, relative to the Mountain or Piedmont, it is speculated that clay

content plays an important part in accumulating SOC in the location.
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Multiple regression analysis

Results of multiple linear regression analysis of MWD and SOC on the PC defining
variables are shown in Table 7. The model tests show that significant general relationships
existed between MWD (and SOC) and the PC defining variables in each location. Together,
the variables selected in the stepwise regression explained 75, 40, and 97% of the variations
in MWD in the Coastal Plain, Mountain, and Piedmont locations, respectively. The
corresponding values for the variations in SOC were 83, 97, and 99%, respectively. In the
Coastal Plain, non-crystalline Fe (hydr)oxides showed a significant relationship with MWD (p
values for pair tests, Pr > |t| =0.0011); and the regression equation showed that MWD is
directly related with non-crystalline Fe (hydr)oxides. On the other hand, SOC in this location
showed a significant relationship with clay content and HWEC. Several authors (Hassink,
1994; Sollins et al., 1996; Percival et al., 2000) have reported poor correlation between SOC
and clay content. Oades’ (1988) suggested exercising caution in interpreting significant
correlations between the two, since it is difficult to distinguish which factors, among those
that correlate with clay content, are causative. Since there is a significant correlation
between clay content and both SOC and MWD (Table 6), it is suggested that an
enhancement of MWD via clay content will in turn enhance SOC, since SOC and MWD are
significantly correlated. The highly significant correlation (r = 0.84) between MWD and non-
crystalline Fe (hydr)oxides (Table 6) may also explain the presence of non-crystalline

Fe(hydr)oxides in the equation predicting MWD in the Coastal Plain location. In the

166



Mountain, significant relationships between HWEC and both MWD and SOC were observed.
In the Piedmont, SOC and Db showed significant relationships with MWD; whereby MWD
can be enhanced by increasing SOC and decreasing Db. This has important implications for
the traffic in the plots at this location. Hot water extractable C and humic matter showed
significant relationships with SOC in the location. The regression model suggested a direct

relationship between SOC and HWEC but a negative relationship with HM.

Variables distinguishing between tillage effects on across locations

Because PC1 and PC2 together accounted for 59 and 60% of the total variations in
the PCA on MWD and SOC, respectively (Table 3), only these two (PCs) are discussed in
more detail. However, Figs. 4 and 5 will be briefly mentioned with reference to HWEC,
which showed positive loadings on PC3 and PC2 in the PCA on MWD and SOC, respectively
(Table 4). Among the C pools (SOC, MBC, HWEC, and HM) measured in this study, HWEC is
the only pool that showed significant differences among locations; its mass did not differ in
the Mountain and Piedmont but was significantly greater in the Coastal Plain than in either
Mountain or Piedmont (Table 5). This study speculates that the shifts along PC3 in Fig. 4 and
PC2 in Fig. 5 are describing loadings by HWEC on these PCs. In Fig. 5, organics-amended
(NTO) and/or undisturbed (NT, NTS, NT1) systems are seen to load on the positive side of
PC3, the axis on which HWEC and SOC load; while disturbed systems (MBP, SCP, CTS, CT1)

are generally loading on the negative side of this axis. Similarly in Fig. 5, the organics-
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amended and undisturbed systems generally load on the positive side of PC2, while
disturbed systems are generally loading on the negative side of this axis. In Figs. 6 and 7,
HWEC is the reference variable in both biplots. A comparison of the two figures with Figs. 4
and 5 shows similar positions for all tillage systems for corresponding MWD and HWEC
(Figs. 4 and 6) or SOC and HWEC (Figs. 5 and 7). Hot water extractable C is an indicator of
potentially bio-available materials (Zsolnay and Gorlitz, 1994; Ghani et al., 2003) and has
been found to strongly correlate with micro-aggregate characteristics (Puget et al., 1999).
Among several soil biochemical and biological measurements made by Ghani et al. (2003),
HWEC was described as “the most consistent measurement able to differentiate between
treatments within and across ecosystems”. The significant correlations (Table 6) and
relationships (Table 7) of this C pool with SOC in all three locations support this statement.
Except in the Coastal Plain location, where it did not correlate significantly with MWD and
where aggregate formation may be favored by non-crystalline Fe (hydr)oxides, HWEC
showed significant correlations with MWD in both Mountain and Piedmont locations (Table

6). It also correlated with humic matter in the Coastal Plain and Piedmont locations.

Conclusions
The present study used a PCA method with a varimax rotation to extract the main
component variables, out of 11 soil properties examined, that are key indicators of WSA

and SOM in the 0 to 10-cm depth of different agroecosystems. Only one or two soil

168



properties showed significant relationships with MWD or SOC in each location. The index of
potentially bioavailable C, measured in hot water, showed a consistent significant
relationship with SOC in all three locations studied. The hypothesis that non-crystalline
(hydr)oxides of Al and Fe were contributing factors to soil aggregation and SOM stabilization
in the soils studied was supported by the results of the PCA. However, the hypothesis was
supported in the Coastal Plain only, where multiple regression analysis indicated that non-
crystalline Fe (hydr)oxides were significantly related to MWD. It is concluded that the
addition of bioavailable materials (e.g. compost, plant and animal residues, and cover crops)
can enhance both MWD and SOC in the locations studied. Further examination into the
extent to which the non-crystalline forms of these (hydr)oxides contribute to soil

aggregation and SOC dynamics would be beneficial.
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Fig. 1 Distribution of soil organic C (SOC) and mean weight diameter (MWD) in the Coastal Plain,

Mountain, and Piedmont locations. Locations with similar or no letters indicate no significant

differences, p < 0.05.
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Fig. 2. Biplot of the first and second PCs (PC1 and PC2) showing their relationships to MWD. To
distinguish between no-till systems in the Coastal Plain and Piedmont locations in this figure, the
lettering codes NT1 and NT have been used to denote no-till in the Coastal Plain and Piedmont
locations, respectively. Similarly, CT1 and CT refer to conventional tillage systems in the Coastal
Plain and Mountain locations, respectively. Coastal Plain-- CTO: CEFS station managed organic
farming system under conventional tillage; CT1: conventional tillage (CT) system with best
management practices (BMP); NT1: no-till system with BMP; S: successional or forest re-growth
farming system (no-till); Mountain -- CTS: conventional tillage (CT) with chemical amendments; NTS:
no-till (NT) with chemical amendments; NTO: NT with organics amendments; CT: CT with neither
chemical nor organic amendments; Piedmont — NT: UPRS managed no-till system; MBP: mould
board plow; SCP: spring chisel plow.
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Fig. 3. Biplot of the first and second PCs (PC1 and PC2) showing their relationships to SOC. To distinguish
between no-till systems in the Coastal Plain and Piedmont locations in this figure, the lettering codes NT1 and
NT have been used to denote no-till in the Coastal Plain and Piedmont locations, respectively. Similarly, CT1
and CT refer to conventional tillage systems in the Coastal Plain and Mountain locations, respectively. Coastal
Plain-- CTO: CEFS station managed organic farming system under conventional tillage; CT1: conventional
tillage (CT) system with best management practices (BMP); NT1: no-till system with BMP; S: successional or
forest re-growth farming system (no-till); Mountain -- CTS: conventional tillage (CT) with chemical
amendments; NTS: no-till (NT) with chemical amendments; NTO: NT with organics amendments; CT: CT with
neither chemical nor organic amendments; Piedmont — NT: UPRS managed no-till system; MBP: mould board

plow; SCP: spring chisel plow.
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Fig. 4. Biplot of the third and fourth PCs (PC3 and PC4) showing their relationships to MWD. To
distinguish between no-till systems in the Coastal Plain and Piedmont locations in this figure, the
lettering codes NT1 and NT have been used to denote no-till in the Coastal Plain and Piedmont
locations, respectively. Similarly, CT1 and CT refer to conventional tillage systems in the Coastal
Plain and Mountain locations, respectively. Coastal Plain-- CTO: CEFS station managed organic
farming system under conventional tillage; CT1: conventional tillage (CT) system with best
management practices (BMP); NT1: no-till system with BMP; S: successional or forest re-growth
farming system (no-till); Mountain -- CTS: conventional tillage (CT) with chemical amendments; NTS:
no-till (NT) with chemical amendments; NTO: NT with organics amendments; CT: CT with neither
chemical nor organic amendments; Piedmont — NT: UPRS managed no-till system; MBP: mould
board plow; SCP: spring chisel plow.
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Fig. 5. Biplot of the second and third PCs (PC2 and PC3) showing their relationships to SOC. To distinguish
between no-till systems in the Coastal Plain and Piedmont locations in this figure, the lettering codes NT1 and
NT have been used to denote no-till in the Coastal Plain and Piedmont locations, respectively. Similarly, CT1
and CT refer to conventional tillage systems in the Coastal Plain and Mountain locations, respectively. Coastal
Plain-- CTO: CEFS station managed organic farming system under conventional tillage; CT1: conventional
tillage (CT) system with best management practices (BMP); NT1: no-till system with BMP; S: successional or
forest re-growth farming system (no-till); Mountain -- CTS: conventional tillage (CT) with chemical
amendments; NTS: no-till (NT) with chemical amendments; NTO: NT with organics amendments; CT: CT with
neither chemical nor organic amendments; Piedmont — NT: UPRS managed no-till system; MBP: mould board
plow; SCP: spring chisel plow.

183



HHEC O

0.860
o mﬁ o
7

0.643 1 <>

0.427 1

0.210 1
1.69

Fig. 6. Biplot of the third and fourth PCs (PC3 and PC4) showing their relationships to HWEC.
To distinguish between no-till systems in the Coastal Plain and Piedmont locations in this
figure, the lettering codes NT1 and NT have been used to denote no-till in the Coastal Plain
and Piedmont locations, respectively. Similarly, CT1 and CT refer to conventional tillage
systems in the Coastal Plain and Mountain locations, respectively. Coastal Plain-- CTO: CEFS
station managed organic farming system under conventional tillage; CT1: conventional
tillage (CT) system with best management practices (BMP); NT1: no-till system with BMP; S:
successional or forest re-growth farming system (no-till); Mountain -- CTS: conventional
tillage (CT) with chemical amendments; NTS: no-till (NT) with chemical amendments; NTO:
NT with organics amendments; CT: CT with neither chemical nor organic amendments;
Piedmont — NT: UPRS managed no-till system; MBP: mould board plow; SCP: spring chisel
plow.
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Fig. 7. Biplot of the second and third PCs (PC2 and PC3) showing their relationships to
HWEC. To distinguish between no-till systems in the Coastal Plain and Piedmont locations in
this figure, the lettering codes NT1 and NT have been used to denote no-till in the Coastal
Plain and Piedmont locations, respectively. Similarly, CT1 and CT refer to conventional
tillage systems in the Coastal Plain and Mountain locations, respectively. Coastal Plain--
CTO: CEFS station managed organic farming system under conventional tillage; CT1:
conventional tillage (CT) system with best management practices (BMP); NT1: no-till system
with BMP; S: successional or forest re-growth farming system (no-till); Mountain -- CTS:
conventional tillage (CT) with chemical amendments; NTS: no-till (NT) with chemical
amendments; NTO: NT with organics amendments; CT: CT with neither chemical nor organic
amendments; Piedmont — NT: UPRS managed no-till system; MBP: mould board plow; SCP:
spring chisel plow.
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Table 1. Tillage systems and selected soil physical and chemical properties for the 0 to 10-cmdepth of the experimental

locationsT.
system Wb soc MBC ncrys Al ncrys Fe  Free Al Free Fe  HM HWEC  CEC pH Sand Clay Db
Cmol, Mg m™
mm Mg ha™" kg’1 %
Coastal Plain
cT 0.91 123¢ 021 0.04 0.11 0.37 0.84b 58.3b 050b 56bc 6.1a 67.3 9.1 1.31b
NT 1.07 14.8ab 0.32 0.05 0.22 0.47 1.52a 59b 066a 6.0ab 59a 64.7 10.7 1.50a
CTO 0.95 12.4bc  0.24 0.04 0.15 0.31 0.77b 40.5b 063b 6.4a 59a 70.2 9.4 1.23 b
S 0.92 151a  0.22 0.04 0.10 0.48 0.81b 9342 0.79a 42c¢ 48b 74.2 8.6 141a
Mountain
cT 0.99 11.0b  0.19 0.16 0.48 0.83a 2.64a 92.9 031b  69b 59b 60.8 19.4 1.32a
TS 0.84 101b  0.20 0.13 0.38 0.47b 1.95b 53.9 028b  6.7b 6.1b 57.6 221 1.18 b
NTO 1.24 183a  0.29 0.09 0.33 0.47b 1.53 ¢ 40.6 067a 105a 69a 52.1 21.3 1.15b
NTS 1.09 124b 011 0.09 0.36 0.51b 1.58 ¢ 59.4 041b  7.6b 6.0b 50.9 222 1.13 b
Piedmont
MBP 0.52¢ 6.8b  0.16 0.11 0.34 0.39 1.05 329b 029b 594a 6.1a 58.1 23.6 1.32
NT 1.02a 151a 0.18 0.08 0.22 0.49 0.75 65.4a 0.74a 6.05a 59a 56.9 17.1 1.41
ScP 0.74b 83b 021 0.12 0.35 0.35 0.81 28.4b 033b  458b 5.4b 50.7 224 1.25

tValues are means of 3, 4, and 4 replications at CEFS, MHCRS, and UPRS in the Coastal Plain, Mountain, and Piedmont, respectively.

t1Coastal Plain/ CTO: CEFS station managed organic farming system under conventional tillage; CT: conventional tillage (CT) system with best

management practices (BMP); NT: no-till system with BMP; S: successional or forest re-growth farming system (no-till); Mountain/ CTS: CT with chemical

amendments; NTS: NT with chemical amendments; NTO: NT with organics amendments; CT: CT with neither chemical nor organic amendments;

Piedmont/ NT: UPRS managed no-till system; MBP: mould board plow; SCP: spring chisel plow.
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Table 2. Correlation matrices of the PCA for MWD and SOC.

Correlation matrix of the PCA on mean weight diameter

SOC MBC ncrys_Al ncrys_Fe HM HWEC CEC pH Sand Clay
Db
0.15 0.15 -0.24 -0.41%* 0.39* 0.45%* -0.52%* - 0.49%* 0.50%* -0.48%**
Nels
0.34 -0.23 -0.25 0.39* 0.82%** 0.43** 0.19 0.02 -0.19
MBC
0.01 0.07 0.01 0.29 0.08 0.09 0.11 -0.24
nerys_Al
0.82%** 0.11 -0.48** 0.20 0.17 -0.29 0.54**
ncrys_Fe
-0.26 - 0.55%** 0.39* 0.31* -0.41% 0.58%**
HM
0.32 -0.11 -0.32 0.35* -0.33*
HWEC
0.06 -0.13 0.28 - 0.44%*
CEC
0.75%** -0.41* 0.43*
pH
-0.28 0.32
Sand -0.84%**
Correlation matrix of the PCA on soil organic C
MWD MBC ncrys_Al ncrys_Fe HM HWEC CEC pH Sand Clay
Db
0.02 0.09 -0.29 - 0.45** 0.40* 0.45** - 0.47** - 0.45** 0.50** - 0.49%**
MWD
0.33 -0.18 0.00 0.10 0.55%** 0.53** 0.08 -0.01 -0.18
MBC
-0.09 0.00 -0.05 0.32 0.23 0.21 0.07 -0.19
ncrys_Al
0.80*** 0.06 -0.47** 0.32 0.26 -0.35 0.65**
ncrys_Fe
-0.32 - 0.55%** 0.49* 0.39* - 0.46* 0.67***
HM
0.35 -0.08 -0.31 0.34* -0.30*
HWEC
0.08 -0.14 0.29 -0.48**
CEC
0.71%** -0.41* 0.42*
pH
-0.25 0.29
Sand
- 0.83%**

Db: bulk density; SOC: soil organic C; MBC: microbial biomass C; ncrys_Al (or ncrys_Fe): non-crystalline Al (or Fe) (hydr)oxides; HM: humic matter; HWEC: hot water extractable C; CEC: cation exchange capacity; Sand: percent sand content; Clay: percent clay
content; MWD: mean weight diameter. *, **, *** show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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Table 3. Eigen values of the correlation matrices of the PCAs for MWD and SOC showing
orthogonal components explaining the variations among 11 soil variables examined in the
PCAs.

Eigen values of the correlation matrix of the | Eigen values of the correlation matrix of the
PCA for MWD PCA for SOCT

PC Eigenva Differe Proporti Cumulat | PC Eigenva Differe Proporti Cumulat

H lue nce on ive # lue nce on ive

1 4.22 1.91 0.38 0.38 1 4.31 2.07 0.39 0.39

2 231 0.92 0.21 0.59 2 224 1.01 0.20 0.60

3 1.39 0.33 0.13 0.72 3 1.23 0.28 0.11 0.71

4 1.06 0.21 0.10 0.82 4 094 0.17 0.09 0.79

5 0.85 0.39 0.08 0.89

11 0.03 0.00 1.00 11 0.03 0.00 1.00

tThe eigenvalues indicate the number of axes or PCs > 1.00 and that explain the majority of
the variability among the full set of variables examined in each PCA. Thus in the table above,
the eigenvalues indicate that the first four and three axes or PCs were > 1.00 and accounted
for most of the variability among the 11 soil variables examined in the PCA on MWD and
SOC, respectively. Therefore, only these axes or PCs were retained for interpretation of the
results of the two PCAs.

For any two adjacent eigenvalues, the column labeled “Difference” is obtained by
subtracting the subsequent eigenvalue from the previous eigenvalue. For example, in the
PCA on MWD: 4.22 —2.31=1.91.

The column labeled “Proportion” is the proportion of the total variation accounted for by a
PC:i.e.

Proportion = Eigenvalue for the component in consideration/total eigenvalues of the
correlation matrix.

Values in the column labeled “Cumulative” are obtained by summing the proportions of the
variance explained by each PC and subsequent ones.
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Table 4.

Principal component loadings after Varimax rotationt.

PC loadings for PCA on MWD

PC1

PC loadings for PCA on SOC

PC1

PC3

CEC
pH
Clay
Sand
Db

0.84
0.82
0.54

-0.61

-0.70

ncrys_Al  0.06
ncrys_Fe 0.34

SOC
HWEC
HM
MBC

0.26
-0.06
-0.52

0.10

ncrys_Al

ncrys_Fe

Clay
Sand
MWD
CEC
HWEC
MBC
HM
Db

pH

0.91
0.85
0.82
-0.60
-0.04
0.55
-0.47
-0.14
0.02
-0.44
0.37

0.14
-0.23
-0.32
0.44
0.11
-0.25
0.39
-0.07
0.89
0.66

-0.50

tPrincipal component loadings show the relative importance of each variable within a PC.

Significant PC loadings are underlined.



Table. 5. Selected soil physical and chemical properties for the 0 to 10-cmdepth of soils at the experimental sites studied.t

Location Sand Clay Db HM HWEC MBC ncrys_ Al ncrys Fe Free Al Free_Fe CEC pH
% Mgm™ Mg ha™* Cmol,
kg™
Coastal 69.11a 9.47b 1.36a 64.26 0.65 a 0.25 0.04b 0.15c¢ 0.41b 0.93b 5.57b 57b
Plain
Mountain 55.36b 21.26a 1.20b 60.87 0.41b 0.19 0.12a 0.38a 0.56 a 1.89a 7.94a 6.2a

Piedmont 55.70b 21.03a 1.35a 51.04 0.45b 0.18 0.10a 0.31b 0.45b 0.93b 521b 56b

tValues are means of 3, 4, and 4 replications at CEFS (Coastal Plain), MHCRS (Mountain), and UPRS (Piedmont), respectively. Locations with
similar or no letters indicate no significant differences, p < 0.05.
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Table 6. Pearson correlations among selected soil properties at the experimental sites.

MWD SOC MBC ncrys_Al  ncrys_Fe HM HWEC CEC pH Sand Clay Free_Al Free_Fe
Coastal Plain

Db 0.22 0.38 0.46 0.34 0.28 0.42 0.37 -0.36 -0.29 -0.05 0.07 0.64* 0.72*
MWD 0.49 0.46 -0.25 0.84***  -0.27 -0.10 0.63* 0.25 -0.60* 0.66* 0.32 0.76*
SOC 0.39 -0.09 0.32 0.50 0.65* 0.33 -0.26 -0.55 0.67* 0.63 0.49
MBC 0.11 0.47 -0.02 0.18 0.23 0.07 -0.43 0.62* 0.26 0.69*
ncrys_Al -0.08 0.05 0.21 -0.15 0.16 0.20 -0.28 0.18
ncrys_Fe -0.43 -0.11 0.55 0.37 -0.56 0.55 -0.04 0.78**
HM 0.78** -0.62 -0.82%** 0.11 0.03 0.42 -0.14
HWEC -0.27 -0.72%** 0.08 0.10 0.49 -0.04
CEC 0.68* -0.68* 0.66* -0.05 0.35
pH -0.39 0.22 -0.38 0.26
Sand -0.92%** -0.01 -0.69*
Clay 0.14 0.71*
Free Al 0.18

Db: bulk density; SOC: soil organic C; MBC: microbial biomass C; ncrys_Al (or ncrys_Fe): non-crystalline Al (or Fe) (hydr)oxides;
HM: humic matter; HWEC: hot water extractable C; CEC: cation exchange capacity; Sand: sand content; Clay: clay content; MWD:
mean weight diameter.

* ¥ x*% show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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Table 6. Continued.

MWD SOC MBC ncrys_Al  ncrys_Fe HM HWEC CEC pH Sand Clay Free_Al Free_Fe
Mountain

Db -0.23 -0.34 -0.01 0.46 0.66 0.64 -0.41 -0.37 -0.16 0.21 -0.12 0.71** 0.79***
MWD 0.59* 0.09 0.06 0.19 0.03 0.60* 0.52* 0.04 -0.23 0.02 0.29 0.13
SOC 0.26 0.08 -0.14 -0.17 0.95*** 0.93*** 0.37 -0.14 -0.11 0.07 -0.05
MBC 0.14 0.20 -0.11 0.24 0.30 0.19 -0.21 0.35 -0.05 0.05
ncrys_Al 0.57* 0.79** -0.13 -0.16 -0.60* 0.49 -0.10 0.80*** 0.78***
ncrys_Fe 0.42 -0.22 -0.22 -0.25 -0.21 0.48 0.31 0.41
HM -0.34 -0.40 -0.77** 0.67* -0.44 0.91*** 0.83**
HWEC 0.98*** 0.54* -0.27 -0.05 -0.07 -0.27
CEC 0.65** -0.29 -0.02 -0.14 -0.29
pH -0.38 0.12 -0.64* -0.68**
Sand -0.77*** 0.61*** 0.76**
Clay -0.53 -0.48
Free Al 0.90%**

Db: bulk density; SOC: soil organic C; MBC: microbial biomass C; ncrys_Al (or ncrys_Fe): non-crystalline Al (or Fe) (hydr)oxides;

HM: humic matter; HWEC: hot water extractable C; CEC: cation exchange capacity; Sand: sand content; Clay: clay content; MWD:

mean weight diameter.

* x* xE% show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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Table 6. Continued.

MWD SOC MBC ncrys_Al  ncrys_Fe HM HWEC CEC pH Sand Clay Free_Al Free_Fe
Piedmont
Db 0.22 0.66* -0.05 -0.10 -0.45 0.81** 0.69* 0.38 0.31 0.25 -0.30 0.55 0.19
MWD 0.85*** 0.35 -0.15 -0.23 0.52 0.81** 0.18 -0.57 0.10 -0.25 0.67* -0.32
SOC 0.30 -0.26 -0.57 0.71** 0.96*** 0.49 -0.06 0.03 -0.15 0.63* -0.16
MBC 0.65* 0.16 -0.07 0.14 0.01 -0.47 -0.03 0.34 0.21 0.13
ncrys_Al 0.78** -0.14 -0.31 -0.09 -0.27 0.67* 0.23 0.21 0.64*
ncrys_Fe -0.52 -0.58 -0.38 -0.11 0.42 -0.24 -0.07 0.25
HM 0.85*** 0.28 -0.02 0.12 -0.39 0.74** 0.02
HWEC 0.42 -0.04 0.05 -0.32 0.71%* -0.22
CEC 0.49 0.22 0.26 0.50 0.39
pH 0.28 -0.16 -0.11 0.24
Sand -0.52 0.35 0.23
Clay -0.26 0.41
Free Al 0.24

Db: bulk density; SOC: soil organic C; MBC: microbial biomass C; ncrys_Al (or ncrys_Fe): non-crystalline Al (or Fe) (hydr)oxides;
HM: humic matter; HWEC: hot water extractable C; CEC: cation exchange capacity; Sand: sand content; Clay: clay content; MWD:
mean weight diameter.

* ¥ x*% show significant correlations at p = 0.05, 0.01, and 0.001, respectively.
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Table 7. Multiple linear regression (MLR) equations of mean weight diameter (MWD) and soil organic C (SOC) on PC defining

variables.
Location Variable DF  Parameter  Standard tValue Pr>|t|] Standardized R-Square  AdjR-Sq
Estimate Error Estimate
Pr>F
MWD
Coastal Intercept 1 0.72 0.05 13.98 <.0001 0.00 0.75 0.72
Plain 0.0011
ncrys_Fe 1 1.57 0.32 4.93 0.0011 0.87
MLR equationt: MWD = 0.87 x ncrys_Fe
Mountain Intercept 1 0.64 0.13 5.16 0.0002 0.00 00152  0.40 0.35
HWEC 1 0.81 0.29 2.83 0.0152 0.63
MLR equationt: MWD =0.63 x HWEC
Piedmont Intercept 1 2.13 0.30 7.21 0.0008 0.00 00003 097 0.96
CEC 1 -0.06 0.02 -2.56 0.0510 -0.22
Db 1 -1.38 0.23 -6.07 0.0018 -0.61
socC 1 0.08 0.01 12.5 <.0001 1.36
MLR equationt: MWD = (1.36 x SOC) — (0.61 x Db)
Soc
Coastal Intercept 1 0.06 2.36 0.02 0.9810 0.00
Plain 0.0019 0.83 0.78
Clay 1 0.58 0.16 3.59 0.0088 0.57
HWEC 1 12.58 3.24 3.89 0.0060 0.61
MLR equationt: SOC = (0.57 x Clay) + (0.61 x HWEC)
Mountain Intercept 1 1.21 1.22 0.99 0.3568 0.00 <0001 0.97 0.96
HWEC 1 23.92 1.64 14.55 <.0001 1.02
HM 1 0.03 0.01 2.29 0.056 0.16
MLR equationt: SOC = 1.02 x HWEC
Pi | 1 1.94 A4 4.4 .004 .
iedmont ntercept 9 0 5 0.0043 0.00 <0001 0.99 0.98
HWEC 1 23.03 2.05 11.23 <.0001 1.26
HM 1 -0.05 0.02 -2.73 0.0343 -0.31

MLR equationt: SOC = (1.26 x HWEC) — (0.31 x HM)

tVariables that do not show statistical evidence for relationship with MWD or SOC (i.e. (Pr > |t]) > 0.05) were omitted in the

regression equations above.
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