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ABSTRACT 

Changes in soil organic matter (SOM) and carbon (SOC), driven by 

agricultural management (tillage intensity, irrigation, and crop selection), influence the 

overall functioning of agroecosystems and also impacts the global C cycle. Alternative 

agroecosystem practices in the Texas High Plains (THP), such as integrated crop-

livestock (ICL) systems, have been shown to conserve water, maintain profitability 

and enhance soil quality when compared to continuous cotton (CTN) production. The 

overall goal of this research was to identify agroecosystems and management practices 

which enhance aggregate stability and C-sequestration potential to offset greenhouse 

gas emissions (GHG) in the semi-arid THP. To evaluate C-sequestration potential 

SOC was measured in six soil aggregates classes, representing C stored in both water-

stable and physically protected intra-aggregate pools. Carbon dioxide (CO2) and 

nitrous oxide (N2O) fluxes were measured to assess contributions of these greenhouse 

gases (GHG) from a selection of vegetation components within the agroecosystems 

examined. Measured soil quality factors included: aggregate stability as measured by 

mean weight diameter (MWD), proportional aggregate distribution, and SOC and total 

nitrogen (TN) content of each aggregate. Soil chemical composition, specifically C 

functional groups of whole and soil aggregates, were also measured using mid-

infrared spectroscopy (MidIR).  

Chapters 2 and 3 focused on the impacts of three CTN and four ICL systems in 

the THP. One CTN system with a wheat cover crop maintained SOC content over 13 

years. C-sequestration potential however was enhanced (increase of 31% in whole soil 
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and 40% in the intra-aggregate microaggregate fraction) by no-till rotational cropping 

and implementation of a perennial pasture. Aggregate stability was reduced by 60% 

and 47% in the CTN system and rotational crops, respectively, while the perennial 

grass component showed a 50% increase. In these semi-arid soils, a significant, 

positive relationship between SOC and MWD occurred only when SOC >1%, which 

corresponded to the perennial components. In general, the ICLs which included 

perennial vegetation components resulted in the greatest potential to sequester C with 

the greatest SOC in intra-aggregate fractions found within ICL agroecosystems. 

Chapter 4 focused on fluxes of GHGs from five vegetation components 

identified in Chapter 3 and measured over a 16-month period. Perennial vegetation 

produced the greatest CO2 fluxes compared to the two annual components. In 2010, 

the N2O fluxes were episodic following significant rainfall events
 
and greatest in 

bermudagrass. In contrast, the severe drought in 2011 resulted in suspended 

management and no significant changes in flux measurements from baseline values 

during the dormant season. In general N2O fluxes were low and did not contribute 

significantly to global warming potential from these systems. Soil moisture, 

temperature, and SOC content were the major driving factors for GHG emissions.  

Chapter 5 examined the use of MidIR to characterize C functional groups from 

aggregates described in Chapter 2. The chemical composition of SOC within intra-

aggregate particulate organic matter (iPOM) was significantly different from all other 

fractions. Within the iPOM fraction, the ICL and its main components (OWB and the 

two rotations) were significantly different from the CTN. The increased presence of 
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relatively recalcitrant materials in the OWB indicates the steadiness associated with 

the ICL. The level of degradation associated with the SOC in the intra-aggregate 

microaggregate fraction, however, resulted in no significant difference in chemical 

composition based on vegetation management.  

Chapter 6 described the modifications of the aggregate fractionation techniques 

used in Chapter 2 and 3 to allow for use of field-moist soils for a molecular biology 

experiment (M. Davinic PhD dissertation) and the comparison between fractionation 

of field-moist and air-dried soils. Fractionation of field-moist soils resulted in 

significantly greater proportions of the macroaggregate fraction when compared to the 

air-dried soil. However, the change in distribution of aggregates only significantly 

impacted quantification of SOC pools in the microaggregate and intra-aggregate 

silt+clay pools. My results suggest that differences in soil moisture at sampling may 

impact aggregate proportions in soils with similar SOC content and thus, moisture 

influences must be considered when interpreting management practices under variable 

sampling conditions.  

 Results from the work presented within this dissertation indicate that 

incorporation of alternative management practices improved soil quality factors and 

increased the potential for C-sequestration within these soils. With increased MWD 

and greater SOC content, particularly in protected pools, ICls resulted in the greatest 

potential for improved C-sequestration and soil quality. This research provides 

valuable information for producers and researchers designing agroecosystems for 

water and soil conservation in the THP and similar semiarid regions.  
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CHAPTER I  

INTRODUCTION 

“Managing soil organic matter is the key to air and water quality.” - NRCS 

Southern High Plains 

The Llano Estacado, or the Southern High Plains (SHP), encompasses areas of 

eastern New Mexico and northwestern Texas (Texas High Plains, THP) (Fig. 1.1). It is 

bordered to the north by the Canadian River, the Caprock Escarpment to the east, and 

the Mescalero Escarpment to the west and covers 130,000 km
2
. The area experiences a 

semi-arid climate with long hot summers, cold winters, and average annual rainfall 

between 360 and 580 mm increasing from west to east across the landscape. The 

majority of precipitation occurs in the months of May and September, with the driest 

portion of the year occurring from October to April.  

Described as a “sea of grass” by Francisco Coronado, the dominant vegetation 

in this area historically consisted of short-grass prairie grasses with little woody 

vegetation except in areas such as draws and canyons (Wester, 2007). Though various 

hypotheses have been suggested as to the cause, it is accepted that the density of 

woody plants has increased since the 1890’s. This alteration in vegetation is likely due 

to changes in fire frequency, grazing history, and climate (Wester, 2007). Currently, 

the dominant vegetation in native areas includes blue grama (Bouteloua gracilis) and 

buffalograss (Buchloe dactyloides) with patches of mesquite (Prosopis glandulosa) 

(Johnson, 2007). Soil development at the surface is typically advanced in the SHP 
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with soils most often categorized as Paleustalfs to the south and Paleustolls to the 

north (Wester, 2007). 

Currently, agriculture accounts for 40% of the economy despite the many 

challenges producers face including low soil fertility, limited water availability, high 

soil erosion risk, and stressful climatic conditions during the peak production season. 

Surface water sources are scarce as a result of the seasonally high air temperature, low 

precipitation, and high evapotranspiration rates leaving the Ogallala Aquifer as the 

major water source for both agriculture and domestic uses. Within Texas, the SHP 

encompasses more than 4.7 million ha of cropland and almost 25% of the U.S. cotton 

(Gossypium hirsutum L.) crop is produced in this region, primarily in monoculture. 

Cotton monoculture with conventional tillage is the dominant cropping system with 

over 3.27 million acres planted in cotton in 2007 (USDA, 2007). However, 

conventional continuous cotton production can result in significant decreases in 

overall soil quality as a result of frequent tillage and use of pesticides (Six et al., 2000; 

Franzluebbers, 2002). For this reason, alternative production practices are being 

examined as highly productive agricultural land and high quality water resources 

continue to decline.  

Alternative Agroecosystem Management 

Awareness of the impacts of conventional agricultural practices such as tillage, 

shown to result in soil degradation (Franzluebbers and Arshad, 1996a, 1996b; Grandy 

and Robertson, 2006; Bronson et al., 2007), and continuous cropping, shown to 

negatively impact SOC content (Reeves, 1997), has been growing. With this increased 



 Texas Tech University, Lisa Fultz, August 2012 

3 

 

awareness comes the need for sustainable agricultural practices that maintain or 

improve overall environmental quality. Alternative agricultural practices of interest 

within the THP include: conservation or no-till production, rotation cropping, addition 

of land to the Conservation Reserve Program, conversion to grassland production 

(typically for grazing purposes), or the implementation of integrated crop-livestock 

systems (ICL) which can include any of the aforementioned practices. Alternative 

practices (i.e. crop rotation, vegetation, and tillage regime) can be combined to design 

a system better suited to the producer’s needs, though systems tend to be site specific 

as a result of climatic and environmental conditions and resource availability.  

Crop rotation, successful in reducing erosional losses of soil (Hendrickson et 

al., 1963; Carreker, 1946), is the “systemic or recurrent sequence of crops grown over 

a number of cropping seasons” (Reeves, 1994) and has also been successful in 

reduction in soil disease (Sumner et al., 1999). There are several forms of crop 

rotations including conventional rotational cropping, the use of cover crops, and 

inclusion of grassland production as part of the rotation. Cover crops, such as 

terminated wheat planted in continuous cotton production, are typically planted to 

decrease losses due to erosion (Meisinger et al., 1991) and need for chemical fertilizer 

inputs (Reeves et al., 1995). Additionally, Zobeck et al. (2007) found that the use of a 

wheat cover crop in continuous cotton resulted in similar SOC content to that 

measured in irrigated cotton. Within grassland-crop rotations, Parks et al. (1969) 

found that annual crops planted into terminated grasslands continued to benefit from 

grassland production up to 5 years. Although many ecological benefits have been 
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observed and measured with systems employing crop rotations, lack of financial 

payoffs has been cited as one of the most limiting factors to their establishment (see 

review by Reeves, 1994). 

One primary purpose of ICL systems is the interaction between the two 

components (grazers and vegetation) and the benefits associated with this interaction. 

One such benefit includes the increase in soil quality while reducing the need for 

chemical fertilizers (Allen et al., 2005). While, systems level analysis provides an 

understanding of the overall impacts of the components, examination of the individual 

components offers knowledge into the impacts of each component in addition to how 

they interact. Implementation of systems also allows for the combination of practices 

(both conventional and alternative) which are best suited to meet the needs and 

limitations of a particular environment. In an attempt to understand how the 

interaction of components and their management, soils research within ICLs has 

typically focused on the components within the systems and their impacts on SOC and 

TN content, aggregate stability, and the microbial community ( Acosta-Martínez et al., 

2004, 2010a, 2010b; Franzluebbers and Stuedmann 2008; Davinic et al., 2012). 

The combination of livestock with crop and/or grassland production allows for 

the implementation of resource-saving practices which attempt to maintain 

profitability, sustain production levels, and minimize negative impacts of intensive 

farming while preserving the environment (Krall and Schuman, 1996; Russelle et al., 

2007). Although research is limited in the United States (Allen et al., 2005; 

Franzluebbers, 2007) ICL systems may play an important role in enhancing livestock 
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production and protecting the environment when used efficiently. Choice of vegetation 

within an ICL can allow for grazing of perennial vegetation and crop residue as well 

as the potential for grazing of high protein seed for increased livestock growth. This 

versatility can be especially beneficial in areas such as the semi-arid regions where 

annual climatic variation can greatly impact production. 

A thorough examination of established long-term systems in the semi-arid 

THP has been done on above and below ground impacts (Acosta-Martínez et al., 2004, 

2010a, 2010b; Allen et al., 2005, 2007, 2008; Zilverberg, 2012). This research focused 

on comparison of one ICL system and a conventionally tilled cotton production 

system, initiated in 1997. The ICL included two paddocks planted in a small grain-

cotton-fallow rotation and one paddock of perennial grassland. Based on Allen et al. 

(2005, 2007, 2008) it was determined that inputs of both water and fertilizer decreased 

in the ICL system as did losses due to soil erosion when compared to conventional 

cotton production after four years. Acosta-Martínez et al. (2004) found that SOC and 

aggregate stability were greater in the perennial grassland component when compared 

to continuous cotton in surface (0-5 cm) soils. Perennial pastures (0-15cm) and 

rotations (0-5cm) resulted in greater quantities of soil microbial biomass C. There was 

also a significant difference in the microbial community at both the systems and 

vegetation level (Acosta-Martínez et al., 2004, 2010a, 2010b). Results from this 

research were used to design a second long-term experiment consisting of two ICLs. 

However, to date only one publication is available (Davinic et al., 2012). Using novel 

techniques to identify C composition as it relates to microbial community and SOC 
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content at the aggregate level it was determined that microbial communities were 

impacted by SOC composition in relation to water stable aggregate fractions. The use 

of less dominant taxa proved useful in differentiation of microbial communities at the 

aggregate level.  

Franzluebbers and Stuedmann (2008) found that following conversion of long-

term pasture to annual crops under conventional and no-till production, significant 

changes SOC and TN content were observed. Within these systems tillage was the 

main driver of these changes, resulting in significant decreases in SOC and TN in 

surface (0-6 cm) soils. In a comprehensive review of ICLs and management practices 

Franzluebbers (2007) highlights the importance of alternative management practices 

stating that one issue with the adoption of ICLs stem “ …more from social influences 

than from biophysical limitations.” Ultimately, the implementation of alternative 

agroecosystems has shown that the potential exists for sustainable and profitable 

agricultural production. The next step is to relay this information to producers, proving 

that alternative agroecosystems are both economically and environmentally profitable. 

Soil Organic Carbon 

Total organic C, shown to be a consistent indicator of management impacts 

across two regions (Brejda et al., 2000) also influences multiple soil functions such as 

soil structure, nutrient and water holding capacity, and ultimately the global C cycle. 

Soil organic matter (SOM) typically averages from 1 to 6% of the total soil mass, of 

which approximately 58% is considered soil organic carbon (SOC) (Nelson and 

Sommers, 1982). Therefore, management practices (tillage, irrigation, vegetation, 
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fertilization) which influence SOM in turn directly impact SOC content (Moore et al., 

2000; Six et al., 2000; Franzluebbers, 2002; Zobeck et al., 2007; Olchin et al., 2008) 

and ultimately determines the relationship between agricultural production and the 

global C cycle.  

The ultimate goal of C-sequestration is to maximize the amount of C stored in 

long-term, chemically and physically protected pools. As the largest active terrestrial 

pool of carbon, soil C directly interacts with the global C cycle impacting the C-

sequestration potential and resulting in its growing importance when developing 

climate change models. Central to understanding C-sequestration is the awareness of 

how SOM becomes incorporated into the soil and ultimately into soil aggregates 

which protect and store SOC (Blanco-Canqui and Lal, 2004). Management practices 

have the potential to directly impact the soil’s interaction with atmospheric C. For 

example, the implementation of management practices which increase SOC content 

enable soils to act as sinks for atmospheric C by increasing C in both chemically and 

physically protected pools (Cambardella and Elliott, 1994; Jastrow et al., 1996; Six et 

al., 2000; Kong et al., 2005). Practices which result in a decline in soil quality, such as 

conventional tillage, amplify the potential for increased losses in SOC and ultimately 

increased atmospheric concentrations of greenhouse gases (GHG), including carbon 

dioxide (CO2) and nitrous oxide (N2O) (Grandy and Robertson, 2006). This potential 

for soils to act as both sinks and sources results in the need for further monitoring of 

management practices capable of increasing quantities of recalcitrant C as well as 

stabilizing labile C. 
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Within semi-arid environments, the impact of degradation of SOC via 

microbial respiration is exacerbated by low residue crops and tillage practices 

(Franzluebbers and Arshad, 1996a; Bronson et al., 2004; Franzluebbers and 

Stuedemann, 2008; Ussiri and Lal, 2009). A review by Conant et al. (2001) found that 

practices such as rotational cropping, reduced and no-till practices, and conversion to 

grasslands systems resulted in increased SOC content, providing a sink for 

atmospheric C. Similar studies focusing on no-till management (Franzluebbers, 2002) 

and implementation of rotational cropping (Moore et al., 2000; Acosta-Martínez et al., 

2010a) have also documented this increase in SOC. There are several benefits 

associated with utilization of conservation tillage practices outlined by Franzluebbers 

(2007). Of particular interest are the improvements to soil quality, reduced losses due 

to erosion, and increased water infiltration.  

However, despite its usefulness as an indicator of soil quality, it has been 

suggested that measurement of SOC alone provides little insight into how the various 

SOC pools interact with one another and other C pools (i.e. atmospheric C). The range 

in degradability of SOC pools from readily decomposable C (providing nutrients to 

microbes and plants) to the more stable, recalcitrant C compounds, results in very 

complex and dynamic interactions at highly variable time-scales. Additionally, 

susceptibility of these materials to degradation is dependent on several factors, 

including physical separation of decomposers from material and the natural chemical 

recalcitrance of SOC. Changes in and interactions between these pools can occur 

quickly (<90 days) (Grandy and Robertson, 2006) as a result of tillage, or too slowly 
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to measure within the timeframe associated with most research programs, particularly 

in semi-arid systems (Olchin et al., 2008). Because changes in SOC are typically 

considered slow (barring drastic interference) by human standards it becomes difficult 

to determine long-term benefits or disadvantages associated with a particular 

management practice. This is particularly true in the case of low input systems such as 

intensively managed agriculture or semi-arid regions where limited water availability 

may hinder SOM degradation. These limitations imposed by decreased inputs and low 

available moisture potential have been shown to negatively impact SOM content in 

short-term research (Kong et al., 2005; Briar et al., 2011).  

The need to determine impacts of management over shorter time periods 

resulted in the development of methods to isolate pools of C as they are associated 

with distinct aggregate fractions and the identification of pools which are more 

susceptible to change (Table 1.1). It then becomes possible to identify aggregate 

fractions and associated SOC pools which act as indicators of the soil’s structure, C-

sequestration potential, and it’s susceptibility to erosion as a function of aggregate 

stability. Methods which isolate fractions from within larger aggregates have been 

shown to isolate pools of SOC which act as prospective indicators of a soils potential 

to aid the process of C sequestration. 

Soil Aggregates 

The dynamics of SOC within soil aggregates is a growing area of interest, but 

one that has received little attention in the semi-arid regions of the THP. Soil 

aggregates are defined by the USDA as soil particles which are bound to each other 
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more strongly than to adjacent particles. Aggregate formation, stability, and SOC 

content is influenced by several factors including soil texture, moisture, temperature, 

and management as well as quality of C inputs from both above and below ground 

sources (Simpson et al., 2004; Denef et al., 2007; Lichter et al., 2008). Increased 

aggregate stability has been shown to improve water holding capacity of soils, 

influence nutrient adsorption, and reduce run-off and potential loss through erosion 

resulting in an overall improvement of soil quality. The proportion of water stable 

aggregate fractions, used to calculate mean weight diameter, also serves as an 

indication of the overall aggregate stability and can be used to gauge changes in soil 

quality due to management practices (Spohn and Giani, 2011; Yoo et al., 2011). 

Therefore, the relationship between aggregate stability and SOC content can provide 

insight into aggregate formation and the impacts of management on soil quality aiding 

in the understanding of the interactions of SOC pools.  

The relationship between SOC pools and aggregate fractions has been the 

focus of several research studies (Six et al., 1998; Six et al., 2000; Kong et al., 2005; 

Calderón et al., 2011b). Soil aggregates provide physical protection to SOC and have 

the ability to affect several factors within the soil profile including the reduction in the 

decomposition rate of occluded material through increased aggregate stability (Acosta-

Martínez et al., 2004; Denef et al., 2002). Larger aggregates provide a protected 

microenvironment for SOC (Kong et al., 2005), limiting access to those organisms 

capable of accessing a particular fraction, also acting as a shell, providing physical 

protection from disturbances such as tillage or physical mixing. As aggregate size 
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decreases, pore sizes decrease accordingly, and the type of organism which is able to 

physically access the associated SOC becomes limited (Elliot and Coleman, 1988). 

Through this physical screening, soil aggregation has the potential to influence 

microbial populations as well and resulting is distinct microbial communities forming 

associations with specific aggregate fractions (Briar et al., 2011; Kong et al., 2011; 

Davinic et al., 2012). Soil aggregates also have the potential to limit oxygen diffusion 

rates and regulate water flow as a direct result of their associated pores (Sexston et al., 

1985; Parkin, 1986).  

Biological factors which can improve aggregation through physical 

interactions include the presence of soil fauna, microorganisms, and plant roots (Six et 

al., 2000) while microbial byproducts from the breakdown of easily degraded organic 

material act as organic glues to hold particles together. Soil texture has the potential to 

improve or degrade soil aggregates with shrink/swell clays acting to both force 

materials together, improving aggregation, as well as break them down (Kemper and 

Rosenau, 1984). Lastly, environmental variables such as moisture and temperature can 

influence the formation of aggregates directly though shrink/swell processes and 

indirectly by providing suitable conditions for microbial activity. The formation of 

contact bonds, which typically occur under dry conditions, has been shown to increase 

aggregate stability, potentially partially offsetting the impacts of disruptive 

management practices (Kemper and Koch, 1966; Kemper and Rosenau, 1984). 

Additionally, producer management has the potential to impact the formation and 

disintegration of soil aggregates (Gandy and Robertson, 2006; Grandy et al., 2006). 
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History of Aggregate Research 

Prior to the 1950’s research into the formation of aggregates focused on those 

factors that directly influenced the formation of soil aggregates. In 1959 the theory of 

soil crumbs was proposed in which crumbs consisted of domains of oriented clays and 

quartz particles (Emerson, 1959). The amount of SOM protected within these crumbs 

was proportional to the surface area of their domains. Edwards and Bremner (1967) 

proposed the first microaggregate theory which stated that the formation of 

microaggregates (Micro) resulted as a reaction between SOM, polyvalent metals, and 

electrically neutral clays. It was not until Tisdall and Oades (1982) that an aggregate 

hierarchy theory was proposed, which was later adapted by Oades (1984). The initial 

hierarchy theory stated that aggregates formed form the smaller silt and clay particles 

into Micros. The Micros were held together by persistent binding agents which 

consisted of humified SOM and polyvalent cation complexes. The Micros were then 

bound together by temporary (plant roots and fungal hyphae) and transient (microbial 

and plant derived polysaccharides) binding agents. The adaptation of this theory 

hypothesized that macroaggregates (Macro) formed first as the transient binding 

agents physically hold particles together. As the protected SOM of the binding agents 

goes through decomposition formation of intra-aggregate Micro begins. These inter-

aggregate classes benefit from the protection of the outer Macro shell and physically 

deter degradation of the contained SOC.  

It was Elliott (1986) who proposed the fractionation methods most commonly 

used to initially isolate Macros and Micros, also known as water stable aggregates. 
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Oades and Waters (1991) again modified the aggregate hierarchy theory to include the 

process of Macro breakdown into Micros which eventually dissociate into primary 

particles as the level of dispersive energy increases. They also experimented in organic 

soils versus oxide rich soils finding that while the hierarchy theory could explain 

aggregate formation in organic soils the same was not true for oxide rich soils.  

More recent research has focused on the formation, stabilization, and 

degradation of Macros which are typically dominated by fresh SOC and more 

susceptible to degradation. Golchin et al. (1994) showed that incorporation of fresh 

plant material could stimulate production of microbial binding agent’s ultimately 

increasing aggregation. Six et al. (1998) examined the effects of disturbance on the 

turnover rates of Macros and found that disturbance resulted in increased rate of 

turnover. Six et al. (2000) showed that Macros form around fresh residue, which 

supported the hierarchy model proposed by Oades in 1984. However, Six et al. (2000) 

introduced the concept of isolation of coarse and fine intra-aggregate particulate 

organic matter (iPOM). This fraction is separated from within the Macros and consists 

of fresh (coarse) and decomposed (fine) plant material. It was hypothesized that the 

coarse iPOM fraction was the precursor to the fine iPOM fraction which after going 

through further decomposition and fragmentation formed the intra-aggregate Micros 

(iMicro). This fraction has been associated with the oldest, most recalcitrant SOC and 

may be considered an “ideal diagnostic indicator of long-term soil organic C 

sequestration” (Kong et al., 2005). 



 Texas Tech University, Lisa Fultz, August 2012 

14 

 

  Six et al. (2000) also suggested a model for the “life-cycle” of aggregate 

formation. In undisturbed soils, as the readily degraded material is broken down, 

microbial activity decreases and the protective outer shell of Macros degrades 

releasing the iMicros. From this research it was estimated that Macros are dominated 

by the youngest, most easily degraded plant material, with average residence times 

estimated at 27 days; while Micros were found to contain the older, more stable C 

fractions. Although total C content within this fraction is low, stabilization is typically 

greatest as a result of both physical protection and chemical recalcitrance. The ratio 

between fine iPOM and coarse iPOM was proposed as a potential measure of the 

turnover of Macros with high ratio’s indicating slower turnover rates. This would 

indicate that Macros are stable for long enough that coarse iPOM to degrade and allow 

for the formation of fine iPOM. The formation of the iMicro fraction would be 

enhanced in stable systems experiencing low rates of disturbance. 

Fractionation Methods 

Several methods exist which allow for the physical isolation of distinct 

aggregate fractions. Physical fractionation methods employ various methods to 

disperse fractions and separate aggregates (secondary organomineral complexes) 

based on size using a series of sieves (Christensen, 2001). Differences between 

methods typically stem from the initial (pre-fractionation) conditions under which the 

soils is stored including initial sieve size (4 or 8 mm) and moisture content (Kemper 

and Koch, 1966) as well as sieving under dry or wet conditions.  
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Dry sieving is indicative of the soils ability to withstand mechanical forces 

while wet sieving incorporates the forces associated with soil wetting, or slaking. The 

process of dry sieving exerts more of mechanical dispersion, the separation of primary 

particles of aggregates when compared to the wet sieving. The process of slaking, in 

which soils are quickly submerged in water, is commonly used in the determination of 

water stable aggregates. 

The decision between fractionation of air-dried and field-moist samples stems 

from the ultimate analysis that is desired. In the case of biological parameters to 

determine microbial communities, soils typically are maintained at field-moist 

conditions and low temperatures to ensure that communities within the isolated 

aggregates are representative of those present at time of sampling (Lee et al., 2007). 

To determine aggregate stability, and specifically the proportions of water stable 

aggregates, soils are typically air-dried prior to fractionation (Yonder, 1936; Kemper 

and Rosenau, 1984; Elliott, 1986). Studies comparing fractionation of field-moist and 

air-dried soils found that air-dried soils tended to producer lower quantities of Macro 

and greater quantities of Micro as a result of the slaking process (Lehrsch and Jolley, 

1992; Beare and Bruce; 1993). The use of freeze drying of soils may make it possible 

to determine not only water stable aggregates and SOC content but also microbial 

community structure on the same soil samples. 

Physical isolation of intra-aggregate fractions is a more recent development 

(Six et al., 2000), which can provide estimation of the potential for C sequestration 

within soils. This process provides an additional layer of details into the impacts of 
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soil management and the turnover of SOC. Methods for intra-aggregate isolation 

includes the use of disturbance (sonication or shaking) to break down larger 

aggregates and can include the use of density fractionation to further separate fractions 

and isolate occluded SOM. The amount of force determines the amount of dispersion 

and in the case of sonication does not allow the isolation of multiple intra-aggregate 

fractions. 

Soil Organic Carbon Chemical Composition Using MidIR Analysis 

Fourier-transform infrared (FTIR) spectral analysis, a form of adsorption 

spectroscopy, is used to determine the ability of a sample to absorb different 

wavelengths of light (Griffiths and de Haseth, 1986). Use of FTIR allows for the 

determination of absorption and emission of solids, liquids, and gases. By using 

multiple light samples, each containing several light wavelengths FTIR is able to 

determine the absorption of each wavelength using the Fourier-transform algorithm. 

The use of FTIR has been possible since the 1950s and was able to analyze spectrum 

between 660 and 4000 cm
-1

. Through improvements of prisms used to disperse the 

light and eventually the development of microcomputers the spectrum was expanded 

and it became possible to control the instrumentation allowing for data collection and 

the use of the Fourier-transform algorithm.  

Use of mid-infrared (MidIR) diffuse reflectance infrared Fourier-Transform 

spectroscopy (DRIFTS) is a novel technique capable of non-destructively identifying 

C functional groups in soils (Haberhauer and Gerzabek, 1999; McCarty et al., 2002; 

Ellerbrock and Kaiser, 2005). Bornemann et al. (2010) outlined several important 
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spectral bands associated with specific C functional groups. Use of MidIR analysis for 

soil characterization began 20 years ago (Nguyen et al., 1991), however use of diffuse 

MidIR analysis to quantify relative amounts of organic functional groups is a more 

recent advancement (Reeves, 2010; Calderón et al., 2011a). In addition to the organic 

material, the mid-infrared spectra can also be used to provide information on mineral 

constituents such as clay and sand content (Cox et al., 2000; Sarkhot et al., 2007). 

Reeves (2010) successfully used MidIR spectra to obtain detailed distinct 

peaks for low organic C samples, like those associated with conventional agricultural 

production and semi-arid systems. Calderón et al., (2011b) coupled MidIR with soil 

particle size fractions and were able to identify differences between the organic 

functional groups based on fractions as impacted by depth and incubation. The 

fractionation technique used by Calderón et al. (2011b) however, was not designed to 

investigate water stable aggregates critical for SOM stabilization. In Davinic et al. 

(2012) the Elliott (1986) method was adapted to allow for microbial community 

analysis finding the that bacterial communities not only varied based on aggregate 

fraction, but were associated to specific SOC compositions. This level of information 

on C functional groups provide further support to aggregate formation models and 

understanding the dynamic soil aggregate system. 

Atmospheric Gas Exchange 

Soil gas flux measurements serve as an indicator of biological activity and in 

the case of C as an indicator of the potential losses of SOC from the soil system. 

Historically, atmospheric CO2 concentrations ranged from 180 to 300 ppm, but a 
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significant increase over the past 50 years has resulted in an average concentration of 

392 ppm  as of 2011 (NOAA, 2012). In the U.S. total emissions of GHGs increased an 

estimated 10.5% from 1990 to 2010. Measured GHG emissions in 2010 indicate that 

agricultural production accounted for 6.3% of total emissions, a majority of which 

stemmed from N2O emissions from agricultural soils (68% of N2O emissions in the 

U.S.) (EPA, 2012). In their accounting of C sequestration, increased GHG emissions 

stem largely from the conversion of cropland soils to grasslands, the incorporation of 

large-summer fallow areas in semi-arid regions, and the implementation of 

conservation tillage practices. Conversion to cropland increased as a net source of 

GHG emissions while conversion of cropland to grassland acted as a sink. Nitrous 

oxide emissions were estimated to be lowest in grassland soils compared to croplands 

(30% and 70% of total emissions respectively) (EPA, 2012).  

Emission of CO2 is the direct result of microbial respiration which occurs 

through the decomposition of SOM and is indicative of the loss of SOC by soil 

microorganisms (Fang and Moncrieff, 1999). The rate at which soil microbial 

respiration occurs is driven by factors including soil microbial community, available 

electron acceptors and organic material, the presence of oxygen, and soil moisture. 

Soil microbial respiration is a natural process which can be impacted greatly by soil 

management practices such as tillage which exposes previously protected pools of 

SOC to conditions expediting its decomposition increased rates of loss. However, 

practices which result in decreased rates of disturbance can also result in soil 

sequestration or the incorporation of atmospheric CO2 into physically and chemically 
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protected SOC pools. For example, material which has gone through microbial 

degradation becomes more chemically recalcitrant and can be found in greater 

quantities within intra-aggregate fractions which are physically isolated within the 

soil.  

In areas where soil moisture is not a limiting factor it is often the case that rates 

of CO2 flux correspond to changes in soil temperature, with increasing temperatures 

resulting in increased rates of flux. Kucera and Kirkham (1971) observed that in a 

Missouri prairie, rates of CO2 flux exponentially increased as temperatures increased 

with the highest rates occurring in July and August. Respiration rates decreased as 

temperatures decreased or soil moisture dropped to levels near the permanent wilting 

point. However, in a review of trace gas research articles Galbally et al. (2008) 

determined that only a limited number of research was available examining gas fluxes 

in semi-arid climates (Galbally et al., 2008). Based on this review there are large 

variations in the estimates of the impacts of trace gases from semi-arid and arid zones. 

It was stated that these variations may be the result of several factors including the 

impacts on soil microbial populations as a result of soil management practices, low 

soil moisture, and aboveground vegetation. For example, large variation (0 – 1125 mg 

CO2-C m
-2

 hr
-1

) was measured in a grazed prairie located in North Dakota (Frank et 

al., 2002). However, the amount of variation is flux measurement was lower (0 – 375 

mg CO2-C m
-2

 hr
-1

) in tilled spring barley in a study done in Scotland (Ball et al., 

1999).   
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Nitrous oxide, considered a trace gas due to its low concentration (334 ppb in 

1998) in the atmosphere, is approximately 300 times more effective as a greenhouse 

gas (GHG) when compared to CO2. Nitrous oxide, which occurs naturally, is produced 

as the result of both nitrification (aerobic respiration) and denitrification (anaerobic 

respiration) processes within the soil environment. Production is driven by several 

factors including microbial populations, soil moisture, a readily available organic 

matter source for decomposition, and in the case of nitrification the presence of 

oxygen. Nitrification, the process of converting ammonium into nitrate, occurs only in 

the presence of oxygen by the reduction of oxygen within the soil. Denitrification, or 

the loss of inorganic-N in a gaseous form, occurs under anoxic conditions and in many 

cases is considered the more important of the two processes. The dominant form of 

loss is driven by the presence or absence of oxygen, the diffuseability of gases through 

the soil, the presence of excess soil moisture, and the form of N present. Increases in 

N2O emissions are typically associated with increased WFPS, surface soil 

temperature, and following N applications (Galbally et al., 2010; Rafique et al., 2011). 

Negative peaks, indicating N uptake, have been measured with the greatest rates of 

uptake occurring as soil temperatures increased and soil moisture decreased (Rafique 

et al., 2011). These uptakes occurred most frequently in sites which had no application 

of N to the soil. 

In semi-arid environments, where soil moisture is often the most limiting 

factor, N2O fluxes are typically considered episodic events as the result of irrigation or 

precipitation. Galbally et al. (2010) found that in a semi-arid environment, emissions 
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of N2O were small when compared to more temperate environments ranging from -2.4 

ng N m
-2

s
-1

 to 12 ng N m
-2

s
-1

. The highest flux rates were observed under wheat 

production (0.29 ng N m
-2

s
-1

) when soils were at their highest moisture contents. In 

these same systems average soil respiration flux rate of 13.3-μgrams C m
-2

s
-1

 under 

native vegetation; while soils under wheat production averaged 8.8-μg C m
-2

s
-1

; 

however the use of transparent chambers limited periods of time under which 

measurements of soil respiration could be measured due to the presence of plant life. 

For this reason, particular attention is required to determine the timing of sampling 

particularly in producer managed systems. 

Aulakh et al. (1984) found that zero-till systems resulted in greater N2O flux 

rates as a result of increased soil density, increased aggregate size, and soil moisture. 

These factors contributed to the formation of a more anaerobic environment and 

increased rates of denitrification. It was determined that under spring barley, 

compaction had little effect on the N2O flux rates and combined with low soil 

moisture resulted in low N2O fluxes from the soil system (although this may have 

been from lack of compaction at the target depth) (Ball et al., 1999). However, under 

winter barley, compaction resulted in increased higher flux rates and had the greatest 

response to precipitation events. Comparison of tillage impacts found that no-till 

production systems resulted in highest flux rates, and were greatly impacted by 

precipitation events. This was attributed to the decrease in gas diffusivity and higher 

water content at the soil surface. The anaerobic environment created by the compacted 
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surface and the increased water content on the no-till soils produced similar 

environments which favor the evolution of N2O through denitrification.  

GHG Flux Measurements 

There are several methods used to determine GHG fluxes including use of 

static and dynamic chambers and the use of alkali traps (ex. sodium hydroxide, NaOH) 

in the case of CO2 fluxes. Accurate measurement of GHG fluxes requires the selection 

of a method: 1) suited to the type of gases sampled and the target area for sampling, 

and 2) has the lowest potential to modify microbial activity and concentrations of 

gases sampled within the ambient air. Care must be taken to ensure spatial and 

temporal variability is addressed when selecting a method for GHG flux analysis. The 

GRACEnet (Greenhouse gas Reduction through Agricultural Carbon Enhancement 

network) program has endeavored to standardize methods used for CO2 flux 

measurement in an effort to identify management practices which “enhance C 

sequestration in soils, promote sustainability and provide a sound scientific basis for C 

credits and trading programs” (USDA-ARS, 2011). Additionally, Rochette and 

Eriksen-Hamel (2008) attempted to develop a standardized method specific to 

measurement of N2O fluxes which included the development of scores based on the 

sampling process to aid in the selection of the “best” method for sample collection.  

Sodium hydroxide traps allow for the determination of CO2 evolved from a 

sample through the following reactions (Lundegardh, 1927; Monteith et al., 1964; 

Howard, 1966): 
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In this case one mole of CO2 evolved reacts with 2 moles of NaOH to produce the 

Na2CO3. Addition of BaCl2 allows for the precipitation of any carbonates formed. 

Phenolphthalein, a pH indicator, is added and any excess NaOH is back titrated 

through the addition of HCl to a pH of 8.3. This method is used in closed chamber 

studies and incubations which can be done in either the field or laboratory; however 

soda lime traps have been shown to underestimate CO2 emissions in high flux 

environments. 

Static chambers consist of stationary chambers which may either be vented or 

contain a fan to encourage air flow. Chambers are typically attached to a previously 

inserted base which creates a headspace from which samples are removed. In closed 

chambers, which depend on molecular diffusion (Kimball, 1983), extended sampling 

times are required with the use of soda lime traps to measure the evolved CO2. 

Additionally, care is taken to ensure the absorption capacity of the NaOH is not 

exceeded by adjustment to molar concentration and sampling time (Edwards, 1982). 

Correction for ambient air CO2 concentrations can be done using a chamber not 

exposed to the soil surface. Vented chambers or the use of an internal fan are designed 

to allow for sample removal via a syringe which can either be used for storage or to 

transfer samples to glass vials for laboratory analysis. As chamber size decreases a 

vent tube is desirable over the use of a fan as it allows for equilibration of pressure 

(Hutchinson and Mosier, 1981; Norman et al., 1992) without increasing the potential 
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for diffusion from the soil surface (Norman et al., 1992). Gas samples are then 

analyzed through a gas chromatograph plumbed for the specific gases of interest. 

Vented static chambers can easily be used for multiple gas measurements depending 

on the goals of a given project, but require longer sampler periods to ensure accurate 

estimation of GHG fluxes. 

Dynamic automatic chambers, such as those designed by LI-COR (St. Joseph, 

MI), consist of a chamber which can be placed on a pre-existing base and closed for 

short periods of time to measure CO2 evolution. Venting of chambers allows for 

collection of samples from the headspace without creating negative pressure or the 

formation of a boundary layer within the chamber (Janssens et al., 2000). The chamber 

is then connected to an infrared gas analyzer (IRGA) to measure instantaneous CO2 

concentrations (Parkinson, 1981; Norman et al., 1992). The portability of these 

systems allows for measurement of CO2 fluxes in multiple locations and the 

instantaneous nature of the IGRA enables for short measurement times minimizing the 

impacts of changes in soil temperature and moisture (Janssens et al., 2000). Software 

provided with the system allows for the calculation of CO2 flux with corrections for 

non-linearity. 

Comparison of the two chamber methods has found that an exponential 

relationship exists between flux rates. One comparison of the two chamber methods 

found that at low flux rates the dynamic chambers produced lower flux measurements. 

At higher fluxes static chambers were up to 5 times lower than those measured by 

dynamic chambers (Jensen et al., 1996). In a comparison of four methods including 
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various chambers and soda lime, Janssens et al. (2000) found large differences in 

measured CO2 fluxes; however significant correlation between the methods potentially 

allowed for standardization based on a method selected by the researcher. However, 

Pongracic et al. (1997) found use of the soda lime technique routinely underestimated 

CO2 fluxes under field conditions when compared to IRGA measurements, with no 

correlation between the two methods into two forest ecosystems. Based on the 

dynamic nature of soil systems and variable climatic conditions further research is 

needed to select the most suitable method for sample collection.  

Summary 

Agricultural production in the semi-arid THP is driven by access to water, thus 

requiring adoption of methods which reduce water requirements while increasing 

water use efficiency. Alternative agricultural practices, such as ICLs, include 

management practices which not only provides versatility in the variable systems, but 

result in improved soil quality factors including aggregate stability, SOC and TN 

content, and potential to increase protected SOC within aggregates. Measurement of a 

suite of factors provides a thorough examination of management and aiding in the 

development of systems suited to specific areas.   
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Table 1.1. Soil aggregate classes and their associated binding agents and carbon 

characteristics. 

Free Aggregate Classes 

Class Size 

(µm) 

Binding Agent Carbon 

Macroaggregate 

(Macro) 

> 250 Temporary & 

Transient 

Less stable/more labile; Initial 

increase in soil C; forms 

around coarse iPOM 

Microaggregate 

(Micro) 

53-250 Persistent, Oxides, 

Highly disordered 

aluminosilicates 

More stable. Less dependent 

on agricultural management; 

Formation information to 

storage and stabilization of C 

Silt+Clay  

(S+C) 

< 53 Microbial by-

products 

 

Intra-aggregate Classes 

iPOM > 250 Coarse organic 

material 

Root derived POM important 

in microaggregate formation 

iMicroaggregate 

(iMicro) 

53-250 Fine iPOM 

associated with 

mucilage’s around 

minerals 

“…ideal diagnostic indicator of 

long-term SOC sequestration” 

(Kong et al., 2005) 

Silt+Clay 

(iS+C) 

< 53 Microbial by-

products 
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Fig. 1.1 Map depicting area occupied by the Southern High Plains or Llano Estacado. 

Outlined area indicates Texas High Plains region. Adapted from Wester (2007). 
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CHAPTER II  

NO-TILL CROP ROTATIONS AND PERENNIAL GRASS PADDOCKS INCREASE 

PROTECTED SOIL ORGANIC CARBON POOLS 

Abstract 

An integrated crop-livestock (ICL) system, shown to conserve water, maintain 

productivity, and increase SOM, was established in the semi-arid Texas High Plains as 

an alternative agricultural practice to monoculture cotton (CTN). The ICL 

incorporated stocker steer grazing in three paddocks consisting of two small grain-

forage-cotton rotations and one Old World Bluestem (OWB) paddock. The objective 

was to examine the long-term effects of ICL management on soil organic carbon 

(SOC) in comparison to CTN management. Archived baseline soil samples (0-15 cm) 

collected in 1997 and samples collected in 2010 were fractionated into six distinct 

organomineral complexes including: water stable macroaggregate (Macro, >250-μm), 

microaggregate (Micro, 53-250-μm), silt+clay (S+C, <53-μm), and intra-aggregate 

particulate organic matter (iPOM, >250-μm), microaggregate (iMicro, 53-250-μm), 

and silt+clay (iS+C, <53-μm) fractions. CTN management resulted in significantly 

greater proportions of Micro as a result of degradation from tillage, while significantly 

more Macro was isolated in the ICL. Within the ICL, decrease in disturbance and 

increased vegetative input from grassland management resulted in increased 

proportion of the Macro within the OWB component. SOC increased significantly 

(~22%) under ICL management (11.2 mg g
-1

) in 2010, however no change was 

detected under CTN (9.0 mg g
-1

). This increase of whole SOC was the most 
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pronounced by the increase of C in Micro, iPOM, and iMicro from baseline samples. 

In 2010, differences were also measured between the CTN and ICL in the Macro (1.0 

and 4.2 mg g
-1

 soil, respectively), iPOM (2.5 and 5.3 mg g
-1

 Macro, respectively), and 

iMicro (5.4 and 8.2 mg g
-1

 Macro, respectively) fractions. Within these semi-arid soils, 

alternative agricultural practices resulted in significantly greater quantities of 

physically protected iMicro-SOC, increasing the C sequestration potential within the 

ICL system. 

Introduction 

The ultimate goal for soil carbon (C) sequestration is to maximize the amount 

of C stored in long-term (i.e., recalcitrant) pools which are protected from degradation. 

Central to understanding C sequestration is the perception of how soil organic matter 

(SOM) is incorporated into the soil and ultimately how soil aggregates protect, store, 

and interact with soil organic C (SOC) (Blanco-Canqui and Lal, 2004). In general, 

older, more recalcitrant C is associated with microaggregates protected within 

macroaggregates or intra-aggregate microaggregates (Elliott and Coleman, 1988; Six 

et al., 2000; Kong et al., 2005). The susceptibility of these materials to degradation is 

dependent on several factors including physical separation of decomposers from 

material, the natural chemical recalcitrance of the SOC and the recalcitrance that 

develops when SOC interacts with soil minerals. By increasing both chemical and 

physical recalcitrance, it is possible to increase the quantity of SOC pools and the 

potential for long-term storage (C sequestration). Additionally, through the physical 
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partitioning of soil aggregates and SOC pools it is possible to examine the interaction 

of these pools and the impacts of management practices.  

Sequestration of SOC in soil not only benefits society due to its positive 

impact on the global C cycle but also impacts overall ecosystem functioning. Implied 

soil functions which help define a ‘high quality’ soil include the capacity to supply 

nutrients, resist erosional forces, retain optimal water content, support soil food webs, 

recycle nutrients, maintain biodiversity, remediate pollutants, and suppress plant 

pathogens. Agricultural management practices that enhance soil quality include 

organic matter addition, rotational cropping, and reduced tillage conservation systems. 

Soil organic matter, one of the most commonly reported indicators of soil quality 

(Reeves, 1997), is comprised of multiple SOC pools ranging from readily 

decomposable C (providing nutrients to microbes and plants) to the more stable, 

recalcitrant C compounds. 

Increased SOC under agricultural production systems is typically achieved by 

management strategies such as reduced or no-till operations (Franzluebbers, 2002; 

Olchin et al., 2008), incorporation or conversion to perennial-based systems ( Acosta-

Martínez et al., 2004), and diversifying residue inputs with crop rotations (Moore et 

al., 2000). Six et al. (2000) described a model of aggregate formation whereby the 

introduction of disturbance resulted in the degradation of macroaggregates and 

subsequent release of the intra-aggregate fractions. Once disturbed, destruction of the 

macroaggregates results in the exposure of the previously protected intra-aggregate 

(Grandy and Robertson, 2006) fractions and ultimately increased rates of 
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decomposition and subsequent decreases in the formation and sequestration of C 

within the intra-aggregate microaggregate fraction (Spohn and Giani, 2011). In 

general, tillage exposes residues previously buried as well as increases the surface area 

of new residues which are more susceptible to microbial attack and subsequent release 

as CO2 during decomposition pathways. The longer turnover times found in no-till 

production has been shown to specifically increase proportions of protected intra-

aggregate microaggregates (Six et al., 2000). Carbon associated with these intra-

aggregate microaggregates explained most of the difference in SOC between no-till 

and conventional tillage systems and accounted for 40-60% of the C stabilized within 

macroaggregates and ultimately the stabilization of SOC (Kong et al., 2005). Isolation 

and measurement of C and the relative distribution of discrete aggregate pools 

provides insight into the impacts of management between systems and changes over 

time.  

Natural and managed grassland systems (low disturbance, high biomass inputs) 

have been shown to increase SOC content and in turn provide a significant sink for 

atmospheric C (Conant et al., 2001). The U.S. EPA estimated that conversion of 

agricultural lands into grassland production increased C sequestration by 19% from 

1990 to 2010. Perennial-based grazing systems or high residue returning crops such as 

wheat or rye help improve soil quality by building SOM and protecting soil from 

erosion through improved aggregate stability and presence of surface cover. Perennial 

grasslands are often used for livestock grazing but may not be economically and 
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socially the agro-ecosystem of choice depending upon resources and alternative 

management options.  

In areas such as the Texas High Plains (THP) with inherently low soil fertility 

and evapotranspiration rates in excess of precipitation, sustainable land management 

practices are essential to conserve both soil and water resources through an increase in 

soil quality. Low SOM levels, typical in semi-arid regions and high seasonal winds 

create favorable conditions for soil loss through wind erosion as a result of poor 

aggregate stability. The utilization of alternative agro-ecosystem management 

practices such as integrated crop-livestock systems (ICL), which typically consist of at 

least one component of perennial based forage vegetation, allows for the incorporation 

of livestock into the management practices. Implementation of ICLs has been shown 

to recycle and maximize the use of resources and maintain or improve soil quality. In 

contrast, conventional agriculture, such as the intensive production of cotton in this 

region, returns relatively low quantities of residues to the soil and multiple tillage 

passes to combat weeds and soil crusting often results in soil degradation and further 

destabilization. With proper management, ICL systems can be profitable while 

conserving water resources; the latter is a particularly important factor in areas such as 

the Texas High Plains where withdrawals from the Ogallala aquifer continue to be 

higher than recharge rates. With decreasing aquifer levels and current climatic 

challenges, it is critical that alternative practices are examined which are able to 

maintain productivity levels while producing environmental conditions which help to 

enhance soil quality. 
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Several studies have examined the aboveground impacts of continuous cotton 

systems in comparison to alternatives such as established ICL systems (Allen et al., 

2005, 2007, 2008; Zobeck et al., 2007). Allen et al., (2005) found that through the 

implementation of an ICL it was possible to financially match continuous cotton 

production, while increasing total SOC within a system, ultimately increasing soil 

stability and flexibility of production while decreasing soil erosion, water 

requirements, and chemical inputs in comparison to monoculture cotton production. 

Soils analyses primarily focused on the microbial community structure, enzyme 

activity, and whole SOC analysis (Acosta-Martínez et al., 2004, 2010a, 2010b). Of 

these studies only Acosta-Martínez et al. (2004) examined the impacts of soil chemical 

and physical properties and to date no examination has been done of the changes in 

soil parameters over time (i.e. from 1997 to time of sampling). Research has shown 

that while changes in SOC due to implementation of practices (i.e. tillage) can be 

detected within 90 days (Grandy and Robertson, 2006); under field conditions, 

significant effects of added residue to total SOC were not evident in short-term (< 60 

days) studies, particularly in semi-arid dryland systems (Olchin et al., 2008). For this 

reason, changes within whole SOC may not be indicative of impacts of all changes in 

management. However, low soil moisture levels for these sites may result in decreased 

rates of decomposition below the typical plow layer and may provide a potential C 

sink. Therefore, the overall goal of this study was to examine the impacts of ICL 

management utilizing samples collected in 1997, prior to implementation of the 

experiment, as background to measure changes to aggregate distribution and C content 
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over the 13 year study. The objectives of this study were 1) to determine the impacts 

of two agriculture production systems on aggregate stability; 2) to examine the 

changes in SOC content following 13 years of continuous management and 3) and to 

examine the impacts of management practices on C sequestration potential and 

specifically, the distribution of SOC within aggregates in semi-arid systems. 

Objectives 

The primary objective of this study was to examine the effects of integrated 

crop-livestock (beef cattle) land management of soil C and aggregate formation and 

stabilization. To accomplish this, the location of C in relation to soil aggregates will be 

examined based on soil quantity. Specifically, I will evaluate which system allows for 

the greatest quantity of soil C stored in protected microsites (i.e. intra-aggregates 

fractions); and whether the distribution of aggregate fractions change across systems 

or vegetation types. It is also possible to examine the change in C content over the 

term of the research and how the different management practices impacted SOC. 

 Hypothesis 1: Systems which include disruptive management practices (tillage, 

planting, etc.) will result in lower total C contents due to the increased 

exposure to organisms and activity. 

 Hypothesis 2: Quantities of intra-aggregate fractions will be greatest in 

perennial grassland systems due to the increase biomass abundance and 

relatively low disturbance rates.  



 Texas Tech University, Lisa Fultz, August 2012 

44 

 

Materials & Methods 

Study Site 

The study site is located at the Texas Tech Experimental Farm located six 

miles east of New Deal, Texas (33°45’N, 101°45’W; 993 m elevation) and is within 

the Texas High Plains region of northwest Texas. The climate is semi-arid; average 

annual precipitation is 470 mm with 75% occurring from April through October 

(Allen et al., 2005). The soil is classified as a Pullman clay loam (Fine, mixed, 

superactive, thermic Torrertic Paleustolls) with 38% sand, 28% silt, and 34% clay ( 

Acosta-Martínez et al., 2004) on little to no slope (0-1%).  

From 1986 to 1988 the site was part of a grass/legume grazing experiment 

which was unmanaged until 1997 when two agricultural management systems were 

initiated. The two systems were established to allow for comparison between a 

continuous cotton (Gosspium hirsutum L.; CTN) system (0.25ha) and an integrated 

crop-livestock system (ICL; 4.0ha). Details regarding management of these systems 

and cattle information are provided in Allen et al. (2005) and are briefly described 

here. Both systems were irrigated using subsurface drip irrigation with 1 m spacing 

buried to a depth of 0.36-m. Within the CTN system, ‘Lockett’ wheat was planted into 

furrows and chemically terminated prior to tillage and planting of monoculture cotton 

in May of each year. The ICL was a cotton-forage-beef cattle system comprised of 

three vegetation components. Approximately 54% of the ICL consisted of a WW-B. 

Dahl Old World Bluestem paddock (Bothriochloa bladhii (Retz) S.T. Blake; 2.1ha; 

OWB) and the remaining 46% was divided between two paddocks (0.9 ha each; 
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ROT_A and ROT_B) in which cotton was grown in a no-till rotation of wheat 

(Triticum aestivum L.), fallow, and rye (Secale cereale L.) such that both paddocks did 

not have the same crop at the same time. Grazing steer were introduced in January of 

each year and rotated through the system until July when steers were moved to a 

feedlot. Each component of the system was replicated three times and maintained 

through 2008 when a fallow period was initiated. 

Soil Sample Collection 

In 2009, subsamples of archived soil samples initially collected in May 1997 

were obtained and used as baseline samples. These samples had been collected to a 

depth of 15 cm using a Bull Probe (Fort Collins, CO) and stored under air-dried 

conditions. In January 2010, all fields were resampled to the same depth. A minimum 

of four subsamples were collected from each field, gently mixed and homogenized to 

obtain a single sample. Both soil sets (archived soil from 1997 and fresh soil from 

2010) were passed through an 8-mm sieve and air-dried (sampled 2010) for 

subsequent soil aggregate fractionation and total C and N analysis. 

Water-stable Aggregate Isolation 

Four water-stable aggregate-size fractions were obtained following a wet-

sieving method according to Elliott (1986). Prior to sieving, samples were slaked by 

placing 100-g air-dried (< 8 mm) soil on a 2000-μm sieve and slowly submerged in 

deionized water. After 5 minutes, the sieve was raised and lowered (approximately 3 

cm) 50 times over a two-minute period. Any soil aggregates greater than 2000-µm, 

(large macroaggregates; LMacro), which remained on the sieve were transferred to an 
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aluminum drying dish. The soil and solution remaining were then passed through a 

250-µm sieve and the sieving process was repeated. Soil remaining on the sieve (small 

macroaggregates; SMacro) was removed for drying and the remaining soil and 

solution was passed through a 53-µm sieve and the sieving process was repeated. Soil 

sample greater than 53-µm (microaggregates; micro) were removed from the sieve and 

the remaining soil solution containing particles smaller than 53 µm (silt+clay; S+C) 

was quantitatively transferred to an aluminum drying dish. All aggregate fractions 

were dried at 60°C and weighed to obtain the mass of each fraction to determine 

average percent recovery (96% ± 0.1)). 

 Mean weight diameter (MWD) was calculated as an indicator of soil aggregate 

stability based on the proportion of the soils with each of the three free aggregate 

fractions described above. Calculations were done using the following equation: 

          
 

 

where Pi is the proportion of the whole soil in the given fraction, and Di is the average 

diameter (mm) of the particles of the fraction (van Bavel, 1950). As described in the 

original method, sand correction was not conducted on these samples. 

Intra-aggregate Isolation 

Three intra-aggregate fractions were obtained by further separation of the 

macroaggregate fractions following the procedure developed by Six et al. (2000). 

Subsamples of the macroaggregate fractions (LMacro and SMacro) were combined in 

proportion to the total amount extracted from each soil sample and passed through a 
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device containing a 250-µm screen and 50 4-mm glass beads to aide in the breakdown 

of aggregates. Isolation occurred while shaking under a continuous flow of water to 

completely disperse macroaggregates. Material remaining on the sieve was the intra-

aggregate particulate organic matter (>250-µm; iPOM). The material passing through 

the 250-μm sieve was collected on a 53-μm sieve and wet-sieved to isolate the intra-

aggregate microaggregates (53-250 µm; iMicro). The remaining soil (<53-µm; iS+C) 

and solution was collected and all fractions were dried at 60ºC and weighed to 

determine average percent recovery (92% ± 3.7).  

Sample Analysis 

Subsamples of each fraction were hand ground for dry combustion analysis 

using a LECO TruSpec CN Analyzer (St. Joseph, MI). Presence of inorganic C (i.e., 

carbonate C) was examined through acidification of a subset of samples prior to 

analysis. No detectable inorganic C was found. Therefore, measured total C was 

assumed to correspond to SOC.  

Statistical Analysis 

The experimental design consisted of a completely randomized block design 

with three replicates. Data were analyzed at the system level (ICL vs. CTN) and at the 

vegetation level (CTN, OWB, ROT_A and ROT_B). For the systems comparisons, the 

mean value for each system was calculated by determining the contribution of each 

field according to its area proportion within the system. Changes over time were 

analyzed through comparison of baseline samples collected in 1997 to those collected 

in 2010. Statistical analysis using the PROC MIXED (Version 9.2) procedure allowed 
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for comparison of aggregate C content as impacted by system and vegetation with a 

level of significance of 0.05 for main effects (system, vegetation, aggregate fraction) 

and 0.01 for all pairwise comparisons unless otherwise stated.  

Results  

Mean Weight Diameter 

Averaged across systems, MWD decreased approximately 26% (from 1.0 mm 

in 1997 to 0.74 mm in 2010) over the 13 year study period (Table 2.1). There was no 

statistical separation (α=0.05) between the ICL and CTN systems despite an overall 

two-fold increase in MWD of the ICL system (0.84 mm) compared to that measured in 

the CTN system (0.40 mm). At the vegetation level, MWD between 1997 and 2010 

samples under CTN significantly decreased by 52%. Changes within the ICL system 

were vegetation type dependent with MWD increasing by 50% within the OWB 

component and decreased up to 51% within the rotations; however only ROT_B was 

statistically different between sampling dates. In 2010, MWD was significantly greater 

in the OWB component of the ICL system compared to the three annual crop 

components (i.e., CTN and both rotations).  

Aggregate Proportions 

Following 13 years of management, both systems generally showed decreased 

proportions of Macro and increases in S+C but the magnitude of change was greatest 

in the CTN system (Fig. 2.1a). The distribution of aggregate fractions within each 

vegetation component indicated a similar response to management over time for the 
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CTN, ROT_A, and ROT_B components (Fig. 2.1b). Within the ICL system, decreased 

proportion in the Macro fraction for the ROT_A and ROT_B components were 

partially offset by increased proportion in the Macro fraction of the OWB component. 

An evaluation of the Macro fraction, consisting of LMacro and SMacro, was also 

investigated for these systems (data not shown). Although a 36% decrease in SMacro 

was observed in OWB, the formation of LMacro (increase from 0% in 1997 to 20% in 

2010) resulted in an overall increase in the Macro fraction. The annual crops (CTN, 

ROT_A, and ROT_B) contained 58% less SMacro and no LMacro formation over the 

13 yr study (data not shown).  

Of the intra-aggregate fractions, a decrease of iMicro was observed in both the 

CTN (31%) and ICL (13%) systems (Table 2.2) although this decrease was only 

significant in the CTN system. Decreases were observed in the iMicro fraction at the 

vegetation level within the ICL system; however the only significant decrease 

compared to the baseline level was in the CTN and ROT_B components. Similar to 

results of the free water-stable aggregates, the magnitude of change in intra-aggregate 

proportions from samples collected in 1997 to 2010 was greatest in the CTN system.  

Soil Organic Carbon 

Whole soil SOC content did not differ in soils collected in 1997 compared to 

those from 2010 in the CTN system. In contrast, conversion to the ICL system resulted 

in a significant increase in SOC of 22% (Fig. 2.2a). Increased whole SOC was 

measured in both the OWB (12.7 mg C g
-1

 soil) and ROT_B (11.0 mg C g
-1 

soil) 

components compared to baseline samples (8.8 mg C g
-1

 soil) (Fig. 2.2b). Within 
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samples collected in 2010, significant differences in SOC were measured between 

vegetation components and decreased in the following order: OWB ≥ ROT_B ≥ 

ROT_A = CTN. No differences were measured in the calculated C:N ratio from 

baseline samples or based on vegetative components. 

Despite no measured change in the CTN total SOC over time, a significant 

change in the distribution of SOC, specifically in the Micro and iPOM fractions, was 

measured (Fig. 2.3a and 2.3b). In soil samples collected from the CTN system in 2010, 

SOC content in the Micro (7.1 mg C g
-1

; Fig. 2.3a) and iPOM (2.5 mg C g
-1 

Macro; 

Fig. 2.3b) fractions were significantly greater compared to baseline samples (5.14 mg 

C g
-1

 soil and 0.83 mg C g
-1

 Macro, respectively).  

Compared to the baseline value, significant increases in SOC associated with 

the Macro (1.7 mg C g
-1

; Fig. 2.3a), iPOM (4.1 mg C g
-1

) and iMicro (1.2 mg C g
-1

) 

fractions (Fig. 2.3b) of the ICL system were measured over the 13 yr period. The 

majority of the increase in Macro-SOC was attributed to the substantial increase in the 

OWB component of the ICL (Fig. 2.4a). All three components of the ICL system 

resulted in increased iPOM-SOC, however in the case of iMicro, the only significant 

increase in SOC was found in the ROT_A component (Fig. 2.4b). The remaining two 

components of the ICL showed increased iPOM-SOC but this increase was not 

statistically significant (p > 0.01).  

Similar to changes observed in the aggregate proportions at the systems level, 

the CTN, ROT_A, and ROT_B components experienced similar changes over time 

with the exception of the iMicro-SOC. Significant increases over the baseline value 
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were measured in the Micro- and iPOM-SOC for all three annual cropping 

components. While not significant, SOC tended to decrease in the Macro fraction and 

increase in the S+C fraction. Within the iMicro fraction, the two rotations and OWB 

components tended to increase in SOC content over time, and contained significantly 

greater quantities of SOC when compared to the CTN component. Measured Micro-

SOC was significantly greater in the annual cropping components when compared to 

OWB.  

Comparison of soils collected in 2010 indicates that aggregate SOC in the 

OWB component was significantly greater than the CTN component in the Macro, 

iPOM, and iMicro fractions. Additionally, SOC in the OWB component was greater 

than that measured in the two rotation components in both the Macro and iPOM 

associated SOC. There were no measured differences in Macro-, Micro-, and iPOM-

SOC between the CTN, ROT_A, and ROT_B components. However, the ROT_A and 

ROT_B components produced significantly greater quantities of iMicro-SOC than that 

measured in the CTN component. 

Discussion 

Systems level analysis provides an understanding of how the individual 

components interact, potentially offsetting costs of one with the benefits associated 

with another management practice. Implementation of systems also allows for the 

combination of factors suited to a particular environment. This research was able to 

discern certain trends at the systems level, however evaluation at the component level 

provided key information on the interactions within the systems. 
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Aggregate stability and aggregate-fraction proportions 

Estimates of MWD have been used as an indicator of aggregate stability and 

have been shown to be sensitive to management (Grandy and Robertson, 2006; Spohn 

and Giani, 2011; Yoo et al., 2011). Interpretation of our results at the systems level is 

challenging due to the variability of the cropping components within the ICL, which is 

comprised of annual crop rotation as well as a perennial paddock. Additionally, 

increased aggregate stability has been observed as a result of long-term storage of air-

dried soils which can result in formation of bonds due to “particle-to-particle contact” 

(Kemper and Rosenau, 1984). Regardless, our data suggests that conversion of land 

from previously unmanaged grassland to cotton monoculture (i.e., the CTN system) 

reduced the MWD and thus decreased aggregate stability. Continuous cotton systems 

in the SHP are frequently tilled; sometimes as many as 4 passes following harvest in 

efforts to reduce surface crusting and prepare seeding beds. This finding is supported 

by several other studies that have shown the negative impacts on aggregation and 

SOM content from physical disturbance with repeated tillage (Elliott, 1986; 

Franzluebbers and Arshad, 1996b; Bronson et al., 2004; Grandy and Robertson, 2006) 

and decreased organic residue inputs (Kong et al. 2005; Briar et al., 2011). Our results 

also showed enhanced stability within the OWB component of the ICL despite the 

initial grassland status indicating that the area had not achieved a steady state. 

Distribution of the free aggregates is used to calculate MWD and is thus 

indicative of the formation of larger stable aggregate fractions. Aggregate formation 

and destruction is greatly affected by time and management practices. Based on the 
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model for aggregate formation described by Six et al. (2000), disturbance due to 

tillage expedites the destruction of the Macro fraction exposing the previously 

protected iPOM and iMicro (Grandy and Robertson, 2006) fraction. This exposure 

results in increased rates of decomposition and subsequently decreased formation and 

sequestration of C within the iMicro fraction (Spohn and Giani, 2011). Our results 

support this model as both ROT_A and ROT_B and the CTN component resulted in 

decreases in MWD, Macro and iMicro proportions, and increased the proportion of 

Micro. In the ICL, this decrease (Fig. 2.1b) was somewhat balanced by the impacts of 

the OWB component resulting in less change in the Macro fraction and an overall 

decrease in the Micro fraction at the systems level (Fig. 2.1a). Within the OWB 

component, the significant increase of Macro and subsequent decrease of Micro is 

likely a result of no-till management (Olchin et al. 2008) and the increased inputs from 

surface vegetation and undisturbed plant roots. Regardless of management, the Micro 

fraction was the dominant fraction and may reflect the inherent stability associated 

with this fraction due to the binding of primary particles by persistent organic matter 

(Olchin et al., 2008). Additionally, presence of very fine sand may impact measured 

proportional distribution of aggregates. However, previous studies that used a similar 

fractionation procedure have also reported the dominance of the Micro fraction within 

their soils (Cambardella and Elliott, 1993; Jastrow et al, 1996; Olchin et al., 2008) 

regardless of correction for sand content.  
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Soil Organic Carbon 

Tillage of formerly unmanaged grassland and conversion to cotton was 

expected to result in substantial loss of SOC as has been reported in other studies 

(Grandy and Robertson, 2006; Bronson et al., 2004; Franzluebbers and Stuedemann, 

2008; Zobeck et al., 2007); however, this was not observed in whole soil. Although 

the semi-arid climate and relatively low irrigation rates may reduce decomposition 

rates (Franzluebbers and Arshad, 1996a), relatively high soil temperatures are 

expected to provide favorable conditions for microbial activity. Although cotton was 

the dominant crop grown each year from 2002-2009, incorporation of wheat in the 

furrow bottoms likely offset some of the losses otherwise associated with continuous 

cotton monocultures. While Zobeck et al. (2007) found no significant differences in 

SOC content between irrigated monoculture cotton and terminated wheat cotton 

production, without a continuous cotton field without wheat as part of the system it is 

impossible to determine to what degree the wheat impacted SOC over time. In the case 

of the OWB and ROT_B (Fig. 2.2b), the observed increase from baseline samples may 

be indicative of the no-till management (Franzluebbers, 2002) and the implementation 

of rotational cropping (Moore et al., 2000; Acosta-Martínez et al., 2010a). The trend 

toward greater quantities of SOC measured in the OWB was similar to those reported 

by Acosta-Martínez et al. (2004). 

Although differences in SOC were subtle in whole soils, the distribution of the 

C within the aggregate pools helps explain the dynamic nature of management on 

SOC and potential for C sequestration in more protected aggregates with the perennial 
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based components. Within the free aggregate pools, the three annual components 

(CTN and two rotations) showed similar SOC levels over time but only the rotations 

showed increased SOC within the protected iMicro fraction. The response in the free 

aggregates is likely driven by the removal of aboveground biomass through harvesting 

or grazing whereas the observed increase in iMicro-SOC is indicative of the benefits 

associated with no-till production (Six et al., 2000) in the rotations as well as the 

perennial OWB component. No-till systems have also been shown to contain greater 

quantities of iPOM-SOC which in turn facilitates residue-C stabilization in the Macro 

fraction (Olchin et al., 2008) and helps explain the significant increase of Macro-SOC 

measured in the OWB component. Similarly, other studies have reported that no-till 

sites resulted in an increased rate of incorporation of fresh residue in the larger 

aggregate fractions (Cambardella and Elliott, 1994; Jastrow, 1996). The removal of 

surface vegetation within the rotation components would result in decreased C inputs 

into the soil and lower quantities of SOC.  

Increased iPOM-SOC was observed in all vegetative components but was 

greatest in OWB. This increase in OWB occurred without a change in the proportion 

of the iPOM fraction, indicating further potential for storage of this C fraction within 

this component. Although changes in iMicro-SOC were not significantly different 

from baseline samples, the rotation and perennial components (ROT_A, ROT_B, and 

OWB) tended to increase SOC in this protected fraction. Kong et al. (2005) showed 

increases in iMicro-SOC with increased vegetative inputs and decreased disturbance 

rates. The presence of the furrow-planted wheat in CTN may have partially offset 
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further loss of SOC in iMicro and demonstrates how small changes in management 

can provide some protection of SOM. Regardless, increased SOC in the Micro (19%) 

and the iMicro (18%) fractions under perennial no-till vegetation (i.e., OWB) indicate 

an increased potential for C sequestration and that these sites have not yet reached 

saturation. 

Conclusions 

Investigation of the proportion and SOC content of each fraction provides 

more detailed information on SOC dynamics and insight into C sequestration 

potential. The ICL system increased SOC content by 22% within 13 years primarily 

due to the incorporation of no-till practices and high vegetative inputs which 

stimulated the physical formation of protected aggregates and associated SOC. The 

greatest increase in SOC was observed in the OWB component of the ICL followed by 

the rotation components. In complex systems-level studies, it is important to consider 

the components within the system to determine the contributions of each to overall soil 

quality and to aid in the development of additional sustainable agroecosystems. Our 

data suggest that no-till practices and crop rotations under limited irrigation enhanced 

aggregate stability and support greater C sequestration potential in these clay loam 

soils. 
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Table 2.1. Mean weight diameter (mm) at the vegetation level for both the CTN and 

ICL systems. 

Vegetation
*
 1997 2010 

CTN   0.84 Aa
†
    0.40 Bb 

ROT_A 1.15 Aa 0.56 Bb 

ROT_B 1.03 Aa 0.51 Ab 

OWB 1.00 Aa 1.50 Aa 

*CTN = continuous cotton; ROT = rotation component using A and B to differentiate between 

paddocks; OWB=Old World Bluestem 

†Similar uppercase letters indicate no significant difference between samples collected in 1997 and 

2010. Similar lower case letters indicate no significant difference between vegetation components 

within same sampling date. All significance levels set at α=0.05. 

 

 

 

 

 

 

 

 

Table 2.2. Proportion of iMicro at both the systems and 

vegetation level. Proportion is based on the mass of iMicro per 

g of Macro. 

System/Vegetation iMicro Proportion 

 

----------g iMicro g
-1

 Macro---------- 

 

Baseline 

  CTN  

0.48 x
*
 

0.32 Ayb
†
 

 

ICL 

ROT_A 

0.42 Ax 

    0.40 xab 

ROT_B     0.38 yab 

OWB     0.46 xa 
* x’s indicate no significant difference between baseline samples and 

samples collected in 2010 at both the systems and vegetation level. 
†The same uppercase letter indicates no significant difference at the 

systems level. The same lower case letter indicates no significant difference 

at the vegetation level.  
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Fig. 2.1 Change in free aggregate proportion from 1997 to 2010 at the a) systems and 

b) vegetation level. 
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Fig. 2.2 Soil organic carbon measured in whole samples collected in the 1997 baseline samples, the a) systems in 2010 and b) 

vegetation components in 2010. System SOC is calculated based on the proportion of each vegetative component which is part 

of the system. Bars indicate standard error. Different uppercase letters indicate significant difference between samples 

collected in 2010. Different lowercase letters indicate significant difference between baseline samples and those collected in 

2010. 
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Fig. 2.3 Soil organic carbon between samples collected in 1997 and 2010 measured in a) free aggregates and b) intra-aggregate 
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CHAPTER III  

AGGREGATE SOIL ORGANIC CARBON RESPONSES IN FIVE SEMI-ARID 

AGROECOSYSTEMS 

Abstract 

In the semi-arid Texas High Plains where monoculture cotton (CTN) is the 

dominate crop, alternative agroecosystems such as integrated crop-livestock (ICL) 

systems are gaining interest for their versatility and ability to conserve water in this 

water-limited environment. Five systems were selected to examine the effects of 

management practices on mean weight diameter (MWD), aggregate distribution, soil 

organic carbon (SOC), and nitrogen status. Systems included three ICL systems with a 

variety of vegetation and irrigation practices combined with stocker steer grazing and 

two subsurface drip irrigated (SDI) CTN systems. The first ICL system (FRG_CTN) 

included paddocks of perennial native grasses, Millet and Cotton (planted in rotation), 

and SDI (buffer) Old World Bluestem (OWB). The second ICL system (OWB_BER), 

a SDI (deficit) system, included paddocks of bermudagrass (BER) and OWB and the 

third ICL system (FRG_RC) included paddocks of center-pivot irrigated OWB and 

corn. Soil samples (0-5 and 5-20cm) were collected in July 2010, and fractionated into 

water stable macroaggregate (Macro, >250-μm), microaggregate (Micro, 53-250-μm), 

silt+clay (S+C, <53-μm), and intra-aggregate particulate organic matter (iPOM, >250-

μm), microaggregate (iMicro, 53-250-μm), and silt+clay (iS+C, <53-μm) fractions. 

Alternative ICL practices resulted in greater MWD, SOC content, and Macro 

proportions, with the greatest quantities in FRG_RC compared to conventional annual 
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cropping systems (i.e., Cotton-Millet rotations within FRG_CTN). Greater quantities 

of iMicro-SOC were associated with practices including perennial vegetation, 

rotational cropping, and reduced tillage, ultimately increasing the C-sequestration 

potential in these semi-arid systems. 

Introduction 

Soils in the Texas High Plains (THP), once dominated by short-grass prairies 

and fertile soil, are now characterized by inherently low soil organic carbon (SOC) 

and are susceptible to high winds and infrequent but intense precipitation events which 

are common in this region. Today, the dominant crop in the THP is cotton, which is a 

low-residue returning crop and typically involves frequent tillage passes used to 

reduce surface crusting and prepare seed beds. The combination of low residues and 

tillage often results in increased degradation of SOC and loss to the atmosphere via 

microbial respiration during decomposition (Franzluebbers and Arshad, 1996; 

Bronson et al., 2004; Grandy and Robertson, 2006; Ussiri and Lal, 2009). Agricultural 

alternatives are limited in the THP largely due to the depletion of its main irrigation 

source, the Ogallala aquifer. However, implementation of agricultural practices such 

as rotational cropping, perennial grasslands, and incorporation of livestock as 

components of the overall system can provide versatility in production and ultimately 

lead to improvements both to the environment and the producer (Allen et al., 2005, 

2007, 2008).  

While the impacts of initial tillage are evident in the short-term (<90 days) 

(Grandy and Robertson, 2006), conversion to no-till high-residue crops or perennial 
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grasses may not produce measureable changes within the term of most experiments, 

particularly in semi-arid dryland systems (Olchin et al., 2008). Low water availability 

and soil fertility, coupled with high evapotranspiration can hinder the degradation of 

SOC on the soil surface in no-till systems (Franzluebbers and Arshad, 1996). This 

buildup of surface material can serve to aid in C sequestration. Carbon stored within 

aggregates, especially microaggregates (53-250-μm), has been proposed as an 

indicator of long-term storage as this C pool is physically isolated from contact with 

the majority of the microbial community and contains more chemically recalcitrant 

compounds (Elliott and Coleman, 1988; Six et al., 2000; Kong et al., 2005). In 

addition to acting as a sink for atmospheric C, increased SOC also increases soil 

nutrient content, aggregate stability, and water holding capacity. The dynamics of 

SOC within soil aggregates and their potential for C sequestration is a growing area of 

interest, but one that has received little attention in the semi-arid Texas High Plains.  

The primary goal of C sequestration is to increase storage of C in physically 

protected chemically stable pools in long-term reservoirs such as intra-aggregate 

microaggregates. Blanco-Canqui and Lal (2004) stated that the central mechanism for 

C sequestration in soils stems from understanding how soil aggregates protect, store, 

and interact with SOC. As the largest active terrestrial pool, SOC has the potential to 

store fixed CO2 in chemically recalcitrant forms within soil aggregates providing an 

additional layer of physical protection. The study of aggregate C pools can be 

accomplished via physical and chemical means which strive to separate the soil and 

associated SOC into structurally and functionally distinct pools (Christensen, 2001). 
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One approach, by Six et al. (2000), specifically targets the intra-aggregate fractions by 

physically dispersing larger aggregates resulting in the isolation of intra-aggregate 

fractions. This additional level of fractionation has been shown to be sensitive to 

management practices such as tillage and vegetation type (Grandy and Robertson, 

2006; Jagadamma and Lal, 2010; Spohn and Giani, 2011, Yoo et al., 2011). 

In a comprehensive review of the impacts of grasslands on soil C, Conant et al. 

(2001) found that the conversion to grassland systems increased SOC content and 

ultimately provided a potential sink for atmospheric C. Agronomic management shifts 

such as the use of no-till have also been shown to sequester C, especially in surface 

soils (Olchin et al., 2008; Jagadamma & Lal, 2010). The impacts of reduced and no-

till versus conventional-till has been demonstrated in the isolation of the intra-

aggregate fractions, in particular the intra-aggregate microaggregates (Six et al., 2000; 

Kong et al., 2005). Kong et al. (2005) found that intra-aggregates could account for 

40-60% of the C stabilized within macroaggregates and thus stabilization of SOC. The 

total amount of C sequestered in these protected pools is dependent on the quantity 

and quality of C inputs, soil texture, soil moisture and temperature, and management 

(Simpson et al., 2004; Denef et al., 2007; Lichter et al., 2008).  

Through integrated crop-livestock (ICL) systems, the incorporation of 

grassland components, typically as forage for livestock, into crop production can 

increase SOC and aggregate stability resulting in a potential C sink. In 1997, two long-

term agricultural systems were established to investigate the integration of livestock 

(e.g., cattle) into the cropping system as alternative strategies to conventional 
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monoculture cotton. These systems have been shown to be successful in conserving 

water and soil resources in the SHP (Allen et al., 2005). Further studies on these ICL 

systems showed significant improvements in SOC and MWD and decreased risk of 

soil erosion, water requirements, and chemical inputs in comparison to monoculture 

cotton production (Allen et al., 2005; Chapter 2). Building upon the knowledge base 

from the initial ICL study, two additional long-term ICL systems were initiated in 

2002. These systems differed by incorporating dryland components, new vegetation 

components while removing the continuous cotton component. To date, only one 

study has been published on these systems (Davinic et al., 2012) which reported only 

on the effects of individual aggregate fractions on the bacterial communities and not 

on the impacts of the systems themselves. These long-term ICL systems allow for the 

examination of not only the effects of management of SOC dynamics, but also how 

individual vegetation components of each system impact C storage within individual 

aggregate fractions. The variety within the systems, stemming from irrigation type, 

vegetation type, and vegetation management, offers extensive information with far-

reaching implications (e.g. better C models, C trading, etc.) pertaining to sustainable 

agriculture in semi-arid systems. It was the goal of this study to compare the impacts 

of three ICL systems on 1) aggregate stability and proportional distribution and 2) 

SOM, SOC, total nitrogen (TN), and inorganic N content. In order to compare these 

results to the dominant cropping system, two monoculture cotton fields were also 

evaluated. 
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Objectives 

The primary objective of this study is to determine the influence of long-term 

integrated crop-livestock pastureland management on soil C and soil aggregate 

formation. To this extent the location of C in relation to soil aggregates will be 

examined. Through this research I hope to determine which system, if any, allows for 

the greatest accumulation of soil C, in particular into more recalcitrant pools (i.e. intra-

aggregate microaggregates); and whether the distribution of aggregate fractions 

changes across systems or vegetation types. 

Hypothesis 1: If intra-aggregate C is positively affected by surface biomass 

production: intra-aggregate microaggregate C will be higher in the native 

rangeland compared to the cotton/millet rotation; C in intra-aggregate 

microaggregates will be higher in irrigated systems when compared to dryland 

systems. 

 Hypothesis 2: Proportions of macroaggregates will increase in grassland 

systems due to increased C sequestration and decreased disturbances. 

Hypothesis 3: Soil organic C will be greatest in the non-grazed soils due to 

increased quantities of biomass available aboveground. 

Materials & Methods 

Study Site 

Five agro-ecosystems (Table 1) were selected to represent both the dominant 

form of agricultural production (monoculture cotton; CTN) and potential alternative 
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management practices in the form of integrated crop-livestock (ICL) systems. All 

agro-ecosystems were located in the Texas High Plains region in northwest Texas. The 

climate is semi-arid with average annual precipitation of 470 mm occurring primarily 

during April through October. All five systems were established on Pullman clay loam 

(Fine, mixed, superactive, thermic Torrertic Paleustolls) soil with little to no slope (0-

1%).  

Three of the five systems were located on the Texas Tech Experimental Farm, 

six miles east of New Deal, Texas (33°45’N, 101°45’W). These three systems include 

two ICLs and one CTN system, adjacent to, but not part of the ICL sites. The 

conventionally tilled CTN (CTN_1; 0.25 ha) system had been under monoculture 

cotton since at least 2006 and was irrigated through subsurface drip-irrigation. Details 

for the following two ICL systems, briefly described here, can be found in Zilverberg 

(2012). The first of the ICL’s (10 ha; FRG_CTN), established in 2004, consisted of 

two perennial grassland and two annual cropland paddocks. The perennial grasslands 

consisted of a paddock of dryland mixed native species (PNG; 4.5 ha) and a paddock 

of subsurface drip irrigated WW B-Dahl – Old World Bluestem [Bothriochloa bladhii 

(Retz) S.T. Blake; B_OWB; 2.1 ha]. The remaining area of the system consisted of 

one paddock of foxtail millet (Setaria italica [L.] P. Beauv.; 1.7 ha) and one paddock 

of cotton (FiberMax 9058F; 1.7 ha) both under conventional tillage and planted in 

rotation such that both crops were present each year. Cotton and Millet, managed 

under dryland conditions, were fertilized (N, P, K, and S) through surface applications, 

typically occurring in April. The second ICL system (OWB_BER; 3.9 ha), established 
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by 2005, consisted of two paddocks of bermudagrass [Cynodon dactylon (L.) Pers.; 

BER; 0.9 ha each] and one paddock of OWB (D_OWB; 5.1 ha) all irrigated and 

fertilized through subsurface drip. Fertilization of OWB and BER components 

consisted of applications of N and sulfur through subsurface drip irrigation tapes with 

one application in the OWB and two in the BER throughout a growing season. All 

vegetation, excluding cotton, was grazed during the months of May through 

September beginning in 2005.  

The remaining two systems were producer operated production systems and 

part of the Texas Alliance for Water Conservation (TAWC) program (TAWC, 2011). 

The first TAWC system represented the second CTN field (CTN_2; 41.6 ha) utilizing 

subsurface drip irrigation and minimum tillage to depth ranging from 10 to 15 cm. 

Fertilization in the CTN_2 systems occurred through the subsurface drip irrigation 

tapes. The final system represented an ICL (FRG_RC) system consisting of 

rotationally grazed paddocks of OWB (OWB_2 and OWB_ 3; 11.2 ha each) and 45 ha 

of annual crop production (2010 – Corn) under conventional tillage to an average 

depth of 25 cm with fertilizer applied through surface applications. Management of the 

OWB_2 field had been maintained for grass forage since 2003, while OWB_3 was 

managed for annual crop production until 2007 when OWB was established for seed 

harvest and grazing. Identification of components was selected based on the 

vegetation present during time of sampling.  
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Soil Sample Collection 

Soil samples at 0-5 (surface) and 5-20 cm (subsurface) were collected in July-

August 2010. Within the FRG_CTN and OWB_BER systems, each replicated 3 times, 

five samples were collected per paddock and composited to provide a representative 

sample. As the CTN_1, CTN_2, and FRG_RC systems were not replicated, three 

spatially distinct transects were established prior to sampling. Five samples were 

obtained from each transect and composited to provide a representative sample. 

Within 48 hours of collection, large aggregates, maintained at field-moist conditions, 

were gently broken by hand to pass through an 8 mm sieve. Large pieces of plant 

material were removed and sieved soils were then air-dried for three days for soil 

aggregate fractionation and chemical analysis. Isolation of both ‘free’ water stable 

aggregates and ‘intra-aggregate’ fractions were performed according to the methods 

described by Elliot (1986) and Six et al. (2000). 

Water Stable Aggregate Isolation 

The initial aggregate fractionation was originally described by Elliot (1986) 

and resulted in four water stable aggregate fractions. Briefly, 100-grams of air-dried 

soil (< 8-mm) were slaked on a 2000-µm sieve by being slowly immersed in DI water. 

Any floating material was removed and discarded. After 5 minutes the sieve was 

raised and lowered (approximate amplitude 3-cm) 50 times over a two-minute period. 

Any soil aggregates which remained on the sieve (large macroaggregates; LMacro) 

were transferred to an aluminum drying dish. The soil and solution remaining were 

then passed through a 250-µm sieve and the sieving process was repeated. Soil 
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aggregates greater than 250-µm (small macroaggregates; SMacro) were removed for 

drying and the remaining soil and solution was passed through the final sieve (53-µm) 

and the sieving process was repeated. Soil aggregates greater than 53-µm 

(microaggregates; Micro) were removed and the remaining soil solution containing 

primary particles smaller than 53-µm (silt+clay; S+C) was quantitatively transferred to 

an aluminum drying dish. All aggregate fractions were dried at 60°C and weighed to 

obtain the mass of each fraction to determine percent recovery (98±0.2%). 

Mean weight diameter (MWD) was calculated as an indicator of soil aggregate 

stability based on the proportion of the soils with each of the three free aggregate 

classes obtained from each sample. Calculations were done using the following 

equation: 

          
 

 

where Pi is the proportion of the whole soil in the given fraction, and Di is the average 

diameter (mm) of the particles of the fraction (van Bavel, 1950). 

Intra-aggregate Isolation 

Further fractionation of the macroaggregates was done following the procedure 

outlined in Six et al. (2000). Subsamples of the macroaggregate fractions (LMacro and 

SMacro) were combined based on their proportion to the total amount isolated from 

whole soil and passed through a device consisting of a 250-µm screen and 50 4-mm 

glass beads. By the use of a continuous flow of water and shaking the Macros were 

dispersed into three separate intra-aggregate factions. Material remaining on the 250-
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µm included the intra-aggregate particulate organic matter (>250-µm; iPOM) while 

material which passed through the initial sieve but remained on a 53-μm sieve after 

wet-sieving was considered the intra-aggregate microaggregate (53-250-µm; iMicro) 

fraction. The solution remaining following the wet-sieving processes contained the 

intra-aggregate silt+clay (<53-µm; iS+C) fraction. Each fraction was dried at 60ºC and 

weighed to determine percent recovery (98±0.5%). No correction was made for sand 

content for any of the reported fractions and MWD. Sand content averaged 45% 

across all samples.  

Soil Analysis 

Whole soil analysis was done through an independent lab (Ward Lab; Kearney, 

NE) for inorganic-N (NO3
-
-N + NH4-N) content, pH, and SOM (%LOI). Subsamples 

of each fraction and whole soil were hand ground for dry combustion analysis using a 

LECO TruSpec CN Analyzer (St. Joseph, MI) to determine TN and TC content. 

Presence of inorganic C (i.e., carbonate C) was examined through acidification of a 

subset of samples prior to analysis. No detectable inorganic C (carbonate C) was 

present within the soil samples, thus measured TC was assumed to correspond to 

SOC.  

Statistical Analysis 

The data for all systems were analyzed as a completely randomized block 

design model in SAS (version 9.2). Depths (0-5 and 5-20 cm) were analyzed 

separately as were free and intra-aggregate fractions. Systems level data was 

calculated based on the proportional area contribution from each vegetative 
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component within a given system. At the vegetation level, components were analyzed 

as independent paddocks. Statistical analysis using the PROC MIXED function 

allowed for determination of systems or vegetation effects on aggregate C content 

with a level of significance of 0.05 for main effects (system, vegetation, aggregate 

fraction) and 0.01 for all pair-wise comparisons.  

Results 

Mean Weight Diameter 

In general, higher MWD was associated with the perennial grassland 

components and also increased Macro formation, specifically the LMacro fraction. 

Calculated MWD in both surface and subsurface samples from the FRG_RC system 

(0.96 and 0.93 mm, respectively) averaged 89% greater than the average MWD in the 

remaining four systems (Table 1). Within surface samples, MWD decreased in 

OWB_BER followed by FRG_CTN with the lowest MWD measured in the CTN_1 

and CTN_2 systems. At the vegetation level, the greatest MWD was found in the 

OWB_2 component (regardless of depth). As seen in Fig. 3.1, a significant 

relationship was measured between MWD and SOC content in all samples (r
2
=0.67, 

α=0.001); however, a critical level was observed at 10 mg SOC g
-1

 (1% SOC) above 

which changes in MWD were more directly impacted by increased SOC. 

Aggregate Fractions 

Quantities of Macro were greater in the FRG_RC and OWB_BER systems 

(Fig. 3.2a) as a result of the OWB_2 and BER components, respectively (Fig. 3.2b) 
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when compared to the remaining components. Free Micro in surface and subsurface 

samples dominated the distribution of aggregates in all systems; however proportion 

of the Macro and Micro at the surface tended to be equal within OWB_2 (Fig. 3.2b). 

Additionally, increased quantities of Macro in the BER and OWB_3 components 

corresponded to lower quantities of the Micro fraction. Fewer differences were 

observed in subsurface samples, however significantly greater Macro was measured in 

the FRG_RC (and specifically the OWB_2 component) systems (Fig. 3.3a and 3.3b 

respectively). No significant difference in the proportion of S+C was measured at 

either depth at the systems level and no discernible trends were observed at the 

vegetation level. 

Chemical Analysis 

Table 1 lists the measured soil chemical parameters and discussed briefly here. 

Soil pH ranged from 7.3 to 8.0 in surface samples and 7.9 to 8.3 in subsurface samples 

with highest pH in the CTN_1 system. Soil organic matter (SOM) ranged from 1.50 to 

2.60% in surface samples with the highest content in the FRG_RC primarily due to 

significantly greater OWB_2 and OWB_3 SOM content (3.13 and 3.20%, 

respectively). Variation in SOM decreased in subsurface sample with greatest content 

in the FRG_RC, CTN_1, and OWB_BER systems. The greatest subsurface SOM was 

measured in the OWB_3 component, with conventionally tilled sites tending toward 

greater SOM contents. While no differences were measured in inorganic N at the 

systems level (regardless of depth), content tended to be higher in components which 

received regular application of N fertilizer (e.g. CTN_2, Cotton, Millet, and Corn). 
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Total N in surface and subsurface samples was greatest in the FRC_RC system and 

lowest in the CTN_2 system regardless of depth. The greatest TN content was 

measured in the OWB_2 component in both surface and subsurface samples (1.28 and 

0.8 g kg
-1

, respectively). 

Soil Organic Carbon 

Soil organic C in surface samples followed a similar trend as that observed in 

SOM with the greatest content found in the FRG_RC system (12.7 g kg
-1

) (Table 1). 

However, within subsurface samples FRG_RC contained the greatest SOC content 

(8.7 g kg
-1

) with the lowest found in the CTN_1 system (5.7 g kg
-1

) (Table 1). 

Increased SOC in the FRG_RC systems (Fig. 3.2c) was directly impacted by the 

presence of the OWB components in both surface and subsurface samples (Figs. 3.2d 

and 3.3d, respectively). Surface Macro-SOC within the FRG_RC system was 1.2 

times greater than that measured in the CTN_2 system. This was a direct result of 

greater SOC content within the OWB_2 and OWB_3 components. Although not 

statistically significant, greater Macro-SOC was measured in the BER component. In 

subsurface samples, greater Macro-SOC was measured in the FRG_RC system (Fig. 

3.3c), however large variability at the vegetation level resulted in no statistically 

significant differences (Fig. 3.3d). In general, Macro-SOC tended to be greater in the 

OWB_2, OWB_3, and Corn components in subsurface samples when compared to the 

all other vegetation components. At the systems level, greater Micro-SOC was found 

in the OWB_BER system in comparison to the CTN_2 system. Within subsurface 
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samples, no differences were measured at the systems level in the Micro fraction; 

however OWB_3 contained the greatest Micro-SOC in comparison to the CTN_2.  

Within the surface samples, iPOM-SOC was greatest in the CTN_1 and 

FRG_RC systems followed by the CTN_2 and OWB_BER systems, with the lowest 

iPOM-SOC found in the FRG_CTN system (Fig. 3.4a). However, at the vegetation 

level on the OWB_3 component resulted in greater iPOM-SOC compared to the 

remaining vegetation components (Fig 3.4b). Although not statistically significant, the 

components managed as dryland (Cotton, Millet, and PNG) tended to contain lower 

quantities of iPOM-SOC (Fig. 3.4b). Similar to the surface samples, the greatest 

quantity of iPOM-SOC in subsurface samples was found in the CTN_1 and FRG_RC 

systems, followed by the OWB_BER system, with the lowest quantities found in the 

CTN_2 and FRG_CTN systems (Fig. 3.4c). At the vegetation level the lowest 

quantities of subsurface iPOM-SOC was measured in the PNG and CTN_2 

components (Fig. 3.4d). At the 5-20 cm depth, the greatest concentration of iPOM-

SOC was found in the CTN_1, FRG_RC and OWB_BER systems (Fig. 3.4c).  

Measured SOC within the surface iMicro fraction was greatest within the 

OWB_BER and FRG_RC systems, followed by the CTN_2 and FRG_CTN systems, 

with the lowest SOC content associated with the CTN_1 system (Fig. 3.4b). Soil 

organic C content in the iMicro fraction tended to be greatest in the perennial 

grasslands, although the CTN_2 and Corn components also contained increased 

iMicro-SOC. Soil organic C within the iMicro fraction within subsurface samples 

indicates a greater content within the FRG_RC system (7.95 mg C g
-1

 Macro) 
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followed by the CTN_2 and OWB_BER systems (4.71 and 3.86 mg C g
-1

 Macro, 

respectively), the FRG_CTN system (2.95 mg C g
-1

 Macro), and finally the CTN_1 

system (1.86 mg C g
-1

 Macro). Again trends indicated increased iMicro-SOC 

associated with the perennial grasslands the limit till CTN_2 and rotationally cropped 

Corn components. The OWB_3 and Corn components contained the greatest quantity 

of iMicro-SOC.  

No significant difference in the iS+C-SOC content of these systems was 

measured in the surface samples (Fig. 3.4a). However, within the subsurface samples 

significantly greater SOC was measured in the FRG_RC, followed by the CTN_2, 

OWB_BER, and FRG_CTN systems with the lowest iS+C-SOC measured in the 

CTN_1 system (Fig. 3.4c). With the exception of the CTN_2 and Corn components, 

the perennial grasslands contained the greatest quantities of iS+C-SOC in comparison 

to the CTN_1, Millet, and Cotton systems in subsurface soils (Fig. 3.4d). 

No distinct trend was evident in calculated C:N ratios based on whole soil 

samples regardless of depth of sampling (Fig. 3.5a and 3.5b). Among surface samples, 

significantly greater C:N ratio was found in the CTN_1 when compared to CTN_2, 

Millet, Cotton, PNG, and D_OWB samples. In subsurface samples significantly 

greater C:N ratio was found in the CTN_1 component when compared to the Cotton 

and OWB_2 components. In surface samples, significant differences were found only 

in the Macro (Fig. 3.6a) and iPOM (Fig. 3.6b) fractions. Within the Macro and iPOM 

fractions, a significantly greater ratio was associated with the CTN_1 fraction when 

compared to all other components with the exception of the B_OWB component in the 
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Macro fraction. In subsurface samples, PNG resulted in the greatest C:N ratio within 

the Macro fraction in comparison to that measured in the CTN_2, Cotton, D_OWB, 

Millet, and OWB_2 components (Fig. 3.6c). Microaggregate C:N was greatest in the 

BER component (11.2) decreasing to 8.6 in OWB_3. Again, within the intra-aggregate 

fraction the only difference was measured in the iPOM fraction ranging from 8.0 in 

PNG to 17.8 in the OWB_3 (Fig. 3.6d). 

Discussion 

Mean Weight Diameter and Aggregate Distribution 

Aggregate stability, as indicated by MWD, has been shown to be directly 

impacted by management techniques (Grandy and Robertson, 2006; Grandy et al., 

2006; Spohn and Giani, 2011; Yoo and Wander, 2007) and generally decreases 

following disturbances such as tillage. Increased MWD in the OWB components of 

the ICL systems were associated with increased quantities of the Macro fraction, 

specifically the formation of the LMacro fraction, likely resulting from increased 

inputs of the grassland components (Denef et al., 2002). Although BER did not 

support LMacro formation, the increased inputs from bermudagrass compared to 

Cotton also resulted in increased SMacro formation and MWD. The OWB component 

appears to have a large influence on increased stability in our study as well as in other 

research conducted in other ICL systems which included OWB (Acosta-Martínez et 

al., 2004). Soil moisture conditions at time of sampling, however, may also influence 

macroaggregate stability and MWD. Storage under air-dried conditions can result in 

the strengthening of larger water stable aggregates due to the presence of “particle-to-
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particle” bonds (Kemper and Rosenau, 1984). Although samples in this study were not 

stored more than 10 weeks prior to fractionation, local variation in precipitation events 

resulted in differences in soil moisture at time of sampling. The significantly lower 

soil moisture at time of sampling (85% lower) in OWB_2 when compared to other 

vegetation components including OWB_1 may have supported macroaggregate 

stability and explain the observed differences in MWD and Macro distribution 

between similarly managed vegetation. The lack of enhanced aggregation in the 

CTN_2 component despite similarly low soil moisture at sampling, however, suggests 

that vegetation type (e.g., perennial vs. annual crops) and management (e.g., no-till vs. 

conventional tillage) plays a larger role than soil moisture content alone. 

The negative correlation between the proportion of Macro and Micro fractions 

supports the aggregate formation/destabilization model as proposed by Tisdall and 

Oades (YEAR) and further modified by Six et al. (2000). The increased disturbance 

associated with the CTN_1, CTN_2, Millet, Cotton, and Corn would account for 

increased degradation of the Macro fraction (Franzluebbers and Arshad, 1996; Briar et 

al., 2011) and subsequent increase of the Micro fraction as they become exposed (Six 

et al., 2000; Grandy and Robertson, 2006). Differing establishment dates may account 

for the dissimilarities observed between perennial vegetation components, with the 

comparatively younger (2-4 years) components (PNG, B_OWB, D_OWB) producing 

less SOC and subsequent quantities of Macro and MWD than the older components 

(OWB_2 and OWB_3) (Martens, 2000). With only one exception (OWB_2), the 

Micro fraction dominated aggregate distribution, regardless of depth. While this may 
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to some extent be an artifact of the slaking method used to isolate aggregates and the 

presence of very find sand, similar results were observed in research utilizing the same 

fractionation method (Cambardella and Elliott, 1993; Jastrow et al., 1996; Olchin et 

al., 2008).  

Whole Soil Analysis 

In general, perennial vegetation resulted in greater SOM, SOC, and TN in 

surface samples as a result of increased inputs of both above- (Unger, 1991; Conant et 

al., 2001; Acosta-Martínez et al., 2004) and below-ground material (Gale and 

Cambardella, 2000) as well as the lack of disturbance through tillage (Grandy and 

Robertson, 2006; Jagadamma and Lal, 2010). A critical value for the relationship 

between SOC and MWD was identified based on the greater increase in MWD at SOC 

content greater than 10 mg g
-1

. No CTN sites produced SOC content greater than this 

critical value indicating that implementation of these alternative practices not only 

resulted in greater SOC content, but also aided in the increase in MWD of these soils. 

Of the systems including annual crops, the corn component of the OWB_RC 

contained the greatest SOM and SOC, which is likely related to rotational cropping 

(Moore et al., 2000) as well as the chemical composition of the material incorporated. 

Other crops grown in this field included cotton (2005), sunflower (2009), and corn 

(2006, 2008, and 2010) with wheat planted for grazing in 2005-2007). Furthermore, 

Zibilske and Materon (2005) found that while corn and cotton stubble mass degraded 

at similar rates during an 1-year incubation, degraded corn residues contained greater 

polyphenols compared to cotton and resulted in greater SOC sequestration over time. 
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Vegetation quality and degradability directly impacted the quality of material found in 

the soil with higher ratios indicating more recently deposited material. High C:N ratio 

in the CTN component of surface samples is expected due to the quality and timing of 

material deposited from above ground vegetation. Within subsurface samples, C:N 

ratio may be more directly impacted by root material and exudates than that deposited 

through surface vegetation. Deeper tillage depth (CTN_1 and Corn) and root growth 

as a result of dryland management (OWB_2) and subsurface drip irrigation (D_OWB 

and BER) (Phene et al., 1990) resulted in greater SOM content in subsurface soils 

when compared to other vegetation components. In the case of OWB_3, the 

production of greater SOM content in subsurface samples compared to remaining 

components may stem from a more recent history of deep tillage coupled with 

rotational cropping (Moore et al., 2000) followed by the establishment of OWB. While 

there were no measured differences in inorganic N at the systems level, annual 

vegetation components tended to contain significantly greater levels than found in the 

perennial vegetation. In subsurface samples, Cotton soils contained significantly 

greater quantities of inorganic-N, may stem from previous fertilizer applications 

following by subsequent tillage resulting in increased levels deeper within the profile. 

Aggregate Soil Organic Carbon 

Soil organic C quantities in the Macro fraction reflected the impacts of 

management practices including no-till and perennial vegetation (Cambardella and 

Elliott, 1994; Jastrow, 1996; Olchin et al., 2008). Increased Macro-SOC in the 

OWB_BER and FRG_RC systems were directly related to greater SOC in the BER, 
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OWB_2, and OWB_3 components. The BER and OWB_2 components are both long-

term irrigated grasslands which aids in the increase in SOC through increased inputs 

and low disturbance overall (Grandy and Robertson, 2006) while the OWB_3 

component had been converted to a grassland in 2007 and previously planted under 

cotton (2005), sunflower (2009), and corn (2006, 2008, and 2010) with wheat planted 

for grazing in 2005-2007). These combinations of practices directly impacted the 

ability of systems to retain SOC, by allowing for the increased formation of water 

stable aggregates forming a protective barrier to degradation (Six et al., 2000; Kong et 

al., 2005). Measured differences in surface Micro-SOC indicated that greater 

quantities were found in the B_OWB and D_OWB components which would account 

for greater SOC in the OWB_BER system. The dominance of Micro-SOC is likely a 

result of monoculture cropping (CTN_1 and CTN_2) and tillage (Cotton, Millet, and 

Corn). The resulting degradation of the Macro fraction results in the exposure of 

iMicro, thus increasing the quantity Micro-SOC present within these systems. 

Additionally, as an artifact of slaking air-dried soils, a greater quantity of Micros 

containing more degraded C, may have been exposed (Paul et al., 2007). Slow 

degradation of SOC as impacted by time since establishment (B_OWB and D_OWB), 

and dryland management (PNG) are likely responsible for the low SOC quantities of 

the Macro-SOC in these components. While Macro-SOC and the relationship between 

Macro- and Micro-SOC were indicative of management, within the Micro few distinct 

trends were distinguishable at either depth. 
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Large variation in iPOM-SOC content within each vegetation component 

potentially stems from the transitory nature of the material and resulted in few 

discernible differences within surface samples at the vegetation level. In general, 

within the perennial vegetation components, iMicro-SOC content was equal to or 

greater the iPOM fraction in surface soils. However, the annual components tended to 

contain lower quantities iMicro-SOC in comparison to iPOM-SOC. Relatively low 

iMicro-SOC in the annual crop components stems from increased rates of degradation 

and exposure of these intra-aggregate fractions due to tillage (Six et al., 2000; Kong et 

al., 2005). A similar trend was observed in the annual components within subsurface 

soils, with the exception of CTN_2. Tillage depth influences the formation and 

stabilization of iMicro-SOC. For example, CTN_2 was tilled more shallow (10-15 cm) 

and had higher iMicro-SOC at the 5-20 cm compared to CTN_1. Increased organic 

matter inputs and decreased rates of disturbance in the perennial vegetation 

components enhanced the accumulation of SOC within the iMicro fraction (Kong et 

al., 2005). The decrease in incorporation of SOC into the more stable iMicro fraction 

due to tillage is evident in the comparison of the CTN_1, Millet, and Cotton 

components in comparison to the CTN_2 system. Rotational cropping and surface 

irrigation resulted in high quantities of iMicro-SOC within the Corn component, 

potentially offsetting expected decreases due to tillage at both depths. Variation in the 

iS+C fraction of subsurface soils indicated that perennial vegetation (and CTN_2) 

resulted in greater SOC as the greater SOC in these components accumulates not only 
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in the iMicro fraction, but also the primary mineral surfaces (Christensen, 2001; 

Sollins et al., 2006). 

Conclusions 

In these semi-arid systems, the implementation of perennial vegetation with 

rotational cropping produced the highest overall measurements of MWD, SOM, SOC, 

and TN. Coupled with these parameters, the greater quantities of protected SOC 

within the iMicro fraction and resulted in overall improvements in soil quality factors 

and increased C-sequestration potential in comparison to the annual crop components. 

Conventional tillage and time since establishment resulted in significantly lower 

quantities of water-stable macroaggregates indicating the need for further examination 

throughout the life of the system. As the need for resources increases and availability 

of arable land decreases, these alternative agroecosystems, which have been shown to 

be beneficial both economically and ecologically, may provide significant impacts on 

the global C cycle. 
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Table 3.1. Site description and measured soil parameters for CTN and ICL systems and their associated vegetation components. 
 

Depth 
Agro-

ecosystem* Location Vegetation† 
Total 
Area    pH    SOM SOC TN Inorganic N MWD 

 

cm 

   

ha 

 

     % g kg-1 g kg-1 

 

mm 
 

0-5 CTN_1 New Deal, TX Cotton 0.25 8.0  Aa‡ 1.87  BCdefg 9.9    ABcd 0.62  BCcde 7.8    Aab 0.34  Bc 
 

           
 

 

CTN_2 Lockney, TX Cotton 41.6 7.5  Bbcd 1.50  Cg 7.1    Be 0.55  Ce 14.3  Aab 0.26  Bc 
 

           
 

 

FRG_CTN New Deal, TX 

 

10 7.3  B 2.08  ABC 9.8    AB 0.73  ABC 12.2  A 0.43  BC 
 

   

Millet 1.7 7.0  e 1.70  efg 7.3    de 0.56  de 13.9  ab 0.38  c 
 

   

Cotton 1.7 7.3  cde 1.63  fg 8.0    de 0.64  cde 17.6  a 0.40  c 
 

   

PNG 4.5 7.2  de 2.40  bcde 11.5  bc 0.80  cde 11.6  ab 0.51  bc 
 

   

B_OWB 2.1 7.8  ab 2.00  cdefg 9.3    cde 0.89  bcde 7.5    b 0.44  c 
 

           
 

 

OWB_BER New Deal, TX 

 

3.9 7.6  B 2.42  AB 11.5  AB 0.86  AB 12.6  A 0.65  B 
 

   

D_OWB 0.9 7.6  bc 2.23  cdefg 10.8  bc 0.79  cde 11.5  ab 0.44  c 
 

   

BER 2.1 7.6  bc 2.67  abc 13.0  b 0.92  abcd 9.9    ab 0.86  b 
 

           
 

 

FRG_RC Lockney, TX 

 

67.1 7.7  AB 2.60  A 12.7  A 0.97  A 11.0  A 0.96  A 
 

   

OWB_2 11.2 7.7  ab 3.13  ab 16.9  a 1.28  a 6.9    b 1.64  a 
 

   

OWB_3 11.2 7.6  abc 3.20  a 15.9  a 1.19  ab 4.2    b 0.85  b 
 

      Corn 44.7 7.7  ab 2.30  cdef 10.9  bc 0.83  bcde 13.8  ab 0.40  c 
 

5-20 CTN_1 New Deal, TX Cotton 0.25 8.3  Aa 2.00  Aabc 7.1    ABbc 0.51  ABcd 6.3    Abcde 0.33  Bc 
 

           
 

 

CTN_2 Lockney, TX Cotton 41.6 7.9  ABabc 1.30  Bd 5.7    Bc 0.44  Bd 5.4    Acde 0.28  Bc 
 

           
 

 

FRG_CTN New Deal, TX 

 

10 7.9  B 1.73  AB 6.6    AB 0.55  AB 7.3    A 0.40  B 
 

   

Millet 1.7 7.9  abc 1.87  abc 6.3    c 0.53  bcd 7.8    bc 0.37  c 
 

   

Cotton 1.7 7.6  c 1.63  cd 6.1    c 0.57  bcd 15.1  a 0.36  c 
 

   

PNG 4.5 7.9  bc 1.73  bcd 6.8    c 0.56  bcd 5.7    bcde 0.45  bc 
 

   

B_OWB 2.1 8.1  ab 1.67  bcd 6.7    c 0.50  cd 4.3    e 0.43  bc 
 

           
 

 

OWB_BER New Deal, TX 

 

3.9 7.9  B 1.86  A 7.5    AB 0.57  AB 6.1    A 0.39  B 
 

   

D_OWB 0.9 8.0  ab 1.83  abc 7.1    bc 0.56  bcd 5.3    cde 0.35  c 
 

   

BER 2.1 7.8  bc 1.87  abc 8.6    ab 0.69  abc 6.7    bcde 0.42  bc 
 

           
 

 

FRG_RC Lockney, TX 

 

67.1 8.0  AB 2.14  A 8.7    A 0.72  A 7.1    A 0.93  A 
 

   

OWB_2 11.2 8.1  ab 2.00  abc 9.1    a 0.80  a 5.0    cde 1.16  a 
 

   

OWB_3 11.2 8.1  ab 2.30  a 9.0    a 0.75  ab 4.8    de 0.64  b 

       Corn 44.7 7.8  bc 2.13  ab 8.6    ab 0.69  abc 8.3     b 0.50  bc 

 *CTN = continuous cotton; FRG = forage; OWB = Old World Bluestem; BER = bermudagrass; RC = row crop 

 †Indicates dominant vegetation at time of sampling; PNG = perennial native grass; B=buffer irrigated; D=deficit irrigated  

 ‡Similar upper case letters at same depth indicate no significant difference between systems at α=0.01. Similar lower case letters at same depth indicate no significant difference 

between vegetation components at α=0.01. 
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Fig. 3.1 Mean weight diameter (MWD) as a function of SOC content for all sites. Dashed line indicates significant correlation (r

2
 = 

0.67, α=0.001) between all points, while solid line indicates a significant relationship (r
2
 = 0.50, α=0.01) between samples with SOC 

content greater than 1%. 
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Fig. 3.2 Water stable aggregate distribution measured in surface samples at the a) systems and b) vegetation levels. Measured 

SOC is based on proportion of the measured aggregates at the a) systems and b) vegetation levels. Bars indicate standard error. 

Similar letters within aggregate class indicate no significant difference at α=0.01. 
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Fig. 3.3 Water stable aggregate distribution measured in subsurface samples at the a) systems and b) vegetation levels. 

Measured SOC is based on proportion of the measured aggregates at the a) systems and b) vegetation levels. Bars indicate 

standard error. Similar letters within aggregate class indicate no significant difference at α=0.01. 

 

a b 

c d 



 Texas Tech University, Lisa Fultz, August 2012 

 

 

 9
6
 

S
O

C
 (

m
g

 C
 g

-1
 m

a
cr

o
a

g
g

re
g

a
te

)

0

5

10

15

20

25

30

35
CTN_1

CTN_2

FRG_CTN

OWB_BER

FRG_RC 

A

A

B
A

B

B

A

B

A

B
A

B

A

A

A
A A

A A

0

5

10

15

20

25

30

35
CTN_1

CTN_2

Millet

Cotton

PNG

B_OWB

D_OWB

BER

OWB_2

OWB_3

CornB

B

B

B

B

B

B

B

B

A

B

B

A

B

B

B

A

B A

B

A

A
A

A

A

B

A
A

A
A

A A A
A A A A

Aggregate Fraction

iPOM iMicro iS+C

0

2

4

6

8

10

12

A

B

A

B

B

C

A

B

A

B

C
A

B

C

A

B

C

A

A

B

C

A

B

C

C

A

B

C

C

B
C

A

B

C

C

B

C

B

C

A

B

C

A

B

A

B

A

B

A

B

A

A

B

A
A

B

A

B

B

Aggregate Fraction

iPOM iMicro iS+C

S
O

C
 (

m
g

 C
 g

-1
 m

a
cr

o
a
g

g
re

g
a
te

)

0

2

4

6

8

10

12

A

AB

B
B

A

A

B

BC

B

C

A

BC

BC

AB

C

 
Fig. 3.4 Intra-aggregate SOC for surface samples at the a)vegetation and b) systems level and for subsurface samples at the c) 

systems and d) vegetation levels. Bars indicate standard error.Similar letters within aggregate class indicate no significant 

difference at α=0.01.
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Fig. 3.5 Calculated C:N ratio of whole soils in surface (a) and subsurface (b) samples. 

Bars indicate standard error. Different uppercase letters indicate significant differences 

between vegetation types.
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Fig. 3.6 Calculated C:N ratio for free (a) and intra-aggregate (b) in surface soils and free (c) and intra-aggregate (d) 

subsurface soils. Bars indicate standard error. Different uppercase letters indicate significant difference within a 

fractionation class.  
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CHAPTER IV  

GREENHOUSE GAS FLUXES IN SEMI-ARID ANNUAL CROPS AND PERENNIAL 

NATIVE GRASSLANDS 

Abstract 

As atmospheric concentrations of greenhouse gases continue to increase 

(10.5% over a 20 year time span), there is a need to identify agricultural practices 

which maintain and augment soil organic carbon (SOC) pools to aid in C-

sequestration. In the semi-arid Texas High Plains, integrated crop-livestock (ICL) 

systems maintain productivity, increase SOC, and provide versatility to producers in a 

highly variable climate. Offsets to enhanced C-sequestration however can occur via 

nitrous oxide (N2O) and carbon dioxide (CO2) emissions. The purpose of this study 

was to examine the magnitude and seasonal patterns of CO2 and N2O fluxes associated 

with two long-term ICLs (FRG_CTN and OWB_BER) supporting five vegetation 

components. FRG_CTN, a dryland system, was comprised of three vegetation 

components including: Cotton and Millet (planted in rotation) and perennial native 

grasses (PNG). OWB_BER, a deficit-irrigated system, was comprised of 

bermudagrass (BER) and Old World Bluestem (OWB). Fluxes of CO2 (via Li-COR 

LI-8100 system) and N2O (via static chambers) were measured weekly (July-

September 2010) and monthly (October-June 2011). Fluxes of CO2 and N2O averaged 

113 mg CO2 C m
-2

h
-1

 and 6 µg N2O-N m
-2

h
-1

, respectively and were most responsive 

to precipitation events. Greatest fluxes were measured under BER, followed by PNG 

and OWB, with the lowest fluxes in Cotton-Millet rotations. Peak fluxes of both CO2 
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and N2O occurred in BER (508 mg CO2-C m
-2

h
-1 

and 113 µg N2O-N m
-2

h
-1

) following 

precipitation events. From December to April 2011 CO2 fluxes averaged 37 mg CO2-C 

m
-2

h
-1

 during the dormant period for all vegetation types. As of mid-August 2010 N2O 

fluxes in both ICLs had decreased to an average 0.005 mg N2O-N m
-2

h
-1 

with no 

significant variations detected. Emissions from BER were partially offset by high SOC 

content while N2O did not significantly contribute to global warming potential of these 

systems. 

Introduction 

Over the time span of 20 years (1990-2010), total U.S. emissions of 

greenhouse gases (GHG) increased an estimated 10.5% (EPA, 2012). Historically 

(~400,000 years), atmospheric CO2 concentration has ranged from 180 – 280 ppm, but 

a significant increase over the last 50 years has resulted in an average concentration of 

392 ppm as of 2011 (NOAA, 2012). Atmospheric concentrations of greenhouse gases 

(GHG), which are directly impacted by the global carbon (C) cycle, are one of the 

primary driving factors of global climate change. There are several factors within the 

global C cycle which can impact GHG concentrations, of which soil, the largest active 

terrestrial pool, is a key player. Agricultural production in the U.S. accounted for 

approximately 6% of total GHG emissions in 2010 (EPA, 2012). The likelihood for 

soils to contribute to or remove GHG from the atmosphere is dependent on 

management practices such as vegetation (Frank et al., 2002; Amos et al., 2005), 

tillage (Ball et al., 1999), irrigation, and nutrient management as well as 
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environmental factors including soil temperature and moisture (Mosier et al., 1991; 

Frank et al., 2002).  

As plants take up atmospheric carbon dioxide (CO2) through photosynthesis, a 

portion of the C becomes trapped or sequestered within the vegetative growth and 

eventually deposited on the soil surface. This organic material is subsequently 

degraded by the microbial population which has been estimated to account for 60% of 

soil respiration in tallgrass prairies (Kucera and Kirkham, 1971). Rates of degradation 

are driven by the chemical composition of organic material, climatic variables, and 

management practices. Many factors can result in increased soil respiration including 

soil temperature and moisture and access to readily degraded material. Disturbance to 

soil such as tillage operations increases degradation rates and loss of CO2 into the 

atmosphere (Ussiri and Lal, 2009). Implementation of practices which decrease 

disturbance while increasing residue inputs (no-till and perennial grassland vegetation) 

work to increase SOC contents and the soil’s potential to enhance C sequestration 

(Conant, 2001). Maintenance of perennial vegetation or reduced or no-till practices 

can increase SOC sequestration potential by increasing C stored in stable long-term 

pools (Chapters 2 and 3; Six et al., 2000; Kong et al., 2005) .  

Carbon dioxide and N2O are considered GHGs due to their ability to absorb 

and emit infrared radiation and when measured from the soil surface, can serve as 

indicators of soil microbial activity. A trace gas, N2O (334 ppb in 1998) is estimated to 

be 310 times more effective than CO2 (100 year time span) at trapping radiant heat in 

the atmosphere. Approximately 68% of nitrous oxide (N2O) emissions in the U.S. 
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come from agricultural soils (EPA, 2012). Microbial processes, including nitrification 

and denitrification, account for 99% of the production of N2O thus making it a good 

indicator of microbial activity. In the soil environment these processes are driven by 

soil moisture, oxygen content, temperature, and availability of sources of N and C. 

Denitrification, the loss of nitrate as a gas under anoxic conditions, is often considered 

to be the primary source of N2O fluxes however, nitrification, the aerobic conversion 

of ammonium to nitrate also contributes in lower quantities. In semi-arid climates, 

heterotrophic microorganisms play an important role in the release of N2O in response 

to changes in soil moisture (irrigation, precipitation) and nitrification pathways 

(McLain and Martens, 2006, Barton et al., 2008). Additionally, increased microbial 

activity depletes O2 and may result in denitrification (de Klein and van Logtentijn, 

1996); especially in anaerobic microsites like those found within soil aggregates 

(Sexstone et al., 1985; Parkin, 1987) 

Increasing GHG concentrations and the need to produce more food on less 

land to feed a growing population will stress productivity limits, require greater inputs, 

and potentially stress the resiliency of the soil ecosystem. Therefore, ecologically and 

economically sustainable production practices must be identified which balance the 

impacts of agricultural intensification efforts with the need to minimize negative 

ecological impacts. In the Texas High Plains of the U.S., agricultural production is 

constrained by soils that contain inherently low levels of soil organic matter (SOM), 

experience high rates of soil loss through wind erosion, and have access to limited 

water and a depleting aquifer. To combat these limitations while maintaining 
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profitable agronomic yields, researchers have identified agronomic systems which 

integrate livestock into the cropping system (Allen et al., 2004, 2007, 2008). These 

integrated crop-livestock systems or ICLs, often include the introduction of livestock 

such as cattle, perennial grassland vegetation for grazing, and annual crops, which 

diversify cropping options and reduce overall economic risks (Russelle et al., 2007). 

Implementation of ICLs in this semi-arid region has increased microbial and enzyme 

activity, SOC ( Acosta-Martínez et al., 2010), and aggregate stability ( Acosta-

Martínez et al., 2004; Chapter 2 and 3), while also decreasing inputs of nutrients and 

water and erosion potential (Allen et al., 2005). More recently, research published on 

these semi-arid agroecosystems focused on microbial communities and their 

relationship to aggregate fractions (Davinic et al., 2012). Little information, however, 

is available on the impacts of ICLs on GHGs and specifically on systems under 

subsurface drip irrigation and dryland management in the semi-arid Texas High 

Plains. Therefore, the objectives of this research were to: 1) quantify fluxes of CO2 

and N2O over 16 months; and 2) evaluate the relationship between GHG fluxes and 

abiotic soil parameters in these semi-arid agroecosystems. 

Objectives 

The primary objective of this study is to examine the influence of integrated 

crop-livestock (stocker steers) systems on soil respiration in the forms of CO2, CH4, 

and N2O fluxes. To this extent measurements of fluxes were taken over a two year 

period beginning June 2011. Through this analysis I hope to provide a more 

comprehensive examination of the C cycle as it functions in these long-term integrated 
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crop-livestock systems in a semi-arid climate. I hope to determine which system 

produces the greatest/least flux rates based on their management regimes (i.e. 

irrigation, fertilization, grazing, and harvesting) and above-ground vegetation. 

Coupled with the examination of soil C I hope to provide the pieces to determine 

factors such as global warming potential and how the rate of soil respiration may be 

related to the overall potential for a system to sequester C.  

Hypothesis: With increased biomass production GHG flux rates are expected 

to be greater in the grassland paddocks, and more specifically in the irrigated 

sites. 

Materials & Methods 

Study Site 

Research plots were located at the Texas Tech Experimental Farm (TTEF, 

101º47’ W longitude; 33º45’ N latitude; 993m elevation) six miles east of New Deal, 

TX. Climate in this area is characterized as semi-arid with a mean daily annual 

temperature of 15°C and average annual precipitation of 470 mm occurring primarily 

from April through October. The soil is a Pullman clay loam (Fine, mixed, 

superactive, thermic Torrertic Paleustolls) with an average of 29% clay, 27% silt, and 

44% sand and a pH of 7.3 in the upper 5 cm.  

Details about each of the systems studied was provided in Zilverberg (2012) 

and Chapter 3. Research plots were initiated in 2002. Historical use of the research site 

included the production of conventionally managed cotton (Gossypium hirsutum L.) 
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from 1997-1999 and 2001. In 2000, sorghum (Sorghum bicolor) was planted and post-

harvest residue was grazed by cattle. In 2002, the field was divided into two ICL 

systems, each replicated three times in a randomized complete block design with a 

total experimental area of 42 ha. One ICL system was a four-paddock, buffer irrigated 

forage-cotton system (FRG_CTN) and the other system was a three-paddock, deficit 

irrigated perennial forage system (OWB_BER). All vegetation components, excluding 

Cotton, were grazed May through September, starting in 2005. The FRG_CTN system 

(10 ha total per block) was originally (beginning in 2002) comprised of a perennial 

native grass paddock (PNG, 4.5 ha) and two paddocks (1.7 ha each) that rotated 

between Cotton and foxtail millet (Setaria italica), a warm season annual forage grass 

such that each crop is represented every year. The original FRG_CTN system was 

expanded in 2009 to include a paddock of WW B-Dahl old world bluestem [bluestem; 

Bothriochloa bladhii (Retz) S.T. Blake] (established 2004) which was irrigated 

through subsurface drip irrigation to allow for flexibility during drought years for 

grazing. The PNG paddock was dominated by blue grama (Bouteloua gracilis), 

sideoats grama (Bouteloua curtipendula), buffalograss (Buchloe dactyloides), and 

green sprangletop (Leptochloa dubia). The PNG and Cotton-Millet paddocks were not 

irrigated.  

The OWB_BER (3.9 ha) system was a subsurface drip deficit irrigated three-

paddock system consisting of one 2.1 ha paddock of WW B Dahl old world bluestem 

[Bothriochloa bladhii (Retz) S.T. Blake; D_OWB] and two paddocks of bermudagrass 

[Cynodon dactylon (L.) Pers.; BER; 0.9 ha] both perennial warm-season grasses. 
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Excess growth of BER was harvested for hay and seed was harvested from D_OWB 

each fall. These perennial paddocks were established through 2004 and cattle began 

grazing in spring 2005. 

Soil Sampling and Analysis 

A detailed description of soil sampling was provided in the previous chapter 

(Chapter 3) and briefly described here. Five random soil samples (0-5 cm) were 

collected in July 2010 within each pasture and composited to provide one sample. 

Within 48 hours, large aggregates were gently broken by hand to pass through an 8 

mm sieve to maintain aggregate stability at field-moist conditions. Sieved soils were 

then air-dried for three days and used for soil aggregate fractionation (Chapter 3) and 

chemical analyses. A subsample of the whole soil samples was analyzed by an 

independent lab (Ward Lab; Kearney, NE) to determine pH (1:1), SOM (%LOI), and 

inorganic N (NO3-N + NH4-N extracted using 2.0M KCl). Samples of whole soil were 

hand ground (<150-μm) for total N and C analysis through dry combustion using a 

LECO TruSpec CN analyzer (St. Joseph, Michigan). 

Bulk density samples were collected to a depth of 20cm using a Giddings 

Probe (Windsor, CO) fitted with a 5cm diameter soil probe. Five soil cores were 

collected in each vegetation component and analyzed separately. Cores were divided 

into depths of 0-5 and 5-20 cm. Samples were oven dried for 25-hours at 105°C and 

bulk density was calculated based on the dry weight per unit volume of soil collected. 

Percent water field pore space (WFPS) was estimated using the following equation: 
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where VWC is the measured volumetric water content, Db is the measured bulk 

density (g cm
-1

), and Dp is the particle density (assumed to be 2.65).  

Water stable aggregates were isolated from whole soils using the method 

described by Elliot (1986) and Chapter 3. Air-dried whole soil was slaked in DI water 

on a 2000-μm sieve for five minutes after which the sieve was raised and lowered 

(approximately 3 cm) 50 times over two minutes. This sieving process was repeated 

using 250 and 53-μm sieves on any material which had freely passed through the 

previous sieve. Soil remaining on each sieve was washed into a pre-weighed drying 

dish. Following the final sieving, the soil (<53-μm) was transferred to a dying dish and 

all samples were oven dried at 60°C. After drying, all samples were weighed to 

determine percent recovery (98% this study) and proportional mass of each fraction 

size. Mean weight diameter (MWD), an indicator of aggregate stability was calculated 

based on the average size of each aggregate fraction and its proportional mass of the 

whole soil (van Bavel, 1950). 

Gas Sampling 

In fall of 2009, 33 PVC rings (20.3 cm diameter by 11.4 cm tall) were placed 

within five of the seven paddocks described above in each of the three blocks. The 

five paddocks were: the PNG and each of the Cotton-Millet rotation fields within the 

FRG_CTN system and within the OWB_BER system, the D_OWB and one of the two 



 Texas Tech University, Lisa Fultz, August 2012 

108 

 

BER paddocks. Three rings were placed in each of the PNG paddocks and two rings 

were placed in the remaining paddocks. Rings were buried to a depth of 8.9 cm and 

located near the center of each paddock. Rings remained in place throughout the 

experiment with the exception of tillage and planting events in the Cotton and Millet 

paddocks and harvesting in the BER paddocks. Each ring was marked by GPS so that, 

when necessary, they were replaced in the original location. Initially, live vegetation 

was present at time of placement, however all vegetation was removed prior to initial 

gas collection and rings were kept vegetation free for the remainder of study. Gas 

sampling was performed between 08:00 and 13:00 hours on all sampling dates with 

missing samples corresponding to management practices (e.g., tillage operation or 

harvest in one of the paddocks). This sampling period occurred during the time of day 

when variation in fluxes were minimized as determined using a long-term soil CO2 

survey system in the Millet vegetation component of one replicate. The system was a 

LI-COR LI-8100 with four long-term chambers deployed to monitor hourly CO2 

fluxes over two weeks. This was repeated throughout the period of data collection in 

all paddocks excluding the D_OWB. For all soil collars, soil CO2 flux was monitored 

using a LI-COR LI-8100 20cm single survey chamber system (Lincoln, NE). The 

survey system consisted of a vented chamber, a LI-COR infra-red gas analyzer, and a 

LI-8100 gas flow control unit. Simultaneous soil temperature and volumetric moisture 

content were measured using a temperature probe and a Theta soil moisture probe 

(Dynamax; Houston, TX) integrated with the LI-COR system. Gas measurements 

began in June 2010 and were conducted every 7-10 days through September 2010 (the 
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most active growth period) at which time the interval was expanded to 30d until May 

2011.  

Soil surface N2O fluxes were measured using a static chamber system 

(Hutchinson and Mosier, 1981) designed to allow for collection from the same rings 

used for CO2 flux measurements. On sampling dates, PVC caps (21.4 cm inner 

diameter) with two bulkhead fittings to allow for chamber venting and sample 

collection were placed on top of the rings described previously. Chambers, at a height 

of 9.7 cm created a headspace 2984 cm
3
 from which 30-mL subsamples were drawn at 

15 minute intervals for 45 minutes. Gas samples were analyzed within 36-hours using 

a Shimadzu CG-2014 Gas Chromatograph (Kyoto, Japan) fitted with a Restek packed 

column and an electron capture detector. Certified N2O standards (Air Liquide; 

Plumsteadville, PA) were used for calibration and net N2O fluxes were calculated as 

the linear change in concentration from time zero to 45 minutes. Additionally, soil 

temperate and volumetric soil moisture using a Campbell Scientific Hydrosense probe 

(Logan, UT) were collected at 10 cm depth for each sampling time. 

Statistical Analysis 

Flux rates, soil temperature, and soil moisture were analyzed using PROC 

MIXED (SAS Version 9.2, SAS Institute 2008) for a complete randomized block 

design with vegetation and day of year (DOY) as the main effects. Additionally, the 

relationship between fluxes, temperature, and moisture were determined using PROC 

CORR. Multiple linear regression of GHG fluxes as a function of soil temperature, 

WFPS, and temperature-WFPS interaction was conducted using the entire data set. 



 Texas Tech University, Lisa Fultz, August 2012 

110 

 

Results 

Climate and Soils Analysis 

As recorded using weather stations at the TTEF, daily air temperature 

measured in 2010 ranged from -6.7C to 29°C (Fig. 4.1). Total precipitation within the 

experimental area was 272 mm and 61 mm in 2010 and 2011, respectively (Fig. 4.2). 

Soil temperature ranged from 5.5 to 33.9°C in 2010 (Fig. 4.3a) and 2.1 to 36.7°C in 

2011 (Fig. 4.3b). Percent WFPS ranged from 3.2 to 100% in 2010 (Fig. 4.3c) with 

saturation (100%) occurring following the highest precipitation (128.5 mm over a 48-

hr period) event occurring during the 16-month measurement period. In 2011, WFPS 

ranged from 3.6 to 58.7 % (Fig. 4.3d). Soil organic matter, SOC, TN contents and 

MWD were greatest in the BER and lowest in the Millet component of the Millet-

Cotton rotation (Table 1). There was no significant effect of vegetation or system on 

total soil inorganic N content (NO3
-
-N + NH4

+
-N); however nitrate-N was significantly 

greater in the Cotton component (10.8 mg kg
-1

) compared to the PNG (2.9 mg kg
-1

). 

CO2 Fluxes 

Two distinct periods of CO2 flux were identified based on significant 

differences between vegetation components over time. The first period occurred 

between June 2010 (when sampling was initiated) and September 2010 when 

significant differences were measured between vegetation components over time (Fig. 

4.4a). This period (active) corresponded to the period when vegetation was growing 

and management practices (i.e. irrigation, fertilization) were employed resulting in the 

highest measured flux rates. Averaged over the active period, the perennial grassland 
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components resulted in the highest measured flux rates regardless of system [BER 

(335 mg CO2-C m
-2

 h
-1

); D_OWB (184 mg CO2-C m
-2

 h
-1

); PNG (205 mg CO2-C m
-2

 

h
-1

)] followed by the Cotton (99 mg CO2-C m
-2

 h
-1

) and Millet (88 mg CO2-C m
-2

 h
-1

) 

components. A dormant period during which CO2 fluxes decreased and no differences 

in fluxes were measured between vegetation components began in October 2010. Flux 

rates within the dryland components of the FRG_CTN system decreased to an average 

of 31 mg CO2-C m
-2

 h
-1 

for the dormant period in 2010 and 2011. Fluxes in D_OWB 

and BER during the dormant period decreased to 69 mg CO2-C m
-2

 h
-1

. In the dryland 

vegetation, this dormant period continued through the next growing season; however 

significant increases were observed in the D_OWB and BER in May 2011 (Fig. 4.4b) 

at which time irrigation had been initiated in preparation for the introduction of 

grazing. However, the severe drought in 2011 resulted in the termination of irrigation 

and fluxes decreased until July 6
th

, 2011, when an isolated precipitation event occurred 

as reflected in a spike of CO2 production in the D_OWB and BER components. 

Temporal variability was high for all systems and ranged from 12 to 95% 

during the most active flux period. Spatial variability was high in all vegetation 

components, with the greatest variability in the Millet (125%) component and lowest 

in Cotton (89%). Sample variability was higher during the dormant period (62 – 

157%) compared to the active period with the highest coefficient of variation 

associated with the perennial grasslands. A significant, but weak positive relationship 

(r=0.15, p=0.004) was measured between soil temperature and CO2 fluxes; however 

no significant relationship was found with soil moisture. The combined impact of soil 
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temperature and WFPS was significant (r
2
=0.05, p=0.0004), however multiple linear 

regression resulted in the following model estimating CO2 flux (mg CO2-C m
-2

 h
-1

) 

rate: 

                                               

where Temperate is soil temperature (°C) and WFPS is estimated WFPS (%). 

N2O Fluxes 

A significant correlation between WFPS (r=0.33, p<0.0001) and N2O fluxes 

was measured indicating that increased soil moisture corresponded to increased fluxes 

of N2O. Nitrous oxide fluxes ranged from -17 to 113-μg N2O-N m
-2

 h
-1 

however only 

three sampling times showed significantly different N2O emissions (Fig. 4.5a). The 

two largest fluxes were measured in the BER component and occurred on 30-June-

2010 (59-μg N2O-N m
-2

 h
-1

) and 6-August-2010 (113-μg N2O-N m
-2

 h
-1

). The main net 

flux measured in the dryland components (Cotton - 26 μg N2O-N m
-2

 h
-1

; PNG – 21 μg 

N2O-N m
-2

 h
-1

; Millet – 20 μg N2O-N m
-2

 h
-1

) occurred on 6-July-2010 following the 

largest precipitation event of the sampling period (129 mm) and coincided with 

decreased fluxes in the two irrigated (BER and D_OWB) sites. Fluxes decreased to 

near zero by mid-August at which point no significant changes were measured through 

2011 (Fig. 4.5b). A weak relationship between soil temperature (r=0.09, p=0.04) and 

N2O flux was measured. Multiple linear regression of WFPS and soil temperature was 

significant (r
2
=0.14, p<0.0001) and produced the following model for estimating N2O 

flux rates (μg N2O-N m
-2

 h
-1

): 
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where Temperature is soil temperature (°C) and WFPS is estimated WFPS (%). 

Discussion 

Although biological activity is predicted to double with every 10°C increase in 

temperature (i.e., a Q10 = 2), other studies have shown the importance of soil moisture, 

especially in climates where precipitation events tend to occur predominantly in the 

dormant growth phase (Sulzman et al., 2005; Lee et al., 2006). Our data support the 

relationship between plant-microbe systems and soil moisture levels during the warm 

spring and summer months. This relationship between soil moisture and fluxes of CO2 

and N2O was supported by significant spikes in flux rates following precipitation 

(Barton et al., 2008), irrigation, or fertigation events.  

Measured CO2 fluxes were similar to those observed in other semi-arid 

grassland (Yunshe et al., 2000) and tallgrass prairie (Kucera and Kirkham, 1971) 

studies. The decrease in CO2 flux rate measured on 10-July-2010 occurred following 

the largest rainfall event over the two year sampling period and resulted in near-

saturated conditions at the soil surface. Saturated conditions decrease gas diffusivity 

and the rate at which CO2 is released into the atmosphere (Jensen et al., 1996; Oorts et 

al., 2007). Soil saturation was aided by increased SOC, increased proportions of large 

water stable aggregates, and surface cover; all factors which result in increased water 

hold capacity of the soil. Statistically, the weak or non-existent relationship between 

soil temperature and moisture may stem from the extreme weather conditions 

measured in both years (soil saturation in 2010 and extreme drought in 2011). 
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Additionally, the occurrence of high temperatures and low soil moisture during 

summer months may limit microbial activity (Sulzman et al., 2005). Coupled with the 

environmental factors of soil temperature and moisture, the greatest CO2 fluxes were 

measured in the BER paddocks which had the highest SOC content and least 

disturbance (i.e., no-till) (Franzluebbers, 1995; Oorts et al., 2007). Furthermore, 

increased MWD in the BER component can be attributed to increased SOC and 

growth characteristics of bermudagrass resulting in an increased concentration of root 

activity in the surface horizon. As transient organic material, including roots, is the 

dominant driver in macroaggregate formation, this would account for the greater 

MWD which in-turn impacts GHG fluxes. 

Relative to the other vegetation components, the low respiration rates in the 

Cotton and Millet paddocks resulted from a combination of factors including lower 

SOC, dryland management, and tillage practices. In addition to moisture impacts, 

tillage, in preparation of planting, incorporates and breaks up SOM throughout the 

layer of disturbance and increases macropores resulting in greater degradation of the 

SOM. As a result, short-term increases in CO2 evolution would be expected due to 

increased activity immediately following tillage (Grandy & Robertson, 2006). For 

these reasons, it is likely that significant fluxes from the Cotton and Millet paddocks 

occurred prior to study initiation in 2010. However, attempts to further study fluxes in 

early spring were hampered by extreme drought conditions in 2011. With decreased 

temperatures and plants moving into dormancy, rates of CO2 flux decreased (Frank et 
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al., 2002) to near zero and no deviation from these very low rates was observed until 

June 2011. 

The impacts of soil moisture as a result of irrigation were most evident the 

second year of measurement. Significantly lower precipitation (Fig. 4.2b) in 2011 

resulted in extremely low soil moisture (<30% WFPS) and drastically impacted 

management practices. For the first time since the initiation of these ICLs, Cotton and 

Millet were not established, irrigation in the D_OWB and BER components was 

discontinued after June 2011, and grasses were allowed to go dormant until September 

when a single large irrigation event occurred to allow for vegetative growth (BER) and 

seed production (D_OWB). This irrigation event resulted in slight CO2 flux increases 

in the BER and D_OWB components which immediately returned to near zero 

following cessation of irrigation. This decrease in soil moisture significantly impacted 

GHG fluxes, resulting in very low emissions of both CO2 and N2O during the 2011 

active period. It was expected that increased flux rates would be measurable as 

temperatures increased in the spring of 2011 (Ussiri and Lal, 2009), however the 

intense drought of 2011 (150 % lower precipitation than annual average between 

December 2010 and September 2011 months) resulted in little to no change in 

respiration rates from any vegetation components compared to the preceding dormant 

months. 

Nitrous oxide fluxes have also been shown to be influenced by tillage. Six et 

al. (2002) compared several studies of GHG fluxes in no-till and conventionally tilled 

plots and found that no-till management increased N2O fluxes (~2.91 ± 0.78 kg N2O-N 
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ha
-1

 yr
-1

) compared to conventionally tilled fields. Similar to other studies (Kaiser et 

al., 1998; Ball et al., 1999; Barton et al., 2008; Yao et al., 2009), N2O fluxes in our 

study were episodic in nature and sensitive to increased moisture, SOC content, and 

fertilization events. All but two measured flux rates were with the range observed by 

Barton et al. (2008) under similar climatic conditions. The two exceptions were 2 to 4 

times greater rates and were measured in the BER component. Increased fluxes in no-

till systems has been attributed to lower gas diffusion out of the soil due to increased 

water holding capacity and greater quantities of larger aggregates (Ball et al., 1999); 

similar to factors impacting CO2 emissions. The greater MWD measured in the BER 

component is indicative of greater proportions of large aggregates and supports the 

proposed relationship between aggregation, porosity, and increased fluxes. Lower gas 

diffusivity coupled with increased SOC in these clay loam soils would likely result in 

increased potential for the formation of an anaerobic environment through uptake of 

oxygen as degradation occurs. While denitrification is typically considered the process 

most responsible for measured emissions of N2O, in these semi-arid systems 

nitrification by heterotrophic organisms are likely a major driving factor. Through the 

use of subsurface irrigation and lower precipitation within the region, saturation at the 

soil surface is a rare occurrence. For this reason, denitrification is most likely to occur 

within anaerobic microsites at depth where oxygen may become limiting. 

Additionally, in the case of the D_OWB and BER, N is not likely to be limiting due to 

the addition of N-fertilizer. However, application of readily available N through 

subsurface drip irrigation ensures decreased availability within surface soils and 
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decreases or delays the expected contribution through nitrification. Significant spikes 

in the BER component occurred within two weeks of fertigation events, which may 

contribute to the release of N2O via the nitrification process. The existence of negative 

flux rates would indicate that there may be times at which atmospheric N2O is being 

taken up by soil organisms resulting in a potential sink (Rafique et al., 2011). Within 

these systems, N2O production did not contribute significantly to the global warming 

potential as the highest measured N2O emissions corresponded to CO2 flux rates 

measured during the period of lowest activity. The global warming potential for N2O 

converted to CO2 equivalents ranged from -45 to 306 g CO2-C equivalents m
-2

 yr
-1

. In 

contrast, CO2 GWP ranged from 103 to 4451 g CO2-C m
-2

 yr
-1

 over the time period of 

measurement. Therefore, N2O does not appear to significantly contribute to the GWP 

in these semi-arid soils. 

Conclusions 

Overall, dryland management resulted in low GHG emissions compared to 

irrigated grassland systems. Although, CO2 evolution was the largest contributor to 

GWP in these systems (particularly in BER) emissions were partially offset by 

significantly greater SOC content. Several factors impacted GHG evolution; however 

the primary driving factors in these systems were soil moisture, temperature, and SOC 

content. Significant N2O evolution corresponded to infrequent rainfall events with the 

majority of fluxes near or below zero. Despite the large spikes, emissions of N2O did 

not significantly contribute to GWP of these semi-arid sites. Given the highly variable 

weather patterns in this region, continued monitoring of both the aboveground and 
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SOC within these systems would allow for the quantification of their long-term GWP 

as a result of agroecosystem management.  
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Table 4.1. Measured soil characteristics in the surface 0-5cm for vegetation 

components in which soil CO2 and N2O fluxers were measured. 

Agro-
ecosystem* Vegetation† 

Total 
Area pH SOM SOC TN 

Inorganic 
N MWD 

  
ha 

 
% g kg-1 g kg-1 mg kg-1 

 
FRG_CTN PNG 4.5 7.17 AB 2.40 AB 11.5 AB 0.80 AB 11.6 A 0.51 B 

 
Millet 1.7 7.03 B 1.70 B 7.3   B 0.56 B 13.9 A 0.38 B 

 
Cotton 1.7 7.27 AB 1.63 AB 8.0   B 0.64 AB 17.6 A 0.40 B 

         OWB_BER D_OWB 0.9 7.60 A 2.23 AB 10.8 AB 0.79 AB 11.5 A 0.44 B 

  BER 2.1 7.57 A 2.67 A 13.0 A 0.92 A 9.9   A 0.86 A 

Data adapted from Chapter 2. 

* FRG = forage; CTN = cotton; OWB = old world bluestem; BER = bermudagrass 

† Indicates dominant vegetation at time of the sampling; PNG = perennial native grassland; D = deficit irrigated 
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Fig. 4.1 Average daily temperature measured in 2010 and 2011. 
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Fig. 4.2 Precipitation and management practices for a) 2010 and b) 2011. Fertigation 

events are indicated for by the dashed arrows (D_OWB) and solid arrows (BER). 
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Fig. 4.3 Average soil temperature (a and b) and water field pore space (c and d) measured in 2010 and 2011.
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Fig. 4.4 Measured CO2 fluxes in the five vegetation components in a) 2010 and b) 2011. Arrows indicate fertigation events in 

the BER (solid) and D_OWB (dashed) components. 
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Fig 4.5 Measured N2O fluxes for the five vegetation components in a) 2010 and b) 2011. Arrows indicate fertigation events in 

the BER (solid) and D_OWB (dashed) components. 
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CHAPTER V  

CHEMICAL DIFFERENCES IN AGGREGATE SOIL ORGANIC CARBON USING 

MID-INFRARED SPECTROSCOPY 

Abstract 

Although it is well established that land management choices play an important 

role in the accumulation or release of soil organic carbon (SOC) and subsequently in 

the global climate cycle, there is less known regarding the relationships between SOC 

content and chemical composition. To more fully assess these relationships and SOC 

dynamics in agroecosystems in the semi-arid Texas High Plains, I coupled a wet-

sieving aggregate fractionation method with mid-infrared Fourier Transform (MidIR) 

analysis to determine SOC and the chemical composition of water-stable and intra-

aggregate fractions. Management practices included no-till crop rotations for livestock 

grazing, a grazed perennial old world bluestem (OWB) paddock, and continuous 

cotton (CTN) production. FTIR spectroscopy revealed no significant differences in 

SOC composition between management practices investigated in non-fractionated 

(i.e., whole soil) samples. Absorption of labile SOC was found in macroaggregates 

and intra-aggregate particulate organic matter, as well as the CTN component. More 

recalcitrant C associated with the intra-aggregate microaggregates and silt+clay 

fractions. Few differences were observed in isolated microaggregate fractions based 

on management, potentially indicative of the greater degradation of SOC within these 

fractions. 
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Introduction 

Through increased soil organic carbon (SOC) content within physically and 

chemically protected pools it is possible for soils to act as C sinks directly impacting 

the global C cycle. Additionally, an increase in SOC performs multiple ecosystem 

services including increased fertility, aggregate stability, and soil water holding 

capacity. Although quantification of SOC is one of the most commonly measured soil 

property, it does not provide information about the interactions between SOC pools 

which range from readily decomposable compounds (nutrient sources for microbes 

and plants) to recalcitrant or stable materials remaining after decomposition processes. 

Furthermore, changes in total SOC content often occur too slowly to measure within 

the typical time frame allotted for field research, particularly in semi-arid 

agroecosystems in which low available moisture hinders microbial degradation 

(Franzluebbers and Arshad, 1996). A major goal of C sequestration is to identify 

which management strategies maximize the amount of C stored in long-term (i.e., 

recalcitrant) pools (Elliott and Coleman, 1988; Six et al., 2000). For successful 

development of plans to enhance soil C sequestration, it is also crucial to understand 

how soil aggregates protect, store, and interact with the chemical composition of SOC 

(Blanco-Canqui and Lal, 2004; Calderón et al., 2011a; Calderón et al., 2011b).  

Methods of soil fractionation such as those described by Elliott (1986) and Six 

et al. (2000) use physical dispersion to isolate distinct aggregate fractions which have 

been associated to SOC pools with known characteristics. For example, older, more 

recalcitrant C has been associated with microaggregates protected within 
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macroaggregates or intra-aggregate microaggregates resulting in pools both physically 

isolated and chemically resistant to degradation (Elliott and Coleman, 1988; Six et al., 

2000; Kong et al., 2005). Numerous studies have shown the sensitivity of aggregate 

SOC pools to management practices and have provided an additional level of detail 

into interactions of SOC pools (Chapter 2 and 3; Grandy and Robertson, 2006; 

Jagadamma and Lal, 2010; Spohn and Giani, 2011, Yoo et al., 2011). Methods such as 

14
C dating and isotopic labeling have been used to determine mean residence time of 

SOC and to trace organic material as it moves through the soil in the formation of soil 

aggregates (Six et al., 1998; Six et al., 2001; Kong et al., 2011). However, these 

methods provide little information on the chemical composition of the SOC, can be 

costly, and require relatively large sample sizes when SOC content is low. While these 

methods cannot determine the chemical structure of the SOC, their use in conjunction 

with mid-infrared (MidIR) spectral Fourier Transform analysis can provide detailed 

information about the interactions between SOC and the formation of soil aggregates. 

Diffuse reflection infrared Fourier-transform (DRIFT) analysis is a relatively new 

approach (developed over the last 20 years) in determining the chemical composition 

of soil and is based on identification and semi-quantitative analysis of C functional 

groups (Haberhauer and Gerzabek, 1999; Reeves et al., 2001; McCarty et al., 2002) 

and SOC turnover rates(Ellerbrock and Kaiser, 2005).This method also has been 

successfully used in low SOC soils like those typical in semi-arid lands (Reeves, 

2010). More recently, studies have demonstrated the relationship between aggregate 
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SOC composition and microbial community composition (Kong et al., 2011; Davinic 

et al., 2012).  

Although caution is warranted when associating C functional groups with 

spectral analysis due to the dynamic nature of soils, as libraries continue to grow, it 

may be possible to correlate the absorption spectrum data with aboveground biomass 

and vegetation present aiding in the determination of relationships between inputs into 

the soil and fate through decomposition processes. Ultimately, this will add an 

additional level of understanding to the concept of aggregate formation and the 

interaction of SOC pools. Additionally, studies have indicated specific spectral bands 

and regions which are associated with older, more recalcitrant C, which may provide 

an aid in the determining the soils potential to sequester C (Artz et al., 2006). To date, 

several studies have examined the relationship between surface vegetation and 

management in established semi-arid agroecosystems (Allen et al., 2005, Zobeck et 

al., 2007). However soil analysis has primarily focused on aggregate stability, SOC, 

microbial community structure, and enzyme analysis at the whole soil level ( Acosta-

Martínez et al., 2004, 2010a, 2010b). Currently, unpublished research (Chapter 2) 

examining soil aggregates and their associated SOC pools found that perennial 

vegetation and rotational cropping tended to increase SOC content in pools considered 

chemically recalcitrant. Because of the vast potential associated with MidIR analysis 

of SOC, it was our goal to use MidIR to characterize organic functional groups on 

physically separated water stable aggregate fractions as impacted by alternative 

agroecosystem management in the Texas High Plains. 
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Hypothesis: There will be significant differences between functional groups 

based on aggregate classes as a result of the level of degradation for 

individual aggregate fractions. 

Hypothesis 2: Significant differences in aggregate fraction C composition will 

be measured based on differences in vegetation and management techniques. 

Materials & Methods 

Systems Description 

 Samples were collected from two long-term (initiated in 1997) agroecosystems 

located at the Texas Tech Experimental Farm (33°45’N, 101°45’W; 993 m elevation) 

six miles east of New Deal, Texas. The station is situated in the Texas High Plains, 

characterized by a semi-arid climate (470mm precipitation, mean annual temperature 

15°C) on Pullman clay loam (Fine, mixed, superactive, thermic Torrertic Paleustolls) 

soil with 38% sand, 28% silt, and 34% clay.  

Systems were initiated to compare a conventional continuous cotton 

(Gosspium hirsutum L.; CTN) system (0.25ha) to an alternative agroecosystem 

management practice, in this case an integrated crop-livestock (ICL) system. Details 

about the two systems can be found in Allen et al. (2005) as well as Chapter 2 and are 

provided briefly here. Both systems were irrigated using subsurface drip irrigation 

with 1 m spacing buried to a depth of 0.36 m. The ICL (4.0ha) consisted of a WW-B. 

Dahl Old World Bluestem [Bothriochloa bladhii (Retz) S.T. Blake; 2.1ha; OWB] 

paddock with the remaining area divided between two paddocks (0.9 ha each; ROT_A 
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and ROT_B) in which cotton was grown in a no-till rotation of wheat (Triticum 

aestivum L.), fallow, and rye (Secale cereale L.) such that both paddocks did not have 

the same crop at the same time. Grazing steer were introduced in January of each year 

and rotated through the system until July when steers were moved to a feedlot. 

Systems were maintained through 2008 when a two year fallow period was initiated.  

Sample Collection 

 Baseline samples (0-15cm), collected in 1997 using a Bull Probe (Fort Collins, 

CO) and stored under air-dried conditions, were subsampled in 2009. In January 2010, 

a minimum of four subsamples were collected from the same paddocks, gently mixed 

to maintain aggregate stability and homogenized to obtain a single sample. Both soil 

sets (baseline and fresh soil from 2010) were passed through an 8-mm sieve and air-

dried (2010) for subsequent soil aggregate fractionation, total C and N analysis, and C 

functional group analysis using mid-infrared (MidIR) Fourier Transform analysis. 

Water Stable Aggregate Isolation 

The method used to isolate free aggregate fractions, described by Elliott (1986) 

can be found in Chapter 2 and is briefly described here. Aggregate isolation was 

achieved by first slaking 100 g air-dried (<8mm) samples on a 2000-μm sieve which 

was slowly submerged into deionized water for 5 minutes. The sieve process consisted 

of raising and lowering the sieve at an amplitude of approximately 3 cm 50 times over 

a two-minute period. Following wet sieving any soil which remained on the sieve was 

transferred to an aluminum drying dish and oven dried at 60°C. Solution containing 

soil which had passed through the sieve was poured through the next sieve in sequence 
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(250 and 53-μm) and the process was repeated. Following the final sieve (53-mm) the 

solution was transferred to a large drying dish to recover the silt and clay fraction. 

This resulted in the isolation of up to four aggregate fractions including large 

macroaggregates (LMacro, >2000-μm), small macroaggregates (SMacro, 250-2000-

μm), microaggregates (Micro, 53-250-μm), and silt and clay (S+C, <53-μm). 

Intra-aggregate Isolation 

 When present, LMacro was combined with the SMacro fraction to obtain a 

Macro fraction used for further fractionation of intra-aggregates fractions as described 

by Six et al. (2000). A device consisting of a 250-μm sieve and 50 glass beads (4mm 

in diameter) was used to isolate three intra-aggregate fractions from dispersion of a 

subsample (6-15g) of the Macro fraction. Fractions were isolated while shaking under 

continuous water flow resulting in the dispersion of the Macro fraction. Shaking 

continued until all Macro’s had been broken down and any material remaining on the 

250-μm sieve was the intra-aggregate particulate organic matter (iPOM; includes sand. 

Material which had passed through the initial sieve was collected on a 53-μm sieve. 

This material was wet-sieved to isolate stable intra-aggregate Micro (iMicro) and the 

remaining silt and clay (<53-μm; iS+C) in solution was collected. 

Soil Organic Carbon Composition Using mid-IR Analysis 

Total C and N (TC and TN, respectively) were determined on subsamples that 

were hand ground and analyzed using a LECO TruSpec CN Analyzer (St. Joseph, 

MI). Acidification of a subset of samples demonstrated that no carbonate was present 

in samples and thus measured TC was considered SOC. Spectral analysis (completed 
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at the USDA-ARS Central Great Plains Research Station; Akron, CO) was done on a 

Digilab FTS 7000 Fourier transform spectrometer (Varian, Inc., Palo Alto, CA) with a 

deuterated, Peltier-cooled, triglycine sulfate detector and potassium bromide beam 

splitter. The spectrometer was fitted with a Pike AutoDIFF diffuse reflectance 

accessory (Pike Technologies, Madison, WI) and KBr used as background. Data were 

collected at 4 cm
-1

 resolution, with 64 co-added scans per spectrum from 4,000 to 400 

cm
-1 

(Calderón et al., 2011a). 

Statistical Analysis 

 The experimental design consisted of a completely randomized block design 

with three replicates. Data were analyzed at the vegetation (CTN, OWB, ROT_A, and 

ROT_B) level. Change over time was done by comparison of baseline samples to 

those collected in 2010. Differences between vegetation components was done for 

both baseline and samples collected in 2010. Free aggregates were analyzed 

independently of the intra-aggregate fractions. Statistical analysis of TC was done 

using PROC MIXED (Version 9.2, SAS Institute, 2008) function which allowed for 

comparison of aggregate C content as impacted by vegetation at an α = 0.05 for main 

effects (vegetation and aggregate fraction). An α = 0.01 was used for all pairwise 

comparisons. 

 Analysis of absorbance spectrum data was conducted using the PC-ORD 

software package (MjM Software, Gleneden Beach, OR). The PerMANOVA function 

was used to determine significant differences based on main effects (vegetation and 

fraction). Multiple response permutation procedures (MRPP) analysis was used to 
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determined differences based on adsorption spectrum if significant differences due to 

main effects or their interaction were determined using PerMANOVA. Based on 

MRPP results, standardized principal component analysis (PCA) (based on 

correlations) was used to determine correlation of mid-IR spectra and aggregates. 

Additionally, PCA analysis was used to determine whether a significant relationship 

between C functional groups as indicated by spectral bands and vegetation and 

aggregate fractions.  

Results 

Soil Organic Carbon 

As previously discussed in Chapter 2, significant differences were observed 

over time and between vegetation in samples collected in 2010. Whole soil analysis 

showed that no significant changes in SOC were measured in the CTN from 1997 (8.9 

mg C g
-1

 soil) to 2010 (9.0 mg C g
-1

 soil), however a significant increase was observed 

in the OWB and ROT_B paddocks (12.7 and 11.0 mg C g
-1

 soil, respectively). 

Although not significant, an increase was also observed in the ROT_A (9.8 mg C g
-1

 

soil) component. Carbon content at the aggregate level significantly increased in the 

OWB paddock within the Macro and iPOM fractions. Analysis of the two rotation 

paddocks and the CTN paddock indicated significant increases of SOC in the Micro 

fraction. Although not significant, SOC content decreased in the Macro fraction and 

increased in the iPOM fraction of the three annual components.  
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SOC Composition using MidIR Spectroscopy 

The PerMANOVA results indicated no significant differences in SOC 

composition between vegetation types within whole soils. Significant main effects of 

vegetation and fraction were measured within water stable aggregates, however not 

interaction was found. At the aggregate level, the SOC composition of the S+C 

fraction was significantly different from that found in the Macro and Micro fractions. 

Additionally, significant differences in SOC composition between the OWB and the 

two rotation components were found. Within the intra-aggregate fractions, SOC 

composition was found to be different only in the iPOM and iS+C fractions as a result 

of vegetation management. Within the iPOM fraction OWB composition was 

significantly different from all other vegetation components. Additionally, a difference 

in iPOM-SOC composition was found between the CTN and ROT_B components. 

Differences within the iS+C fraction was found between all fractionation components 

with the exception of the OWB and ROT_B components. 

Regardless of fraction, a strong correlation (r > -0.9) was found above 2500 

cm
-1

 which corresponds to the presence of aliphatic C-H, OH/NH bonds, and Clay-OH 

(Nguyen et al., 1991; Janik et al., 2007). Strong correlation of absorption spectrum 

(ranging from r = -0.06 to 0.2) within the region <1000 cm
-1

 indicates a mixture of 

organic and mineral components, however further determination is difficult without 

additional sample analysis (i.e. ashing). Based on correlation coefficients of absorption 

spectrum data determined using PCA, similar C functional groups were observed in 

both whole soils (Fig. 5.1a) and free aggregates (Fig. 5.1b) with Axis 1 accounting for 
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the majority of the variation between samples. Increased correlation in whole soils (r > 

0.2) at the 1030 - 1050 cm
-1

 region would indicate the presence of polysaccharides 

(Sarkhot et al., 2007). Strong correlation at the 1330 – 1360 cm
-1 

region 

(corresponding to amines) indicated greater presence within the Macro aggregate 

fraction. Illustrated by Fig. 5.1 intra-aggregate fractions resulted in differences in the 

composition of associated C pools. 

 The iPOM fraction, scoring highest along axis 1 (Fig. 5.2), showed higher 

absorbance within the 1270 - 1380 cm
-1

 region indicating the presence of mineral 

material in addition to the organic matter within these samples. A strong correlation 

was also present at the (1500 – 1510 cm
-1

) band and may indicate presence of aromatic 

C-H and C=C (Baes and Bloom, 1989). The presence of proteins, lignin, and humic 

acid was indicated by absorbance in the region between 1610 – 1650 cm
-1

 (Baes and 

Bloom, 1989; Calderón et al., 2011a). Three peaks within the 1780 – 2000 cm
-1

 region 

confirms the presence of quartz in sand (Nguyen et al., 1991). Correlation with the 

2850 – 2920 cm
-1

 corresponds to the possible presence of aliphatic C-H (Haberhauer 

et al., 1998; Leifield, 2006).  

 Analysis within the iPOM fraction (Fig. 5.3a) indicate that CTN scored highest 

along axis 1 followed by the two rotations and the OWB paddocks. A strong 

correlation within the region between 700 – 950 cm
-1

 may be indicative of 

carbohydrates, lignin, and proteins, however this region can including a mixture of 

organic and mineral material making identification difficult (Calderón et al., 2011a). 

Increased absorbance at the 1630 cm
-1

 band found within the rotation and OWB 



 Texas Tech University, Lisa Fultz, August 2012 

138 

 

components can include potentially recalcitrant C identifying the presence of some 

degraded material. Strong correlation within the regions between 1380 – 1430 and 

1700 – 2000 cm
-1

 correspond to the presence of mineral material and quartz from sand 

(Nguyen et al., 1991). Correlation at 1565 cm
-1

 may correspond to the presence of 

carboxyl C while absorption at the 1520 cm
-1

 band and within the region between 

1600 to 1650 cm
-1

may correspond to the presence of proteins, lignin, and humic acid 

(Calderón et al., 2011b). Peaks at 2160 cm
-1

 may identify the presence of proteins, as 

identified by Calderón et al. (2011a).  

 Within the iS+C fraction, ROT_A scored lower along Axis 1 than the 

remaining management practices; however along axis 2 OWB scored higher followed 

by the two rotations and CTN paddocks. Regardless, fewer distinct peaks were present 

within the iS+C fraction (Fig. 5.3b). Peaks within the 1270 – 1380 cm
-1

 region can be 

distinguished by the increased presence of mineral material within the OWB 

component. A peak within the band between 1500 – 1510 cm
-1

 includes the aromatic 

C-H and C=C functional groups (Baes and Bloom, 1989). The presence of esters and 

carboxylic acids is signified by a peak with the region of 1700 – 1730 cm
-1

 (Cox et al., 

2000; Janik et al., 2007, Calderón et al., 2011b). 

Discussion 

Due to the overlap between bands and wide range over which some bands 

occur the ability to relate peaks to C functional groups is not exact. For this reason, 

continued examination of the relationship between chemical characteristics and 

spectral wavelengths aids in the development of a growing knowledge base. Fewer 
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significant differences between management practices were observed in the whole soil 

and free aggregate fractions; however significant differences were measured within 

the iPOM and iS+C fractions demonstrating the importance of the level of detail 

provided by intra-aggregate fractions as well as their sensitivity to management 

practices. 

In general, similar correlations of spectra between whole and free aggregate 

samples were expected based on the fractionation procedure employed. Negative 

correlation at 1350 cm
-1

 would denote the presence of recently added SOM (Calderón 

et al., 2011a) which was greatest in the Macro fraction as well as the CTN paddock 

indicative of the incorporation of fresh material into the Macro fraction (Cambardella 

and Elliott, 1994; Jastrow, 1996). Absorbance at 3400 cm
-1

 band has been related to 

relatively labile SOM (Haberhauer and Gerzabek, 1999; Calderón et al., 2011b) and 

was positively related to the Macro and iMicro fraction. While expected in the Macro 

fraction, the presence within the iMicro fraction may be an artifact of the fractionation 

method. Energy from shaking and the presence of glass beads may result in some 

breakdown of the more labile material which is then washed on the 53-μm sieve and 

thus associated with the iMicro fraction. It is also possible that through the formation 

of the iMicro fraction some of the iPOM fraction becomes protected within this intra-

aggregate fraction. Within intra-aggregates, absorption by this potentially more labile 

fraction was greatest within the iPOM fraction and is an indication of shorter mean 

residence time and the temporary nature of this material (Six et al., 1998). A high 

correlation between 2848 - 2925 cm
-1

 and the iMicro and iS+C fractions suggests the 
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presence of high quality SOM (Calderón et al., 2011b). Additionally, within whole 

soils, this region is positively related to the OWB paddock indicative of the quality of 

organic material present (Calderón et al., 2011a). Increased C content within the OWB 

component is likely the result of increased vegetative inputs and reduced tillage 

(Franzluebbers, 2002; Moore et al., 2000; Acosta-Martínez et al., 2010a). This also 

corresponded with accumulations of aromatic C in intra-aggregate fractions implying 

an overall increase in protected recalcitrant SOC, thus supporting the hypothesis that 

intra-aggregate C corresponds to more degraded C. The increase in typically more 

recalcitrant material was associated with the iMicro and iS+C fractions in comparison 

to the iPOM fraction. The lack of distinction between management practices within 

the iMicro fraction may be indicative of the level of degradation associated with this 

fraction (Elliott and Coleman, 1988; Six et al., 2000; Kong et al., 2005). As material is 

degraded it is possible that regardless of inputs, most of the material achieved a similar 

chemical composition over time. Despite this lack of differences, the quantity of 

iMicro-SOC was significantly lower in the CTN paddock in comparison to the OWB 

and rotations (data not shown) suggesting an increased potential for C sequestration 

within these components.  

Increased quartz (sand) was associated with the iPOM fraction which was 

expected based on visual examination of the fraction during isolation. Based on 

spectrum analysis of the iPOM fraction, quartz was positively related to the CTN 

paddock. This may be indicative of decreased POM with relation to sand content 

within this fraction and suggest a loss of SOC within this fraction. Absorbance at the 
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1367, 1487, and 1600 cm
-1

 bands indicates that the C present may be processed to 

some extent and be the result of accumulation of aromatic recalcitrant material. 

Conclusions 

Differences in the chemical composition were most obvious in the separation 

of the iPOM fraction from the remaining fractions as well as the separation of 

vegetation components within the iPOM fraction. This supports the hypothesis that 

management significantly impacts the quality of C incorporated in intra-aggregate 

fractions. However, these differences were not observed in the iMicro fraction, 

potentially indicating a greater level of degradation. Coupling methods such as MidIR 

analysis with detailed fractionation of aggregate C will ultimately aid in further 

understanding of the interactions of SOC pools in semi-arid agroecosystems. 

Continued analysis of long-term management systems will serve to increase the 

understanding of management practices in these dynamic and variable systems. 
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Fig. 5.1 Correlation coefficients across MidIR spectra of absorbance at each 

wavelength for whole soils (a), free aggregates (b), and intra-aggregates (c).
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transformed. (○ – iPOM; Δ - iMicro; □ – iS+C). 
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CHAPTER VI  

AGGREGATE DISTRIBUTION AND SOIL ORGANIC CARBON CONTENT IN 

FIELD-MOIST VS. AIR-DRIED SAMPLES 

Abstract 

Examination of the distribution of soil aggregate sizes and associated pools of 

soil organic carbon (SOC) provides valuable insight regarding the impacts of 

management on SOC dynamics and C sequestration potential. Soil microbial 

communities play a critical role of many C transformations and formation of stable 

aggregates; however sample handling and storage influences the interpretation of 

aggregate-microbe interactions. For example, DNA extraction from soil requires short-

term sample storage under field-moist conditions at low temperatures, while 

measurements of aggregate stability and SOC content are typically conducted on air-

dried samples. Currently, there is no standard procedure for the isolation of 

microorganism from soil aggregates. Therefore, the objectives of this study were: 1) to 

modify a commonly used method for aggregate fractionation to allow for 

quantification of aggregate SOC and extraction of microbial DNA; and 2) to 

determine the differences in aggregate distribution and associated SOC between 

fractionation of field-moist and air-dried soils. Soils were collected to a depth of 0-5 

cm from nine vegetation management components including four perennial 

grasslands, two continuous monoculture cotton sites, and three rotational cropland 

sites established between 2004 and 2007. Following homogenization and sieving (<8-

mm), subsamples were stored under air-dried (i.e., standard conditions for 
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fractionation studies) as well as field-moist conditions at 4°C (for subsequent DNA 

extraction). Modifications to the original fractionation method proved successful for 

high quality genomic DNA extraction and led to the first published paper coupling 

aggregate fractionation with bacterial pyrosequencing techniques. Fractionation of 

differently stored soils resulted in significant impacts on the aggregate distribution and 

SOC. For example, field-moist soils supported significantly greater proportions of 

macroaggregates (>250-µm) and lower proportions of microaggregates (53-250-µm) 

when compared to fractionation of air-dried soils. In addition to sample storage 

conditions, soil moisture at time of sampling also significantly impacted proportional 

distribution of aggregates and direction of change was dependent upon the two 

fractionation methods. Impact of the fractionation methods on estimations of SOC was 

observed only in the microaggregates and intra-aggregate silt+clay fractions. 

Modifications to the traditional wet-sieving approach of air-dried samples successfully 

allowed for simultaneous investigation of the microbial community but also altered the 

estimation of aggregate stability and SOC as impacted by management. Furthermore, 

by comparing both approaches, these results highlight the importance of consideration 

of sampling conditions such as moisture content for accurate interpretation when 

comparing across systems. 

Introduction 

The process of physical fractionation uses disruptive force to fractionate soil 

aggregates into defined functional and structural secondary organomineral complexes 

(Christensen, 2001). Slaking, the disintegration of aggregates due to rapid wetting, 
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breaks down unstable aggregates and allows for the fractionation of water stable 

aggregates (WSA). There are many purposes for isolating soil aggregates, but most 

studies are interested in estimation of carbon (C) sequestration potential and aggregate 

stability; soil components directly impacted by soil management practices (i.e. tillage, 

irrigation, crop selection) (Chapters 2 & 3; Moore et al., 2000; Six et al., 2000; 

Franzluebbers, 2002; Zobeck et al., 2007; Olchin et al., 2008), as well as the activities 

of the microbial community (Jackson et al., 2003; Acosta-Martínez et al., 2004, 2010a, 

2010b). Furthermore, studies have explored the relationship between soil organic C 

(SOC) pools and aggregate fractions which can serve as early indicators of change due 

to management and the C sequestration potential of soil (Six et al., 2000; Kong et al., 

2005; Olchin et al., 2008). Research by Tisdall and Oades (1982) found that larger 

aggregates (macroaggregates) were associated with more transient material (fungal 

hyphae and roots), while smaller aggregates (microaggregates) are typically associated 

with more persistent or recalcitrant material. Additionally, microbial communities 

directly impact the degradation and transformation of SOC and aggregate formation 

through the presence of transient and temporary materials (fungi, roots, and microbial 

byproducts) (Golchin et al., 1994).  

The relationship between SOC, aggregate stability, and microbial communities 

can provide insight into management impacts on soil quality and can aid in the 

understanding of how SOC pools interact within the soil. For example, as a result of 

disruptive management practices (i.e. tillage), SOC becomes exposed to climatic 

conditions conducive to degradation as aggregates are broken down (Franzluebbers 
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and Arshad, 1996; Bronson et al., 2004, Grandy and Robertson, 2006). In addition to 

the change in climate, SOC can also be exposed to biological communities which can 

speed the rate of degradation and potential losses (Jackson et al., 2003). Thus, through 

the breakdown of aggregate stability and exposure of organic material to a diverse 

microbial community, SOC content and overall soil quality decreases. Ultimately, 

each of these parameters can directly impact the others and their interaction is of great 

interest when selecting management practices best suited to a particular producers 

operation.  

Despite the prevalence of aggregate studies (Six et al., 2000; Kong et al., 2005; 

Grandy and Robertson, 2006), to date there have been limited studies which explore 

the relationship between soil aggregates and their associated microbial community 

(Brair et al., 2011; Kong et al., 2011; Davinic et al., 2012). As concluded by Kemper 

and Koch (1966), all things being equal, sample conditions prior to fractionation (pre-

wetting and water content at wetting) can have the most influence when determining 

soil aggregation. The disruptive force caused by entrapped air in air-dried aggregates 

can result in decreased aggregate stability measurements (Elliott, 1986; Lehrsch and 

Jolley, 1992). Alternatively, increased aggregate stability has been shown to occur 

during storage of air-dried samples (Kemper and Koch, 1966; Kemper and Rosenau 

1985) as well as under field-moist conditions (Elliott, 1986; Gollany et al., 1991). 

Ultimately, the selection of fractionation method is driven by specific research 

question. For example, biological methods such as DNA extraction require soils be 

maintained at low temperatures and field-moist conditions; whereas aggregate stability 
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is typically assessed based on proportions of water stable aggregates (WSA) from air-

dried samples isolated using wet-sieving techniques (Yonder, 1936; Kemper and 

Rosenau, 1986; Elliott, 1986). In order to achieve both goals of microbial 

characterization and WSA, a combined approach is needed. Depending upon sample 

handling, any modification may additionally alter the interpretation of SOC dynamics 

and the degree of WSA and thus, a comparison of both approaches must be evaluated. 

Objectives 

The purpose of this study was to develop a fractionation technique that would 

allow for the quantification of aggregate associated SOC and the extraction of DNA 

from each aggregate fraction for subsequent pyrosequencing analysis. A common 

method of soil fractionation uses physical dispersion using a wet-sieving process on 

air-dried soil as described by Elliott (1986) and Six et al. (2000). The combination of 

these two methods produces a minimum of six distinct size fractions representing both 

free (water-stable) aggregates and intra-aggregate fractions obtained from physical 

disruption of the macroaggregate fraction. Soil used for DNA extraction and 

subsequent microbial characterization should not be subjected to air-dried conditions 

due to immediate changes in community composition from the air-drying process (Lee 

et al., 2007). Therefore, the Elliot-Six method was modified such that soils were 

maintained at field-moist conditions and stored at 4°C prior to analysis. Because of the 

differences in slaking effects on air-dried and field-moist soil during the initial sieving 

process, a second objective was to evaluate changes in SOC content and aggregate-

size distribution between the two methods.  
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Hypothesis 1: Fractionation of field-moist soils will result in greater quantities 

of larger aggregate fractions and associated SOC as a result of the lower 

disturbance due to initial slaking as compared to fractionation of air-dried 

soils. 

Materials and Methods 

Sample Collection 

Soils were collected from nine long-term research and producer operated 

agricultural production sites. The sites were located in the semi-arid Texas High Plains 

on Pullman clay loam soils (Fine, mixed, superactive, thermic Torrertic Paleustolls) 

with little to no slope (0-1%). Detailed descriptions of systems from which soil 

samples originated can be found in Chapter 3. Briefly, vegetation included four 

perennial grasslands as well as two continuous monoculture cotton fields and three 

rotational cropland sites established between 2004 and 2007. Soil samples were 

collected in July-August 2010 at depths of 0-5 cm. Soil moisture at time of sampling 

was determined on wholes soils by oven drying a pre-weighed subsample at 105°C for 

24 hours. Soil organic C (Chapter 3, Table 3.1) content ranged from 7.1 to 16.9 g kg
-1

. 

Subsamples were gently broken by hand to pass through an 8 mm sieve to preserve 

stable aggregates. After hand sieving, samples were then divided into two parts with 

half of the soil stored under field-moist conditions at 4°C for microbial analysis and 

the remaining sample air-dried for three days prior to storage. 
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Free Aggregate Fractionation (standard Elliott method) 

Initial aggregate fractionation for SOC analysis was conducted as described by 

Elliot (1986). 100-g of air-dried soil was placed on a 2000-μm sieve in deionized 

water and allowed to slake for 5 minutes. Following slaking the sieve was raised and 

lowered 50 times at an amplitude of 3-cm for 2 minutes. Soil remaining on the sieve, 

considered the large macroaggregate (>2000-μm) fraction, was transferred to an 

aluminum drying dish and remaining solution was passed through a 250-μm sieve. 

Material remaining on the 250-μm sieve, considered small macroaggregates (>250-

μm, Macro) was then transferred to an aluminum drying dish. The remaining soil 

solution was then passed through a 53-μm sieve and the sieving process was repeated. 

Soil remaining on the sieve, considered the microaggregate fraction (53-250-μm, 

Micro) and remaining solution, containing the silt+clay (<53-μm, S+C) fraction were 

transferred to separate drying dishes. All samples were dried at 60°C and weighed to 

determine average percent recovery. Due to the small proportion of large 

macroaggregates present in only six samples, this fraction was combined with the 

small macroaggregates and considered the Macro (>250-μm) fraction. 

Intra-aggregate Isolation (standard Six method) 

Further fractionation was done based on the method described in Six et al. 

(2000) which resulted in the isolation of three intra-aggregate fractions. For air-dried 

samples a subsample (6-10 g) of the Macro fraction was placed in a devise consisting 

on a 250-μm screen and 50 – 4mm diameter glass beads. Use of shaking and 

continuous flow of water resulted in the disaggregation of the Macro fraction. Intra-
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aggregate particulate organic matter (>250-μm, iPOM) remained on the sieve while 

material passing through the sieve was washed onto a 53-μm sieve. Wet sieving of the 

53-μm sieve separated the intra-aggregate Micro (53-250-μm, iMicro) fraction 

(material remaining on the sieve) for the intra-aggregate S+C (<53-μm, iS+C). 

Samples intended for DNA extraction were transferred to centrifuge tubes and stored 

at 4°C. Samples obtained from fractionation of air-dried soils were transferred to 

aluminum drying dishes and oven dried at 60°C. 

Modified Elliot-Six method for DNA extraction 

The same fractionation process as described above was used for DNA 

extraction with the following modifications: all soils were maintained at field-moist 

conditions prior to sieving, all aggregate fractions were stored moist at 4°C, ultrapure 

water fitted with a DNAse/RNAsefree filter (Synergy
®
UV, Millipore, MA, USA) was 

used during sieving, sieves and containers were rinsed with a bleach solution between 

samples, and the S+C and iS+C fractions were collected using centrifugation (10 min 

at 5000 rpm and 4°C) after addition of a weak (0.01M) CaCl2 solution. Addition of 

CaCl2 aided in the flocculation and recovery of the S+C fraction which, following 

centrifugation, was transferred to a pre-weighed 50-mL centrifuge tube and stored at 

4°C for further analysis.  

Genomic DNA was extracted from approximately 0.7 g of moist soil aggregate 

fractions using the Fast DNA Spin Kit for soil (MP Biomedicals, OH, USA) according 

to manufacturer’s instructions. The quantity of DNA was measured using an Epoch 

plate spectrophotometer (Biotech Instruments, VT, USA) and quality was assessed by 



 Texas Tech University, Lisa Fultz, August 2012 

156 

 

evaluation of the ratio of absorbance at 260 and 280 nm, Soil DNA extracts were then 

submitted to the Research and Testing Laboratory (Lubbock, TX, USA) for 

pyrosequencing of the bacterial and fungal communities. Details regarding 

pyrosequencing methodology for the bacterial community can be found in Davinic et 

al. (2012). 

Sample Analysis 

 While DNA extraction was done on field-moist samples, all further analyses 

were done on freeze dried (field-moist) or oven dried (air-dried) soil. Weights after 

freeze or oven drying were used to determine average percent recovery and for 

comparison of pre-fractionation moisture content impacts on aggregate distribution. 

Following drying, subsamples from both methods (air-dried and field-moist) were 

ground by hand and analyzed for TC content using a LECO TruSpec CN analyzer (St. 

Joseph, MI). Acidification of a subset of samples indicated that no inorganic C was 

present, thus TC was considered equivalent to SOC. 

Statistical Analysis 

Each method was used to fractionate soils from 9 systems replicated 3 times 

resulting in a total of 27 sample points per fraction. Statistical difference between 

methods was determined using the PROC MIXED (SAS, Version 9.2) procedure with 

free aggregates analyzed separately from intra-aggregates. A level of significance of 

0.05 was used to determine significant differences. Linear regression using PROC 

REG (SAS) procedure was done to determine if a relationship was present between the 

two fractionation methods. 
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Results 

Free Aggregate Fractions 

 Modification of the Elliot-Six method successfully resulted in DNA of high 

quality and pyrosequencing of the bacterial and fungal communities within aggregates. 

Pyrosequencing results of the soil bacterial community within the free aggregate 

fractions have recently been published (Davinic et al., 2012). Evaluation of the fungal 

communities within both free and intra-aggregate fractions is pending (M. Davinic 

submission pending-Fall 2012).  

 Within free aggregate fractions, wet sieving of field-moist soils resulted in 

significantly greater quantities of Macro (90%) and fewer Micro (42%) compared to 

the air-dried samples (Fig. 6.1). No significant differences between methods were 

observed in the S+C fraction. Significant differences in SOC content were observed 

only in the Micro fraction with the air-dried soils resulting in 65% more C than that 

associated with the field-moist soils (Fig. 6.2). Linear regression of aggregate 

proportion data indicated a significant positive relationship between the fractionation 

of air-dried and field-moist soils within the Macro (r
2
 = 0.16, p = 0.04) and Micro (r

2
 = 

0.20, p = 0.03) fractions (Fig. 6.3a, 6.3b). A significant positive relationship for SOC 

was found only in the Macro (r
2
 = 0.17, p = 0.03) fraction. Examination of aggregate 

proportions based on vegetation management (data not shown) indicated that pre-

sieving soil moisture (Table 6.1) had a significant impact on proportions of fractions.  
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Intra-aggregate Fractions 

Proportions of iMicro and iS+C were significantly greater from fractionation 

of field-moist soils (90 and 123%, respectively) when compared to fractionation of air-

dried soils. No significant differences in the iPOM fraction were observed. Soil 

organic C content was only significantly different in the iS+C fraction with field-moist 

soils indicating significantly greater quantities than that found through fractionation of 

the air-dried soil. Linear regression for intra-aggregates indicates that a significant 

positive relationship existed within both the iPOM and iMicro fractions for both 

proportional data and SOC content (Fig. 6.4). 

Discussion 

Slaking of air-dried soils has been shown to result in significantly lower 

quantities of the Macro fraction when compared to fractionation of field-moist soils as 

a result of dispersive forces of wetting (Lehrsch and Jolley, 1992; Beare and Bruce, 

1993). The lack of differences in soils with pre-existing dry conditions demonstrates 

this point as well. Low moisture content either through low precipitation or irrigation 

and high evapotranspiration rates, as expected in a semi-arid climate, resulted in low 

soil moisture at time of sampling in two of the sites. As a result of contact bonds 

forming in soils maintained at low moisture potentials (essentially air-dried 

conditions) for an unknown period prior to sampling, little difference would result for 

further air-drying prior to sieving (Kemper and Rosenau, 1984). However, SOC 

content was significantly greater in the OWB_2 when compared to the CTN_2 

potentially aiding in the formation of water stable aggregates (Cambardella and Elliott, 
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1994; Jastrow, 1996; Denef et al., 2002). Thus, separation of the impacts of physical 

and biological aggregation factors is difficult to determine. With the incorporation of 

pre-fractionation soil moisture, it may be possible to improve the measured 

relationship between the two methods and ultimately estimate the proportion of water-

stable aggregates from air-dried soils using fractionation of field-moist soils. 

The greater quantity of Micro from fractionation of air-dried soils was likely 

the result of increased disruption of the Macro fraction due to the slaking procedure 

(Kemper and Rosenau, 1986; Beare and Bruce, 1993). Greater proportions of the 

iMicro and iS+C from fractionation of field-moist soils is expected as a result the 

greater proportion of Macro obtained from this method. Significant differences of the 

iS+C fraction may stem from the method used to collect the iS+C fraction. Estimation 

of the S+C and iS+C fractions was based on centrifugation of a subsample of 

continuously stirred solution, however if the solution was not homogeneous it is 

possible to miscalculate the actual proportion of this fraction. For this reason, 

centrifugation of the entire S+C solution is recommended to ensure accurate 

calculation of S+C fraction.  

It is unclear why SOC content decreased in the field-moist Micro and air-dried 

iS+C fractions. However, Paul et al. (2007) suggested that fractionation of air-dried 

soils resulted in the release of greater quantities of Micro which were not exposed 

when fractionating field-moist soils. For the remaining four fractions it may be 

possible to obtain an accurate estimation of the SOC present within a fraction 

regardless of methodology. Greater SOC content of the Micro and iS+C fractions 
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correspond to significantly greater proportions of these fractions based on 

fractionation of either air-dried or field-moist samples, respectively. Examination of 

bacterial communities within aggregates fractionated from field-moist soils found that 

relative abundance was driven primarily by shifts in SOM rather than SOC content 

(Davinic et al., 2012). It was determined that soil microenvironments hosted specific 

bacterial assemblages which were associated with specific C compositions. 

Conclusions 

Simultaneous investigation of the microbial community within soil aggregates 

and associated SOC was successful using the modified fractionation method. 

Fractionation of field-moist soils resulted in significantly greater quantities of the 

Macro fraction when compared to the air-dried soil. However, the change in 

distribution of aggregates only significantly impacted quantification of SOC pools in 

the Micro and iS+C pools. Using the relationships between fractionation methods it 

may be possible to estimate aggregate distribution of air-dried soil based on 

fractionation of field-moist soils. By comparing both approaches, these results 

highlight the importance of considering sampling conditions such as moisture content 

for accurate interpretation when comparing across systems. Further improvement of 

this estimation would benefit from the incorporation of pre-sieved soil moisture as this 

significantly impacted the interpretation of aggregate stability based on fractionation 

method. Ultimately, the ability to determine impacts of management on aggregate 

stability is improved by the use of multiple fractionation methods.  
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Table 6.1. Average soil moisture measure in vegetation component used for both field-

moist and air-dried fractionation. (
*
PNG = Perennial Native Grasses; D_OWB = 

deficit irrigated old world bluestem; BER = bermudagrass, CTN = continuous cotton; 

OWB_2 = surface irrigated OWB) 

 

Vegetation* Soil Moisture 

 

g g-1 

CTN_1 0.1265 

CTN_2 0.0619 

Millet 0.1267 

Cotton 0.1370 

PNG 0.1620 

D_OWB 0.1689 

BER 0.1682 

OWB_2 0.0585 

Corn 0.1750 
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Fig. 6.1 Aggregate proportions (%) as measured through fractionation of air-dried and 

field-moist soil. Bars indicate standard error. * indicates significant difference at 

α=0.05. 
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Fig. 6.2 Soil organic C content (g C g-1 soil) measured for each fraction from air-dried 

and field-moist soils. Bars indicate standard error. * indicates significant difference at 

α=0.05. 
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Fig. 6.3 Linear regression for free aggregate fractions proportion and SOC content in 

Macro (a and b), Micro (c and d), and S+C (e and f) fractions.  
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Fig. 6.4 Linear regression for free aggregate fractions proportion and SOC content in 

iPOM (a and b), iMicro (c and d), and iS+C (e and f) fractions.   
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CHAPTER VII  

CONCLUSIONS 

Carbon stored in soil not only represents the largest active terrestrial pool, thus 

impacting global climate patterns, but SOC also has the potential to significantly 

influence overall ecosystem functions as well. How C moves through soil and the 

transformations that occur at the aggregate level is central in determining the impacts 

of soil management and the ability of soils to protect and store C. Management 

practices which aid in increased pools of chemically stable and physically protected 

SOC result in improvements to soil quality, benefiting plant productivity as well as the 

environment. 

In Chapter 2, I compared the impacts of continuous cotton (CTN) production 

with the implementation of an integrated crop-livestock (ICL) system (and its 

individual vegetation components) on mean weight diameter (MWD) and SOC 

content. This study allowed for the measurement of changes over a 13-year period as 

well as comparison between two long-term management practices. Major findings 

included:  

 MWD was reduced 60% and 47% under CTN and rotational crops, 

respectively, while perennial grass increased MWD by 50%. 

 CTN combined with wheat cover crop maintained SOC content over 13 years; 

however, C-sequestration potential was enhanced by no-till rotational cropping 

and conversion to perennial pasture.  
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 Specifically, the ICL system increased whole (31%) and the protected intra-

aggregate (40%) SOC pools.  

In Chapter 3, I examined the impacts of 5 agroecosystems, and their individual 

vegetation components, on SOC pools in a semi-arid climate. Similar to the methods 

used in Chapter 2, I measured MWD, SOC, and N-content at depths of 0-5 and 5-20 

cm in systems established between 2004 and 2007. Major findings included:   

 In general, perennial vegetation increased SOC content, MWD, and formation 

of protected intra-aggregate SOC pools. However, the complexity of these 

systems in the dynamic semi-arid climate resulted in variability within similar 

management practices.  

 Management improvements (i.e. fertilization, no- or reduced-tillage, crop 

selection and rotation) also resulted in increased SOC content when compared 

to conventional production. 

 The ICLs (including perennial vegetation) resulted in the greatest C-

sequestration potential with up to 130% more SOC in the intra-aggregate 

microaggregate fraction in comparison to CTN production.  

 With greater aggregate stability, as indicated by increased MWD and SOC 

content, particularly in protected pools, ICls resulted in the greatest potential 

for improved C-sequestration and soil quality.  

Chapter 4 focused on the measurement of greenhouse gas (GHG) production 

within two of the ICL systems described in Chapter 3. Fluxes of CO2 and N2O were 

monitored over 16 months with dynamic and static chamber methods, respectively. 
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During this period, extreme weather events including higher than average rainfall in 

2010 and extreme drought in 2011, allowed for a unique comparison between 

management strategies. Significant findings included: 

 Fluxes were primarily driven by changes in soil moisture and temperature, 

with the greatest N2O flux occurring within 48-hr of the largest rainfall event 

measured in 2010. In contrast, drought conditions in 2011 resulted in very low 

(2.9 g CO2-C equivalents m
-2

 yr
-1

) fluxes in all systems.  

 The greatest GHG fluxes were measured in the perennial grassland 

components of the ICLs. Increased SOC may partially offset the greater GHG 

fluxes measured in perennial components.  

 N2O emissions were comparatively lower (60-180%) than those measured in 

similar studies and calculated global warming potential was significantly lower 

that of measured CO2 emissions indicating that N2O was not significantly 

contributing to the GHG production from these sites. 

In Chapter 5, I coupled mid-infrared Fourier Transform (MidIR) spectroscopy 

with aggregate fractionation to examine soil chemical composition with a focus on the 

functional groups related to C stability within whole soils and aggregate fractions 

described in Chapter 2. Major findings included: 

 Spectral analysis of all fractions indicated a significant difference between the 

absorption spectrum of the iPOM fraction compared to all other isolated 

aggregates. This fraction proved to be highly sensitive to management 

practices with CTN iPOM fractions indicating increased absorption of sand 
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particles and decreases in labile C content. Significant differences in the 

absorption spectrum of iPOM indicated that C functional groups differed 

between the three vegetation components (OWB, rotations, and CTN). 

 No differences where measured within the iMicro fraction implying that this 

fraction consisted of highly degraded material. This indicated that despite 

differences in SOC content, the overall chemical structure of the material was 

not impacted by management. 

In Chapter 6, I examined the differences between fractionation of field-moist 

and air-dried soils used for biological and chemical analyses, respectively. The 

standard fractionation process, which involved slaking of air-dried samples, was 

adapted to allow for DNA extraction from soils maintained under field-moist 

conditions. I found that:  

 Fractionation of field-moist soils resulted in greater quantities of Macro and 

lower quantities of Micro fractions. While differences may result in re-

interpretation of data, this relationship may allow for future estimation of air-

dried aggregate proportions, however further testing is required to include the 

impacts of conditions at time of sampling. 

 Impacts of pre-fractionation conditions can significantly affect results and 

require further consideration when collecting samples for aggregate 

fractionation. 

While fluxes from perennial vegetation components were significantly greater 

than those measured in annual counterparts, this was partially offset by significantly 
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greater SOC found in these components. Additionally, examination of C functional 

groups provided evidence that increased SOC under perennial vegetation components 

correlated to increases in the more recalcitrant C functional groups. Detailed 

measurement of SOC at the aggregate scale and the contribution of vegetation 

management to GHG fluxes offer a critical component in the estimation of the 

contributions these alternative agroecosystems have to the global C cycle and will 

ultimately aide producers in the selection and development of systems to meet the 

needs and limitations of production in semi-arid environments.  
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APPENDIX A 

MEASURED SOIL PARAMETERS 

 

Table A1. Measured chemical parameters in surface samples for five agroecosystems. 
Agro-

ecosystem* Vegetation† 
1:1 S 

Salts K 

SO4- 

S Zn Fe Mn Cu Ca Mg Na CEC 

NO3
-

N 

NH4 

N 

Ortho 

P Db 

  

mmho 

cm-1 --------------------------------mg kg-1-------------------------------- 

 

--------mg kg-1-------- g cm-3 

CTN_1 Cotton 0.25 601 7.3 0.5 10.2 5.4 1.0 2964 538 30.3 21.0 2.4 5.4 36.3 1.58 

                 CTN_2 Cotton 0.29 481 8.3 0.4 5.4 6.4 0.9 1698 642 40.0 15.2 12.6 1.8 48.7 1.54 

                 FRG_CTN 

 

0.26 621 9.2 0.4 9.5 7.8 1.0 2053 654 17.0 17.4 4.3 7.9 42.6 1.55 

 

Millet 0.04 92 1.2 0.1 1.5 1.4 0.2 331 105 3.8 2.8 1.0 1.3 7.6 1.48 

 

Cotton 0.05 101 1.5 0.1 1.1 1.0 0.2 329 102 3.1 2.8 1.8 1.1 7.7 1.62 

 

PNG 0.12 271 4.7 0.3 4.7 4.0 0.5 949 311 6.0 8.1 1.4 4.1 22.9 1.50 

 

B_OWB 0.05 156 1.7 0.1 2.1 1.4 0.2 443 135 4.1 3.8 0.1 1.4 4.4 1.52 

                 OWB_BER 

 

0.33 760 10.7 1.8 13.3 9.3 1.5 2068 619 27.7 17.6 4.4 8.2 29.3 1.48 

 

D_OWB 0.18 376 5.7 1.0 5.2 4.6 0.8 1124 331 14.7 9.4 2.0 4.1 18.0 1.49 

 
BER 0.07 206 2.5 0.2 5.7 2.6 0.3 484 147 6.2 4.2 0.8 1.5 5.6 1.48 

                 FRG_RC 

 

0.30 647 10.1 3.6 12.7 8.2 1.3 1957 722 63.6 17.7 8.0 2.9 158.3 - 

 
OWB_2 0.06 114 1.5 0.8 2.4 1.3 0.2 321 111 5.4 2.8 0.7 0.5 27.9 - 

 

OWB_3 0.05 125 1.5 0.8 4.4 1.6 0.3 371 132 5.0 3.3 0.2 0.5 34.3 - 

  Corn 0.19 409 7.0 2.1 5.9 5.2 0.8 1266 480 53.2 11.6 7.1 2.0 96.1 - 

*CTN = continuous cotton; FRG = forage; OWB = Old World Bluestem; BER = bermudagrass; RC = row crop 
†Indicates dominant vegetation at time of sampling; PNG = perennial native grass; B=buffer irrigated; D=deficit irrigated 
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Table A2. Measured chemical parameters in subsurface samples for five agroecosystems. 
Agro-

ecosystem* Vegetation† 
1:1 S 

Salts K 

SO4

- S Zn Fe Mn Cu Ca Mg Na CEC 

NO3
-

N 

NH4 

N 

Ortho 

P Db 

  

mmho 

cm-1 --------------------------------mg kg-1-------------------------------- 

 

--------mg kg-1-------- g cm-3 

CTN_1 Cotton 0.29 534 

11.

3 0.3 7.5 4.2 1.0 2930 632 42.7 21.5 2.0 4.4 17.3 1.52 

                 CTN_2 Cotton 0.22 377 6.3 0.3 4.9 4.9 0.9 1756 684 55.3 15.7 3.8 1.6 24.0 1.66 

                 FRG_CTN 

 

0.22 495 7.1 0.3 8.7 5.5 1.0 2316 698 29.7 18.8 2.9 4.4 17.9 1.48 

 

Millet 0.04 83 1.3 0.0 1.4 0.9 0.2 401 117 5.5 3.2 0.5 0.7 3.1 1.53 

 

Cotton 0.04 77 1.4 0.0 1.0 0.7 0.1 354 108 3.2 2.9 1.8 0.7 4.2 1.54 

 

PNG 0.09 229 3.1 0.2 5.2 3.1 0.5 1107 344 12.6 9.0 0.3 2.3 8.3 1.46 

 

B_OWB 0.04 104 1.2 0.0 1.2 0.8 0.2 454 129 8.4 3.7 0.2 0.7 2.2 1.43 

                 OWB_BER 

 

0.22 555 8.9 0.2 8.9 6.0 1.0 2256 691 30.6 18.6 1.8 4.4 12.4 1.48 

 

D_OWB 0.12 285 4.3 0.1 3.6 2.5 0.5 1213 369 14.1 9.9 0.4 2.4 6.6 1.44 

 
BER 0.05 132 2.6 0.1 3.5 2.1 0.2 518 153 7.6 4.2 0.6 1.0 3.1 1.48 

                 FRG_RC 
 

0.25 509 9.9 3.6 9.6 6.6 1.3 2080 699 60.9 17.8 4.5 2.6 128.6 - 

 

OWB_2 0.04 97 1.5 0.6 1.7 0.9 0.2 336 103 9.3 2.8 0.4 0.5 20.5 - 

 

OWB_3 0.05 97 1.5 0.9 2.2 1.2 0.3 435 134 8.7 3.6 0.3 0.5 26.7 - 

  Corn 0.17 315 6.8 2.1 5.6 4.5 0.9 1309 462 42.9 11.4 3.8 1.7 81.4 - 

*CTN = continuous cotton; FRG = forage; OWB = Old World Bluestem; BER = bermudagrass; RC = row crop 

†Indicates dominant vegetation at time of sampling; PNG = perennial native grass; B=buffer irrigated; D=deficit irrigated 
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APPENDIX B 

CUMULATIVE GHG EMISSIONS 
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 Fig. B1 Cumulative measured fluxes for CO2 in a) 2010 and b) 2011 and N2O in c) 2010 and d) 2011.
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APPENDIX C 

PCA ORDINATIONS 
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Fig. C1 Ordination of adsorption spectrum grouped by water stable aggregates.
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Fig. C2 Ordination of adsorption spectrum for water stable aggregates grouped by 

treatments.  


