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CHAPTER ONE
Relationships Between Biologically Active Soil Organic Matter and Soil Quality:

Testing Labile Soil Carbon to Predict Soil Productivity Responsesto Organic

Matter Management.

INTRODUCTION

Ecosystems and their associatediemments are greatly affected by the quality
of the air, water and soil that comprise them. While standards for water quality and air
quality have been established, soil quality has not been easy to quantify (Doran and
Parkin, 1994). The concept of bquality refersto the suitability of a soil to perform
specific ecosystem functions (Doran and Parkin, 1994; Bezdicek et al., 1996; Karlen et
al., 1997; Karlen et al., 2001). In utilitarian terms soil quality is the compatibility
between a soil’s proptes and a specific use (Gregorich et al, 1994). What constitutes a
“good” soil depends on the purpose for which that soil is being used. In agroecosystems
soil quality describes the fitness of a soil for the production of crops.

Interest in soil qality has grown as the sustainabilityioflustrialagricultural
systemdhas beemuestioned (Parr et al., 1992; Warkentin, 1995; Doran and Zeiss, 2000;
Wander and Drinkwater, 2000). In the United States, and globally, soil quality has
declined significatly since native, natural ecosystems such as grasslands and forests
were cleared and cultivated for agricultural purposes (Doran and Parkin, 1994; Doran,
2002). Soil management practices used in agriculture are the primary reason for the
declining soil qality (Lal, 199&; Steer, 1998; Wander and Drinkwater, 2000; Doran,
2002; Lal et al., 2004). As a result of agricultural practices, soil has been physically lost

through erosion and soil organic matter (SOM) contents have decreased significantly



(Houghtonet al., 1983). In a little over half a century 2 billion of the roughly 8.7 billion

ha of worldwide arable land, pastures, woodlands, and forests have been degraded (Steer,

1998). Lal (1998) states that degradation and loss of agricultural land isfone

humanity’s most pressing ecological issues. This degradation of a valuable resource is

compounded by the fact that the human population is projected to double over the next

century (Ruttan, 1999). In order to maintain agricultural production andderéaod for

generations to come, the soil resource must be managed in a sustainable manner.
Assessing soil quality has been identified as a critical component of the

sustainable management of agroecosystems (Larson and Pierce, 1994; Herrick, 2000;

Doran, 2002).Sustainable management of an agroecosystem protects and enhances the

soil while allowing land managers to maintain stable production and profits (Larson and

Pierce, 1994).The physical, chemical, and biologicptopertiesof a soil dictatdhow that

soil will function in an agroecosystefdoran and Parkin, 1994)These properties

exhibit great variatiofrom soil to soil For example, soil texture, a physical property,

varies greatly between different soil types and can also vary spatitiin the same soill

by both depth and by gradients across a field. A chemical property such as CEC would

also vary with the texture since it is highly influenced by clay content. Another chemical

factor, pH can easily be changed through managemealodBial properties, such as

soil microbial biomass, can vary naturally by season and as a result of microclimatic

changes (i.e., soil moisture) within a soilhelheterogeneousature of soiprevents one

from procedurally definingoil quality. It is not a directly measurable quantityut must

be inferred from measurable properties that are considered soil quality indicators (Acton

and Padbury, 1993; Islam and Weil, 2000). Islam and Weil (2000) state that while



inherent soil propertigsuch as texte or parent materiatnay give one a general idea of

a soil's quality, thee propertieare notusefulas indicators ofsoil managemesiffects on

soil quality. Highly variable properties such as water content, field soil respiration, pH,
and soil nutriat contents are not useful as soil lifyandicators because they are subject

to rapid changer can be routinely managed. Howewdlymamicpropertieghat change

at intermediate rates astiow measurable effects due to management over several years
aresuitable for use as indicators of the effects of management on soil Lty and

Weil, 2000)

Therole of soil organic matter in soil quality

Soil organic matter is considered a key determinant of soil quality (Larson and
Pierce, 1991; Doran ariéarkin, 1994; Sikora and Stott, 1996; Weil and Magdoff, 2004).
Theeffects of SOM in soil are widenging and affect soil biology, soil chemistry, and
soil physical properties. Researchers have found that soil properties related to SOM can
serve as impant indicators of soil quality (Larson and Pierce, 1991; Arshad and Coen,
1992; Gregorich et al., 1994; Larson and Pierce, 1994; Kennedy and Papendick, 1995;
Wander and Bollero, 1999; Ndiaye et al., 2000; Islam and Weil, 2000; Wander and
Drinkwater, 200).

The cation exchange capacity (CEC) of a soil affects the nutrient holding
capacity of a soil as well as the effectiveness (and removal from the soil solution) of
applied pesticides. A soil's CEC is partially determined by the SOM content of that so
(Heil and Sposito, 1997; Brady and Weil, 2002). The cycling of carbdmajor plant

nutrients(particularlynitrogen, sulfur, and phosphojuerough SOM has been well



documented (Stevenson and Cole, 1999). Upon decomposition by microbes, SOM
releags plant available forms of the nutrients into the soil ecosystem (Heil and Sposito,
1997; Christensen and Johnston, 1997). Biological activity in soils is related to SOM
content in that the decomposable fractions of SOM serve as the substrate foatardlo
fauna found in a particular soil ecosystem (Tabatabi, 1996; Weil and Magdoff, 2004). In
many soils SOM is the dominant factor in the binding of soil aggregates. These
aggregates are the basis of soil structure in most topsoils (Tisdall and T888)s, Soil
structure in turn plays a large role in soil bulk density, soil porosity, soil water dynamics
(such as infiltration and water holding capacity) and soil erosion potential (Tisdall and
Oades, 1982; Gregorich et al., 1994; Weil and Magdoff, ROb¥addition SOM

influences sorption of organic compounds (via CEC), sorption of anions, pH buffering

capacity, and mobility of metals within a soil (Weil and Magdoff, 2004).

Soil organic matter defined

Much like definitions of soil quality or susteable management, the definition of
soil organic matter differs depending on tlediner. Soil organic matter is “the organic
fraction of soil exclusive of undecayed plant and animal residue” as defined by the Soil
Science Society of America, 2008in@ many laboratory procedures fail to differentiate
between decayed and ndacayed plant and animal tissue that passnaZsieve (Sikora
and Stott, 1996) a broader definition of SOM is more appropriteording to Magdoff
(1992) “SOM consists of diveescomponents such as living organisms, slightly altered
plant an animal organic residues, and wieitomposed organic residues that vary

considerably in their stability and susceptibility to further decomposition.”simaar



definition, Brady and Wei2002) describe SOM as “The organic fraction of the soil that
includes plant and animal residues at various stages of decomposition, cells and tissues of
soil organisms, and substances synthesized by the soil poptilation

The soil microbial biomass pta a significant role in SOM dynamics (Magdoff,
1996; Weil and Magdoff, 2004). It seems logical to include the living microflora and
microfauna as part of SOM because these organisms are intimately bound to the
decomposing materials and have a directigrice on the dynamics and physical state of
organic materials in the soil. In addition, chemical or physical laboratory tests for SOM
certainly kill these organisms and subsequently oxidize, extract, or combust their organic
components. Given that assesst of soil quality so often depends on evaluations of
recently deposited, partially decomposed detritus, active materials, as well as the living
biomass, it seems appropriate to use a definition for SOM that encompasses these factors
when discussing soguality as a function of SOM. For the purposes of this manuscript
SOM will be defined according to a modified version of the Brady and Weil (2002)
definition: The organic fraction of the soil that includes plant and animal residues at
various stages ofetomposition, cells and tissues of soil organisms, and substances
synthesized by the soil population, and the microflora and microfauna actively involved

in utilization of these decomposing materials.

Heter ogeneous composition of soil organic matter: Soil organic matter pools
Soil organic matter is an extremely variable and complex constituent of soils. The
content and chemical makg of SOM is not completely understood but models

attempting to classify SOM components have been established. Ciasificf SOM



components is important because different componentsasaatistinct effects on the
behavior of a soil in an agroecosystem (Magdoff, 1996). The most common method of
classifying the components that make up SOM in a soil is by pooling theed lon their
rate and/or degree of decomposition (Jenkinson and Rayner, 1977; McGill et al., 1981,
Parton et al., 1987; Paustian et al., 1992; Magdoff, 1996; Weil and Magdoff, 2004). The
number of pools varies from model to model. McGill et al. (19@%rdbed ten discrete
pools, however more commonly cited models describe two (Duxbury et al., 1989; Hsieh,
1992) or three (Jenkinson and Rayner, 1977; Parton et al., 1987) SOM pools.

The models described by Jenkinson and Rayner (1977) and Partofi @83).
have relative agreement between their estimates of mineralization rates and
decomposition rates within each SOM pool. Parton et al. (1987) classify SOM, based on
decomposition turnover times, into an active pool, a slow pool, and a passiverptha. |
Parton et al. (1987) model, the active pool is made up of easily decomposable, or labile,
materials. Active pool constituents have a very short turnover time, decaying in a
timeframe of months to a few years. Organic compounds forming the slowgqmuolin
chemical forms that are somewhat resistant to biological degradation. Slow pool
compounds have also been described as being physically protected from degradation (ie.
via sequestration in soil aggregates) (Paul and Van Veen, 1978). Biolognaidr in
the slow pool is on the order of-20 years and the C:N ratio of this pool is estimated to
be on the order of 12 to 4Parton et aJ 1987). According to Parton et al. (1987) the
passive pool is comprised of highly decomposed, chemicallicreaat, humic

compounds.Compounds in this pool may also be physically protected. Turnover rates of



passive pool substances are estimated to be anywhere frebd@0@or more) years
with a C:N ratio estimated at 11 to (Rarton et aJ 1987)

Thethreepool CENTURY model described by Parton et al. (1987) is a
mahematicaimodeldesigned to simulate the effects of climatic gradients on SOM and
productivity. When discussing soil quality it may be more practical to classify into two
conceptual poolsone that is labile or highly decomposable (an active pool) and a second
that is inert or stable (a passive pool). Duxbury et al. (1989) and Hsieh (1992) have
described SOM in these terms.

The passive pool, due to its recalcitrant nature, tendswiysé@cumulate
throughout time. As a result this pool contains the bulk of organic C found in soils
(Janzen et al., 1997; Welil and Magdoff, 200%ihe passive pool providehe bulk of a
soil's SOMderived CEC (Magdoff, 1996). This pool changes vetiglih ecological
time frames and isnly slowlyaffected by agricultural management practices (Janzen et
al., 1997).

The active pool of SOM forms a relatively small portion of total SOM but it plays
important rols in maintaining and monitoring soil qutgl (Gregorich et al., 1994; Janzen
et al., 1997; Weil and Magdoff, 2004). This pool is comprised of materials in transition
from fresh detritus to stable humic compounds (of the passive pool) or microbially
respired C@(Janzen et al., 1997). The labilature of active pool SOM makes it
sensitive to various soil management and cropping practices (Biederbeck et al., 1994;
Gregorich et al., 1994; Magdoff, 1996; Weil and Magdoff, 2004).

The variousonceptuaBOM pools arallinterrelated. As the livag organisms

metabolize active pool SONhey respire some of the substrate off as,@@d they also



excrete recalcitrant degraded byproducts of substrate C that become part of that passive

pool (Magdoff, 1996).

A closer look at active pool soil organic matter

According to the SOM models proposed by Parton et al. (1987) and Paustian et al.
(1992) the active pool of SOM consists of live microbes and microbial products as well
as recently deposited, readily mineralizable organic residues. Other pativ
components include amino acids, simple sugars, polysaccharides, microbially synthesized
biochemicals, and exudates from plant roots (Weil and Magdoff, 2004; Wander, 2004).
The key to the active pool is that all of its constituents have a shaot/arrtime in the
soil. In general the estimated turnover time of the active pool is on the ordéryafats
(Parton et al., 1987), however some active pool components, such as the easily
metabolized portions of recently deposited organic materialbecanilized by the
microbial biomass within months (Mcgill et al., 1981). Likewise the microbial biomass
itself turns over in less than a year (Paul, 1984).

The easily metabolexd substances that make up #ative pool provide the fuel
for the living homass and thus drive nutrient cycling in soils. The nature of organic
residues that are deposited on a soil plays a role in determination of the microbial
diversity within that soil (Bradford et al., 2002), which in turn can have an effect on soil
functions such as biological control of plant pests, disease suppression, and nutrient
cycling. Active pool SOM is directly related to mineralization and availability of soil C,
N (Alvarez et al., 1998b; Gunapala and Scow, 1998), S (Banerjee and Chapman, 1996),

and P (Jenkinson and Ladd, 1981; Marumoto et al., 1982).



Incompletely humified organic material has a binding effect on soil particles
(Buyanovsky et al., 1994hat contributes tetabilization of soil structure (Tisdall and
Oades, 1982). Aggregatabitlization is also facilitated by polysaccharides excreted by
roots and microbes (Angers and Mehuys, 1989; Cheshire et al., 1989; Martens and
Frankenberger, 1992). This stabilization occurs through cation bridging, as
polysaccharides adsorb to negatitarges on soil particles (Chenu, 1995). Other active
pool components that have a binding effect, according to Buyanovsky et al. (1994), are
root hairs and fungi. Due to its association with aggregate stability the active pool of soil
organic C also playa role in the infiltration rate of soils (Bell et al., 1998; Bell et al.,
1999). Wellaggregated soils that are resistant to slaking in water have higher infiltration
rates (Rasiah and Kay, 1995; Morin and van Winkel, 1996). In addition this resistance
slaking provides a wekggregated soil with more persistent structure, minimizing

surface crusting (Pagliai and Antisari, 1993).

Assessing soil organic matter as an indicator of soil quality

The complex, variable, and reactive properties ofSfake its assessment a
challenge. There is no laboratory test to directly quantify SOM. Estimation of SOM is
usually accomplished through a measure of soil organic carbon (SOC), total soil carbon,
or weight loss on ignition (Tabatabai, 1996; Weil andyifzf, 2004). Various methods
exist to estimate SOMutall have limitations and inherent sources of error. Comparing
results determined by different methods or different labs can be diffidfidrent
methods often do not yield comparable results are they completely standardized from

lab to lab (Lal et al., 2001; Weil and Magdoff, 2004). Common methods used to estimate



SOM are the Walkleydlack wet chromate oxidation in strong acid (Walkley and Black,
1947) and the weight loss on ignition methdthese analyses attempt to provide an
estimate of total SOM and are useful to farmers when they need to modify N fertilizer
recommendations or apply lime or pesticides. However, total SOM is not a good
measure of managementduced change in soil qualibecause the bulk of total SOM is
recalcitrant passive pool materialhe slow rate of change of these materials renders
total SOM impractical for rapid assessments of soil quality changes.

When assessing soil quality for the purpose of determinisigisiable best
management practices, useful indicators are ones that exhibit sensitivity to management
practices. While no single measurement that encompasses the entire active pool exists,
various measurements that provide estimates of the active peoshawn some degree
of sensitivity in short time frames to soil management practices (Biederbeck et al., 1994;

Gregorich et al., 1994; Magdoff, 1996; Weil and Magdoff, 2004).

Active pool soil organic matter asan indicator of soil quality

Various paameters related to the active pool of SOM have been used in soil
guality assessments. The approaches taken in these assessments are numerous and often
are not standardized. This can make comparing data generated by different research
groups or differenstudies challenging. Active pool estimations have been based on
physical fractionation and characterization of organic debris, chemical extraction, and
indicators of soil biological activity.

Among the most commonly used methodologies to assess potivenaterials

are those based on dispersing soils and physically separating loose organic debris that is

10



not intimately associated with soil mineral colloids. This can be achieved by density
separation in a liquid, with floating organic materials be&ioldected, measured, and
referred to as the light fraction (LF) (Christensen, 1992; Wander et al., 1994; Alvarez et
al.; 1998b). Another physical fractionation method involves isolating particulate organic
matter (POM) by sieving out particles larger tf8m and subsequently separating sand
from organic debris (Cambardella and Elliot, 1992; Wander et al., 1998; Needelman et
al., 1999). Sometimes the density and srey methods are combined (Cambardella and
Elliot, 1993a; Wander and Yang; 2000). Wan@&04) notes that various incarnations
of these physical separation methods are increasingly being used as a measure of labile
SOM because they readily show SOM response to soil management. The use of these
physical fractionations is limited in that, waithey are most often used as indicators of
labile SOM, LF and POM are heterogeneous mixtures of organic materials, some of
which can be associated with the slow and passive pools of SOM (Wander, 2004). Thus
additional separations must be performed toattarize these components. Another
drawback is that LF and POM are laboratderivedmeasurements and the relationships
between their characteristics and soil processes at the field level have not been clearly
determined (Wander, 2004). Despite timaitations LF (Christensen, 1992; Wander et al,
1994) and POM (Cambardella and Elliot, 1992; Wander et al, 1998, Needleman et al,
1999)seem to offer promise as soil quality indicators that will indicate probable direction
of SOM change due to soil managersuch as tillage or type of farm system (organic
vS. conventional).

Soil aggregate stability is a physical soil parameter (which relies on biological and

chemical processes and interactions) that has been associated with active pool SOM.

11



Accordingto the hierarchical modekdeloped by Tisdall and Oades (1982) soil
aggregates can be classified by size. In this model aggregates greater timam250
diameter are referred to as macroaggregates, while microaggregates are lessuthan 250
in diameter. Macroaggregates generallyénhigher levels of organic matter than
microaggregates (Dormaar, 1983) and macroaggregate associated organic matter is more
labile than that found in microaggregates (Elliott, 1986; Gupta and Germida, 1988;
Buyanovsky et al., 1994). There is evidencatbcate that macroaggregates form
around recently deposited POM (Cambardella and Elliot, 1993b). Buyanovsky et al.
(1994) found macroaggregates to be enriched in C when compared to whole soil and this
C was in the form of relatively labile plant fragni®nIn microaggregates, which are not
destroyed by tillage, interaction between clay and SOM renders the organic substances
somewhat protected from decomposition (Tisdall and Oades, 1982). Examples of the
relationships between aggregate stability andagament practices are discussed in
subsequent sections.

Many estimates of biological activity have been used as indicators of active pool
SOM. Among these estimates are measurements of microbial biomass itself, microbial
biomass C, microbial biomass bisal respiration, mineralizable C, mineralizable N, and
soil enzyme activity (Gregorich et al, 1994). Among the drakdatthese methods
(aside from standardization issuas)that several of them (microbial biomass C,
microbial biomass N, basal resgiion, mineralizable C, and mineralizable N) require
long incubations and time consuming analyses. In addition, some common methods for
microbial biomass (Jenkinson and Powlson, 1976) microbial biomass C (Vance et al.,

1987; Jenkinson, 1988), and miciakbiomass N (Jenkinson, 1988) require the use of a

12



hazardous chloroform fumigation step to lyse microbial cells. Gregorich et al. (1994)
have done an extensive review of these parameters and provide references to procedural
manuscripts and parameter siinity to management practices.

Of the abovementioned biological indicators of active pool SOwineralizable
N and mineralizable C are among the more commonly used methods (along with
microbial biomass N and microbial biomass C). Gregorich et@294(1define
mineralizable N and mineralizable C as the portions of SOC and soil organicddrihat
bereadily decompasd These soil N and C pools are important because mineralizable C
provides much of the substrate C that drives microbiological processgessoi) while
mineralizable N is incorporated into microbial cellular components such as amino acids,
enzymes (used in decomposition processes), proteins, and DNA. Much of the
mineralized C is respired as @@hile the mineralized N is released ke soil in plant
available forms as the microbial population turns over. Examples of mineralizable C and
mineralizable N sensitivity to management practicesls@issed in more detail
subsequent sections.

Chemical extraction techniques to estiemactive pool SONhcludevarious
methods using water to extract a labile fraction of SOC (McGill et al., 1986; Davidson et
al., 1987; DeLuca and Keeney, 1994; Zsolnay and Gorlitz, 1994; Sparling et al., 1998).
Sparling et al. (1998) demonstrated that\water extracts have a close relationship to
microbial biomass C. This relationship seems logical given that the method was designed
keeping in mind the temperature {@Q) (temperature from Stanier et al., 1968, cited in
Sparling et al., 1998) at whictegetative microbial cells are killed while not using too

hot an extractant that would cause 1fmicrobial organic C to be solubilized. Labile C

13



extracted with coldvater methods may not represent C from the microbial biomass
(DeLuca and Keeney, 1994). Yasoluble C methods have been shown to be sensitive
to management practices such as tillage and nitrogen treatments (Liang et al., 1998) or
land use (arable vs. pastoral) (Haynes, 2000).

A promising, management sensitive, chemical extraction meduashtly
developed by Weil et al. (2003) estimates active pool C by oxidizing labile C with a
dilute (0.02M) potassium permanganate (KMh&blution. This method is rapid, easy to
perform, and KMnQis a relatively safe working reagent. This method velbiscussed

in detail inthe following section.

Potassium permanganate oxidized C as an indicator of active pool C

Well et al. (2003) have noted that there is a growing need for simple, rapid
methods to assess soil quality in the field and in laboestorfsuch methods could be
included in a soil quality test kit such as that currently available from the NRCS (USDA
NRCS, 1998). Few, if any, of the active pool assessment methods described above are
suited for simple, rapid estimation of a soil's actpa®l SOM content. In addition
standardized methods have not been agreed upon for many of active pool indicators
previously discussed.

Recently a method for quantifying active soil organic C, the potassium
permanganate (KMnf) oxidizable C test, ds been developed. This method involves
oxidizing labile organic C by exposing it to a known concentration of Kivar@

subsequently measuring via spectrophotometer the change in Kddn€entration due
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to reaction with labile soil C (Lefroy et al., 198air et al., 1995; Moody et al., 1997;
Bell et al., 1999; Weil et al., 2003).

Under alkaline conditions KMng{acts as a strong oxidizer. This is due to the
large negative potential between Mand MnQ’ ions (Cotton and Wilkinson, 1965).
Loginow etal. (1987) demonstrated that at pH 7.2, KM®idized components of
SOC. The oxidation reaction resulted in a decrease in KMofcentration that could
be measured colorimetrically via spectrophotometer. Among the compounds affected by
KMnQO,4are Gcompounds containing hydroxyl, ketone, and/or carboxyl, double bond
linkages, aliphatic compounds, simple carbohydrates, amino acids, amine sugars and
amide sugars (Skoog and West, 1969; Stanford, 1978; Loginow et al. 1987). Loginow et
al. (1987) used 0.033M0.167M and 0.333M KMnglo fractionate SOC based on
susceptibility to oxidation. Lefroy et al. (1993) used the same concentrations and
attempted to relate the associated SOC fractions with soil quality properties such as
infiltration and aggregation. &ed on the conclusion reached by Lefroy et al. (1993) that
0.333M KMnGQ, sufficiently characterized the labile portion of SOC, Blair et al. (1995)
used measurements of 0.333M KiMyiidizable SOC and total SOC (measured by loss
on ignition) to calculate tavfractions of SOC: one that was oxidized by KM@@d a
second fraction that remained unaffected by KMnB8lair et al. (1995) used this method
to compare arable soils to adjacent undisturbed “reference sites” and through this
comparison they developedCamanagement index (CMI).

The KMnQ, method described in Blair et al. (1995) appears to react with a
relatively labile pool of SOC and shows more sensitivity to management practices, such

as crop rotations and fallow periods, than does total SOC (Bi€eocker, 2000;
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Whitbread et al., 2000; Blair et al., 2001). Bell et al. (1998) and Bell et al. (1999) used
the Blair et al. (1995) method to correlate KMygidizable C with aggregate stability
and infiltration. Whitbread et al., (2000) also saw atrehship with aggregate stability.
Bell et al. (1998) and Moody et al. (1997) observed a relationship between this SOC
fraction and effective CECPotassium permanganate oxidizablsmeasurements have
shown higher levels of labile C in undisturbed soiisler grass when compared to arable
soils (Lefroy et al., 1993; Blair et al., 1995; Bell et al., 1998; Bell et al., 1999).

While the size of the active pool of SOC varies from soil to solil it is generally
considered to be but a small fraction of total S@@rton et. al, 1987; Magdoff, 1996,
Weil and Magdoff, 2004)Parton and Rasmussen (19894ed 25% of total SOM as an
estimate ofactive pool SOM in CENTURY model simulations of SOM dynamiBkir
et al. (1995) calculated that the SOC fraction oxdiby 0.333M KMnQin their
method reacted with 127% of the total SOC in the 13 Australian soils tested. This
seems to indicate that more than just the most labile fractions of SOC are being oxidized
when 0.333M KMnQis used. Further evidence of tissseen ira study byKhanna et
al. (2001)thatmeasured labile SOC by the Blair ¢t @995) method in six forest soils.
Khanna et al. (2001) measured labile C in the soils before and after incubatié@.at 20
They also trapped CQespred during thencubation. In this experiment there was no
consistent relationship between postubation 0.333M KMn@oxidizable C and levels
of CO;respired during incubation.

Weil et al. (2003hypothesizedhat labile SOC fractions associated with soil
quality mght better be represented by more dilute concentrations of KMmis was

based on the fact that in Lefroy et al. (1993), three of four cases testing the effects of
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long-term conventional tillage showed a larger decline in 0.033M KiMx@lizable C
thanin C oxidized by the 0.333M reagent. Weil et al. (2003) also note that while Bell et
al. (1998) saw relationships between 0.333M KMwo&idizable C and soil properties
associated with soil quality (aggregate stability, infiltration rates, and effedd@,C
these soil propgies had a higher degree of correlation with 0.033M Ki¥InO
Well et al. (2003) developed a modified KMpai@ethod using a 0.02M solution
based on the observations that a more dilute solutaamore sensitive to management
practices ad more closely correlated with soil quality parameters. The more dilute
solution was also easier to prepare than the 0.333M reagent, in which /denot
easily go completely into solution. The Blair et al. (1995) method was further modified
by addirg 0.1M CaCj to the permanganate reagent. This obviated the need for a
centrifugation step in the procedure by causing flocculation and subsequent rapid settling
of soil particles, thus making the procedure more suitable for use in a field kit.
Amongthe limitations of the KMn@oxidation methods is the somewhat vague
understanding of the chemistry involved in the reaction of Mwith SOC. The nature
of the oxidized C has come into question and the rates of the oxidative reaction are not
well undestood (TirolPadre and Ladha, 2004). ThBadre and Ladha (2004) tested
several substances that KMntheoretically should have readily oxidizeohd found that
they were either slowly oxidized (sugars, amino acids, and other organic acids) or not
oxidized at all (cellulose). They also reported that KM@ not seem to discriminate
between labile and nonlabile SOC and they found little correlation with microbial
biomass C. TirePadre and Ladha (2004) suggested that KMmdized C should be

referredto as permanganate oxidizable C (POC) as opposed to labile C.

17



Others have also noted that KMn@xidation of soil C is not a fully elucidated
process. Shang and Tiessen (1997) oxidized soils with 0.033M KiimDmeasured
pre- and posbxidation totalSOC in the same soils by the loss on ignition method. They
found that KMnQ labile C measured colorimetrically was much less than the difference
between preand posbxidation total SOC measured by loss on ignition. They suggested
that this differencenight in some way be due to interference with KMaDsorbance in
the sample supernatant. They did find that oxidation with 0.033M KMv&3 able to
detect a decrease in labile C in cultivated soils when they were compared to neighboring
soils that were istorically undisturbed.

When assessing the limits of KMpOxidizable C as an indicator of labile soil C
as presented by Shang and Tiessen (1997) andFadre and Ladha (2004) it should be
noted that these evaluations were performed at 0.038IKO,4, a somewhat higher
concentration than €é0.02M solutiorused in the Weil et al. (2003) method/eil et al.
(2003) found that using solutions stronger than 0.025M created larger standardretrors
reduced the ability of statistical ANOVA to discamanagement induced differences. In
addition, Weil et al. (2003) found measurements made with 0.02M Ktniae strongly
correlated with microbial biomass C. The microbial biomass C measurements made by
Tirol-Padre and Ladha (2004) only usepid®rly dranedsoils, all from rice fields, while
microbial biomass C measurements described in Weil et al. (2003) were made in 18 soils
that covered a wide range of texturgginage classes, SOM content, and management
systems. The small sample size and limitathe of soils, combined with higher
standard errors resulting from the use of a higher Kis@dcentration, could be behind

the lack of a relationship between KMp@xidized C and microbial biomass C seen in
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Tirol-Padre and Ladha (2004It. may also belte case that the C in the rice field soils
used by TirolPadre and Ladha could have undergone anaerobic decompoBRates
and products of decomposition of plant residues in anaerobic systems may be different
than those observed in weltained uplandals. Weil (unpublished data) noted that
some poorly drained soils in the Weil et al. (2003) study may have been outliers in an
otherwise close relationship between microbial biomass C and KxiGizable C.
Additional study on the differences of KMp0xidizable C between wetlrained and
poorly drained soils should be conduct@dhe nature of Mn@ reactions with SO not
well understoodyet there seems to be strong relationship seen with microbial biomass C
(and other microbial activity indicatgras seen iWWeil et al. (2003). Further research
into the mechanisms of KMneactions with SO@eeds to be performed

In addition, morestudy of the relationships between the soil microbial biomass
and KMnQ,may also be warranted. A potentiallyargsting study would be to repeat
the study by Khanna et al. (2001) using the methods of Weil et al. (2003). Another
potential study aimed at more directly discerning relationships between the microbial
biomass and KMngoxidizable C might involve killinghe microbial biomass via
fumigation (as in Vance et al., 1987) or irradiation (as in Islam and Weil, 1998) and
subsequently measuring KMp@xidizable C in the treated soil as well as a sample in
which the biomass is intact.

While permanganate chenmgimay not be totally clear, the Weil et al. (2003)
KMnO, oxidizable C method seems specific for some labile fraction of SOC and does not
seem to affect the more humified carbonaceous substances associated with the slow and

passive fractions of SOM. It wahown to be more sensitive to management effects
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(tilage treaments) than total SOC and Well et al. (2003) found it to be more closely
correlated with other soil quality indicators (measures of microbial activity [including
microbial biomass, microbiddiomass C, basal respiration, and others] and aggregate
stability) than total SOC. They suggest that this method is a simple, repeatable means to
estimate a biologically active C pool that is associated with soil quality. Most practically,
due to its ese of use and sensitivity to soil management practices, this méthaagh
verifying or predicting soil quality changes due to managensentd aid farmers in their

soil management decisians

Soil Organic Matter Dynamics|: Natural processes
The SOM content of a soil is dynamic in nature. A soil's SOM content is a
function of additions and losses occurring through time (Magdoff, 1996). Changes in
SOM on an annual basis can be represented mathematically as:
ASOM-= additions losses
To a large degree a soil’s capacity to accumulate SOM is determined by natural
environmental factors: landscape, texture, and climate. (Dick and Gregorich, 2004). If
left to these natural factors SOM tends toward some equiibfaifferent from soil to
soil) where:
additions = losses
The additions in a system are mainly the result of primary production (annual
plant productivity) and decomposition of detrituaile losses are the result of the

mineralization of SOM and subseaqueespiration, uptake, leaching, or removal by other
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processes, of those mineralized compounds (Magdoff, 1996; Janzen et al., 1997; Weil
and Magdoff, 2004; Magdoff and Weil, 2004).

The natural environmental factors play various roles in SOM dynamias. N
surprisingly, given the processes behind additions and losses of SOM, climate plays a
major role in SOM content. Climate, specifically temperature, precipitation, and solar
radiation, will greatly affect the rate of primary production as well as teeofdhe
micobial activity by which decomposition and mineralization occur (Weil and Magdoff,
2004; Dick and Gregorich; 2004). Landscape position tends to affect SOM through
microclimatic influence along with translocations from upper slope positicigstope
positions (Dick and Gregorich; 2004). Texture affects SOM levels in a soil in that finer
textured solils tend to accumulate more SOM (Jenkinson and Rayner, 1977). This is due
to a variety of mechanisms that include the effects of smaller po@sygen and water
supplies (which affect decompostion rates), chemical adsorption to clays (Dick and
Gregorich; 2004), and physical protection in aggregates that form more readily in finer
textured soils (Six et al., 2002). These natural environmentalr$aform the foundation
for a soil's capacity to accumulate SQfdr practical purposefiowever, these

environmental factors aiedependent of human activity.

Soil organic matter dynamics|1: Human influences.

One could argue that global warming, massitegradng, andincorporating
truckloads of santhto a soilare human influences on climate, landscape, and texture,
respectively.In agricultural system$iowever, managing these environmental factors is

notgenerally feasibleln contrast taunmanageablenaturalfactors that affecEOM
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content human controlled factors suchsasl inputs and disturbance alaffect SOM
(Dick and Gregorich, 2004).

Organic inputs affecting SOM content include aboveground crop residues, crop
roots, animal manurgprocessed biosolids (sewage sludge), composts, and other organic
materials deposited in or on the soil (Dick and Gregorich, 2004). In agricultural systems,
non-organic inputs such as nitrogen fertilizer applications can also affect SOM by
increasing neprimary production (Paustian et al., 1997a). Fallow periods are also a type
of input management. While many input management schemes increase SOM, fallow
systems have been shown to decrease SOM content when compared to continuous
cropping (Unger, 198 Rasmussen and Parton, 1994). This result in fallow systems is
due the fact that, during fallow periods, the primary production is virtually nonexistent
while oxidation of SOM can actually increase (Rasmussen and Parton, 1994). Specific
inputs, managememtactices and SOM implicatiomsediscussed below.

Disturbance events can also affect SOM levels and can be caused, influenced or
prevented by management activity. While inputs tend to increase SOM content,
disturbance tends to promote losses of S@Mk and Gregorich (2004) cite tillage and
erosion as the two greatest disturbance events that affect SOM in agricultural soils.
Tillage effects on SOMral management strategies drgcussed in detail below.

A tilled soil is susceptible to wind and veaiterosion (Franzluebbers, 2004).

Erosive processes selectively remove SOM as it strips away a soil's A horizon (Janzen et
al., 1998; Dick and Gregorich, 2004). The SOM loss problems associated with erosion
are further compounded when a thinned A horisatilled, mixing the surface soil with

subsoil (containing very little SOM) and diluting what SOM is present. As SOM is
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depleted by disturbance a cycle of decline can take hold. With declining SOM, soil and
crop productivity can decline, resulting imeduction in primary production and thus
fewer organic inputs into the sdlattranslates to further reductions in SOM (Gregorich
et al., 1998).

There is agreemeaimong scientisteho have studie@OM that taking land out
of native vegetation and nwgerting it to agriculture almost invariably causes a decline in
SOM (Magdoff, 1996; Janzen et al., 1997; Lal, 1®38eil and Magdoff, 2004; Magdoff
and Weil, 2004; Lal et al., 2004; others). Janzen et al. (1997) state that this occurs
because the landearing and tillage associated with conversion to agriculture prompts a
decrease in primary productivity and an increase of mineralization rates, thus altering the
equilibrium state of SOM in that soil. After the native equilibrium state is disturbed a
sal converted to agriculture will lose SOM over time until a new equilibrium is reached
(Dick and Gregorich, 2004). Dick and Gregorich (2004) specifically list four factors that
result in SOM loss when undisturbed lands @snverted to agriculture:
One: There is less plant residue returned to soils in agroecosystems, partially due to the
fact that some of the plant material is removed from the system at harvest.
Two: The plants native to the undisturbed ecosystem have been replaced with
agriculturalcrops thatmay not have the same root and shoot biomass as the native
vegetation.
Three: Conversion to agriculture, particularly through tillage, changes the microclimate
at the soil surface and physically releases physically protected SOM, causing an increase

mineralization rates.
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Four: Wind, water, and tillage erosion processes causes preferential loss of finer

materials associated with active pool SOM.

Sail tillage, physical disturbance of the soil

Soil tillage has beernsaociated witlseedbed preparation and weed control since
thedawn of agriculture.Indeed, furrowed fields in the spring, bearing freshly turned
earth is probably one of the most common mental images people associate with farming.
In the last half century, howeveviderte has mounted that tillage is a primary cause of
SOM loss and soil degradation (Melsted, 1954; Bauer and Black, W2@toff, 1996;
Janzen et al., 1997; Lal, 1998Veil and Magdoff, 2004; Magdoff and Weil, 2004, Lal et
al., 2004; others). Lontgrm useof conventional tillage can cause a reduction in soill
organic matter content (Van Doren et al., 1976; Cambardella and Elliot, 1993b).
Cultivation of soils, especially by conventional tillage, causes disintegration of soil
macroaggregates and exposespieiculate organic matter formerly sequestered within
aggregates to microbial degradation (Cambardella and Elliot, 1992; Cambardella and
Elliot, 1993b). A portion of this sequestered particulate organic matter is associated with
the active pool of soilrganic carbon (Parton et al., 1987; Paustian et al., 1992; Gregorich
et al., 1994). The exposure of this particulate organic matter, along with the soil aeration
and temperature increase that are also products of tillage, accelerates microbial activity
ard as a result microbial oxidation of soil organic C increases (Dalal and Henry, 1988;
Paustian et al., 1997a). This oxidized C is lost to the atmosphere, respiregl asdC43

a result SOM is degraded (Dalal and Henry, 1988; Paustian et al., 1997a).
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Conservation tillage practices have been developed in part to control the loss of
soil (and SOM) to erosion. A major objective of conservation tillage practices is to leave
crop residues on the soil surface as opposed to incorporating them, thus coeesmiy th
to a greater degree and slowing erosive processes (Franzluebbers, 2004). However these
residues also undergo decomposition and while much of the C content of residues is
respired as Cg) some of it becomes SOM. Of the conservation tillage techsiouuse
themethod that minimizes soil disturbansenotillage (Dick and Gregorich, 2004).

Dick and Gregorich (2004) state that this method shows the most promise in preventing
SOM loss and reversing losses incurred through prior tillagetillsige influences soil

water storagéhatin turn has an affect on crop production and microbial activity. In
Minimizing physical disturbance of sdiklps maintain the stability of macroaggregates

and promotes the physical protection of SOM. Because mingi@izakes place slower

in noill soils and more SOM is protected, root derived C is retained more effecively
(Gale and Cambardella, 2000). This root derived C is increasingly becoming recognized
as a major source of the positive SOC building effectgagses and some high residue
cover crops (Kuo et al., 1997; Rémkens et al. 1999; Gale and Cambardella, 2000; Puget
and Drinkwater, 2001). Plant residue return to the soil surface is maximizedilin no
systems while at the same time minimizing-$egdue contact since the detritus is not
incorporated. Minimizing plant residue contact with soil slows decomposition because
moisture levels, nitrogen availability, atemperature rangesitable for decomposition,

as well as decomposers themselves, ane pievalent within the soil rather than on the

soil surface (Wilson and Hargrove, 1986). Most of the impacts-tifldarming are

seen in the shallowest sampling depths, near the rooting zone and crop residue inputs

25



(Dick, 1983; Blevins et al., 1985;i€k et al., 1991; Potter et al. 1998). Dick et al. (1991)
found that continuous application of-tibage to soils in Ohio caused an accumulation of
SOM, nutrients and soil enzymes in the@m layer while also reducing surface water
runoff. Blevins etl. (1985) found similar results on soils in Kentucky.

The disturbance of soil through tillage has effects upon indicators of active pool
SOM that have been described in several studies. In studies compatilhgoils to
conventionally tilled sils, reductions in POM were seen in the conventionally tilled soils
(Hussain et al., 1999; Guggenberger et al., 1999; Needelman et al., 1999). In similar
studies comparing nbll and conventional tillage regimes, reductions were seen in
microbial biomas C in conventionally tilled soils (Franzleubbers and Arshad, 1996;
SalinasGarcia et al., 1997). Six et al. (2000) saw variations in aggregate stability due to
level of soil disturbance. Aggregate stability decreased with increased disturbance as
follows: undisturbed soils under native vegetatiaro-tilled soils> conventionally tilled
soils (Six et al., 2000). Wander and Bollero (1999) found similar aggregate stability
results in soils under similar conditions in lllinois. Likewise, Islam and VZ6DQ) saw
similar trends in their study on soil quality indicators in Aithntic soils. Mineralizable
C and mineralizable N have also been shown to be responsive to tillage. Several studies
have shown higher levels of mineralizable C (Karlen et a@449Salinag>arcia et al.,
1997, Alvarez et al., 1998a; Wander and Bollero, 1999) and minealizable N (Doran,
1987; Salinassarcia et al., 1997; Needelman et al., 1999; Wander and Bollero, 1999) in

no-illed soils when compared to conventionally tilledisoi

I mproved soil organic matter management methods
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Soil organic matter levels in agriculture can be maintained or improved through
minimizing disturbance events and carefully managing inputs. Ushtij pcactices
have been shown to maintain amdénhance SOM levels in the surface layer of soil. In
addition to minimizing disturbance through-tibor reduced tillage practices, managing
inputs in order to increase the amount of SOC becoming part of the soil ecosystem are
also an important facef sustainable agricultural systems (Dick and Gregorich, 2004;
Franzluebbers, 2004; Magdoff and Weil, 2004). It has been shown that there is usually a
direct relationship through time between the amount of organic inputs added to a soil and
its SOM conten(Paustian et al., 1997a; Studdert and Ech&ye2000).

Input management can involve implementing more complex crop rotations (as
opposed to monoculture) that include high residue crops (Magdoff and Weil, 2004).
Grasses, legumes, or grdsgume mixs, as part of a crop rotation plan, provide large
guantities of aboveground residues as well as dense root systems and have a positive
impact on SOM content. In addition, in some crop rotation systems more crop residues
can be produced due to higher giekeen in these rotation systems (Karlen et al., 1994b).
Including pastures in a rotation has also been shown to improve SOM levels (Studdert et
al., 1997). Another way to increase the amount of crop residues on a field is to annually
grow more cropsOne way to do this is with the use of cover crops. This stragegy
discussedanorespecifically in the next section.

Dick and Gregorich (2004) state that a very efficient method used to build SOM is
soil application of manures, processed biosolidspanposts. They state that because
these substances have already undergone some decomposition (digestion in the case of

manures, digestion and treatment in the case of biosolids, and composting) before being

27



applied to soils, some of the organic C contdiimethese substances has already been
converted to recalcitrant forms. This allows for more C being sequestered in the soil as
opposed to being respired into the atmosphere as €Ghould be noted, howevehat
with composts much of the labile C tiveould contribute to active pool SOM has been
removed from these substances by the composting processouldumewas
demonstrated by Chromec and Magdoff (1984) who found that, when added to a soil, a
composted mixture of biosolids and sawdust didcootribute as much organic C (or
organic N, or CEC) as a noncomposted mixture of the same materials.

Allowing succession to take place so that agricultural lands revert to their native
forest or grassland vegetation is also a way that SOM levels cabuik iresoils. The
SOM buildup in these circumstancesngrally takes a long period tirihe (Weil and
Magdoff, 2004). Syers and Craswell (1995) estimated that SOM rebuilding under native
vegetation could take up to 35 years to achieve the SOM levelsghaseen in that soil
prior to agriculture. Guggenberger and Zech (1999) found that even soils that had been
put into pasture (see belovand subsequently allowed to return to secondary farast
take 18 years to gain back greltivation levels oSOC. Since this type of conversion
also reduces a farmer’s harvestable land, the Conservation Reserve Program has been
developed in the U.S. to provide monetary compensation to farmers for their financial
losseqWeil and Magdoff2004) Weil and Magddf(2004)note that the SOM gains
attained in soils that have been allowed to return to native vegetation can quickly be lost
if they are cultivated again with conventional tillage. However, there is evidence that
much of the accumulated SOM can be corsgii management of these soils is done

with no-till practices (Weinhold and Tanaka, 2001; Dao et al. 2002). In any case,

28



evidence has indicated thaversion tanative grasses or forest provides the best means
for a soil to reach the full SOM potentelowed by natural capacity factors
(Cambardella and Elliot, 1992; Wander and Bollero, 1999; Six et al., 2000).

Soils that have been put into sod, perennial grass or pasture also accumulate high
amounts of SOM (Magdoff, 1992; Pulleman et al., 2000; Bowma and Anderson, 2002;
Franzluebbers and Studemann, 2002). Grasses are extremely high residue crops that
produce dense, extensive root systems as well as large amounts of aboveground biomass
that turn over annually (Magdoff, 1992; Franzluebbers and Studer2g@02). Pulleman
et al. (2000) found that only three years under grass can significantly increase SOM and
that SOM benefits under grass management became increasingly pronounced as time
under grass increased. Christensen and Johnston (1997) foutdirci€ase in SOM
after 3 years in grass. In pasture situations, separate studies by Jordan et al. (1995) and
Franzluebbers et al. (2000) found that properly managed grazing enhanced the SOM
building capabilities of grass vegetation with grazed pastaé@adhigher C and N
contents than soils under native rangeland (Jordan et al.,1995) or native forest
(Franzluebbers et al., 2000). Despite the findings of Pulleman et al. (2000), and
Christensen and Johnston (1997), some soils that have been extendiixeyed for
very long periods and subsequently put into grass, sod or pasture management can still
take a very long time to regain pealtivation total SOM levels. Christensen and
Johnston (1997), working on the Rothamsted soils in England, obskatexVén after
36 years of continuous grass, the total SOC content of previously cultivated soils was still

well below that of soils that had been under grass for at least 300 years. Thus active pool
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indications are important when observing the effectgass, sod, or pasture
management.

The root biomass in these grass systems turns over ydaudye is a significant
body of evidence showing that this root biomass may be the most important SOM
contributor in these systems and that rootriass contributes to active pool SOM.
Romkens et al. (1999) showed that most of the LF generated in soils converted from corn
production to pasture was generated by-gwtved SOM. In addition they found that
90% of the total SOC that had been lostmyicorn production was restored after 9 years
of pasture. Further active pool influence of sod was seen by Cambardella and Elliot
(1992) who found that in a soil under native sod 39% of total SOC was derived from
POM associated C. In a seven year stagyVeil et al. (1993) comparing 4 tillage
regimes (ndill, two reducesdillage systemsand conventional tillage) and including“é 5
“treatment” of continuous grass, the grass system, at the conclusion of the study, had the
highest total SOC, highest eattable C using three common extraction methodSQK
H,SO,, and NaHC@), and the highest C by the active pool associated hot water
extraction method. (Also of note in this study is that th&ilhsystem had the second
highest SOC levels in all oféhcategories of SOC tested, thus giving further evidence of
the SOM maintaining and enhancing capabilities efilhpractices.) A study by Haynes
(1999) involved long term pasture, continuous grass/clover, continuous grass, annual no
till grass, annuatonventionattill grass, and long term arable soils. In this study
microbialbiomass C and microbial biomass N content followed the order: long term
pasture > continuous grass/clover and continuous grass (which had comparable levels) >

annual netill grass > annual conventiondill grass > long term arable soils. Readily
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mineralizable Gand mineralizable Nbllowed a similar trendthe exception being that:
continuous grass/clovercontinuous grass annual netill grass. The highest aggregate
stability measurements in Hayne$1999) study were also in the lotgym pasture

fields, followed closely by continuous grass/cloaad continuous grass.

It is important to note that while building SOM for soil quality is a major function
of organic inputmanagement, other considerations go into these management schemes.
Supplying crops with nutrients is a major consideration for farmers when applying inputs.
Potential pollution caused by excesses of these nutrients, particularly N leaching and
runoff asociated P, has to be considered when managing inputs (Magdoff and Weill,
2004). In addition, input management and SOM building is important to those working
to mitigate global warming because soils with the capacity to hold more SOC than their
present legl can potentially be used as a sink for atmospheric(Eustian et al.,

1997D).

I ncreasing cropping intensity to build soil organic matter: The use of cover crops

One important concept in SOM management is that of cropping intensity.
Intensive croping systems annually grow multiple cragsd more plant biomags the
same field. When combined with-tibh practices, these intensive systems produce the
largest increases in SOC seen under arable conditions (Wood et al., 1991; Franzluebbers
et al.,1995; Ortega et al., 2002). Increasing the cropping intensity increases net primary
production, leaving more residues on a soil, whilgillege practices decrease the rate of

mineralization.
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There has been some evidence linking crop yields with SOhMagsment
through increased cropping intensity. Monreal et al. (1997) used CENTURY model
simulations on data from lortgrm wheat production research plots. Their simulations
indicated that soils under whefatlow cropping (lower cropping intensity) onerage
yielded less wheat (910 kg hgr) than higher cropping intensity plots that were in
either continuous wheat or cerdely rotations (1290 kg Hayr"). They attributed the
yield difference to SOM losses as a result of erosion in the vidléaw systems. The
simulations by Monreal et al. (1997) also predicted increases in wheat yields in cereal
hay rotation plots with aggradations of SOM over the {tmign. Their simulations
predicted increases of 200 kg'hand 840 kdna™ after 24 and 46aars of improving
SOM contents, respectively. Work by Bowman et al. (1999) seems to support the SOM
aspects of the computer simulations done by Monreal et al. (1997). Bowman et al. (1999)
found that fallow periods were deleterious to SOM while contingoasping had a
positive effect on SOM, however SOM changes did not correlate with crop yields in their
study.

One management practice that can be used to increase cropping intensity is the
planting of winter cover crops. As the name impliestevicover crops are generally
grown when seasonal limitations prohibit production of commercial crops. High biomass
winter cover crops, such as winter r{gedale cereal L.) and annual ryegraskdlium
multiflorum Lam.) provide substantial C inputs toldmcause of the abovand
belowground residues they produdeuo et al., (1997) indicated that winter rye is a good
winter cover crop for building soil organicligcause of the high levels of plant biomass

deposited within and on top of the soil. Thesgimated rye dripiomassatthe time of
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killing to be4.4 Mg/ha aboveground and 5 Mg/ha belowground to a depth of 20wer.

6 years Kuo et al., (1997) saw a small, but detectable, increase@@yEg™) in total

SOC on plots treated with winter ryén a sixyear study, Wagger et al. (1998) also
observed increased total SOC associated with winter rye cover crops in the temperate
humid region of Washington. Sainju et al. (2000) found that in a-fre@estudy in
conventionally tilled soil$n the sathern U.S. that have high C mineralization rates, rye
cover crops maintained total SOC levels in soils.

Over the shorterm, carbon inputs as a result of cover crops may not result in
detectable gains in total SOC (Allison, 197&pver crop effets have been seen
however,in active pool SOM indicators. Mendes et al. (1999) saw increases in microbial
biomass C, mineralizable C, mineralizable N, as well as lev@lsyhfcosidase, an
enzyme indicative of soil microbe activitygainju et al. (2000also saw increases in
mineralizable C with the use of rye, hairy vetch, and crimson clover cover crops, with rye
having the highest increaseddiaye et al., (2000) also saw a significant effect on
microbial biomass C and sditglucosidase activityHu et al. (1997) saw twdo
threefold increases in microbial biomass C, POM, and soil carbohydrates in cover crop
treated plots as opposed to those left in winter fallelermawan and Bomke (1997)
found improved aggregate stability in plots treated withual ryegrass, winter rye, and
barley when compared to plots that were left bare. They foundtpetved aggregate
stability with cover crops was related to increases in SRet and Drinkwater (2001)
tracked"C labeled hairy vetch/cia villosa Roth.) roots and found that after one

growing season nearly 50% of the root derived C (compared to 13% of shoot derived C)
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was still present in the soil. They observed that much of the root derived C was
associated with the POM fraction.

The use of ceer crops to enhance soil productivity is not a new concept. Odland
and Knoblauch (1938) conducted a study from 19983 and found that compared to
non-cover crop treated fields both rye and leguminous cover crop treated fields showed
increased vyields iboth corn stover and grain over the duration of the study. Most of the
literature dealing with yield effects in crops grown after winter cover crops deals with N
cycling dynamics (Odland and KNoblauch, 193&)ith et al., 1987Blevins et al., 1990;
Utomo et al., 1990; Torbert et al., 1996; Vaughan and Evanylo, 1998; Sainju et al., 2000;
N’Dayegamiye and Tran, 2001; Sainju et al., 2001) as opposed to C related effects. In
general, these papers deal with the use of leguminous cover crops such asdrathavet
improve soil available N levels as cover crop residue decomposes, thus maintaining crop
yields while reducing the need for N fertilizers. As discussed below, the direct
guantification of SOM effects on crop yields has been difficult to measure litlle
information available on yield effects seen after rye use is inconclu®gkand and
Knoblauch (1938) saw a significant increase in corn grain and stover following rye cover
crops over a 34 year experiment and while they didn’t directly atigériine increase to
SOM or SOC they did cite increased water holding capacity, a soil property associated
with SOM content, in rye treated fields. Kabir and Koide (2002) saw significantly
higher yields of sweet corn on winter rye treated plots when cedpamwinter fallow
plots. However rather than being due to increases in total SOC, they attributed the yield
increases to enhanced P uptake in corn as a result of vesicular arbuscular mycorrhizal

(VAM) colonization of the rye treated plots. They conelddhat VAM activity declined
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in the fallow plots as a result of the absence of host plants. Bauer and Busscher (1996)
found significantly higher (by 327.84 kg han average) yields in il cotton lint

yields in fields that were treated with rye ggposed to fallow. However, they did not
attribute the yield increase to any rye influenced soil parameter. McCracken et al. (1989)
found that rye did not have significant effects on corn yields relative to no cover crop.
Eckert (1988) saw some reductioncorn and soybean yields in silt loam and silty clay
soils in Ohio. This reduction was attributed to corn stand reduction through the
combined presence of rye mulch and previous crop residue. Raimbault et al. (1991)
found that the yield problems assded with rye mulch and crop residue could be
resolved by moving residue out of planting rows with disc furrowers. Several studies
have noted reductions in corn yields after rye and attributed the reduction to possible
allelopathic effects of rye (Raimbk et al., 1990Kessavalou and Walters, 1997).

In addition to Cand Ninputs cover crops are used in agricultural systems for a
multitude of reasons. They protect against erosion by intercepting raindrops, preventing
detachmentfosoil particles. They also slow runoff as it travels over the soil surface
(Karlen and Cambardella, 1996). Winter rye and Italian ryegtatisif perenne L.)
have been shown to be beneficial for use as catch crops in the fall, scavenging residual N
andreducing groundwater and estuarine pollution via leaching (Brinsfield et al., 1988;
Staver and Brinsfield, 1990). Magdoff and Weil (2004) briefly review and reference
numerous studies on cover crops that are beneficial with regards to pest management and

weed control.

Soil and crop productivity relationships with soil organic matter
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Soil organic matter functions within a soil ecosystem are a key factor in soil
productivity and, in agronomic systems, in the productivity of crops. Soil organic matter
affects soil fertility as a source and a sink for plant nutrients (particularly N, P, S and
micronutrients) in soils (Dick and Gregorich, 2004). In addition SOM has a high
exchange capacity for maerand miconutrient cations (Sikora and Stott, 1996)solme
agricultural soils SOC may provide-80% of the soil's CEGhatsignificantly
contributes to soil chelation and buffering capacities (Loveland and Webb, 2003).
Through its influence on solil structure, SOM aids infiltration of water, water holding
cgpacity, and circulation of air within a soil (Gregorich et al, 1994). \stellctured soils
also tend to be more resistant to erosion keeping nutrient bearing topsoil in place as
opposed to washed away as sediments. The biological diversity of high @S Metps
to suppress crop diseases and p&gtde the dark coloration of SOM enhances soil heat
absorption speeding the watmp of soil in spring and thus allows earlier plant
germination (Sikora and Stott, 1996). Soil organic matter has also beeratexs with
improved water use efficiency by plants through the stimulation of plant root
development (Pieri, 1992).

The most common and practical way to measure crop productivity is through the
measurement of crop yields. Loveland and Webb (200 ttat crop yields in the last
half century have often increased in spite of the fact that, in general, SOM levels have
decreased. However, a portion of these yield increases can most likely be attributed to
industrialized farming practices that relien mineral salts for plant nutrition and focused
primarily on production rather than the long term sustainability of the agroecosystem. A

study of soils in Germany by Beyer et al. (199@¢gestedhat SOM levels had little to
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do with crop yields. In thestudy soils with lower SOC levels showed no decrease in
crop yields when compared to soils with regionally “typical” SOC levels.  The soils
studied, however, were heavily fertilized receiving an annual average of 160 kg of
mineral Nha' annually with some plots receiving as much as 320NKug*. While on

the surface it may seem economically feasible to utilize mineral salt fertilizers to obviate
SOM management, the underlying costs in fefssl dependent fertilizer production and
the environmerati damage associated with excess fertilizer use (ie: leaching of nutrients
and subsequent eutrophication of lakes and estuaries) forces one to question the long
term viability of this practice.

With agricultural researchers and producers increbsdeyoting attention to
sustainability it has become ewamore important to gain a greater understanding of the
relationship between SOM and crop yields. While SOM affects critical soil functions
that in turn define a soil’'s productivity and thus thedurctivity of crops produced in that
soil, demonstration of a direct SOM influence on crop yields can often be difficult to
prove (Karlen et al., 1992; Seybold et al., 1996). Dick and Gregorich (2004) state that
the capacity of a soil to hold SOM is afted by five capacity factors: climate, landscape,
texture, inputs and disturbance. Of these factors, climate, landscape and texture are
defined by nature, while inputs and disturbance are affected by soil management. The
natural capacity factors vary @aly across different soils. When comparing crop
productivity throughout a range of soils, rather than being attributable to SOM levels,
yield effects are often more attributable to these natural capacity factors or to an

interaction between the factonsdhSOM (Weil and Magdoff, 2004).
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Somescientists haveemonstrated that SOM levels explain some of the
variability in crop yields. Kravchenko and Bullock (2000) found that in Illinois
agricultural fields, soil properties explained about 30% of cora yigriability with
SOM having more influence than CEC, soil P content and soil K content. The SOM
effect was greatest in the low SOM Alfisols included in their study (the other soils were
of the Mollisol order) which seems to corroborate the idea thist &@ntent is most
important in soils with inherently low SOM levels. In another study in lllinois
Majchrzak et al. (2001) found that when SOM level was the only variable considered
there was a high positive correlatiaf £ 0.67) with wheat yield. Adarez et al. (2002)
found that, in the humid Pampa of Argentina, SOC was the soil property most associated
with wheat yield (f = 0.25) with an average yield difference of 220th&g between
high and low SOM soils. Alvarez et al. (2002) also foundtbaéeral SOM active pool
measures could partially explain yield variability. When LF and mineralizable N were
included in a model with available mineral N and rainfall, the model accounted for 50%
of the variability inwheat yield. Ste and Weil (2002)dund that SOC was predictive of
macroaggregate stability and soil porosity across different tillage systems in south central
Honduras. In turn, macroaggregate stability, along with potassium permanganate
oxidizable C, were highly correlated with crop puotivity. They suggested that
increased SOC, particularly active pool C, was related to improved soil structure, which
positively affected productivity.

A few studies have related losses or gains in SOM levels directly to quantitative
differences in mp yields. In the semiarid Pampas of Argentina Elanta et al. (1999)

found that soilsvith SOC content in the-20cm surface of lower than 42 Nigi* show
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marked decreases in crop productiagsociated wittosses in SOC. In their study a

SOC losf 1.0 Mgha' was associated with a 40 kg reduction in wheat grain yield.
Bauer and Black (1994) reported that on a yearly basis the highest total aboveground dry
matter and grain yields were associated with the highest SOM contents. The soil area
they studied had SOM contents ranging from 64 to 14h&fg When relating wheat

yields to SOM content they found that every additional 1.Chitgof SOM was

equivalent to an increase of 35.2haJ" of aboveground dry and 15.6 kg of grain

yield. They suggested that the main contribution of SOM to crop productivity was in the
form of enhanced available N. Weil and Magdoff (2004) point out that in many SOM
studies it is difficult to discern a causal relationship with crop yield because the SOM
effects observed are often confounded with other effects amihesedreatments used

to alter SOM levels.

Treatments used by researchers to affect SOM can incitogeotations, tillage
systems, or manure applications. Assessments of SOM effebesadircumstances can
be obscured by other effects of the imposed treatments such as structural and hydrologic
effects resulting from soil mixing by tillage or N inputs resulting from legume residues or
manure applications. Strickling (1973 cited byVeil and Magdoff (2004)solated
the effect of SOC by imposingver 20 years;rop rotations that altered soil C content.

In the final years of the experiment all plots were treated alike (including fertilizer
application) and the residual effects efdggradations or depletions of SOC were
assessed. Strickling (1975) found that SOC levels accounted-849%82f the variation
in corn yields regardless of N fertilization levels. He suggested that SOM influenced

crop yields by enhancing water infiltran through improved aggregation.
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Agricultural researchers, farmers and extension agents cite a need for soil quality
assessment tools at the field level that can facilitate the making of soil management
decisions (Liebig and Doran, 1999; Wander ammhKwvater, 2000). The role of SOM in
soil quality has been widely discuss@&b(an and Parkin, 199&regorich et al, 1994;
Karlen and Cambardella, 1996; Syers and Craswell, 128&#old et al., 1996;

Christensen and Johnstdi®97 Janzen et al., 199Tal, 1998;Haynes, 2000islam and

Well, 2000; Weil and Magdoff, 2004; and others) howekierconcept of using a SOM
measurement to identify soils that are likely show gains in productivity with improved
SOM management practices, such as cover crops watlorepresented in current

literature Greer and Schoenau (1997) and Carter et al. (2004) discuss hierarchical
frameworks that incorporate SOM into prediction of soil quality and the impacts of
management practices on soil quality. These framewoekglate complex, involving

many other factors, and while they are conceptually beneficial to the research
community, producers and extension agents may find them impractical for on farm use.
Many papers suggest using SOM or active pool SOM componergsassaor monitor
management induced changes in soils (LeFroy et al., 1993; Biederbeck et al., 1994;
Gregorich et al., 199£llert and Bettany, 199%alinasGarcia et al., 1997; Campbell et
al., 1999; Bowman et al., 1999; Maddonni et al., 1999; Ndiagk,&2000 and others)
however, while in some cases it may be implied, none of these directly propose using
these tests to identify soils where improved management could lead to improved
productivity. In part, this is likely due to the previously mentioriact that total SOM

does not respond rapidly to SOM management as well as the fact that SOM impacts on

crop yields are difficult to quantify. In addition most methods used to estimate the active
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pool involve time consuming incubations (mineralizable Maralizable C, microbial
biomass, and microbial biomass C) or sieving processes (POM, light fraction SOM) and
thus are not practical for rapid assessments. In a study on soil degradation, Bruce et al.
(1995) observed that restoration and maintenanceilgr®ductivity is associated with

the maintenance of decomposing mulch on the soil surface. They also found that, in the
40 fields they studied, SOC in the A horizon was the manageable soil component that
could significantly influence crop available watind reduce erosion. In addition to low
SOC, they observed that degraded soils had low levels of water stable aggregates, low
rainfall infiltration and low crop biomass production. Bruce et al. (1995) however do not
directly propose any SOC testing deilines aimed at identifying fields with SOM levels

that could be improved. Tiessen et al. (1994) suggest that the quantification of SOM
cycling might be an important guide when assessing agricultural potential of soils. There
are several studies thateanpt to quantify SOM with the goal of minimizing of losses
(Bauer and Black, 1994; Bruce et al., 1995; Shang and Tiessen, 199Zduniazet al.,

1999). Loveland and Webb (2003) found, in a review of current literature, that there is
little quantitative evidence for a minimum level of SOM for soils, below which soill

guality sharply declines. They did find evidence that there might be a SOC range across
a broad assortment of soil types in which soils are most functional. According to
Loveland and Web(R2003) this range needs to be researched further and quantitative
evidence for it needs to be developed. Also noted by Loveland and Webb (2003) is the
need for more research on active pool SOM components and how they influence soil

properties in soils uret different land uses.
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An active pool SOM estimation that may be useful as a tool to guide land
management decisions is labile C measured by Kimx@ation. Blair et al., (1995)
suggested that labile C measured by KMofidation and total SOC can losed to
calculate a carbon management index (CMI) to monitor management induced changes in
soil quality. According to Blair et al. (1995) there is no ideal CMI value that suggests a
soil is healthy, however the CMI can be used in conjunction with umbiestureference”
soils to gauge whether a soil is in decline or is being rehabilitated. Weil et al. (2003)
suggest that a KMngdxidizableC measurement method, modified for field use, can be
used evaluate soil quality impacts of management practicegdén for a KMnQ
oxidizable C test to be useful in determining if a soil's productivity can be enhanced
through management practices, research needs to be conducted on how well such a test
will predict both crop and soil quality indicator responses toagament practices

geared toward improving SOM content.

Conclusions

In the face of questions about the sustainability of modern agriculture, soil quality
has become a primary focus of both farmers and researchers. The develdsoén
guality assessment tools is important both for the purpose of gaining a better
understanding of the chemical, biological, and physical parameters that determine a soil’s
agricultural quality, and for the purpose of being able to demonstratedogars that
they can improve the quality of some soils through management. Likewise researchers
need to continue to listen to farmers and gain understanding of how these farmers, who

intimately work with nature, perceive soil quality issues and consgr@iMander and
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Drinkwater, 2000). Researchers can then further study these parameters and provide
management oriented feedback and tools that enhance farmers’ abilities to make soil
management decisions.

Soil organic matter is the key tetainable soil quality managemdharson and
Pierce, 1991; Doran and Parkin, 1994; Sikora and Stott, 1996; Weil and Magdoft, 2004)
In the interest of maintaining or improving soil quality, many farmers are incorporating
conservation management and SONldng practices into their farming regime. Many
scientists involved in agriculture are working towards gaining a better understanding of
SOM in terms of soil quality issues and indicators so that sustainability can be
maximized.

Much of this review hs focused on cropping and soil management practices that
can be implemented to build SOM for soil quality purposes. While many farmers have
incorporated conservation practices into their cropping systems, there are many more
who could benefit from the agtion of these techniques. For example in 1996
conservation tillaggractices were being used on abg2tMhain the United States
which translates tobemut 36 percent of planted cropland (CTIC, 19983l et al.,

(1998b) have estimated that approxiela60% of arable land in the United States could
be farmed successfully with conservation tillage. The C sequestration potential of these
lands is important for building SOM for soil quality and for mitigation of global warming
(Paustian et al., 1997bal et al., 1998b).

Development of soil quality evaluation tools from which scientists can gauge
changes in soil quality and demonstrate these changes in a practical fashion to farmers is

an important challenge to the agricultural and soil science cortyniRractical
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demonstrations to farmers can be used to encourage them to adopt conservation practices
if the practices are suitable for their situation. When these tools hinge on SOM or active
pool SOM they should be able to show sensitivity to imprqeedeleterious) soil
management practices. Additionally, they should also have some practical importance to
producers. One way that these tools can have practical implications is through the ability
to predict soil and crop responses to improved SOMagament. A simple soil quality
test with the ability to predict crop yield improvement and soil functional improvement
with the use of certain management practices would be a great asset when educating
producers about conservation or SOM building managemractices. While no single
tool may constitute a “silveullet” for assessment of soil quality researchers and farmers
must continue to work together to develop a “tool box” that can aid in the development of
agroecosystems that are profitable, pcattenvironmentally sound, and sustainable.
Estimation of active pool labile C through KMpOxidation may be a useful
addition to the soil management “tool box”. The modified method developed by Weil et
al. (2003) is suitable for rapid soil qualitysteng at the field level and might be used to
evaluate whether a field’'s productivity could benefit from improved SOM management
techniques. In order to be useful in this capacity such a test should be predictive of soil
functional response and crop respe to SOM management practices. Research needs
to be conducted on how well the Weil et al. (2003) KMte3t can predict crop
responses and soil quality indicator responses to management practices that are geared
toward improving SOM content. The udenanter rye cover crops would be a good
management practice to test because of the high C input value of this cover crop. Unlike

leguminous cover crops, rye would not confound crop yields through the input of N, thus
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crop responses to C inputs could baleated. Paired fields of the same soil type but
differing in soil quality due to past management history should be used for testing the
impacts of a rye cover crop on crop responses and soil functional responses along with
the predictive value of a sajuality test such as the KMp©xidizable C test. Assuming

that a field that tests higher in labile C has better soil quality and assuming that the use of
a winter rye cover crop increases the amount of labile C in a soil, a field that initially tests
low in labile C should show more crop response and more response in soil quality
indicators to soil management that includes a rye cover crop compared to a field that

initially tests high in labile C.
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CHAPTER TWO

Labile Carbon Test for Predicting Responseto Improved Organic Matter

Management. |: Crop Responses

INTRODUCTION

Soil properties related tsoil organic matterSOM) can serve as important
indicators of soil quality (Arshad and Coen, 19@2egorich et al., 1994; Larson and
Pierce, 1994; Kennedy and Papendick, 1995; Wander and Boll&@;, Nfiaye et al.,

2000; Islam and Weil, 2000; Wander and Drinkwater, 2008)il organic matters a

difficult to quantify,heterogeneous mixture of organic compoundgasurements of

SOM areusuallyestimated by measuring its dominant component: soi&brganic

carbon (SOC). Soil organic C varies across topography, climatic regions, and soil types.
The bulk of SOC is comprised of highly recalcitrant humified substances that are slow to
accumulate or degrade. Therefore, the effects of contrasiinganagement practices

may take many years to become apparent in measurements of total SOC (Sikora and
Stott, 1996; Well et al., 2003).

The fraction of total SOC that is microbially labile is frequently referred to as
active SOC.Active SOC is a smiacomponent of total SOC, but it plays a major role in
maintaining soil quality (Weil, 1992). It directly related to mineralization and
availability of soil C, N (Alvarez et al., 1998; Gunapala and Scow, 1998), S (Banerjee
and Chapman, 1996), and r{inson and Ladd, 1981; Marumoto et al., 198H)is
pool of SOGis also associated wiil aggregate stabilization (Tisdall and Oades,

1982).
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Evaluation oimanagementractices designed to improve soil quality requires
indicators thatapidly respondto soil managementMeasurementselated toactive pool
SOChave showrsuchsensitivity These measurements include microbial biomass C
(Kenedy and Papendick, 1995; Islam and Weil, 200@)robial biomass N (Jenkinson,
1988a) mineralizable C, migralizable N (Gregorich et al., 1994), microbial enzymatic
activity (Dick, 1992; Ndiaye et al., 2000), particulate organic m@@ambardella and
Elliot, 1992 Wander and Bidart, 2000), light fraction organic mai@hristensen, 1992;
Wander et al., 1994and soil carbohydrates measured as anthreaetive C (Deluca and
Keeny, 1993; Saviozzi et al., 1999).

Scientists, farmers, and extension agents need soil quality assessment tools at the
field level that can facilitate soil management decisions {f§jiabd Doran, 1999;

Wander and Drinkwater, 2000). The USDA Natural Resources Conservation Service
(NRCS) has developed a soil quality test kit (USNRCS 2003) for field assessment of
soil quality. This kitcurrently tests nine soil quality parameters but it does not include a
suitable test for SOC. The absence of a SOC test is mainly due to the insensitivity of
these tests in detecting management induced changes in total SOC over the short term
and the fact that a practical total SOC test that cabeucted in the field has not been
developed. Total SOC tests require acid digestions or combustion at high temperatures
while soil parameters commonly used to represent active SOC involve extensive
incubations or sieving processes.

A recentmethod fa@ quantifyingactive SOCinvolves oxidizingabile organic C
(CL) by exposing it to a known concentration of KMp&hd subsequently measuring via

spectrophotometer the change in KMrgdncentration due to reaction with (Lefroy et
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al., 1993; Blair et al.1995; Moody et al., 1997; Bell et al., 1999; Weil et al., 2008pst

C. research done with KMnfaxidationhas employed the method developed by Blair et
al., (1995). Weill et al., (2003) modified and simplified Biair et al.,(1995 method
making itmore sensitive to Cand suitable for use in both laboratory and in field
settings.

Well et al. (2003) used a 0.0RKMnQO, solution(as opposed to the 0.383
solutionused byBlair et al, 1995) andfound ths solution to baeactivewith only the
mostlabile forms of soil C.The solution used by Blair et al. (1®)3eacts with a larger
fraction of soil G including some recalcitrant Cefroy et al., 1993; Weil et al., 2003)
Weil et al. (2003) also made the KMa6blution in 0.M CaC} to promote fbcculation
andcausing thesoil to settle afteshaking eliminating the need for centrifugation and
making theprocedure practicah the field.

Weil et al. (2003) found the 0.0PKMnO,4 oxidation method to beore sensitive
to tillage treatmentghan total SO@nd more closely correlated with other soil quality
indicators (microbial biomass, microbial biomass C, basal respiration, and aggregate
stability) than total SOC. They suggest thatitinethod is a simple, repeatable means to
estimate a biologally active C pool that is associated with soil quaditglcould aid
farmers in their soil management decisions.

It has been difficult to demonstrate the direct influence of SOC on crop
productivity. This is largely due the fact that SOC levels arallystelated to
environmental factors that include regional climate, topography, and soil texture (Dick
and Gregorich2004) Evaluations of SOC effects on crop productivity across differing

soils and regions are often confounded by the effects of theseranental factors.
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Researchers evaluating SOC effects on crop yields often impose treatments on the soil
such as crop rotations, tillage systems, or manure applications. Effects of SOC on crop
yields can be obscured byhereffects of imposed treatmts, such as N inputs from
legume residues or manure applications or structural effects of tillage.

Kravchenko and Bullock (2000) founidat, of all parameters measur&@)C
content hadhe most influence on corzda mays L.) yield variability. This effect was
greatestn soil types that hashherently lowSOClevels. Majchrzak et al. (2001and
Alvarez et al (2002jound positive correlatisbetween SOC level adheat yield.
Alvarez et al. (2002alsofound light fraction organic matter and minézable N to be
related towheatyield variability. Stne and Weil (2002) found SO® be predstive of
macroaggregate stability and soil porosity across different tillage sysidmg.also
foundmacroaggregate stability, alomgth C,, to behighly corelated with crop
productivityunder different tillage regimes

Diaz-Zorita et al. (1999) found that soilshaving SOC levelslower than 42
Mg/ha in theA horizon, everyl.0 Mgha® loss of SOGvas associated with a 40 kg*
reduction in wheayield Bauer and Black (1994) observed that in soils havd@C
contents ranging from 64 to 142 M@, everyadditional 1.0 Mcha® of SOCwas
equivalent to an increase of 35@ ka® of aboveground drgiomassand 15.6 kg/ha of
wheatgrain yield.

Strickling (1975), as cited in Weil and Magdoff (2004), successfully isolated

SOC effects on crop yields by imposing crop rotations to alter SOC over 20 years. All
plots were treated alike (including fertilizer application) in the final years of the

experimemand the residual effects of increased or depleted SOC were assessed.
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Strickling (1975) found that SOC levels accounted foB8%26 of the variation in corn

yields. These effects were independent of N fertilization levels. According to Strickland
(1975) SOC influenced crop yields through enhanced water infiltration that resulted from
better aggregation in high SOC plots.

Little research has explored the concept of using a SOC measurement to identify
soils where productivity may increase in respdosenproved SOC management
practices. Greer and Schoenau (1997) and Carter et al. (2004) discuss assessment
frameworks that incorporate SOC into prediction of soil quality and soil prductivity.
These frameworks are quite complex, involving multiple messants and
determinations. Their use to guide management decisions for individual fields may not
be practical. Many papers suggest using SOC or active pool SOC components to assess
or monitor management induced changes in soils (LeFroy et al., 199@yiBek et al.,

1994; Gregorich et al., 199Ejlert and Bettany, 199%3alinasGarcia et al., 1997,
Campbell et al., 1999; Bowman et al., 1999; Maddonni et al., 1999; Ndiaye et al., 2000
and others). Most of these works focus on soil quality monitoangustainability and

do not directly propose using these tests to identify soils where improved management
could lead to improved productivity.

Some studies have implied, but not directly proppasihg SOC parameters to
predict whether a soil's quajiand productivity could benefit from improved SOC
management. Bruce et al. (1995) found SOC in the A horizon to be the manageable soil
component that significantly influenced crop available water and reduced erosion. In
their study degraded soils werkearacterized by low levels of SOC and had fewer water

stable aggregates, low ratfanfiltration, and low crop biomass productidorhey
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observed that restoration and maintenance of soil productivity was associated with
maintenancef adecomposing mulclayeron the soil surfaceTiessen et al. (1994)
suggested that in many tropical soils, the quantification of SOC cycling might be an
important guide to assessing agricultural potential. Other studies attempt to quantify
SOC with the goal of minimizintpsses (Bauer and Black, 1994; Bruce et al., 1995;
Shang and Tiessen, 1997; Diéarita et al., 1999). Loveland and Webb (2003) searched
the literature for evidence of a minimum level of SOC below which soil productivity
declines but they conleided thaho such critical level exists.

One management practice that can be used to inc3€xSes the planting of
winter cover crops. High biomass winter cover crops, such as winte®eogbe(cereal
L.) and annual ryegraskdlium multiflorum Lam.) provide shstantial C inputs to soil
because of the abovand belowground residues they produbelo et al. (1997)
estimated rye drpiomassat Feekes growth stage 8 (Large, 1954) td.deVigha*
aboveground and 5 Mug* belowground to a depth of 20crver 6years Kuo et al.
(1997) saw a small, but detectable, increase{@% kg') in total SOC vhere rye
residues were incorporated via rototillinth a six year study, Wagger et al. (1998) also
observed increased total SOC associated with winter rye coyes in the temperate
humid region of Washington.

Cover crop frequently are observed affectsoil parameters related &ative
pool SOC. The positive influence of rye or other cereal winter cover crops has been
observed in microbial biomass(Bu et al., 1997; Mendes et al., 1999; Ndiaye et al.,

2000), mineralizable C (Mendes et al., 1999; Sainju et al., 2000), mineralizable N
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(Mendes et al., 1999), particulate organic matter (Hu et al., 1997), soil enzymes (Ndiaye
et al., 2000) and aggregatalslity (Hermawan and Bomke, 1997; Gruver, 1999).

While the use of cover crops to enhance soil productivity has recently been
regaining acceptance (Hu et al., 1997), this concept is not new. Odland and Knoblauch
(1938) found that fields treated witherpr leguminous cover crops showed increased
yields in both corn stover and grain over fields not treated with cover crops. Most studies
reporting yield effects in crops grown after winter cover cigzd with N inputs from
leguminous cover crog®dlandand Knoblauch, 193&mith et al., 1987Blevins et al.,

1990; Utomo et al., 1990; Torbert et al., 1996; Vaughan and Evanylo, 1998; Sainju et al.,
2000; N'Dayegamiye and Tran, 2001; Sainju et al., 2001). Information on C input
related yield effects foll@ing winter cover crops is scarce.

The literature available on effea§rye cover crops on yieklof subsequent cash
cropsis inconclusive.Odland and Knoblauch (1938) attributed yield increases to
increased water holding capacity in rye treated $ieldn a study comparing winter rye
treated plots to winter fallow plots, Kabir and Koide (2002) attributed higher yields of
sweet corn on rye treated plots to enhanced P uptake in corn as a result of increased
mycorrhizal activity in rye treated plot&auer and Busscher (1996) found higher cotton
lint yields in rye treated fields than in fields left fallow. McCracken et al. (1989) did not
see significant yield effects in crops that followed rye. Other studies reploatege
mulch on fields reducecrop yields by inhibiting crop emergence (Eckert, 1988). Yield
reductions due to possible allelopathic effects of rye have also been reported (Raimbault

et al., 1990Kessavalou and Walters, 1997).
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Labile soilC could serve as anmaindicator of managemeimduced changes in
SOC content. It may also be useful in identifying soils where soil productivity could be
enhanced with improved SOC management practices. The present study was undertaken
to determine if the Weil et al. (28Dprocedure can be used as a soil test to ascertain
where ecological functions are most likely to respond to improved SOC management
practices, such as the use of winter cover crops. The expected responses include
enhancements in such soil quality funnBas crop productivity, water infiltration,
erosion resistance and nutrient cycling.

In this paper we investigated crop responses to the soil organic matter
management practice of growing a winter rye cover cide hypothesized that all else
being eqal, a field that tests lower i@, will benefit more (show more of an increase in
crop productivity and soil functional responses) from improved organic matter
management practices (use of winter cover crops in this case), than will a field that tests

higher inC,.

MATERIALSAND METHODS
Establishment of the Experiment
The experiment was initiated fall 2001 atfour sites. The site locations were at
the University of Maryland Research and Education CetiBeltsville, Upper
Marlboro, andKeedysville, MD andit Cedar Meadow Farm, Holtwood, PAt each
site paired fields consisting of similar soils but contrasting management history (MH)
were identifiedand divided into 4 blocks, each containing one pithh and oneplot

without a rye cover crop.
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Soil survey classification and taxononsimilarity between the fields at each site
(Table 2.1)was initiallyevaluated with conty soil surveyseport datgMatthews 1962;
Kirby et al., 1967Custer 1985). Soil similarity between flds wadurther verifiedby
field description of auger borings along transects within each field. In eaclpfiefite
descriptions were made at 6.25, 25, and 43.75m alongogaeb 50mtransecs, spaced
12.6m apart and following the length of theldi . Soil color, texture, and redoximorphic
featureswvere describetb a 90cm depth (see Table 2.2angplesfrom the A horizon
were collected andubsequentlgnalyzedor particle size determinatiamsinga
modified pipette method (Table 2.1). Theexmentaplotsin each field were then
blocked alongyradients ofopographyand clay content.

The experimental portion of each field measured 48.64m by 12.16m at Beltsville,
Keedysville, and Upper Marlboro. See Figure 2.1 for an exampléypical field
layout. At Holtwood, the plotdiad beensablishedn 1998,prior totheir use irthis
studyand the experimental field dimensions were 36.60m by 36.48m.

At eachsite, one field hada MH oflong-termcrop production (Midop) with
conventimal tillage andhe other ield had a MH ofong-termcontinuous sogMHsqg).

The duration of these managemeasgimes for each site are givenliable 2.3.

Differences in MH were determined through farmer interviews and farm recbnes.

fields were smpled to 15cm using a fully enclosed, zero contamination, soil probe (JMC
Soil ProbesClements Associates, Inc., Newton) Bndtested for pH and tot&OC
(Northeast Coordinating Committee on Sagisting,1995)at the University of Maryland

Soil Testirg LaboratoryTable 2.1).

65



In October, 2001, the sod at Keedysville and Upper Marl@ssprayed with
paragua{N,N-dimethytgamma,gammddipyridylium dichloride)at a rate of 1.05 kg a.i.
ha' andno-ill crop productionwasinitiated. This tratment was not necessary at
Beltsville and Holtwood because the Mkfields at these sites had already been

converted taropproduction when this study was initiated.

I mplementation of Soil Organic Matter Management: Cover Crops

During the course dhis experimenho-till managementvas used foall fields.
At Beltsville, Keedysville, and Upper Marlboro, each field was divided into four blocks
measuring 12.60m by 12.60m. These blocks were then subdivided into subplots that
measured 12.60m by 6.8t Holtwood the blocks anslutplotshad beerestablished
prior to thisstudyin 1998 Blocks at Holtwood measured 36.60m by 9.12m. Holtwood
subplots measured 301G by 4.56m. At Beltsville, Keedysville, and Upper Marlboro,
subplots within each block werandomly assigned one of two possible winter cover
crop treatments: rye cover cropbare (no cover crop)lo simplify operationgor the
commercial farmar a Holtwood, the subplots weteng strigs with adjacent strips
alternatingsystematicallybetween rye and noye treatmentsBecause of this
systemattally alternating treatmemrrangemen all dependent variables were examined
for systematic behavior by plotting dependent variahlesg the satial gradient No
systematic variance was observed

At each sitecover croptreatments were planted in fall 2001 and fall 2002 after

the main (summer) crop was harvested. plgating dates are shown in Table2.4
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All fields wereamended with P and K fertilizer and linrelateMarch2002
according taecommendations based on the Mangl&oil Test Lab resultsAt Upper
Marlboro, soil pH prior to lime application was low enough (4.7 on sod and 3/2Qp
fields) that the rye cover crop may have been affeétisad, at both UppeMarlboro and
Keedywille, soil P levels were low enouggmior to fertilizationto possiblyhave limited
the first rye cover cropCover crops were killed in sprirgp02 and spring 200Brough
application of glyphosate [Aghosphonomethyl) glycine] aped at a rat@angingfrom
11559 a.i. hd to 1542 g a.iha® (Table 2.4). Cover crop stands differed between sites
depending on the date on which rye was killed (Table 2.4). Exeesstnesat Upper
Marlboro infall 2002 —spring2003 (Figure 22) killed the ryeplantedat this site and
biomass estimates were not obédile

Immediately prior to the killing of cover crops abeaad belowground cover
crop biomass was measured at each €itdting as close to the soil surface as possible,
all shoot biomaswas harveted andwveighedto the nearest 0.5g within two random
0.25nf area within each subplotSamples for each subplot were then oven dried for four
days at 60C, weighed to the nearest 0.5g, ang matterbiomass was calculatédr the
entire plot area.

Belowground (root) biomass was estimateabecting a1900cm?® coreof
soil to 7.5 cm deth from areas where shoot biomass was remdvedts were removed
from soil cores by sectioning the core and placing the sections into a 2mm sieve nested
above dmm sieve. The soil was washed from the roots while roots were caught in the
nest of sieves. Roots were haseparated from coarseineralfragments, removed from

the sieves, placed in paper bags, dried for four days’& @ad weighed to the nearest
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0.01 g. An estimate of root biomass within thé.Bcm depth was then calculated for the
entire area of the subplahd this value used to calculate the shoot:root ratio.

Even thougtweed biomass on bare plots wasy small compared to rye
biomass seleted bare plots were sampled for abosed belowgroungveedbiomass,
similar to the method described for ry@/eed biomass estimates were not done at
Beltsville and Upper Marlboro in spring 2002 because weed growth was negligible on
bare plots at thosetssdue to treatmertf bare plots with 115§ a.i. ha glyphosatén
mid-March Upper Marlboro weed growtlvasnot measuredh spring 200decause
weeds were killed bthe excessive wetness already describethat site

Because wet conditions dpper Marlboro in spring 2003 precluded a normal
cover crop treatment, this site was excluded from all analyses of effects and responses for

2003.

I mplementation of Main Crops

Corn or soybea(Glycine max M.) crops were planted at all sitaerrye was
killed (Table 2.4). Corn and soybean rows were spaced 76 cm and 18 cm apart,
respectively. Corn and soybeans were seeded at rates of 11,220 Seauts 56,700
seeds hd, respectively. When soybeans were planseed waimoculated with
appopriateRhizobium. In 2002 corn (Pioneer 34M94) was grown at Beltsville,
Keedysville, and Upper Marlboro while Holtwood produced soybeans (Asgrow 4403).
In 2003 Beltsville, Keedysville, and Upper Marlboro grew soybeans (Pioneer 93B68)
while corn (Gars848Bt) was planted at HoltwoodCorn received N fertilizeas

indicated in Table 4. For theMHsyqfield at Keedysville P and K weralsoappliedin
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both 2002 and 2003 able 2.4) according tdJniversity of Maryland Soil Testing Lab
recommendations

During thesummerdroughtin 2002 (Figure 2.2)supplementalrrigation was
applied atJpper Marlboro and Holtwoqdut noirrigation was available at Beltsville

and Keedysuville.

Main Crop Harvest Procedures|: Corn

Harvest dates are givem Table 2.4. Corn biomass and grgields were
estimated byarvesing 2adjacentows, each6.08mlongin the center oéachplot. All
ears of corn were removed from all plants inliaevestrows. Husks were left on the
plant. Ears were weighed ind field to the nearest 0.01 kg. This weight was logged as
the “plot green cobs, kg”. From these ears a randomly selected subsample of 6 ears were
weighed in the field to the nearest gram. The weight of this subsample was logged as the
“sample green ca) g°. The subsample was placed in a cloth bag oven dried for 5 days
at 60°C. All corn stalks in the harvest roewg down. Stalks were cut as close to the
ground as possible. Stalks were then weighed to the nearest 0.01 kg. This weight was
logged aghe “plot green stover, kg”. From these stalks a representative subsample of 5
random stalks was taken. These stalks were broken up and weighed to the nearest gram.
This weight was logged at the “sample green stover, g”. Stover subsamples were placed
in cloth bags and oven dried for 5 days at 60°C. After being oven dried, subsamples of
cobs and stalks were-reeighed to the nearest gram. Oudry weights were recorded as

“sample dry cobs, g” and “sample dry stover, g”, respectively. The-dmegran was
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then stripped from the cobs and weighed to the nearest gram. This weight was recorded

as “sample dry grain, g”. The amount of dry grain per harvest area was calculated as:

sample dry grain, g

Dry grain, kg = (

% plot green cobs, kg
. sample green cobs, g

Grain moisture at harvest was calculated as:

Grain moisture (%) = U 1- samp oty obe ]J x 100

. sample green cobs, g |

The amount of dry stover per harvest area was calculated as:

sample dry stover, g

Dry stover, kg = (

% plot green stover, kg
| sample green stover, g

Stover and grain yield estimates in kg'iar the entire plot were subsequently
calculated. Whole plant biomass estimates were based on the sum of stover and grain

yield estimates.

Main Crop Harvest Procedures||: Soybeans

In 2002 soybeans were the main crop at Holtwood and in 2003 they were grown
at Beltsville, Upper Marlboro and Keedysvill&oybeans were harvested from two rows
along a transect measuring 3.04m marked near titeraaf the plot. Plants were cut
1cm above the soil surface with pruning shears. Plants weighed to the nearest 0.01 kg
and this weight was recorded as the “plot green whole plants, kg”. From these plants a
representative subsample of 10 plants wasaautylcollected and weighed to the nearest

gram. This weight was recorded as the “sample green whole plants, g”. Subsamples
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were oven dried for 5 days at 60°C and weighed again to the nearest gram. This weight
was recorded as the “sample dry whole @agt. All beans within each subsample

were then removed from their pods and weighed to the nearest gram. This weight was
recorded as the “sample dry grain, g”. The grain weight for the harvest area was

calculated as:

sample dry grain, g 5
P . S J % plot green whole plants, kg

Dry grain, kg = (
. sample green whole plants, g

Thesoybean stovewreigh for the harvest area was calculated as:

Sovbean Stover, kg = |'/ spepls darwhoisplogs, &

'1_ sample green whole plants, g

l = plot green whole plants, kg

Whole plant moisture at time of harvest was calculated as:

Whole plant moisture (%)= |1 - stmpheicey avhnie prank x 100
sample green whole plant, g

Stover and grain yield estimates in kg'ier the entire plot were subsequently
calculated. Whole plant biomass estimates were based on the seveofasid grain

yield estimates.

Estimation of Grain, Stover and Biomass Response to Cover Crop Treatment

Cash crop response to cover crop treatment (COVER) in blocks within
management histories within each site (BLOCKS(MH(SITE))) was calculateddior, gr
stover and whole biomass. Blocks within (MH(SITE)) each contain one rye treated
subplot and one bare subplot (COVizlRRnd COVERa9. Crop response is a
measurement of the difference between grain, stover, or biomass yields between

COVERye plotsand COVERgreplots within each block. Crop response was calculated
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by simply subtracting the dry grain, stover or biomass yield (K naCOVER,aplots
within (BLOCKS(MH(SITE))) from the dry grain or biomass yield (kg*hin

COVERye plots within(BLOCKS(MH(SITE))). For analyses of relationships across alll
sites, responses within (BLOCKS(MH(SITE))) were converted to relative responses.

Relative responses for grain, stover, and biomass were calculated as:

Yield in COVER ye - Yield in COVERpqye

Relative response, kg ha-1 =
Yield in COVERp e

The use of relative responses allowspanse relationships to soil C parameters to be
examined without being confounded by crop and site differences.

When analyzing the response relationships, across more than one sitg, aith C
total soil C (G), the response parameter was tested ttiragainst € or Cr
measurements as well as the ratio pob@C+ to soil fine particle content ((ginesOr
Crrines. Soll fine particle content was defined as percent clay plus percent silt. This was
done because fine textured soils usually contairenr$OC than coarse textured soils that

have received similar organic inputs through time (Kortleven, 1963; Jenkinsoin)1988

Collection of Weather Data

Both cover crop productivity and main crop productivity are related to climatic
factors, particudrly precipitation. Monthly temperature and precipitation data
representative of the conditions at each site were based on reports from nearby weather
stations. This data was collected for 2001, 2002, and 2003. Data for Beltsville, Upper
Marlboro, and Héltwood was collected from monthly and annual climatological data

reports for Maryland and Pennsylvania. Data for Beltsville was from the Beltsville
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weather station. Data for Upper Marlboro came from the Upper Marlboro 3 NNW
weather station. The closesgeather station to the Holtwood site was at the Lancaster 2

NE Filtration Plant. These reports are produced by the National Climatic Data Center of
the National Oceanic and Atmospheric Administration. These documents were accessed
through the National Mual Data System at
http:/Mvww7.ncdc.noaa.gov/SerialPublications/index.(iiDAA-NCDC, 2001; 2002;

2003). Keedysville weather data was acquired from the Hagerstown Weather Station and
was accessed http://idweather.nefHagerstown Weather Station,@Q 2002; 2003).

Precipitation data for each site is presented in Figure 2.2.

Soil Sample Collection and Processing

Soil sampling at Holtwood was conducted on 15 Oct. 2001. AtKeedysville,
Beltsville, and Upper Marlboro, the soil samples weréectéd on 16, 22, and 24 Jan.
2002, respectivelySoil samples were extractedgth a fully enclosed, zero
contamination soil prob@MC Soil ProbesClements Associates, Inc., Newton) 1A a
depth of 7.5 cm. This sampling depth was chosen becausesshiaie shown that most
of the impacts of naill farming are seen in the shallowest sampling depths, near the
rooting zone and crop residue inputs (Dick, 1983; Blevins et al., 1985; Dick et al., 1991;
Potter et al. 1998). Soias sampled withieach sbplot by taking 14 randomly located
cores fromwithin each plot If rows of crops (cover crops or main plots) were growing,
the first 7 cores were drawn from within row locations and the second 7 from interrow
locations. Soil cores from each subplot waoeled and sealed in plastic lined soil

sample bags. These bags were then placed under ice packs in a cooler and transported to
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a refrigerated storage facility. Samples were stored in this facility at 5°C until processed.
Processing took place withimaonth of sample collection.

Soils were processed fiyst gentlypassingthe field moist soihrough a 4 mm
sieve. The weight of 4mmcoarse fragments was recorded to the nearest O hey.
<4mm seved soil was then placed on a 2 mm sieve. Thi®si@as gently shaken with a
circular motion. For each soil sample, aggregates that passed through the sieve (the < 2
mm fraction) were spread out on a labeled paper plate and allowed to air dry for 3to 5
days thenstored at room temperature (approxirhagd°C) in plastic lined bagantil lab

analyses were performed.

Soil Analyses

Once processed, soil was analyfadC, as described belawParticle size
analysis was performed ah2mm sievedoil using a modified pipette method. Tadtal
(Cy) analysis orx2mmsoil was performed with a LECBigh temperatureombustion
analyze (Tabatabai and Bremner, 1991 abile soil C wagstimatedisingthe Weil et
al. (2003)method, modified byeacting 2.5 ginstead of 5.0 gof soil (<2 mm)with 20
mL of 0.02V1 KMnQOg4 in 0.1M CaC}. The use of 2.5 g of soil was necessary because at 5
g, in soil samples having high @&ll of the KMnQ, was consumed in the reaction and
accurate colorimetry was not possible. Colorimetry was performed using a single

wavelength handheld colorimeter (Hach Companach Company, Loveland, GO
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Statistics

Analyses of varianceon crop yields were performed using a split plot model in
SYSTAT version 10 (SYSTAT Software In®pint Richmond, CA). Prior to final
analsis of the data ANOVA assumptions were tested in SAS version 8 (SAS Institute
Inc., Cary, NC). Thevholeplotsconsisted of fields of contrasting MH. Subplots
consisted of cover crop treatment. Analyses of variance performed on crop yields within
a sinde site used the error term and degrees of freedom associated with (BLOCKS(MH))
to test wholeplot (field MH) effects. To test effects in subplots (cover crop treatment
and interaction between cover crop treatment and MH) the correct error term ang degree
of freedom used were those associated with the interaction COVER*(BLOCKS(MH).
Inferences on effects seen at the site level should not be made beyond that site because at
the site level the replication occurs as (BLOCKS(MH)). These blocks are not true
replicates because the four blocks within each MH are not statistically independent.
Each block is a pair of observations (one COYE&d one COVER;g within the same
experimental unit (a field of a specific MH). Thus, per Hurlbert (1L98#)se bloks are
pseudoreplicates at the individual site level. True replication in this experiment occurs
when data is analyzed across all sites.

In ANOVAs performed across all sites, each site represents a true, independent
replication. When data are analyzstoss all sites, the error terms described above are
used, except that (BLOCKS(MH)) is replaced by (BLOCKS(MH(SITE))) because the
specific MHs are unique to each site. Since each site is a replication, crop differnces

among sites are accounted for bf¥fSlin the statistical model.
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Of particular interest in this research is the interaction COVER*MH. Significant
interaction could be an indication that crops are responding differently to COVER in
fields differing in MH. Inferences on the subplot etfetCOVER should not be made
because of the pseudoreplicated nature of COVER at the individual site level.

Analysis of variance on response variables across all sites was performed using a
randomized complete block design where each rep (SITEasaablock and the
dependent response variable was tested against the independent variable of (MH(SITE)).
Since specific details of field MH (while generally similar across all sites) are unique to
each site, it is most appropriate to use (MH(SITE)) liese analyses. When using tis
term, overall response means for MH can not be generated, however the overall
significance of the aggregate effect of (MH(SITE)) can be tested across all sites. Again
because of the pseudoreplication of (BLOCKS(MH)) at tickvidual site level,
conclusions drawn at the individual site level should not be inferred beyond that site.
Response variables at each individual site were tested against field MH.

Analysis of variance on{ Crrines C, and GrinesWere analyzedsing a split
plot model similar to that described above for crop yields. Since soil sampling was
performed before significant growth of cover crops, COVER effects and COVER*MH
interactions were not considered, however since each COVER subplot within
(BLOCKS(MH)) was sampled for{cand G, each subplot was left in the model as an
observation within (BLOCKS(MH)). The correct error term and degrees of freedom for
testing the main effect MH in this model are those that are associated with

(BLOCKS(MH)).
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Correlation analyses were performed in SYSTAT version 10 (Systat Software
Inc., Point Richmond, CA). These analyses were used to examine relationships of crop

responses and yield parameters with soil C parameters.

RESULTSAND DISCUSSION
Evaluation of Holtwood Site for Systematic Effects
At Holtwood,aside from expected differences in variatidletween the My
field and the MHyqfield, examination of dependeswil and planvariables plotted
againsta transecacross all subplots (whicsystematically followed a spatial gradient)
revealed no systematic trend¥hat is, variables exhibiteahly randomvariationacross

the plots within each fiel@Thesis Appendix £

Cover Crop and Weed Biomass and Organic Input Estimates

Ryeabove and belowground biomass means for COYERots in each field at
each site are given in Table 2.5. With the exception of rye grown at Keedysville in 2002,
rye inputs were not significantly different between fields of contrasting MH at each site.
At Keedysville in 2002 there was significantly more rye aboveground biomass in the
MHcop field. This is likely due to the &eficiencynoted in the Mig,qfield at this site in
2002. Despite P application on 30 April 2002 at Keedysville the fertilizer did not
facilitate enough growth by 16 May 2002 for the rye biomass in the,dikld to catch
up with that in the Midop field . Rye in the MHqqfield at Keedysville was also subject

to grazing by deerAny significant interactions and responses to COMEReedysville
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in 2002 shouldhereforebe considered in light dhese unintended rye biomass
differences

Carbon input due to weeds on COVER.plotswerenegligiblg(Table 25).
Greatest weed biomaescurredn the MHsqqfield at Holtwood in 2002 wire weed
biomass on COVER.plots was 4% of the rye biomass in COVgRIots. If one
assumes that typical plant material consists of 42% C (Brady and Weil, 2002) the C left
on the soil in weed biomass was approximately 40 Kgd@VER,a.cplotscompare to
985 kg ha in COVER4ye plots in this field. The weed biomass at Holtwood in 2002 was
significantly different between contrasting fields but this difference is negligible when

compared to the difference between COVEBnd COVERe

Crop Stover, Grain, and Total Biomass Yields
No significantCOVER*MHhteractions were seen irstoveryield at any

individual site in 2004Table 2.6) The significant difference in stover yields between
MH seen at Beltsville in 2002 (Table 2.6) is likely due to the fact that the
Galestown/Evesboro soils are very sandy. In 2002, Maryland experienced severe drought
conditions (Figure 2.2) and the higher total SOC levels in thg,Midld may have
allowed for enough additional water holding capacity to generatgiffeeesnce in stover
between fields.

Soybean stover was significantly greater in the:Myield at Holtwood in 2002
(Table 2.6) possiby due toa difference in K availability Soil test Kin the MH;p, field
wasoptimum to excessivwehile in the MHgqqfield soil test K was in thenoderateo

optimumindex ranggTable 2.1).No K fertilizerwasapplied at this site $ybeans have
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a high K demand (Cox and Uribe, 19%2)dmost Ktaken up move® rootsby diffusion
gradient a procesghatcan be mpeded by dry soil conditior{slaby et al.1990) The
drought conditions in 2002 may have exacerbated the soil K differences in these fields
however no K analysis of soybean tissue was attempted

In 2002 corn grain yield was significantly greatethe MH., fields at
Keedysville and Upper Marlboro (Table 2.7). The M#fields at these sites were
brought directly from sod into atill management. The sod had been killed in place with
residues left in and on the solil, possibly causing N immohiizahat limited grain
production. Sharf et al. (2000) reported this phenomenon in corn that was grown
immediately following sod in land that had been enrolled in the Conservation Reserve
Program.No significantCOVER*MH interactions werebserved (Talel 2.7)

At Beltsville in 2003, soybean stovand grain yields were significantly greaier
the MHsqqfield than in theMH o, field (Table 2.6 and Table 2.7). Despite thkativdy
wet conditions in 2003Figure 2.2) Cr may again have played a rofeimproved water
holding capacity in the Migfield at thissandysite. At Keedysville soybean stover and
grain yields were significantly greater in the Midfield (Table 2.6 and Table 2,7)
possibly because of the proximity of thits.qfield to a foested areathat promoted crop
damage by degeaccording to the farm manadgeexperience and crop injury
observations in this fieldOn 30 July 2003,rop injury due to deegrazing was observed
to be more severe the MHyqfield than in theMHcop field, which was further from the
treeline. While electric deer fencing was installed by the farm manager at this site in
mid-July, the damage that had been incurred to that point may have been enough to cause

the difference seen in crop yield parameters.
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Whole plant biomass was significantly higher (29%) in \Mgfields at Holtwood
in 2002 and at Keedysville (56%) and Holtwood (8%) in 2003 (Table 2.8). Biomass was
significantly higher (44%) in the Mgy field at Beltsville in 2003. No COVER*MH
interactions were seen at individual sites in 2002 but in 2003 there was significant
COVER*MH interaction at Keedysville. Biomass was 27% higher in CO\HifRthe
MHcop field at Keedysville compared 10% higher in COVgih the MH;qq4 field.

There vere significant COVER*MH interactiosin 2003 crop stover yields at
Keedysville and Holtwood (Table 2.7). At KeedysviBeybearstover yield was 28%
higher in COVER plots in the MH,q, field while in the MHqqfield the increase was
only 11%. At Holtwood a similar trend was obseryedth COVERy. plotsin the
MH.rop 23% morecornstover while COVERye plotsin theMHsqqfield yielded 9% less
corn stover than COVEReplots. A similar norsignificant trend was also seen at
Beltsville. The Keedysui¢ results could possibly be confounded by deer activity but the
general trend is consistent with that seen at other sites.

Grain yields at Keedysville also showed significant COVER*MH interaction in
2003 with the COVERye plots yieldng +27% in theMHp field, but only #%in the
MHsqqfield (Table 2.7). If the significant interactions seen in 2003 at Keedysville and
Holtwood are related to soil C changes occurring with rye treatment, it is interesting to
note that these two sites are Piedmoovjnce sites that have much higher soil fine
particle contents than tilsandyCoastal Plain sediments found at Upper Marlboro and
Beltsville (Table 2.1).Due to the greater levels of fine particles, particularly clay, one

would expect the Piedmont provaeoils to accumulate SOC at a faster rate than the
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Coastal Plain soilKortleven1963 and Jenkinsgl®8&) and their level of C saturation
(Six et al., 2002yvould also be lower.

The overall effect of (MH(SITE)) on stover was significant in 2002 ar@320
(Table 2.6) however this effect is difficult to interpret because of the nested nature of the
variables and because the general trend was not the same at each site where a significant
effect was seen in analysis of the individual site. Beltsville Igtaeh stover production
in the MH;qqfield in both 2002 and 2003 field while Holtwood and Keedysville had
significantly higher stover production in their Mk fields in 2002 and 2003,
respectively (Table 2.6).

The overall effect of (MH(SITE)) on gin was significant in 2003 but not in
2002. In 2003, similar to the situation described for stover, the results are difficult to
interpret. No uniform trend was seen across all sites as Beltsville had a significantly
higher grain yield in the MEqfield while Keedysville had significanly higher grain
production in the Mg, field in 2003.

Overall, the effect of (MH(SITE)) on total biomass was significant in both 2002
and 2003. Again this result is diffucult to interpret for the same reasons amsl trend
discussed for grain and stover.

No significant COVER*(MH(SITE)) interaction was seen in either grain or stover
yields analyzed across all sites in 2002. In 2003 significant COVER*(MH(SITE))
interaction was present in overall stover yields but notadvgrain yields across all sites
(Table 2.6 and Table 2.7, respectively). In Mkfields, stover was generally higher in

COVERye plots than in COVERyeplots. In MHqfields this difference was only 2.8%.
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In 2003 there was a significant over@DVER*(MH(SITE)) interaction observed in total
biomass. Total biomass followed the same general trend as described for stover in 2003.
The significant interactions seen in 2003 and the yield trends observed indicated
that crops were responding @fently to COVER in fields of contrasting MH. Since this
trend was also apparent, although not significant in 2002 the data may indicate that any
beneficial effects of cover crops are cumulative in nature. This trend was similar in 3 out

of 4 sites withonly Upper Marlboro (2002 data) not showing signs of the general trend.

Main Crop Grain and Stover Responseto Cover Crop Treatment in Fields of
Contrasting Management History

Cash crop responses to COVER at each individual site are giiabla 2.9.
The general trend described in the discussion in the previous section of the COVER*MH
interaction is evident in the calculated responses at each site. At the individual site level
the only response means that were significantly differentdetiiH were those for
stover response @R grain response &, and biomass responsesjRo COVER at
Keedysville in 2003. At Keedysville soybeap, R; and R to COVER were 271%,
420%, and 315% higher in the Mk} field, respectively. Again this resudt Keedysville
was possibly counfounded by deer grazing.

When analyzed across all sites the overall effect of (MH(SITE))spR& and
Rg to cover crop treatment was not statistically significant in 2002. In 2003 the overall
effect was significanin Rs (o = 0.05, P = 0.003) andgRa = 0.05, P = 0.009). The
overall effect of (MH(SITE)) on Rfollowed the same trend as Bnd R, however the

effect was not statistically significant.
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Total C and KMnO,4 Labile Sail C

Analysis of G at each site revealdnighly significant differences between fields
of contrasting MH at all sites (Table 2.10). Mkfields had 87%, 112%, 114%, and
80% greater €than MH,, fields at Beltsville, Upper Marlboro, Keedysville, and
Holtwood, respectively. As seen in TaBld0, G measurements between fields of
contrasting MH were also highly significant at each site, following the same trend seen in
Cr. MHsgfields had 39%, 78%, 79%, and 36% greatethi@n MH;, fields at
Beltsville, Upper Marlboro, Keedysville, and Heood, respectively. Labile soil C and
Crwere strongly related to each otliErgure 2.3).Based on preliminary SOC testing
(see Table 2.1) these results were expected and essential to testing the hypothesis of
greater crop response in fields that tester for G. Differences among means for
Cr/rinesand G rinesare also shown in Table 2.10. These calculated parameters followed
the same trends as @nd G, all showing significant differences between fields of

contrasting MH.

Relationships between Crop Response and soil C parameters

In 2002 relative RRELRs) to rye treatment across all sites was not significantly
correlated with @ or G_(Table 211). Overall RELRBto rye was not significantly
correlated with Grines Or Cr/rinesin 2002. Upon examination of results within
physiographic regions it was observed that in the Piedmont region (Keedysville and
Holtwood) RELR; was significantly related to,Gand G/rines(Table 211). In the

Piedmont greater responses cuded with lower levels of Cand G/rnes NO significant
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relationships were seen in the Coastal Plain (Beltsville and Upper Marlboro). When
results at each site were examined it was observed ghveadRsignificantly correlated to
Crat Upper Marlbor@Table 2.12) but not at the other sites. At Upper Marlboro greater
Rs to rye coincided with higher {evels.

Overall cash crop relativedRRELRg) and relative Rin 2002 were not
significantly correlated with € C_ CrrinesOr Grines NO signifcant relationships were
seen within physiographic regions. When examined on a site by site basis there were no
significant correlations betweersRr Rs andC or C.

In 2003 Upper Marlboro was not included in the analyses because of the lack of
rye treatment as a result of wet spring field conditions. RE&RI RELR were
significantly related to G Cr, and G/rineswhen analyzed across all other sites (Table
2.11). RELRG was significantly related to CT angkfes

Analyses of relative responsiesthe Piedmont revealed that all relative crop
response parameters were significantly related to all soil C parameters (Tablergdl).
relationship between REIFand G in the Piedmont ishown in Figure 2.4. All crop
parameters showed greater reg®mto rye treatment at lower levels of soil C parameters.
The strength of relationships of crop parameters was similar, i6 &ines Cr and
Crrines Analyses of data across Coastal Plain sites in 2003 were not conducted because
Upper Marlboro data weaexcluded.

At Beltsville in 2003 R, Rs, and R were significantly related toGut not .
There were greater crop responses at lower levels af Beltsville (Table 2.12). At
Keedysville significantly greaterJand R coincided with lower levelsf both G and

Cr. There was also a similar significant relationship betwegari® G but not R and
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C_(Table 2.12) At Holtwood R and Ry were significantly greater at lower levels aof C
and greater Ralso coincided with lower levels ofCNo signficant relationships

between R and soil C parameters were seen in 2003 at Holtwood.

CONCLUSIONS

This research has shown that at three sites in theAbfahtic region of the
eastern U.S., cash crops grown following two years of winter rnyer@vops generally
tended to show a greater positive response to cover crops in fields that initially test lower
in Cr and G whencompared to cash crop responses in fields that initially test higher in
Crand G. Greater responses were seen in fieldsre/i@; tested between 9.4 g kgnd
16.8 g kg' and G tested between 374 mgkgnd 573 mg kg. In fields where ¢tested
between 17.5 g kiand 30.3 g k§ and G tested between 521 mgkgnd 778 mg kg
the positive response to rye cover cropatimeent was lessThis positive response is seen
more conclusively in the crop stover and total biomass production. Over two years of
observation, the response seemed stronger in soils having higher fine particle contents.
Grain response was also obserbeit was less conclusive over two years than stover
response. This may have been due in part to the effects environmental factors on grain
production. The drought in 2002, for example, may have affected pollination.

The results of this study areraewhat inconclusive as to whether or npt€sted
by oxidationwith 0.02M KMnO4is a better predictor of crop response to soil
management with winter rye thanr @sted with LECO dry combustion. These results
seem to indicate that, Gestedby oxidationwith 0.02M KMnQ, using a modified version

of the method described in Weil et al. (2003) is, at the very least, nearly as predictive as

85



Ct of cash crop response to soil management with winter rye. It has been shown in this
study and in Well et al. (2008)at G testedusing this method is significantly correlated
with Cr. In addition, the Ctestis far more suited to practical use in the field than are
current tests fo€r. Given these facts and the results of this study). @&V KMnQ, C,
testseemgromising as a tool for SOC based evaluation of soil quality and identification
of situations where improved SOC management may lead to higher soil and crop
productivity. As suggested by Weil et al. (2003) this test may be a beneficial addition to
the curent NRCS soil quality test kit since that kit presently does not include any test for
SOC. Further work on this test should attempt to evaluate the crop response predictive
potential of the test over a broader range of soils, crops, SOC managemerggrantl
regions. Additionally, in light of the fact that the strongest relationships between crop
responses and soil C parameters seen in this study were at the site that had more years of
winter rye cover crop treatments (Holtwood), studies that spamgar time period may

be useful in evaluation of the long term, cumulative, effects of improved SOC

management.
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FIGURESAND TABLES

Table 2.1. Management history, soil series classification, taxonomic classification, initial pH, prelimiflass ©n gnition), and A horizon particle

size analysis (by micropipette method) of the soils found contrastingly manalgisdafi four research sites.

Site FMHT Soil Series and A horizon Taxonomic Class pH®  C(8 P K Clay Silt Sand
texture IndeX’  IndeX
akg’ gkd" gkd' gkg®
Beltsville Cropped Evesbhoro / Galestown Mesic, coated Typic 6.3 20.0 150.0 52.0 163 111 726
sand / loamy sand Quartzipsamments / E (0]
Siliceous, mesic
Psammentic Hapludults.
Beltsville Sod Evesboro / Galestown Mesic, coated Typic 6.0 324 127.9 55.9 196 90 714
sand / loamy sand Quartzipsamments / E (0]
Siliceous, mesic
Psammentic Hapludults.
Upper Cropped Adelphia / Donlonton Finelloamy, mixed, active, 5.9 23.0 29.4 64.6 324 195 481
Marlboro fine sandy loam mesic Aquic Hapludults / M (0]
Fine-loamy, glauconitic,
mesic Aquic Hapludults.
Upper Sod Adelphia / Donlonton Fineloamy, mixed, active, 5.2 51.0 33.0 70.6 333 182 485
Marlboro fine sandy loam mesic Aquic Hapludults / M (0]
Fine-loamy, glauconitic,
mesic Aquic Hapludults.
Keedysville Cropped Hagerstown Fine, mixed, semiactive, 6.5 36.0 1414 141.0 255 597 148
silt loam mesic Typic Hapludalfs. E E
Keedysville Sod Hagerstown Fine, mixed, semiactive, 6.2 62.3 21.8 133.1 254 570 176
silt loam mesic Typic Hapludalfs. L E
Holtwood Cropped Glenelg / Chester Fine-loamy, mixed, 6.7 38.0 426.9 109.6 319 477 204
channery loam / silt loam semiactive, mesic Typic E E
Hapludults.t
Holtwood Sod Glenelg / Chester Fine-loamy, mixed, 6.8 58.0 194.6 60.5 362 556 82
channery loam / silt loam semiactive, mesic Typic E (0]
Hapludults.¥

T FMH: Field management history determined through fainterviews and research of farm records.

T Chester soils and Glenelg soils both fall into this taxonomic class.

§ Values were measured in the A horizorlBzm depth) before any experimental treatments were applied.
1 Nutrient index ratings: Low (L): 8 25; Medium (M): 26- 50; Optimum (O)51 - 100;Excessive (E): 100+.
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Table 2.2. Range of characteristics observed in the soil profiles of fields having similar soils but contrasting management histories at four research sites.

Cropped Management Hist/ T

Sod Management Historyt

Horizon Deptht Soil Description§ Depth Soil Description§
Beltsville
—etm— —cm—
Ap 0to 1520 10YR3/3 to 10YR5/3, loamy sand 0to 1525 10YR3/4 to 10YR4/6, loamy sand
ABY 2510 35 10YR5/6, loamy sand 25t0 3545 10YR5/6, loamy sand
Bw / Bt 2535t0 55 10YRG6/3 to 10YR7, loamy sand to sandy 2545 to 10YRG6/6 to 10YRG6/8, loamy sand to sandy clay loam,
85 clay loam, weak redox., common ironstone. 65-85 common ironstone
C 5585 ... 10YR5/8 to 10YR8/2, sand to clay loam, 6585 ... 10YR4/4 to 10YR/8, sand to sandy loam
weak redox., few ironstone.
Ypper-Marlbore
Ap 0 to 20625 2.5YR4/4 to 2.5YR5/4, 10YR3/3, firmandy 0to 1525 2.5Y4/4, 10YR3/4 to 10YR4/4, fine sandy loam, weak
loam redox.
ABY 20to 35 2.5YR5/4, fine sandy loam, weak redox. 15t0 2535 2.5Y5/4, 10YR3/4 to 10YR5/4, fine sandy loam, weak
redox.
Bt 2535to 55 5G5/1, 2.5YR5/4, 10YR4/4 to YR5/4, fine 2535 to 5G5/1, 2.5Y5/4, 10YR3/6 to 10YR5/6, fine sandy loam
85 sandy loam to fine sandy clay loam, moderate 55-90 to fine sandy clay loam, moderate redox.
redox.
C 5585 ... 5G5/1, 2.5YR5/4, 7.5YR5/8, fine sandy loam 5590 ... 5G5/1, 2.5Y5/47.5YR5/8, fine loamy sand to fine
sandy loam, strong redox.
Keedysville
Ap 0to 15 7.5YR3/4, silt loam 0to 1025 7.5YRA4/6, silt loam
BE 15to 2565 7.5YRA4/6 to 7.5YR6/8, silt loam 1025 to 7.5YR4/6 to 7.5YR5/8, silt loam
2545
Bt 2565 ... 7.5YR4/6 to 7.5YR6/8, 5YR5/8, silt loam to 2545 ... 7.5YR5/6 b 7.5YR5/8, 5YR5/8, silt loam to silty clay
silty clay loam, weak redox. loam, weak redox.
Heltwoeod
Ap 0to25 10YR3/6, silt loam 0to 30 10YR3/4, silt loam
AB 25t0 3545 7.5YR5/8 to 10YR4/6, silt loam 30to 4555 7.5YR5/8 to 10YR4/4, silt loam
Btl 3545t0 55 7.5YR5/8, silt loam 4555 to 7.5YR5/8, silt loam, moderate amounts of shist
75 55-65 fragments
Bt2 5575 ... 5YR5/8 to 7.5YR5/8, silty clay loam, weak 5565 ... 5YR5/8 to 7.5YR5/8, silty clay loam, weak redox,

redox, moderate amounts of shist fragments

moderate amounts of shist fragments

t Field management history was determined through farnegwiews and research of farm records.

T Depths giverare ranges thaeflect the lowest to highest depths seen for the upper and lower horizon boundary.

8§ Soil description includes Munsell soil color range, soil texture (by feel) range, redoximorphiesgaédox.), other features.
1 Horizon not present in all auger borings along transect.
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Figure 2.1. Typical experimental field layout used at Beltsville, Keedysville, and Upper Marlboro.
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12.16 m {40 ft)

Field with history of crop producton

/arth

I 1
! I
6.08 m! Mo Cover Mo Cover Ma Cowver Rye Cover !
1
(20 ft) | C8 C7 CE C5 I
11216 m
1 (40 ft)
1
Rye Cover Rye Cower Rye Cover Mo Cover |
4 o3 () o |
]
48.64 m (160 ft)
Fravel Lane (East Qrchard Rogd)
40ft (12.18m) Field with long term sod history
T 1
! |
(Bzgsﬂ;n: Rye Cover Rye Cover Mo Cover Rye Cover I
I
1 =8 =7 (E15) E5
M2.16 m
140 ft)
1
Mo Cover Mo Cover Rye Cover Mo Cover 1
=4 =3 =z =T |
I

48.64 m (160 ff)




Table 2.3. Field management kigses at four research sites.

Site

Field Management Historyt

Cropped

Sod

Beltsville

Upper Marlboro

Keedysville

Holtwood

The field had been in continuous crop production,
including periods in which conventional tillaget
was used, since at least 1967. Exact timings of
tillage practicesare not known. The last tilling of
this field was in 1999 using chisel tillage. It has
been in netill production since.

The field had been in continuous crop production,
including periods in which conventional tillaget
was used, since at least 1967. It was moldboard
tilled in spring 1995 and spring 199&eedbed
preparation was done with chisel tillage from 1997
until this study.

The field was in continuous production, inding
conventional tillages, until 1949%rom 19491982
the U.S. military owned the land and allowed it to
undergo early natural succession with only
occasional mowing. The field was brought inte no
till production in 1982. Seedbed preparation was
through conventional tillage} from 1991 to 1995.
From 1996 on the field was under-tibcropping.

The field was conventionally tillddon an annual
basis from at least 1967 until 1991. In 1991 it was
converted to ndill agriculture.

The field had been under sod for at least 40 years. In the year 2000
the sod was plowed under with chisel tillage and the fiekl wa
subsequently brought into #idl production.

The field had been under sod since 1983. It was brought irith no
production at the beginning of this study.

The field had been under sod since 1982 and under natural
vegetation prior to that dating back to at least 1950. It was brought
into notill productionat the beginning of this study.

The field had been under sod since at least 1967. From 1967 to
1990it was used as a grazed pasture-tiNlproduction started in
1991.

t Field management history was determined through farmer interviews and research of farm records.
¥ Conventional tillage through use of a moldboard plow.
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Table 2.4. Crop productioschedules at four research sites for rye winter cover crops and subsequent summer crops.

Site Cover crop Cover crop Main crop planting Main crop fertilization dates, fertilizer rate, fertilizer Main crop harvest
planting date kill date date compound dae
Winter 2001 / Summer 2062
Beltsville 24 Oct. 2001 1 May 2002 Corn, 27 Apr.: 33.6 kg hAN, ammonium nitratet; 18 Sept. 2002
27 Apr. 2002 6 June: 106.4 kg AN, ammonium nitrate.
Upper 26 Nov. 2001 15 May Corn, 15 May: 33.6 kg haN, urea ammonium nitrate; 29 Sept. 2002
Marlboro 2002 31 May 2002 3 June: 33.6 kg haN, urea ammonium nitrate;

19 June: 33.6 kg HaN, urea ammonium nitrate;
2 July: 56.0 kg haN, urea ammonium nitrate.

Keedysville 20 Nov. 2001 16 May Corn, 11 Apr.: 56.0 kg haN, Urea; 5 Oct. 2002
2002 30 May 2002 30 May: 56.0 kg haP, triple super phosphate;t
30 May: 112.1 kg HaN, Urea.
Holtwood 29 Oct. 2001 22 Apr. Soybeans, None Applied 8 Oct. 2002
2002 29 Apr. 2002
Winter 2002 / Summer 2063
Beltsville 18 Oct. 2002 12 May Soybeans, None Applied 7 Oct. 2003
2003 25 June 2003
Upper 15 Nov. 2002 7 July 2003 Soybeans, None Applied 9 Oct. 2003
Marlboro 18 July 2003
Keedysville 28 Oct. 2002 20 May Soyteans, 44.8 kg hd P, 56.9 kg haK, potassium 17 Oct. 2003
2003 30 May 2003 metaphosphate.18§
Holtwood 29 Oct. 2002 2 May 2003 Corn, 15 May: 84.1 kg haN, ammonium nitrate; 11 Oct. 2003
15 May 2003 17 June: 84.1 kg HaN, ammonium nitrate.

At Bdtsville 16.8 kg hd of N resulting from 2001 soybean stubble were taken into account when 2002 fertilizers were applied.

¥ Per Univ. of MD Soil Testing Laboratory recommendations, P was applied to Keedysville sod history plot only.

§ Potassium metaphosgtk was the only P supplying fertilizer available at the time at the Keedysville site. Plant response to K applied should have
beennegligible because all plots at Keedysville tested excessive for K content.
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Figure 2.2. Monthly precipitation levelsadepartures from normal for 2001, 2002, and 2003 at four research sites.
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Table 2.5. Rye and weed abey8hoots) and belowground (Roots t7.8cm depth) biomagaeans in 2002 and 2003 for each site.

Year
2002 2003
Field Management story Field Management History
Site Cover plant Plant part cropped sod 1 cropped sod
kg ha
Beltsville Rye Roots 923.3 1642.1 2125.3 2340.0
Rye Shoots 2845.0 3602.5 1830.0 2362.5
Weeds Roots -- -- 55.0 26.8
Weeds Shoots -- -- 47.3 111.8
Upper Marlboro Rye Roots 1387.6 *rx 7729.6 -- --
Rye Shoots 4212.5 3117.5 -- --
Weeds Roots - - - --
Weeds Shoots - - - --
Keedywille Rye Roots 2847.9 3988.9" 630.5 * 195721
Rye Shoots 7537.5 * 2702.5" 2365.0 2340.0"
Weeds Roots -- -- 2.7 --
Weeds Shoots 25.5 78.6 3.9 7.3
Holtwood Rye Roots 1578.4 1175.1 760.6 650.0
Rye Shoots 3802.5 2345.5 637.5 630.0
Weeds Roots - - 23.9 1.2
Weeds Shoots 23.5 * 95.1 7.6 14.2

* xx w6k Adjacent neans are significantly different from each other &t@05 P < 0.01, and P < 0.001.
T Rye in these plots was subject to grazing by deer
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Table 2.6. Mean dry stover yields of summer crops grown in 2002 and 2003.

Field Management History

Cover crop level within Field Management History

Cropped Sod
Site / Year Cropped Sod Rye No Rye Rye No Rye
2002 2002Dry Stoverkg ha'
Beltsville 4845.5 * 6133.7 5105.3 4585.7 5737.7 6529.6
Upper Marlboro 6325.9 6023.8 6763.9 5887.8 7343.6 4704.1
Keedysville 6651.7 7153.6 8423.7 4879.6 8044.6 6262.6
Holtwoodf 9533.2 * 7566.8 10188.3 8878.1 7868.4 7265.2
All Sites Significance of (MH(SITE)) Significance of the interaction COVER*(MH(SITE))

Overall efects * NS

2003 2003Dry Stover kg ha'
Beltsville 3431.6 * 4855.9 3897.9 2965.3 4791.3 4918.5
Upper Marlboro N/AT N/AT N/AT N/AT N/AT N/AT
Keedysville 5141.2 * 3284.0 5770.9 4511.6 T 3453.9 3114.4
Holtwood? 5689.3 5183.8 6284.2 5094.5 T 4956.7 5410.7
All Sites Significance of (MH(SITE)) Significance of thénteraction COVER*(MH(SITE))
Overall effectd ok t

* Adjacent neans are significantly different at P<0.05.

T For site means: Indicates significant interaction between cover crop treatment and FMH at P < 0.05. For overall effecsggnificanes
interactionbetween cover crop treatments and FMH when tested across all sites.

T Overall effects of MKSITE) tested across all sites and interaction betv@@WERand MHSITE). Overall significance can be tested but individual
meanscan not be gnerated due to nested nature of variables.

8 NS: Overall effect is not statistically significant.

TN/A Upper Marloboro data was excluded from 2003 analyses due to the killing of cover crops by wet spring field conditions.
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Table 2.7. Mean drgrain yields of cash crops grown in 2002 and 2003.

Field Management History

Cover crop level within Field Management History

Cropped Sod
Site / Year Cropped Sod Rye No Rye Rye No Rye
2002 2002Dry Grain kg ha'
Beltsville 6444.1 6258.5 6709.2 6179.0 7510.9 5006.2
Upper Marlboro 5482.9 * 4241.1 5439.9 5525.9 4028.2 4454.0
Keedysville 8741.8 * 7406.0 8853.4 8630.1 7660.9 7151.1
Holtwoodf 4299.2 3193.3 4675.7 3922.8 3723.2 31134
All Sites Significance of (MH(SITE)) Significance of the interaction COVER*(MH(SITE))
Overall effectd NS NS
2008 2003Dry Grain kg ha'
Beltsville 1846.6 * 2722.7 2080.1 1613.0 2635.8 2809.5
Upper Marlboro N/AT N/AT N/AT N/AT N/AT N/AT
Keedyslle 3179.9 * 2037.4 3555.1 2804.6 T 2109.5 1965.3
Holtwood 10015.5 9369.7 10316.5 9314.4 9606.7 9132.6
All Sites Significance of (MH(SITE)) Significance of the interaction COVER*(MH(SITE))

Overall effectd

*kk

NS

* Adjacent neans are significantly different at P<0.05.

T For site means: Indicates significant interaction between cover crop treatment and FMH at P < 0.05. For overall effecggndicates

interactionbetween cover crop treatments and FMH wtested across all sites.

T Overall effects of MKSITE) tested across all sites and interaction betv@@WERand MHSITE). Overall significance can be tested but individual

meanscan not be generated due to nested nature of variables.
8§ NS: Overall ect is not statistically significant.
TN/A Upper Marloboro data was excluded from 2003 analyses due to the killing of cover crops by wet spring field conditions.
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Table 2.8. Mean dry total biomass yields of summer crops grown in 2002 and 2003.

Field Management History Cover crop level within Field Management History
Cropped Sod
Site / Year Cropped Sod Rye No Rye Rye No Rye
2002 2002Dry Biomasskg ha®
Beltsville 11,289.6 12,392.2 11,8145 10,764.7 13,248.6 11,535.8
Upper Marlboro 11,808.7 10,265.0 12,203.8 11,413.7 11,371.8 9158.1
Keedysville 15,393.4 14,559.5 17,277.1 13,99.7 15,705.4 13,413.7
Holtwoodf 13,8324 * 10,760.1 14,864.0 12,800.9 11,1415 10,378.6
All Sites Significance of (MH(SITE)) Significance of the interaction COVER*(MH(SITE))
Overall effectd * NS
2003 2003 Dry Biomasskg ha*
Beltsville 5278.2 * 7577.6 5978.0 4578.4 7427.1 7728.0
Upper Marlboro N/AT N/AT N/AT N/AT N/AT N/AT
Keedysville 8321.1 * 5321.5 9326.0 7316.2 T 5563.4 5079.6
Holtwood 15,704.8 * 14,553.4 17,000.7 14,408.9 14,563.4 14,543.4
All Sites Significance of (MH(SITE)) Significance of the interaction COVER*(MH(SITE))
Overall effectd Hiok tt

* xx xkk o Adjacent neans are significantly different at<?0.05 P < 0.01, and P < 0.001, respectivefpr overall effects indicatesggnificance of
effect atP <0.05, P < 0.01, and P < 0.001, respectively.

T, For site means: Indicates significant interaction between cover crop treatment and FMH at BRrd®050.01, respectivelyor overall effects
indicatessignificant interaction between cover crop treatments and FMH when tested across all sites.

¥ Overdl effects of MHSITE) tested across all sites and interaction betv@@WERand MHSITE). Overall significance can be tested but individual
meangan not be generated due to nested nature of variables.

8§ NS: Overall effect is not statistically sigic#nt.

TN/A Upper Marloboro data was excluded from 2003 analyses due to the killing of cover crops by wet spring field conditions.
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Table 2.9. Mean crop responses to cover crop treatment within fields of contrasting management history.

Field Management History

Field Management History

Site Cropped Sod Cropped Sod
2002StoverResponse 2003StoverResponse

kg ha' kg ha'
Beltsville 519.5 -791.9 932.5 -127.1
Upper Marlboro 876.0 2639.5 N/AT N/AT
Keedysville 3544.1 1782.0 1259.3 * 339.6
Holtwood* 1310.2 603.2 1189.6 -454.0
Overalf NS' =

2002 Grain Response 2003 Grain Response

kg ha' kg ha'
Beltsville 530.2 2504.7 467.1 -173.8
Upper Marlboro -85.9 -425.8 N/AT N/AT
Keedysville 223.3 509.8 750.5 * 144.2
Holtwood* 7523 159.7 1402.2 474.1
Overalf NS' NS'

2002Total BiomasResponse 2003Total BiomassResponse

kg ha' kg ha'
Beltsville 1049.7 1712.8 1399.6 -300.9
Upper Marlboro 790.1 2213.7 N/AT N/AT
Keedysville 3767.4 2291.7 2009.8 * 483.8
Holtwood* 2063.1 762.9 2591.8 20.1
Overalf NS' *

* Adjacent neansaresignificantly different at P < 0.05.

T NS: No significaneffect.

¥ Holtwood produced soybeans in 2002 and corn in 2003. All other sites produced corn in 2002 and soybeans in 2003.

§ Overall significance of the effect of MBITE) on crop respons® rye,tested across all sites,{* Significant effect at P <.05and P < 0.01,
respectively.

TN/A Upper Marloboro data was excluded from 2003 analyses due to the killing of cover crops by wet spring field conditions.
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Table 2.10. Mean values for total C, total C / soil fine content (percent clay ptempsilt), KMnQ labile soil C, and KMn@labile soil C / soil fine
content in fields of contrasting management history at each research site.

Field Management History Field Management History

Site Cropped Sod Cropped Sod

Total C Labile SoilC"

g kg mg kg
Beltsville 9.40 ok 17.57 374.16 b 520.64
Upper Marlboro 11.68 ok 24.80 413.70 ok 738.12
Keedysville 13.277 ok 28.44 413.36 ok 740.76
Holtwood 16.81 ok 30.23 572.56 ok 777.63

Total C/ soil fines Labile C / soil fine$

g kg* mg kg
Beltsville 34.36 el 61.61 1367.64 o 182541
Upper Marlboro 22.48 ok 48.12 796.53 ok 1432.46
Keedysville 15.57 el 34.52 485.19 el 899.17
Holtwood 21.12 il 32.91 719.40 * 846.67

* xx oxxex o Adjacent neansaresignificantly differentat P < 0.05, P < 0.01, and P < 0.001, respectively.
t Samples were taken in Oct. 2001 at Holtwood. All other sites were sampled in Jan. 2002.
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Figure 2.3. The relationship between total soil C content and labile soil C conteits Bcsoss four research sitdfie Guassian bivariate confidence
ellipse has P=0.6278 and *** indicates correlation is significant at P < 0.001.
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Table 2.11. Correlations between relative cash crop responses to rye cover crops and soil Gpacaosste
all sites, within Piedmont Province sites, and within Coastal Plain sites in 2002 and 2003.

2002 2003
Soil C Parameter RRs RRs RRg RRs RRs RRs
Corrdation coefficient (r)
All Sites
C. 0.016 -0.161 0.000 -0.479* -0.346 -0.419*
CuEines -0.255 0.294 0.056 -0.168 -0.196 -0.182
Crg 0.049 -0.140 0.039 -0.568** -0.429* -0.503*
CriEines -0.162 0.246 0.131 -0.468* -0.486* -0.484*
Piedmont Sites
C. -0.599* 0.108 -0.263 -0.663** -0.535* -0.636**
ClEines -0.610* 0.166 -0.227 -0.553* -0.527* -0.576*
Cr -0.478 0.027 -0.231 -0.680** -0.507* 0.622**
Crikines -0.482 0.061 -0.204 -0.614~ -0.509* -0.589*
Coastal Plain Sites
C. 0.464 -0.249 0.192 N/A N/A N/A
CuEines -0.107 0.314 0.170 N/A N/A N/A
Cr 0.478 -0.177 0.280 N/A N/A N/A
CriEines 0.060 0.247 0.287 N/A N/A N/A

* ** Correlation is significant at P < 0.05 and P < 0.01, respectively.
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Figure 2.4. The relationship between relative total biomass response to rye with labile soil C content in soils at two sites in the Piedmont physiographic
region of the MidAtlantic U.S. The Guassian bivariate confidence ellipse has P=0.6278 and *taesdicarelation is significant at P < 0.01.

50

? [E I I I | I I I | I I I | I I I | I I I | I I I |
E; B n r=-0.636%* |
S 40F =
L L _
S - i
£ 30 a
o B . . g
B 20| —
S - 0
S - :
m 10F -
s :
D L 1
— 0 e _
o N ]
S <40 =
© e 1
O = ™ il
E = | | | | | | | | | | | | | | | | 1 1 | | | | N

O 1
300 400 500 600 700 800 900
Labile Soil C mg kg-1

107



Table 2.12. Correlations between cash crop responses to rye cover crops and soil C parameters at four sites in

the Mid Atlantic region of the eastern U.S.

2002 2003
Soil C Parameter Rg Rg Rg Rg Rg Rg
Correlation coefficient (r)
Beltsville, MD
C. -0.434 0.297 -0.126 -0.377 -0.386 -0.383
Cr -0.196 0.462 0.148 -0.731* -0.772* -0.751*
Upper Marlboro, MD
C. 0.702 -0.116 0.536 N/A N/A N/A
Cr 0.716* -0.023 0.596 N/A N/A N/A
Keedysville, MD
C -0.548 0.160 -0.280 -0.744* -0.670 -0.716
Cr -0.553 0.093 -0.326 -0.787* -0.71¢ -0.760
Holtwood, PA
C -0.196 -0.325 -0.275 -0.837** -0.520 -0.740
Cr -0.131 -0.266 -0.206 -0.770* -0.441 -0.663

* ** Correlation is significant at P < 0.05 and P < 0.01, respectively.
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CHAPTER THREE

L abile Soil Carbon Test to Predict Soil Response to | mproved Organic Matter

Management. 11: Soil Function Responses

INTRODUCTION

Soil organic matter (SOM) management is a key facet of maintenance or
improvement of soil qualityGregorich et al., 1994; Larson and Piert@94; Islam and
Welil, 2000; Wander and Drinkwater, 2000mproved SOM management has been
shown to enhance soil functions related to soil quality (Karlen et al., 1992; Seybold et al.,
1996). Managementrnactices designed to improve soil quality aret leegaluated with
indicators thatapidly respondo soil managemenfislam and Weil, 2000) The effects
of contrasting soil management practices may take years to become apparent in
measurements of total soil organic C (SOC) (Sikora and Stott, 1996et/ékil 2003).

Soil organic C measurements related to the fraction of total SOC that is
microbially labile can serve as indicators of soil quality change. Included among these
labile parameters are microbial biomass C (Kenedy and Papendick, 186baisl
Weil, 2000),microbial biomass N (Jenkinson, 12§8mineralizable C (Gin),
mineralizable N (Min) (Gregorich et al., 1994), microbial enzymatic activity (Dick, 1992;
Ndiaye et al., 2000), particulate organic maf@ambardella and Elliot, 199%Vander
and Bidart, 2000), light fraction organic matt€hristensen, 1992; Wander et al., 1994),
soil carbohydrates measured as anthi@aetive C (Deluca and Keeny, 1993; Saviozzi

et al., 1999) and soil aggregation (Cambardella and Elliot, 1993).
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Thetests mentioned above are laboratory intensive methods. There is a need for
simple soil quality assessment tools that can be used in the field to facilitate soill
management decisions (Liebig and Doran, 1999; Wander and Drinkwater, 2000).
Measurement dfbile organicsoil C (C.) with potassium permanganatéMnO4 may
be a suitablenethod for inclusion in a fieltesting kit. This method is described in
detail in the Introduction and Materials and Methods sections in Chapter Two. A more
historically aiented discussion of the development of method is given in Chapter One.
The most cited version of this procedure was developed by Blair et al. (1995). Welil et al.
(2003) simplified the Blair et al., (1995) method and made it practical for field uge. Th
Well et al. (2003) method is also more specific to labile forms of soil C rather than
recalcitrant forms.

Weil et al. (2003) found their KMngoxidation method to bemore sensitive to
tillage treatmentshan total SO@nd more closely correlated wibither soil quality
indicators (microbial biomass, microbial biomass C, basal respiration, and &ggreg
stability) than total SOC. As discussed in Chapters One and Two, very little information
is available in current literature on the use of soil C parerséo identify soils where
productivity may increase in response to improved SOC management practices.

The findings and methods discussed in Weil et al. (2003) indicate that this version of the
KMnQO, C_ test has potential to serve as a rapid, pradiedl test for identifying soils

where soil quality and productivity could be enhanced through improved SOC
management practices.

Because of the large amount of aboaed belowground biomass it produces, a

winterrye (Secale cereal L.) cover crop can baesedto increasé&sOC(Kuo et al., 1997;
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Wagger et al., 1998)Over 6 years Kuo et al. (1997) saw a small, but detectable, increase
in total SOC on plots here rye residues were incorporated via rototilliNgagger et al.
(1998) also observed increasetht SOC associated with winter rye cover crop use.

Active pool SOC has shown sensitivity to the use of cover crops. The positive
influence of rye or other cereal winter cover crops has been observed in microbial
biomass C (Hu et al., 1997; Mersdet al., 1999; Ndiaye et al., 2000),;dMendes et al.,
1999; Sainju et al., 2000),,M (Mendes et al., 1999), particulate organic matter (Hu et
al., 1997), soil enzymes (Ndiaye et al., 2000) and aggregate stability (Hermawan and
Bomke, 1997; Gruver,999).

The difficulty of quantifying relationships between SOC and soil productivity (see
Chapter One and Chapter Two, Introduction) has caused researchers to insésad use
surrogate indicatorsoil functions that affeqiroductivity. Water stable sodggregates
(WSA) are often used as an indicator of soil structural stability (Topp et al., 1997). In
their review of physical attributes of soil quality Topp et al (1997) state that soil structure
affects a soil’'s aeration, ability to infiltrate and hpldnt available water, and resist
erosion and crusting. Mineralizable N is often used as an indicator of a soil’s inherent
ability to supply plant@vailable N (Drinkwater et al., 1996). Mineralizable C is
indicative of the metabolic activity of a soibeterotrophic microbial activity, which in
turn relates to a soil’s ability to decompose organic wastes and plant residues (Gregorich
et al., 1997). Nutrient cycling in soils depends on the microbial decomposition of these
wastes and residues.

Determning C. by KMnO,4oxidationmaybe able tserve as an early indicator of

management induced changes in SOC content. It may also be useful in identifying soils
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on which crop productivity could be enhanced with improved SOC management

practices. The presestudy was undertaken to determine if the Weil et al. (2003)

procedure could be used as a soil test to ascertain where soil ecological functions are

most likely to respond to improved SOC management practices, such as the use of winter

cover crops. The g@ected responses could include enhancements in such soil quality

functions as crop productivity, water infiltration, erosion resistance and nutrient cycling.
In this paper we investigated changes in soil WSA t&al soil C (G), Cyin and

Nmin @s a reult of a soil organic matter management practice, namely growing a winter

rye cover crop.We hypothesized that all else being egadield that tests lower in,C

will benefit more (show more of an increase in goidlity responses) from improved

organt matter management practices (use of winter cover crops in this case), than will a

field that tests higher i@, .

MATERIALSAND METHODS

Establishment of the experiment

Establishment and management of research plots, cover crop treatments, and
relatedweather data is discussed extensively in the Materials and Methods section in
Chapter Two. Field initial soil test results and soil classifications are given in Table 2.1.
Field descriptions, layout, and specific management histories are given i2Table
Figure 2.1, and Table 2.3, respectively. Cover crop and cash crop production information
is available in Table 2.4Above and belowground biomass estimates for cover crops
(and weeds non-rye treatedplots) were presenteoh Table 25. Rainfalldata can be

found in Figure 2.2. Because excessively wet conditions in late 2002 and early 2003
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prevented significant growth of the rye planted at Upper Marboro, no cover crop
treatment existed at that location and it was therefore not included iniarmdl€yn,

Nmin and WSA which were all conducted on soil samples from 2003.

Soil sample collection and processing

Initial soil samples were collectexh 15 Oct. 2001, 16 Jan 2002 and 22 Jan. 2002,
at Holtwood, Keedysville, Beltsville, respeatly. Subsequent samples were taken in,
Aug. 2002, Aug. 2003, and Nov. 2003 at all sites. Soil samples were exingitted
fully enclosed soil prob&MC zero contaminatioprobes, Clements Associates, Inc.,
Newton, IA)to a depth of 7.5 cm. This salimg depth was chosen because studies have
shown that most of the impacts of-tibfarming are seen in the shallowest sampling
depths, near the rooting zone and crop residue inputs (Dick, 1983; Blevins et al., 1985;
Dick et al., 1991; Potter et al. 1998%0ilwas sampled by taking 14 randomly located
cores fromwithin each subplot If cover crops ocash cropsvere growing, the first 7
cores were drawn from within row locations and the second 7eimeerrow
locations. Soil cores from each subpl@re pooled and sealed in plastic lined soil
sample bags. These bags were then placed under ice packs in a cooler and transported to
a refrigerated storage facilityBefore being stored the fresh weight of each sample was
recorded to the nearest 1 §anples were stored in this facility at 5U@til processed.
Processing took place within a month of sample collection.

Forall soil samples except the Nov. 2003 samplasal soil processg involved
passing thenoist soil hrough a 4 mm sieviey gertly crumbling moist soibnd shaking

thesieveuntil all soil passed through the me#daving only coarseock ormineral
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fragments on top of the mesBoil thus sievedvas then placed on a 2 mm sieve. This
sieve was gently shaken with a circular maotidior each soil sample, < 2 mm aggregates
that passed through the sieve were spread out on a labeled paper plate and allowed to air
dry for a period of 3 to 5 days. When completely air, dach sample was bagged in a
plastic lined paper soil sample bagd stored at room temperature (approximatetCp4
until lab analyses were performed.

Soil from theNov. 2003samplingdatewas usedor analysisof WSA by a
procedure requing 1-4mm aggregates arlereforeinitial processing for these samples
wassdlightly different. After passing the 4 mm sig@pproximately 2/3f the soilwas
placed on a 2mm siewand sieved as described aboviéne remaining 1/3 was placed on
a 1mm sieve and sieved as described for soil passed through the 2 mm sieve. dine porti
that remained on top of the 1 mm mesimprised thd—4 mm aggregates for analysis of

WSA. The < 2mm fraction was used in all other lab analyses.

Soil analyses

Once processed, particle size analysis was performed on thesartipbsusing
a modified pipette method. Total C)Gvas analyzed on theitial sampeswith a
LECO high temperature combustion analyzer (Tabatabai and Bremner, 1991).
Mineralizable C and N, weredeterminedn Aug. 2003 samples as described below.

The WSApercentagevas assessed on Nov. 2003 saspk described below.
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I ncubation procedurefor mineralizable C and mineralizable N

Soil incubation for the simultaneous determination @ ndCpin was
performed on 10g subsamples of the <2 mawtfon of airdried soil from the Aug. 2003
sampling. These samples were moistened to 60 %-hi&drpore space and incubated
in sealed 947ml containers at 30 °C in the dark for 16 dsipgia modifiedaerobic
incubationprocedurgDrinkwater et al.1996). Each container held a small beadkitn
4.0ml 0.5V NaOH to capture C£C evolvedand20 mLdistilled waterin another beaker
to maintainl00% humidity and prevent soil dryindrour blanks that contained NaOH

and water beakers, but no soil, wergogbrepared to measure background.CO

Mineralizable C determination

At 1, 2, 4, 8, and 16 dayd incubationthe CQ trap was removed from the
incubation container. Coinciding with this trap removal was the replacement of the
incubated CQtrap wih a new trap containing a frestorhl of 0.5V NaOH. Incubated
CO, traps were treated with 4 ml of WMbBaCl, to stop further C@neutralization of
NaOH. The base traps were titrated with a solution o\ HEI and the amount of
CO,-C was determined atescribed in Anderson (1982). To determine the amount of
CQO; actually evolved from soil samples, the average amount ealisdrbed in the
blanksat 1, 2, 4, 8, and 16 days, respectivalgs subtracted from the amountG®,
absorbed irrachNaOH trapfrom containersin which soil was incubated The
cumulative Gy, after2 days (Giin-2q) Was determined to be a good representation of

active pool SOMbased on Franzluebbers et al. (2000)
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Mineralizable N deter mination
To determine mineralized N, boiihcubated16 day$ andnon4incubated soil was

extractedwvith 20 ml 0..M K,SO, and ritrate-N determined by a modéd salicylic acid
method (Cataldo et a] 1975). AmmoniurN in thesesoil extracts was determined an
Orion model 940on analyzer (OriofiResearch Inc., Beverly, MA)y ammoniaspecific
electrodgVWR Scientific Products, West Chester, Pafter addinglL. ml of M NaOH
to 10 ml of soil extracto raise the pH above 1Baston, 1976 Nitrate-Nmin (NOs-Nmin)
in soil extracts was calculated:a

NO3-Nmin (ppm) = NOs-Nis (ppm) — NOz-Nns (ppm)
where NQ-N;s (ppm) 8 NOs-N extractedrom incubated soils and NNns (ppm) is
NO3-N extractedrom nonincubatedair-dry soils. AmmoniunmtNmin (NH4-Nmin ) in soil
extractswas calculated as

NH4-Nmin (ppm) = NH4-Nis (ppm)— NH4-Nns (ppm)
whereNH4-Nis (ppm)is NH4-N extractedrom incubated soils and NHNns (ppm)is

NH4-N extractedrom nonincubated soils.Soil Ny, was calculated as:

i} . _ y o 20mlK.80, )
Nai{ppm) = (NO; N3, (ppm) + NH N, ;, (ppm) ) * | i

7 Widc J

where Wy is the calculated oven dry mass of soil used. This teas calculated using
the gravimetric moisture conteftdg) of each air dried Aug. 2003 soil sample as:
W (9) = 10g air dried soil * (+6g)

Gravimetric moisture content was determined by oven drying a 5g subsample of each air

dried soil sample and calculating as:

116



Wy - Wy
fg= ———
W

where W, is the mass of air dried soil Wy is the mass of oven dried soll.

Deter mination of aggregate stability in water

The percentage of WSA was determitnedl-4 mm size aggregates fraime
Nov. 2003 samplelsy amodificationof the Kemper and Roseneau (198&thodas
described in Griver and Weil(1998). For this analysis approximately 5 g of-diy soil
was weighed (recorded to the nearest 0.01 g). This soil was placed on a sieve having
0.73 mm openings. The sieve and soil were submerged in 100 ml of distilled water in a
preweighed (x0.001 g) 500 ml plastic container. This container was shaken
horizontally for 2 minutes on an orbital shaker set to 100 rpm. After shaking the sieve
was removed from the first plastic container and placed into a seconeigteed
(x0.001 g) 500ml plastic container that also held 100 ml distilled water. All of the soil
aggregates that remained on the sieve after initial shaking were forced through the sieve,
into the second container while mineral fragmeit¥3mm remained on the sieve. The
sieve was removed from the second,ad the soil in the cup wasdried 80°C. The
sieve was removed from the second cup, and the soil in the cup dried at 80°C and

reweighed (x 0.001 g). The percent WSA was calculated as:

100%(c2)
(cl+c2)

WEA%Y =
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where cl is the mass of sthlat passed through the 0.73 mm sieve and was collected in
the first cup and c2 is the mass of soil forced through the sieve and collected in the

second cup.

Estimation of soil responseto cover crop treatment

The soil functional response to covergteeatment in blocks within management
histories within each site was calculated fafNCmnin, and WSA. At each of four sites, a
field having sodnanagemerttistory(MHsog and afield havingcroppedmanagement
history (MHop) Were paired and dividedto four blocks, each bloatontainingone plot
with a rye winter cove(COVERye) and onevithout (COVER,ad. The lesponsevas
defined aghe difference between COVERplotsand COVERaeplotswithin each
block.

To assess relationships betweeth femctional response parameters and soil C
parameters across more than one site, the soil functional responses were assessed on a
relative basis by converting the response calculated as described above to a percent
change. This was done as follows:

Hirye - NXibars
Relative Response (%j=( — ) * 100
Kibars

where X.yeis the observed value for the soil function in COgRlots andXi.parelS the
observed value for the soil function in COV{Rplots.

Correlations were calculated between the response parameters and the initial soil
C measurements expressedG or Gr or the ratios of CorCsy to soll silt+clay content

(CL/Fines or CT/Fineg .
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Statistical analyses

Analyses of varianceusing a split plot model witl,, Cr, Nmin, Crin-2¢, and WSA
as dependent variablere performedThe wholeplotswerefields of contrasting MH
and sibplotswerecover crop treatmesit

The error term and degrees of freedom associated with (BLOCKS(ive$)used
to test wholeplot (field MH) effectswithin a single site To test effects of cover crop
treatment (COVER) anthe interaction COVER*MH within a sit¢he error term and
degrees of freedom used were those associated with the interaction
COVER*(BLOCKS(MH)). Inferences on effects seematindiviualsite level should
not be made beyond that site becausaahsite the replication occurs at the level of
blocks within contrasting fields. These blocks are not true replicates because the four
blocks within each MH are not statistically independent. Each block is a pair of
observations (COVER. or COVER,¢ Within the same experimental unit (a field of a
specific MH). Thus, per Hurlbert (1984hese blocks are pseudoreplicates at the
individual site level. True replication in this experiment occurs when data is analyzed
across all sites.

WhenANOVA was perfamed across all sites, each site represents a true,
independent replicatioand eal block nested within MHield represents two cover crop
treatmers (rye and no rye) within that fieldndsite. When ANOVA was performed
across all siteghe error and dgees of freedorsedfor testing wholeplot effectswere
those associated witBLOCKS(MH(SITE))). When testing subplot effects and whole
plot by subplot interactisthe error term and degreesfidedom used werthose

associated witlCOVER*(BLOCKS(MH(SITE))).

119



Analysis of variance on initial ¢ Cyrines initial C., and G/rineswere analyzed
using a split plot model similar to that described above for other soil function parameters.
Since soil sampling was performed before significant growthraoeps COVER effects
and COVER*MH interactions were not considered, however since each COVER subplot
within (BLOCKS(MH)) was sampled for{and G each subplot was left in the model as
an observation within (BLOCKS(MH)).

Of particular interest in this search is the interaction between whplets and
subplots. Significant interaction could be an indication that crops are responding
differently to COVER in fields differing in MH.

Analysis of variance on response variables across all sites was petfosing a
randomized complete block design where each SITE is also a replication and the
dependent response variable was tested against (MH(SITE)). Since specific field
management histori@gereunique to each site,was deemedost appropriate to nest
MH within SITE for these analyses. When nesting in this manner, overall response
means for MH ould not be generated, however the overall significance of (MH(SITE))
wastested across all sites. Agabecause of the pseudoreplication of (BLOCKS(MH))
atthe individual site level, conclusions drawn at the individual site level should not be
inferred beyond that site. Response variables at each individual site were tested against
MH.

Correlation analyses were used to examine relationships between soil C
parameters and solil functional response parameters. Pearson correlation coefficients are
presented. For scatterplots of two correlated variables, a Gaussian bivariate confidence

ellipse (P=0.6827) is drawn to show the nature of the relationship betneetmnot
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variables (Systat, 2002). It is centered on the sample means of the x and y variables with
the unbiased sample standard deviations of x and y determining its major axes and the
sample covariance between x and vy, its orientation.

All statistical aneyses were performed using SYSTAT version 10 (SYSTAT

2002).

RESULTSAND DISCUSSION

Total C and KMnO4 Labile Soil C

Initial Cr and G weresignificantly differem betweerMHso.qand MH,qp at all
sites Chapter 2Table2.10). The MHgyqfields had 87%, 14%, and 80% greater-Ghan
MHcop fields at Beltsville, Keedysville, and Holtwood, respectively. Theyvitelds
had 39%, 79%, and 36% greatertGan MH,, fields at Beltsville, Keedysville, and
Holtwood, respectively. These results were expect@udwereessential to testing the
hypothesis of higher soil function response in fields that test lowar.in C

Total soil C changes very slowly in response to management but changes in C
may be harbingers for change in(@Glamand Weil, 2000).Although there was a close
relationshipbetween € and G (Chapter 2Figure 2.3, no significant COVER*MH

interactions were seen for @t any site or when the data was analyzed across all sites.

Analysisof Mineralizable C, Mineralizable N, and Percent Water Stable Aggregates
For soil sampled in August, 2003 after two years of rye cover crop treatment,
cumulative Cmineralized during two days of incubation was significantly different

between fields of contrasting MH at Beltsville and Keedysville [@&80l). The amount
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of Ciin2a Was 96% and 95% greaterMHsqqfieldsthan in MH,q, fields at Beltsville and
Keedysville, respectivelyAt Holtwood, Gin-2¢ did not differ significantlybetween

fields, possiby becausdoththe MH¢qpand MHsqqfields at this site had been in 1tidl

cropsfor 10 years prior to the inception of this stuthus reducinghe effect of

management history on the soil C and microbial populations between these fields. When
analyzed across all sites the difference if.¢a between fields of contrasting MH was
statistically significant.

Tests folCOVER*MH interaction effect®n Gnin.2gShowed anighly significant
(P<0.01)interaction at Holtwood (Table 3.1). COVE&plots in theMH o, field at
Holtwood had 42% more @ineralizationthan COVERgaeplots In the sod history field
at Holtwood COVERye plotshad only3% more Cyin.2athan COVERgeplots. The
COVER*(MH(SITE)) interaction was significant (P = 0.049) when tested across all sites
(Table 3.1).

The effectof field MH on Ny, in Aug. 2003 soil samples was not significant at

any individual site nor was the overall effect of (MH(SITE)) apnNignificant.
The COVER*MH interaction effean Ny, was significant only aloltwood (Table
3.1), possibly because tifie longer period afover cropgreatmentst this site. At
Holtwood COVER plots in the MH;q, field had 30% greater W, than COVERare
plots. In the MHyqfield COVERye plots had approximately 2% lowegNthan that
observed in COVER.plots. When analyzed across all sites, the interaction
COVER*(MH(SITE)) was not significant.

The percentage of WSA was significantly higher in sod history fields at

Keedysville and Holtwood (Table 3.1). There were 234% and 42% more WSA in sod
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history fields aKeedysville and Holtwood, respectively than in cropped history fields at
these sites. The significance of differences in percent WSA at these sites is likely due in
part to the higher soil clay content at these sites (Chapter 2, Table 2.1). Interactions
between clay and SOM have been observed to play an important role in soil aggregation
dynamics (Tisdall and Oades, 1982). The effect of MH at Beltsville, while not
significant, followed the same pattern. When analyzed across all sites the overall effect
of MH on percent WSA was highly significant.

A significant COVER*MH interaction oMVSA, observed in soils from
Keedysville,resulted ina 135% greatéVSA in COVERy, plotsin the MH qp field but
only a 1.1%greater WSA in COVERe plotsin the MHsq4field The COVER*MH
interaction was not significant at Beltsville or Holtwoorthe interaction

COVER*(MH(SITE)) was not significantvhentestedacross all sites

Relationships between soil C parameters and soil functional parameters

Soil Cyin2q Wasstrongly positively related to both @nd G (Figure 3.). The
correlation of Gin2q With C_ was slightly closer (r= 0.75) than witk @=0.71). The @
relationship seems to agree with previous work by Biederbeck et al. (1994) who found
Cminto be reated to G. Franzluebbers et al. (2000) foung;&in 3 days) to be more
strongly related to labile soil parameters such as microbial biomass C thanTae€
relationship with € agrees with Weil et al. (2003) who found AMEMnNO,4 oxidizable

C to bemore closely related to microbial activity than. C
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Mineralizable N wasveaklyrelated with both €and G (Figure 3.2). The
correlation of Ny, with C_ (r =0588) wasonly dlightly closerthanthat with G- (r =
0.503. Since Nin is a producbf microbialcatabolism, thipositive relationshiglso
suggestshat 0.02MKMnQO, oxidizable Cis more closely related thar @ microbial
acitivty.

Both C. andCy were significantlyrelated to WSA (Figure 3.3)Though not as
strong, he positiverelationship between WSA and @grees with previous work by
Stine and Weil (2002) and Weil et al. (2008hofound 0.02M KMnO,oxidizable Cto
becloselyrelated to WSA. Theositiverelationship between{Gnd aggregate stability

has long been estaliisd (Tisdall and Oades, 1982; Elliott, 1986).

Soil function responsesto rye cover crop

After two winterrye cover crog there was no significant WSA response to aye
any site or when analyzed across all sites (Table 3.2). The responggtofrixe was
significant at HoltwoodwhereNmi, showed a positive response to rye in the:Mjield
but no significant response in the Mkffield (Table 3.2). One response observation in
the MHsod field at Keedysville was an outlier (Studentized residda#8®) in the
analysis of Nin. When this observation was removed from the analysis the overall effect
of (MH(SITE)) on response was significant (P = 0.008) Holtwood, Gyin-2q response
to ryewas significantlygreaterin the MH, field wherethe regponseto ryewas 11 fold
greater than the responsehe MH,q4field (Table 3.2). The Cmid response to rye

was significant across all sites due to the highly significant effect seen at Holtwood.
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When Holtwood was removed from the overall analythes Gin-2q responseo rye was

not significant.

Relationships between soil functional responses and soil C parameters

When analyzed across all siteslative WSA response to rye was significantly
and negatively correlated with initial C parametery drthey were normalized for
texture (Qrinesand Gyrines (Table 33). If the sandy site (Beltsville) was removed, the
correlation of WSA response with C parameters was significant and little affected
whether or not the C was normalizing for soien(data not shown). At individual sites,
WSA response to rye was significantly and negatively related am@ G at
Keedysville (Table 3.3), meaning that rye had a greater effect on WSA wher€intial
and G were relatively low.

Relative Ny, response to rye was significantly and negatively correlated with
both intial G and G when analyzed across all sites (Table 3.3). Analysis of individual
sites showed a significant correlation gfiNresponse with Cand G only at Holtwood
(Table 33). All correlations between ), response parameters and C parameters were
negative, meaning that rye cover cropping increasgeghhbre where Cand G were
relatively low. Normalizing for soil fines actually reduced the correlations, so that N
wasmore not significantly correlated with fGnes Or With Grrines ~ This suggests that
part of the correlation between initial C parameters apglidla function of soil texture
effects on initial C.

No significant relationships were observed betwedative Gi...q response and

CL, Cr, Curines Or Grrineswhenanalyzed across all sites (Table 3.3). For analyses at
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individual sites, only at Holtwood was the,f»q4 response to rye was significantly
correlated with Cand G (Table 3.3)and the caelation was negatively.
Whether analyzed across all sites or at individual sites, the strength of soill
response parameter correlations witho€ G rines Was similar to the strength of
correlations with @ or Gyrinesfespectively. Cover crop treatnis at Holtwood had been
in place since 1998, so the large positive responses to rye at this site were the result of the
cumulative effects of four more years of cover crop treatments compared to two years at

the other sites.

CONCLUSIONS

This studybuilds on previous work by Weil et al. (2003) in relating@other
soil parameters indicative of a biologically active pool of SOM. Labile soil C was
postively related to Gin-24, Nmin, and WSA. The Crelationships with Gin-24, @d Nyin
wereslightly strongerthanthosewith C;. The G relationship with WSA was slightly
weaker than that withalthough the difference is so small that it may be difficult to
determine which soil C parameter is a better predictor of WSA.

In predcting soil functional responses to rye cover cr@psparameters were
generally comparable tor@arameters when significant relationships were seen. The
results of this study do not show any soil C parameter that is clearly a better predictor
than the thers. Where significant response relationships were observed with soil C
parameters greater responses coincided with lower levels of soil C parameters. Greater
significant soil functional responses to rye were seen in fields whaested between

9.4g kg* and 16.8 g kg and G tested between 374 mg'kgnd 573 mg kg. In fields
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where G tested between 17.5 gkgnd 30.3 g kg and G tested between 521 mgkg

and 778 mg K{ the positive response to rye cover crop treatment was Téssse rsults
support the conclusion that soils having lower SOC content benefited more from rye
cover crops than soils that tested high in SOC content. Given these results, the results of
Chapter 2, and the fact that no figlchctical test for €has been deveped, the Weil et

al. (2003) KMnQ method for assessing Ghows significant promise as an SOC test to

be included in a field testing kit for assessing soil quality, such as that currently offered

by the NRCS.
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FIGURESAND TABLES

Table 3.1. Sitewise mean values fofGg, Nmin, @nd percent water stable aggregates in fieldentrasting management history and in cover crop
treatment levels within these fields. The overall effects (across all sites) of field management history (FMH) nested within site and interaction between
cover crop treatment and field management histested within site are also presented.

Field Management History Cover croptreatmentwithin Field Management History
Cropped Sod
Site Cropped Sod Rye No Rye Rye No Rye
Cumulative C mineralized after 2 days of incubation
mg kg*
Beltsville 74.41 * 146.12 77.54 71.28 154.87 137.38
Keedysville 207.11 ¥ 404.87 228.83 185.39 441.55 368.18
Holtwood 295.92 275.79 346.93 244,91 t 280.27 271.31
Overall effect$ MH within site Interaction
* k% -I-
Mineralizable N
mg kg*
Beltsville 33.32 30.53 42.43 24.21 31.85 29.20
Keedysville 85.48 94.26 105.17 65.79 104.35 84.18
Holtwood 159.10 148.76 179.69 138.50 T 147.34 150.18
Overall effects MH within site Interaction
NS® NS®

Water Stale Aggregates
%

Beltsville 66.14 80.90 66.13 66.16 82.80 79.01
Keedysville 25.74 *x 86.00 36.11 15.36 T 86.49 85.50
Holtwood 54.02 ** 76.60 59.56 48.50 85.34 67.85
Overall effectd MH within site Interaction

* kK Ns§

* *x *xx Eor site means: Indicates means different at P < 0.05, P < 0.01, and P < 0.001, respectively. For overalldifi@iets significance of
effect atP < 0.05, P < 0.01, and P < 0.001, respectively.

t For site means: Indicates significant interaction between cover crop treatment and FMH at P < 0.05. For overall effects indicates significant
interactionbetween covecrop treatments and FMH when tested across all sites.

¥ Overall effects oMH(SITE) tested across all sites athe interactionCOVER*(MH(SITE)) tested across all site®verallsignificance can be tested
butindividual means can not be generated duseied nature of variables.

8§ NS: Not Significant.
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Table 3.2. Mean soil function responses (COYERCOVER,ad to cover crop treatment within fields of contrasting
management history at three research sites.

Field Management History  Field Managemet History Field Management History
Site Cropped Sod Cropped Sod Cropped Sod
Chin-24 Response Nmin Response WSA Response
———mg kg* mg kg* %

Beltsville 6.26 17.50 18.23 2.66 -0.03 3.78
Keedysville 43.44 73.37 39.38 20.18 20.74 1.00
Holtwood 102.02  ** 8.96 41.19 * -2.84 11.07 17.49
Overall effect of * # 8 NS'

MH within site'

* Means significantly different at P < 0.05.

8 Outlier (Sudentized residual = 2.80) was removed from data. Effect is not significant when the outlier is included.

T Overall significance of the effect of (MH(SITEQh crop response tested across all sites (* Significant effect at P < 0.05).
T NS: No statigcally significant effect.
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Figure 3.1. The relationships between C mineralized in 2 days (fCand (A) total soil C, €and (B) labile soil C, C Data

are for soil sampled at three research sites after two years of rye coveeatoeiits. The Gusan bivariateconfidence

ellipse has P=0.6278 and *** indicates correlation is significant at P < 0.001.
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Figure 3.2. The relationships between mineralizable N.JMdnd (A) total soil C, €and (B) labile soil C, C Data ardor
soil sampled at three research sites after two years of rye cover crop treatments. $ihe Givagateconfidenceellipse has
P=0.6278 and *** indicates correlation is significant at P < 0.001.
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Figure 3.3. The relationships between peteeater stable soil aggregates (WSA) and (A) total soil:Grd (B) labile soil C,
C.. Data are for soil sampled at three research sites after two years of rye cover crop treatmentssiéineb{vaaate
confidenceellipse has P=0.6278 and *** indites correlation is significant at P < 0.001.
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Table 3.3. Correlations between soil functional responses to rye cover crops and soil C parameters across
all sites, and within individual sites. In analyses across all sites, the responsesteiasiare for relative responses (see
Materials and Methods). At individual sites the response was related directly to measured soil C parameters.

Soil C Parameter Cmin-2d response Nmin response WSA response

Correlation coefficient (r)

All Sites'
CL -0.143 -0.612** -0.308
ClFines -0.038 -0.132 -0.521**
Cr -0.162 -0.613* -0.249
CrEines -0.057 -0.353 -0.533**
Beltsville
C. 0.252 -0.533 0.190
Cr 0.292 -0.469 -0.001
Keedysville
C.t 0.212 -0.415 -0.831*
Cr 0.268 -0.383 -0.840**
Heltwood
C. -0.803* -0.826* 0.093
Cr -0.869** -0.729* 0.268

*, k% Correlation is significant at P < 0.05 and P < 0.01, P < 0.001 respectively.
T Relative responses were related to soil C parameters across all sites and across Piedmont sites.
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CHAPTER FOUR

Effectsof rye cover cropson soil quality indicatorsand crop productivity.

INTRODUCTION

Winter cover crops are grown when seasonal limitations prohibit production of
commercial crops. The primary reason for planting cover crops has long been the
prevention of erosion by cover crop interception of rainfall before it cantdstalc
particles (Reeves, 1994). Cover crops also reduce nutrient pollution by minimizing
sediment runoff and by scavenging highly mobile residual M@en fields would
normally be in fallow and subject to leaching (Lal, 1997; Staver and Brinsfield).1998

From a soil quality perspective, cover crops can be used to increase cropping
intensity in agricultural systems thus leaving more plant residues on the soil surface and
ultimately increasing soil organic carbon (SOC) levels (Dick and Gidg®004). High
biomass winter cover crops, such as winter 8gedle cereal L.) and annual ryegrass
(Lolium multiflorum Lam.) provide substantial C inputs to soil because of the abode
belowground residues they produce (Kuo et al., 1997). Kab €t997) estimated rye
dry biomass to be 4.4 Mg iaboveground and 5 Mg h@elowground to a depth of 20
cm when the crop was killed at Feekes growth stage 8 (Large, 1954). Over 6 years Kuo
et al., (1997) saw a small, but detectable, increasel(0.§ kg*) in total SOC on plots
where winter rye was incorporated with rototillers. In aysar study, Wagger et al.

(1998) also observed increased total SOC associated with winter rye cover crops in the

temperate humid region of Washington. Sainjalef2000) researched conventionally

137



tilled soils that had high C mineralization rates and found rye cover crop use helped
maintain total SOC levels.

While the importance of aboveground biomass has been discussed in the literature
(Kuo et al., 1997Dabney et al., 2001) root derived C is increasingly becoming
recognized as a major source of the positive SOC building effects of high residue cover
crops (Gale and Cambardella, 2000; Puget and Drinkwater, 2001). Aside from Kuo et al.
(1997), discussedbave, very little information is available on belground biomass of
cover crops. Using a minirhizotron to enable root counts fr& dm, Sainju et al.
(1998) found rye to have higher root densities than hairy wawh(villosa Roth.), and
crimson cobver (Trifoliumincarnatum L.). This root biomass is particularly important in
no-ill systems where C mineralization takes place at a slower rate allowing more root
derived SOC to be protected (Gale and Cambardella, 2000). Puget and Drinkwater
(2001) tacked">C labeled hairy vetch roots and found that after one growing season
nearly 50% of the root derived C (compared to 13% of shoot derived C) was still present
in the soil. They observed that much of the root derived C was associated with the POM
fraction.

The positive influence of rye or other cereal winter cover crops has been observed
in microbial biomass C (Hu et al., 1997; Mendes et al., 1999; Ndiaye et al., 2000),
mineralizable C (Mendes et al., 1999; Sainju et al., 2000), mineralizable Ni¢lslen
al., 1999), particulate organic matter (Hu et al., 1997), soil enzymes (Ndiaye et al., 2000)
and aggregate stability (Hermawan and Bomke, 1997; Gruver, 1999).

The use of cover crops to enhance soil productivity has recently been regaining

acceptane (Hu et al., 1997), but this concept is not new. Odland and Knoblauch (1938)
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observed increased yields in both caZea(mays L.) stover and grain when fields were
treated with rye or leguminous cover crops. Studies reporting yield effects in crops
grown after winter cover crops generally deal with N inputs from leguminous cover crops
(Odland and Knoblauch, 1938; Smith et al., 1987; Blevins et al., 1990; Sainju et al.,
2000; N'Dayegamiye and Tran, 2001; Sainju et al., 2001; others). Cash crop getd eff
related to C inputs from cover crops are scarcely covered in the available literature.
Current information on effects of rye cover crops on yields of subsequent cash crops is
inconclusive. Odland and Knoblauch (1938) attributed yield increasesréased water
holding capacity in rye treated fields. Kabir and Koide (2002) attributed higher yields of
sweet corn on rye treated plots (compared to winter fallow) to enhanced P uptake in corn
as a result of increased mycorrhizal activity. Bauer amskséher (1996) compared
cotton production in rye treated fields to that in fields left fallow and observed higher
cotton lint yields following rye. McCracken et al. (1989) did not see significant yield
effects in crops that followed rye. Eckert (1988)ared that rye mulch on fields
reduced crop yields by inhibiting crop emergence. Yield reductions due to possible
allelopathic effects of rye have also been reported (Raimbault et al., 1990; Kessavalou
and Walters, 1997).

The objetive of this study was to determine the effects of one or more years of
winter rye cover crop on summer crop productivity and soil quality indicators including
C mineralized in two days (Gn-2q), mineralizable N (Nin), percent water stable soil

aggregtes (WSA), KMnQ labile soil C (¢), and total soil C (©.
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MATERIALSAND METHODS

This study utilized the four research sites described in the Materials and Methods
section in Chapter 2 of this thesis. Full descriptions of experiment layout andngroppi
practices and cover crop and cash crop harvest methods are given in Chapter 2. Rye root
and shoot biomass data is give in Chapter 2, Table 2.5. In this study, two cover crop
treatments (rye cover crop or no cover crop) were compared in eight fpdragnts.

Soil collection and processing procedures are given in the Materials and Methods
sections of Chapter 2 and Chapter 3. Initial samples were taken in Oct. 2001 at Holtwood
and in Jan. 2002 at Keedysville, Upper Marlboro, and Beltsville. Substespraples
were taken in Aug. 2002, Aug. 2003, and Nov. 2003 at all sites. In spring 2003 the rye
cover crop treatments at Upper Marlboro failed (Chapter 2, Figure 2.2). As a result
Upper Marlboro data was excluded from all analyses conducted on sbitsoqs
collected in 2003. Total soil C was analyzed on the initial soil samples and the samples
from Nov. 2003. Labile soil C was analyzed on initial soil samples and on the samples
taken in Aug. 2002 and Aug. 2003. Initiat @d G values are givemiChapter 2, Table
2.10. Mineralizable C (in 2 days) ang,N(after 16 days of aerobic incubation) were
analyzed on the samples taken in Aug. 2003. Percent water stable aggregates were
analyzed in the Nov. 2003 samples. Methods foa®@l G are givenn the Materials
and Methods section in Chapter 2. Methods fgk-£s, Nmin and WSA are discussed in
the Materials and Methods section of Chapter 3.

At each of eight field sites, the experimental design was a Randomized Complete
Block replicated far times (see Chapter 2, Figure 2.1 for a typical plot layouts for two of

these experiments). For each experiment the ANOVA model used was:
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D.V. = COVER + BLOCK

where D.V. is the dependent variable being analyzed (eg. stover, grain, biomass, WSA,
etc), COVER is the cover crop treatment and BLOCK represents the blocks within each
experiment.For evaluating the overall mean effects across all experiments, the ANOVA
model used was:

D.V. = EXPERIMENT + COVER + BLOCK(EXPERIMENT)
where D.V. is the dependevariable being analyzed (eg. stover, grain, biomass, WSA,
etc.), EXPERIMENT represents variability due to different individual experiments,
COVER is the cover crop treatment and BLOCK(EXPERIMENT) represents the blocks
nested within each experimergidistics for this study were conducted using SYSTAT

version 10 (SYSTAT Software Inc., Point Richmond, CA).

RESULTSAND DISCUSSION

By ANOVA on the 2002 cash crop yields, it was observed that in two out of six
experiments with one year of cover griveatment, corn stover was greater in plots
treated with rye (COVER) than in plots left bare over winter (COVER (Table 4.1).
The same experiments also had significantly greater total biomass in GRWIEER
(Table 4.1). There were no sigedint differences in grain yields between COVERNd
COVER,aeplots observed in any of the six experiments.

Experiments 7 and 8 had received COVER since 1998. In 2002 these
experiments produced soybea@syCine max M.). There were no significantfterences

due to rye observed in grain, stover, or biomass in these experiments (Table 4.1).
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In 2003, ANOVASs for the six individual experiments where cover crop treatments
were successfully applied, showed significant and positive COVER effect on soybean
stover, grain and total biomass only in experiment 3 (Table 4.2). Experiment 7 had
greater corn stover and total biomass in COV&ERots over COVER.e plots (Table
4.2). No other significant effects were seen in individual experiments.

Soil C paraneters for individual experiments are given in Table 4.3. There were
no significant differences seen in Aug. 2002&tter at least one year of COVER.
Experiment 7, which had received COVER for five years, showed significantly greater
C. (in Aug. 2003 sih samples) in COVERe plots. In experiments 3 and 7mit2q (Aug.
2003 samples) was significantly greater in CO\WERots compared to COVERe.
plots.

ANOVA of Nmin (Aug. 2003 samples) in individual experiments revealed
significantly greater Nin in COVERye plots in three out of six experiments (Table 4.4).
WSA was significantly greater in COVERIn experiment 3.

Analysis of overall effects of one year of COVER on 2002 corn yields across
experiments + 6 showed significantly greater corn stogad total biomass in
COVERye plots (Table 4.5). Analysis of the overall effects of COVER on soybean
yields in 2002 in experiments 7 and 8 along with the soybean yields in 2003 in
experiments + 4 showed that after two or more years of cover cromeat soybean
stover, grain and biomass was significantly higher in COy&#ots (Table 4.5).

The effect of COVER on Cmeasured in Aug. 2002 was not significant when
analyzed across all experiments. After at least two years of COVER there was

significantly greater C(Aug. 2003 samples),rn-2d, Nmin, and WSA in COVERe plots
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when analyzed across experiments 1, 2, 3, 4, 7 and 8 (Table 4.5). Analysis of the overall
effect of COVER on €in Nov. 2003 samples across these same experiments did not
reveal any significant differences.

It is of note that after at least two years of COVER Gin-2d, Nmin, and WSA all
show significant differences in the overall effects of COVER, whilddgs not. The
parameters that show sensitivity to COVER arasdlociated with the active pool of soil
organic matter (SOM). This supports the concept that measurements representative of
the active pool are more sensitive to soil management practices than the more recalcitrant
materials comprising {(Biederbeck etla 1994; Gregorich et al., 1994; Magdoff, 1996;
Islam and Weil, 2000; Weil and Magdoff, 2004; others).

The improved crop productivity may be a result partly from higher levels.af N
in rye treated plots. In addition the greater overall WSA in ryeetigalots, combined
with the decaying rye mulch that is left on the soil surface, may enhance soil water

holding capabilities in rye treated plots which could affect crop yields.

CONCLUSIONS
This study has shown that crop productivity and soil quaéty be positively
impacted in ndill systems through the use of rye as a winter cover icrtipe Mid
Atlantic region of the eastern U.S. Effects on crop productivity were greater in stover
and total biomass rather than grain, which is more subje@rsi¢nt environmental
stressors. Across eight field experiments, soil quality indicator properties related to the
active pool of SOM, including & Cnin-2¢, Nmin, and WSA, were enhanced by the rye

cover crop. The effects were more pronounced after rharedne year of cover crop
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treatment. This is in agreement with previous research that suggests that rye cover crops

can increase soil C parameters, improve soil structure, and enhance crop productivity.
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FIGURESAND TABLES

Table 4.1. The effects of at least one year of winter cover crop treatments iexpighimerns on cash crop stover, grain and total biomass production
in 2002.

Cover Crop Treatent

No Rye Rye No Rye Rye No Rye Rye
Experiment  Site Stover Grain Total Biomass
kg ha' kg ha' kg ha'

1 Beltsville 4858.7 5105.3 6179.0 6709.2 10764.7 11814.5
2 Beltsville 6529.6 5737.7 5006.2 7510.9 11535.8 13248.6
3 Keedysville 4879.6 o 8423.7 8630.1 8853.4 13509.7 * 17277.1
4 Keedysville 6262.6 8044.6 7151.1 7660.9 13413.7 15705.4
5 Upper Marlboro 5887.8 6763.9 5525.9 5439.9 11413.7 12203.8
6 Upper Marlboro 4704.1 * 7343.6 4454.0 4028.2 9158.1 * 11371.8
7” Holtwood 8878.1 10188.3 3922.8 4675.7 12800.9 14864.0
gt Holtwood 7265.2 7868.3 3113.4 3273.2 10378.6 11141.5

* *x. Adjacent means are significantlyfferent at P < 0.05 and P < 0.01, respectively.
t: Soybeans were producedexperimeng 7 and 8 while corn was produced in all otlvgverimers in 2002.
¥: The cover crop treatments on thegperimensg had been in place since 1998. All ottgperimets had one year of treatment.
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Table 4.2. The effects of two or more years of winter cover crop treatments iexgghimeng on cash crop stover, grain and total biomass production

in 2003.
€over Crop Treatment
No Rye Rye No Rye Rye No Rye Rye

Experiment  Site Stover Grain Biomass

kg ha' —— kg ha —— kg ha'
1 Beltsville 2965.3 3897.9 1613.0 2080.1 4578.4 5978.0
2 Beltsville 4918.5 4791.3 2809.5 2635.8 7728.0 7427.1
3 Keedysville 4511.6 * 5770.9 2804.7 * 3555.1 7316.2 *x 9326.0
4 Keedysville 3114.2 3453.9 1965.3 2109.5 5079.6 5563.4
7t Holtwood 5049.5 * 6284.2 9314.4 10716.5 14408.9 * 17000.7
8% Holtwood 5410.7 4956.7 9132.6 9606.7 14543.3 14563.4

* *x. Adjacent means are significantly different at P < 0.05 and P < 0.01, respgctive

t: Corn wasproduced irexperimeng 7 and 8 whilessoybeans werproduced in all othezxperimerg in 2003
¥: The cover crop treatments on these experiments had been in place since 1998. All other experiments had two years of treatment.
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Table 4.3. The effects winter cover crop treatments in eight experiments on soil C parameters.

Cover Crop Treatment

No Rye Rye No Rye Rye No Rye Rye No Rye Rye
Experiment Site Aug 2002C, Aug 208 C f Chint Cit
———mg kg mg kg mg kg g kg
1 Beltsville 536.8 542.2 394.8 457.7 71.28 77.54 9.42 10.01
2 Beltsville 700.4 741.7 641.1 617.7 137.38 1%4.87 16.17 16.15
3 Keedysville 437.6 452.0 443.0 509.6 185.39 ~* 228.83 12.83 15.69
4 Keedysville 878.4 822.6 754.3 775.8 368.18 441.55 22.57 22.02
5 Upper Marlboro 357.1 367.9 N/A N/A N/A N/A N/A N/A
6 Upper Marlboro 748.9 757.9 N/A N/A N/A N/A N/A N/A
78 Holtwood 658.9 711.1 675.1 * 7704 24491 ** 346.93 19.00 20.50
88 Holtwood 793.8 829.8 837.0 838.8 271.31 280.27 27.39 30.00

* **. Adjacent means are significantly different at P < 0.05 and P < @e@pgectively.
t: One (Experiments-6) or more (Experiments 7 & 8) winter cover crop treatments.
¥: Two (Experiments -B) or more (Experiments 7 & 8) winter cover crop treatments.

8: The cover crop treatments on these experiments had been in place SBic€b9er crop treatments in all other experiments were initiated in

autumn 2001.
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Table 4.4. The effects winter cover crop treatments in six experiments on mineralizable N and percent water stable aggregates.

Cover CropTreatment

No Rye Rye No Rye Rye

Experim Site Nmin WSA

ent

mg kg'———— %

1 Beltsville 24.21 * 42.37 66.16 66.13
2 Beltsville 29.20 31.85 79.01 82.76
3 Keedysville 65.79 * 105.17 15.36 * 36.11
4 Keedysville 84.18 104.35 85.50 86.50
7t Holtwood 138.50 * 179.69 48.49 59.56
8t Holtwood 150.19 147.34 97.85 85.34

*: Adjacent means are significantly different at P < 0.05.
t: Two (Experiments -4) or more Experiments 7 & 8) winter cover crop treatments.
¥: The cover crop treatments on these experiments had been in place since 1998. Cover crop treatments in all other experiments were initiated in

autumn 2001.
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Table 4.5. Effectsf one year and more than one year of winter cover crop treatments
on crop productivity and soil quality parameters averaged across six experiments

Cover Crop Treatment

Crop or Soil Parameter No Rye Rye
OneYear
Stoverr kg ha' 5474.9 i 6903.1
Graint kg ha' 6157.7 6700.4
Biomass kg ha' 11632.6  ** 13603.5
C. mgkg' 639.0 653.2
More than One Year

Stovet kg ha' 5275.5 i 5995.1
Graint kg ha' 2704.8 * 3054.9
Biomass kg ha' 7890.3 i 9050.0
C. mgkg' 624.2 i 661.7
Cmin-2a Mg kg* 213.1 i 255.0
Cr gkg* 17.90 19.06
Nmin Mg kg* 82.01 i 101.81
WSA % 60.40 i 69.40

t: Overall effects on crop parameters were tested across experin@&nthith produced corn in 2002.
t: Overall effects on crop parameters were tested across experirdenssry the soybean yields from 2003 (this table) and thigsis also included
experiments 7 and 8 which produced soybeans in 2002 (Table 4.1). Experiments 7 and 8 received the cover crop treatments since 1998.
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APPENDICES

Appendix A: Field soil profiledescriptions at Beltsville. Keedysville, Upper

Marlboro, and Holtwood. Locations in column 1 can be founditalics on layout maps

in Appendix B. As decriptions were performed prior to plot layout over a larger area
than the final plot layout, some locations are not shown. Thesepi&eswiwere taken

in alocation that was beyond the borders of the final pldtse symbol *-“ indicates

that the feature was not present. The symbol “N/A” means that description was not

attempted.
Beltsville
Description Depth Matrix Oxidized  Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)

Color Munsell Munsell (by

Color Color Feel)

A 0-5 10YR3/4  -- - Is 5 -
A 5-15 10YR3/6  -- - Is 5 -
A 1525 10YR5/4  -- - Is 5 -
A 2535 10YR6/8  -- - Is 5 -
A 3545 10YR6/8  -- - Is 5 -
A 4555 10YR6/8 Is 5 Many Rocks
A 5565 N/A N/A N/A N/A N/A N/A
A 6575 N/A N/A N/A N/A N/A N/A
A 7585 N/A N/A N/A N/A N/A N/A
A 8595 N/A N/A N/A N/A N/A N/A
Beltsville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)

Color Munsell Munsell (by

Cadlor Color Feel)

B 0-5 10YR3/4  -- - Is 5 -
B 5-15 10YR3/6  -- - Is 5 -
B 1525 10YR4/4  -- - Is 5 -
B 2535 10YR4/6  -- - Is 4 -
B 3545 10YR6/6  -- - Is 4 -
B 4555 10YR6/6  -- - Is 4 -
B 5565 10YR6/6  -- - Is 6 -
B 6575 10YR6/6  -- - Is 6 -
B 7585 10YR4/4  -- - sl 12 -
B 8595 10YR4/4  -- - sl 15 -
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Beltsville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
F 0-5 10YR3/4  -- - Is 5 -
F 5-15 10YR3/6  -- - Is 5 -
F 1525 10YR5/6  -- - Is 5 -
F 2535 10YR5/6  -- - Is 5 -
F 3545 10YR5/6  -- - Is 5 -
F 4555 7.5YR4/6 -- - scl 25 -
F 5565 7.5YR4/6 -- - scl 25 -
F 6575 7.5YR5/6 -- - Is 15 -
F 7585 7.5YRG8 -- -- s 2 Many Rocks
F 8595 N/A N/A N/A N/A N/A N/A
Beltsville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
G 0-5 10YR3/3  -- - Is 5 -
G 5-15 10YR5/3  -- - Is 5 -
G 1525 10YR6/3  -- - Is 5 -
G 2535 10YR6/3  -- - Is 5 -
G 3545 10YR6/3  -- - Is 5 Few Rocks
G 4555 10YR6/3  -- - Is 5 -
G 5565 10YR6/3 N/A N/A sl 12 WeakRedox
G 6575 10YR7/4 N/A N/A sl 12 Weak Redox
G 7585 10YR7/4 N/A N/A sl 12 Weak Redox,
Common
Rocks
G 8595 10YR7/4 N/A N/A sl 20 Strong Redox
Beltsville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zore Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
H 0-5 10YR3/3 - - Is 5 -
H 5-15 10YR5/3 - - Is 5 -
H 1525 10YR6/3  -- - Is 5 -
H 2535 10YR6/3 - - Is 5 -
H 3545 10YR6/3  -- - Is 5 Few Rocks
H 4555 10YR6/3  -- - Is 8 -
H 5565 10YR6/3 N/A N/A sl 12 Weak Redox
H 6575 10YR6/3 N/A N/A scl 25 Weak Redox
H 7585 10YR6/3 N/A N/A scl 25 Strong Redox
H 8595 10YR8/2 N/A N/A cl 30 Strong Redox
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Beltsville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
I 0-5 10YR3/3 - - Is 5 -
I 5-15 10YR5/3 - - Is 5 -
I 1525 10YR6B  -- - Is 5 -
I 2535 10YR6/8  -- - Is 5 -
I 3545 10YR6/8  -- - Is 5 -
I 4555 10YR6/8  -- - Is 5 -
I 5565 10YR6/8 N/A N/A Is 8 Weak Redox
I 6575 10YR68B N/A N/A Is 5 Weak Redox
I 7585 10YR68B  N/A N/A Is 5 Weak Redox
I 8595 10YR8/2 N/A N/A S 2 Strong Redox
Beltsville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
J 0-5 10YR3/3 - - Is 5 -
J 5-15 10YR5/3 - - Is 5 -
J 1525 10YR7/6  -- - Is 5 -
J 2535 10YR7/6 - - Is 5 Common
Rocks
J 3545 10YR7/6  -- - Is 5 Common
Rocks
J 4555 10YR7/6  -- -- Is 5 Common
Rocks
J 5565 10YR7/6 -- -- Is 5 Common
Rocks
J 6575 10YR7/6 -- - Is 5 -
J 7585 10YR7/6 -- - Is 5 -
J 8595 10YR5/8 -- -- sl 12 -
Beltsville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsll Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
K 0-5 10YR3/3 - - Is 5 -
K 5-15 10YR5/3 - - Is 5 -
K 1525 10YR5/6  -- - Is 5 -
K 2535 10YR6/8  -- - Is 5 -
K 3545 10YR6/8 -- - Is 5 -
K 4555 10YR6/8  -- - Is 5 -
K 5565 10YR6/8 -- - Is 5 -
K 6575 10YR6/8 -- - Is 5 -
K 7585 10YR6/8 N/A N/A sl 12 Weak Redox
K 8595 10YR6/8 N/A N/A sl 18 Weak Redox
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Beltsville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
L 0-5 10YR3/3 - - Is 5 -
L 5-15 10YR5/3 - - Is 5 -
L 1525 10YR5/6  -- - Is 5 -
L 2535 10YR6/8  -- - Is 5 -
L 3545 10YR6/8  -- - Is 5 -
L 4555 10YR6/8  -- - Is 5 -
L 5565 10YR6/8  -- - Is 5 -
L 6575 10YR6/8 -- - Is 5 -
L 7585 10YR6/8 N/A N/A sl 12 Weak Redox
L 8595 10YR5/8 N/A N/A Is 5 Weak Redox,
Few Rocks
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
A 0-5 7.5YR4/6  -- - sil 12 -
A 5-15 7.5YR4/6 -- - sil 12 -
A 1525 7.5YR5/8 - - sil 15 -
A 2535 7.5YR5/8 - - sil 15 -
A 3545 75YR5/8 -- - sil 25 -
A 4555 7.5YR5/8 - 7.5YR8/6 sicl 40 Weak Redox
A 5565 7.5YR5/8 -- 7.5YR8/6 sicl 40 Weak Redox
A 6575 7.5YR5/8 - 7.5YR8/6 sicl 40 Weak Redox
A 7585 7.5YR5/8 - 7.5YR8/6 sicl 30 Weak Redox
A 8595 7.5YR5/8 -- 7.5YR8/6 sicl 30 Weak Redox
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
B 0-5 7.5YR4/6 - - sil 12 -
B 5-15 7.5YR4/6 -- - sil 12 -
B 1525 7.5YR5/8 - - sil 22 -
B 2535 7.5YR5/8 - - sil 20 -
B 3545 7.5YR5/8 - -- sicl 35 Many Rocks
B 4555 N/A N/A N/A N/A N/A N/A
B 5565 N/A N/A N/A N/A N/A N/A
B 6575 N/A N/A N/A N/A N/A N/A
B 7585 N/A N/A N/A N/A N/A N/A
B 8595 N/A N/A N/A N/A N/A N/A
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Keedysville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
C 0-5 7.5YR4/6 - - sil 12 -
C 5-15 7.5YR4/6 -- - sil 12 -
C 1525 7.5YR4/6 - - sil 12 -
cC 2535 7.5YR5/8 - - sil 12 -
C 3545 7.5YR5/8 -- - sil 12 -
C 4555 7.5YR5/8 - - sil 12 -
C 5565 7.5YR5/6 -- - sil 12 -
C 6575 7.5YR5/6 - 7.5YR8/6 sil 12 Weak Redox
C 7585 7.5YR5/6 - 7.5YR8/6 sil 12 Weak Redox
C 8595 7.5YR5/6 -- 7.5YR8/6 sil 25 Weak Redox
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
D 0-5 7.5YR4/6 - - sil 12 -
D 5-15 7.5YR4/6 -- - sil 12 -
D 1525 7.5YR4/6 - - sil 12 -
D 2535 7.5YR4/6 - - sil 12 -
D 3545 7.5YR4/6 - - sil 10 -
D 4555 7.5YR5/8 - 7.5YR8/6 sil 15 Weak Redox
D 5565 7.5YR5/8 -- 7.5YR8/6 sicl 35 Weak Redox
D 6575 75YR5/8 - 7.5YR8/6 sicl 40 Weak Redox
D 7585 7.5YR5/8 - 7.5YR8/6 sil 25 Weak Redox
D 8595 7.5YR5/8 -- 7.5YR8/6 sil 25 Weak Redox
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Cadlor Feel)
E 0-5 7.5YR4/6 - - sil 12 -
E 5-15 7.5YR4/6 -- - sil 12 -
E 1525 7.5YR5/8 -- - sil 15 -
E 2535 7.5YR5/8 - - sicl 30 -
E 3545 7.5YR5/8 -- - sicl 40 -
E 4555 7.5YR5/8 - - sicl 40 -
E 5565 7.5YR5/8 -- 7.5YR7/8 sicl 40 Weak Redox
E 6575 7.5YR5/8 -- 7.5YR7/8 sicl 40 Weak Redox
E 7585 7.5YR5/8 -- 7.5YR7/8 sicl 40 Strong Redox
E 8595 7.5YR5/8 -- 7.5YR7/8 sicl 40 Strong Redox
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Keedysville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
F 0-5 7.5YR4/6 - - sil 12 -
F 5-15 7.5YR5/6 -- - sil 12 -
F 1525 7.5YR5/6 -- - sil 15 -
F 2535 7.5YR5/6 -- -- sicl 30 Many Rocks
F 3545 N/A N/A N/A N/A N/A N/A
F 4555 N/A N/A N/A N/A N/A N/A
F 5565 N/A N/A N/A N/A N/A N/A
F 6575 N/A N/A N/A N/A N/A N/A
F 7585 N/A N/A N/A N/A N/A N/A
F 8595 N/A N/A N/A N/A N/A N/A
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
G 0-5 7.5YR3/4 - - sil 12 -
G 5-15 7.5YR3/4 -- - sil 12 -
G 1525 7.5YR5/8 -- - sicl 35 -
G 2535 7.5YR5/8 - 7.5YR8b  sicl 35 Weak Redox
G 3545 7.5YR5/8 - 7.5YR8/6 sicl 35 Weak Redox
G 4555 7.5YR5/8 - 7.5YR8/6 sicl 35 Weak Redox
G 5565 7.5YR5/8 - 7.5YR8/6 sicl 35 Weak Redox
G 6575 7.5YR5/8 -- 7.5YR8/6 sicl 21 Weak Redox
G 7585 7.5YR5/8 -- 7.5YR8/6 sil 18 Weak Redox
G 8595 7.5YR5/8 -- 7.5YR8/6 sil 18 Weak Redox
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
H 0-5 7.5YR3/4 - - sil 12 -
H 5-15 7.5YR3/4 -- - sil 12 -
H 1525 7.5YR4/6 - - sil 15 -
H 2535 7.5YR6/8  -- - sil 18 -
H 3545 7.5YR6/8 - - sicl 21 -
H 4555 7.5YR6/8 - - sicl 27 -
H 5565 7.5YR5/8 - 7.5YR8/6 sicl 30 Weak Redox
H 6575 7.5YR5/8 -- 7.5YR86 sicl 35 Weak Redox
H 7585 7.5YR6/8 - 7.5YR8/6 sicl 35 Weak Redox
H 8595 7.5YR6/8 -- 7.5YR8/6 sicl 25 Weak Redox
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Keedysville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
I 0-5 7.5YR3/4 - - sil 12 -
I 5-15 7.5YR3/4 -- - sil 12 -
I 1525 7.5YR4/6 - - sil 12 -
I 2535 7.5YR4/6 - - sil 12 -
I 3545 7.5YR4/6 - - sil 12 -
I 4555 7.5YR4/6 - - sil 12 -
I 5565 7.5YR4/6 - - sil 12 -
I 6575 7.5YR5/6 -- - sil 12 -
I 7585 N/A N/A N/A N/A N/A N/A
I 8595 N/A N/A N/A N/A N/A N/A
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
J 0-5 7.5YR3/4 - - sil 12 -
J 5-15 7.5YR3/4 -- - sil 12 -
J 1525 7.5YR4/6 - - sil 12 -
J 2535 7.5YR6/8  -- 7.5YR8/6 sicl 30 Weak Redox
J 3545 7.5YR5/6 -- 7.5YR8/6 sil 18 Weak Redox
J 4555 7.5YR6/8  -- 7.5YR8/6 sicl 28 Weak Redox
J 5565 7.5YR6/8 -- 7.5YR8/6 sicl 28 Weak Redox
J 6575 7.5YR6/8 -- 7.5YR8/6 sicl 28 Weak Redox
J 7585 7.5YR6/6 - 7.5YR8/6 sil 18 Weak Redox
J 8595 7.5YR6/6 -- 7.5YR8/6 sil 18 Weak Redox
Keedysville
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Locaton (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
K 0-5 7.5YR3/4 - - sil 12 -
K 5-15 7.5YR3/4 -- - sil 12 -
K 1525 7.5YR4/6 - - sil 15 -
K 2535 7.5YR5/6 - - sil 15 -
K 3545 7.5YR5/6 -- - sil 15 -
K 4555 7.5YR5/6 - - sil 18 -
K 5565 7.5YR6/8 -- - sil 18 -
K 6575 7.5YR5/8 - 7.5YR8/6 sil 18 Weak Redox
K 7585 7.5YR5/8 - 7.5YR8/6 sil 15 Weak Redox
K 8595 7.5YR5/8 -- 7.5YR8/6 sicl 22 Weak Redox
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Keedysville

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)

Color Munsell Munsell (by

Color Color Feel)

L 0-5 7.5YR3/4 - - sil 12 -
L 5-15 7.5YR3/4 -- - sil 12 -
L 1525 7.5YR4/6 -- - sil 15 -
L 2535 7.5YR4/6 - - sil 15 -
L 3545 7.5YR4/6 -- - sil 15 -
L 4555 7.5YR4/6 - - sil 15 -
L 5565 7.5YR6/8 -- - sil 15 -
L 6575 7.5YR6/8 -- - sil 15 -
L 7585 7.5YR6/8 -- 7.5YR8/6 sil 20 Weak Redox
L 85905 7.5YR6/8 -- 7.5YR8/6 sil 18 Weak Redox

Upper Marlboro

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)

Color Munsell Munsell (by

Color Color Feel)

A 0-5 10YR4/4  -- - fsl 15 -
A 5-15 2.5YR4/4 -- - fsl 15 -
A 1525 2.5YR4/4 - 2.5YR5/2 fsl 18 Weak Redox
A 2535 25YR5/4 - 2.5YR5/2 fsl 22 Weak Redox
A 3545 2.5YR5/4 - 2.5YR5/2 fsl 22 Weak Redox
A 4555 2.5YR5/4 7.5YR5/8 2.5YR5/2 fsl 24 Weak Redox
A 5565 2.5YR5/4 7.5YR5/8 25YR5/2 fsl 25 Strong Redox
A 6575 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 25 Strong Redox
A 7585 2.5YR5/4 7.5YR5/8 5GY5/1 fscl 30 Strong Redox
A 8595 N/A N/A N/A N/A N/A N/A
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)

Color Munsell Munsell (by

Color Color Feel)

B 0-5 2.5YR4/4  -- - fsl 12 -
B 5-15 2.5YR4/4 -- - fsl 12 -
B 1525 2.5YR5/4 - 2.5YR5/2 fsl 12 Weak Redox
B 2535 25YR5/4 - 2.5YR5/2 fsl 20 Weak Redox
B 3545 2.5YR5/4 - 2.5YR5/2 fsl 20 Weak Redox
B 4555 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 15 Weak Redox
B 5565 2.5YR5/4 -- 5GY5/1 fsl 12 Weak Redox
B 6575 2.5YR5/4 -- 5GY5/1 fsl 12 Weak Redox
B 7585 2.5YR5/4 -- 5GY5/1 fls 8 Strong Redox
B 8595 N/A - N/A N/A N/A N/A
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Upper Marlboro

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
C 0-5 2.5YR5/4  -- - fsl 12 -
C 5-15 2.5YR5/4 -- - fsl 12 -
C 1525 2.5YR5/4 - 2.5YR5/2 fsl 15 Weak Redox
cC 2535 25YR5/4 - 2.5YR5/2 fsl 18 Weak Redox
C 3545 2.5YR5/4 -- 5GY5/1 fsl 25 Strong Redox
C 4555 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 15 Strong Redox
cC 5565 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 12 Strong Redox
C 6575 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 12 Weak Redox
C 7585 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 12 Weak Redox
C 8595 2.5YR5/4 7.5YR5/8 5GY5/1 fsl 12 Strong Redox
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
D 0-5 2.5YR4/4  -- - fsl 10 -
D 5-15 2.5YR4/4 -- - fsl 10 -
D 1525 2.5YR4/4 - 2.5YR5/2 fsl 10 Weak Redox
D 2535 25YR5/4 - 5GY5/1 fsl 15 Weak Redox
D 3545 2.5YR5/4 - 5GY5/1 fsl 17 Weak Redox
D 4555 2.5YR5/4 - 5GY5/1 fsl 17 Weak Redox
D 5565 2.5YR5/4 -- 5GY5/1 fsl 17 Weak Redox
D 6575 2.5YR5/4 -- 5GY5/1 fsl 17 Weak Redox
D 7585 2.5YR5/4 - 5GY5/1 fsl 10 Weak Redox
D 8595 2.5YR5/4 -- 5GY5/1 fsl 10 Weak Redx
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class Clay (%)
Color Munsell Munsell (by
Color Color Feel)
E 0-5 10YR3/4  -- 10YR5/2  fsl 15 Weak Redox
E 5-15 10YR3/4 -- 10YR5/2  fsl 15 Weak Redox
E 1525 10YR5/6 -- 10YR5/2  fscl 29 Strong Redox
E 2535 10YR5/6  -- 10YR5/2  fscl 32 Strong Redox
E 3545 10YR5/6 - 10YR5/2  fscl 28 Strong Redox
E 4555 5GY5/1 7.5YR5/8 N7 fscl 35 Strong Redox
E 5565 5GY5/1 7.5YR5/8 N7 fscl 38 Strong Redx
E 6575 5GY5/1 7.5YR5/8 N7 fsc 42 Strong Redox
E 7585 5GY5/1 7.5YR5/8 N7 fsc 45 Strong Redox
E 8595 b5GY5/1 -- 2.5Y5/2 fsl 15 Strong Redox
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Upper Marlboro

Description Depth Matrix Oxidized Redued  Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
F 0-5 10YR3/4  -- 10YR5/2  fsl 15 -
F 5-15 10YR3/4 -- 10YR5/2  fsl 15 Weak Redox
F 1525 10YR3/4  -- 10YR5/2  fscl 30 Weak Redox
F 2535 10YR3/6 -- 10YR5/2  fscl 30 Strong Redox
F 3545 10YR3/6 -- 10YR5/2  fscl 30 Strong Redox
F 4555 10YR5/2 7.5YR5/8 10YR5/2 fscl 29 Strong Redox
F 5565 10YR3/6 7.5YR5/8 10YR5/2 fsl 15 Strong Redox
F 6575 10YR3/6 7.5YR5/8 10YR5/2 fsl 15 Strong Redox
F 7585 7.5YR5/8 7.5YR5/8 10YR5/2 fsl 15 Strong Redox
F 8595 N/A N/A N/A N/A N/A N/A
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
G 0-5 10YR3/3 - - fsl 15 -
G 5-15 10YR3/3  -- - fsl 15 -
G 1525 10YR4/6  -- 10YR5/2  fsl 25 Weak Redox
G 2535 10YR4/6 7.5YR5/8 10YR5/2 fsl 25 Weak Redox
G 3545 10YR4/6 7.5YR5/8 10YR5/2 fsl 25 Weak Redox
G 4555 10YR4/6 7.5YR5/8 5GY5/1 fsl 25 Weak Redox
G 5565 10YR4/6 7.5YR5/8 5GY5/1 fsl 25 Strong Redox
G 6575 10YR4/6 7.5YR5/8 5GY5/1 fsl 25 Strong Redox
G 7585 7.5YR5/8 - 10YR5/2  fsl 16 Strong Redox
G 8595 7.5YR5/8 -- 10YR5/2  fsl 15 Strong Redox
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
H 0-5 10YR3/3 - - fsl 15 -
H 5-15 10YR3/3 - - fsl 15 -
H 1525 10YR5/4  -- - fsl 25 -
H 2535 10YR5/4 - 10YR5/2  fscl 30 Weak Redox
H 3545 10YR4/4 75YR5/8 10YR5/2 fscl 30 Strong Redox
H 4555 10YR4/4 7.5YR5/8 10YR5/2 fscl 35 Strong Redox
H 5565 10YR4/4 7.5YR5/8 10YR5/2 fscl 35 Strong Redox
H 6575 5GY5/1 7.5YR5/8 -- fscl 35 Strong Redox
H 7585 5GY5/1 7.5YR5/8 -- fscl 35 Strong Redox
H 8595 5GY5/1 7.5YR5/8 -- fsl 20 Strong Redox
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Upper Marlboro

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
I 0-5 5YR4/4 - - fsl 15 -
I 5-15 10YR5/4 - 10YR5/2  fsl 15 Weak Redox
I 1525 10YR5/4  -- 10YR5/2  fsl 20 Weak Redox
I 2535 10YR5/4 7.5YR5/8 5GY5/1 fsl 22 Strong Redox
I 3545 10YR5/4 7.5YR5/8 5GY5/1 fscl 28 Strong Redox
I 4555 5GY5/1 7.5YR5/8 -- fscl 28 Strong Redox
I 5565 5GY5/1 7.5YR5/8 -- fscl 28 Strong Redox
I 6575 5GY5/1 7.5YR5/8 -- fscl 28 Strong Redox
I 7585 5GY5/1 7.5YR5/8 -- fscl 28 Strong Redox
I 8595 b5GY5/1 7.5YR5/8 -- fsl 15 Strong Redox
Upper Marlboro
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
J 0-5 10YR4/4  -- - fsl 15 -
J 5-15 10YR5/4  -- 10YR5/2  fsl 15 -
J 1525 10YR5/4  -- 10YR5/2  fsl 27 Weak Redox
J 2535 10YR5/4 7.5YR5/8 10YR5/2 fscl 30 Weak Redox
J 3545 10YR5/4 7.5YR5/8 10YR5/2 fscl 30 Weak Redox
J 4555 10YR5/4 7.5YR5/8 10YR5/2 fsl 27 Weak Redox
J 5565 10YR5/4 7.5YR5/8 10YR5/2 fsl 27 Weak Redox
J 6575 10YR5/4 7.5YR5/8 10YR5/2 fsl 15 Weak Redox
J 7585 10YR5/4 7.5YR5/8 5GY5/1 fsl 15 Strong Redox
J 8595 5GY5/1 7.5YR5/8 N7 fsl 15 Strong Redox
Holtwood
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
A 0-10 10YR3/6 -- - sil 12 -
A 1020 10YR3/6  -- - sil 12 -
A 2030 10YR3/6  -- - sil 12 -
A 3040 10YR3/6  -- - sil 15 -
A 4050 7.5YR5/8 -- - sil 22 -
A 5060 7.5YR5/8 -- - sicl 30 -
A 60-70 7.5YR5/8 -- - sicl 30 -
A 70-80 7.5YR5/8 -- -- sicl 30 Common
Rocks
A 8090 5YR5/8 - - sicl 30 -
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Holtwood

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
B 0-10 10YR3/6 -- - sil 10 -
B 1020 10YR3/6  -- - sil 10 -
B 20-30 10YR3/6  -- - sil 15 -
B 3040 7.5YR5/8 -- - sil 20 -
B 4050 7.5YR5/8 -- - sil 20 -
B 5060 7.5YR5/8 -- - sil 20 -
B 60-70 7.5YR5/8 -- - sil 20 -
B 7080 7.5YR5/8 - - sicl 30 -
B 8090 7.5YR5/8 -- - sid 30 -
Holtwood
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
C 0-10 10YR3/4 -- - sil 10 -
C 1020 10YR34  -- - sil 10 -
C 20-30 10YR4/4  -- - sil 15 -
cC 3040 7.5YR5/8 -- - sil 20 Common
Rocks
C 4050 7.5YR5/8 -- - sil 25 -
C 5060 7.5YR5/8 -- - sil 25 -
C 60-70 5YR5/8 N/A N/A sicl 30 Weak Redox
C 7080 5YR5/8 N/A N/A sicl 30 Weak Redox
C 8090 5YR5/8 N/A N/A sicl 30 WeakRedox
Holtwood
Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color
D 0-10 10YR3/4 -- - sil 10 -
D 1020 10YR34  -- - sil 10 -
D 2030 10YR5/6  -- - sil 12 -
D 3040 7.5YR5/8 -- - sil 20 -
D 4050 7.5YR5/8 -- - sicl 28 Common
Rocks
D 50-60 7.5YR5/8 N/A N/A sicl 30 Common
Rocks, Weak
Redox
D 6070 75YR5/8 N/A N/A sicl 30 Weak Relox
D 7080 5YR5/8 N/A N/A sicl 30 Weak Redox
D 8090 5YR5/8 N/A N/A sicl 30 Weak Redox
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Holtwood

Description Depth Matrix Oxidized Reduced Texture Estimated Notes
Location (cm)  Munsell Zone Zone Class (by Clay (%)
Color Munsell Munsell Feel)
Color Color

E 0-10 10YR3/6 -- - sil 10 Few Rocks

E 1020 10YR3/6  -- - sil 10 -

E 2030 10YR46  -- - sil 12 -

E 3040 7.5YR5/8 -- - sil 20 -

E 4050 7.5YR5/8 -- - sicl 28 -

E 5060 7.5YR5/8 -- - sicl 30 -

E 60-70 5YR5/8 - - sicl 30 -

E 7080 5YR5/8 N/A N/A sicl 30 Weak Redox

E 8090 5YR5/8 N/A N/A sicl 30 Weak Redox

Holtwood

Description Depth Matrix Oxidized Reduced Texture Estimated Notes

Location (cm)  Munsell Zone Zone Class (by Clay (%)

Color Munsell Munsell Feel)
Color Color

F 0-10 10YR3/4 -- - sil 10 -

F 1020 10YR3/4  -- - sil 10 -

F 20-30 10YR5/6  -- - sil 12 -

F 3040 7.5YR5/8 -- - sil 20 -

F 4050 7.5YR5/8 -- - sicl 28 -

F 5060 7.5YR5/8 -- - sicl 30 -

F 60-70 7.5YR5/8 N/A N/A sicl 30 Weak Redox

F 70-80 5YR5/8 N/A N/A sicl 30 Weak Redox,
Common
Rocks

F 8090 5YR5/8 N/A N/A sicl 30 Weak Redox
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] Figure B.1 Hayen farm (Beltsville WREC) Plot diagram for active C study in Field F-25F

& (Field only plowed [2000] and cropped once [2001].

<} Field was in long-term sod prior to that)
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Figure B.2
Hayen farm {Beltsville WREC) Plot diagram for active C study in Field F-40
{Long term cropped history field)
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Figure B.3
Field and subplot layout at Keedysville, Maryland
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Figure B.4

Upper Marlboro WREC active C study field plot layouts for Field 105
and an adjacent long term sod area to be brought into production
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Appendix C: Analysis of systematic plot layout at Holtwood for non-random
variability among variables tested

INTRODUCTION

The portion of this research conducted at Holtwood, PA was on a commercial
farm (Cedar Meadow Farm, 679 Hilldale Road, Holtwood, PA 17532; Steve Groff,
Proprietor and Manager)lo simplify operationgor themanager of tis site,subplots
werelong adjacenstrips thatalternaéd systematically{See Appendix B, Figure B.5),

between rye and nrye treatments.

METHODS

Analysis was conducted in SYSTAT version 10 (SYSTAT Software Inc., Point
Richmond, CA). All dependentriables analyzed in Chapters one and two were
examined graphicallggainst each subplot. As seen in Appendix B, Figurdh&5
subplots follow thespatial gradient Subplot labels indicate field number as designated
by the farm manager, block, and coeeop treatment. For example 6AB denotes Field
6, Block A, no cover (B = Bare, C = Rye Cover). Field 6 had long term cropping history

while field 8 was the long term sod history field.

RESULTS

Figures C.1- C12 (p. 179- 184) show graphical ressilof plots of dependent
variables vs. the spatial gradient. Expected differences due to management history can be
seen in variables in Figures G:IC.7. These do not constitute unwanted systematic

trends. Soybean yields, soybean biomass, and miraigikl may show slight
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systematic behavior as one examines the data moving from left to right in Figures C.6,
C.7, and C.11, respectively. This behavior, if indeed it is a systematic trend, should be
statistically accounted for, however through the blogldcheme in these fields. No

other variables exhibit notable systematic trends.
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APPENDIX C FIGURES

Figure C.1. Initial Labile C vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.2. Aug. 2002 Labile C vs. Subisl¢Spatial Gradient) at Holtwood.
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Figure C.3. Aug. 2003 Labile C vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.5. Nov. 2003 Total Soil C vs. Subplots (Spatial Grédatroltwood.
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Figure C.6. Soybean Yield in 2002 vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.7. Soybean Biomass in 2002 vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.9. Corn Biomass in 2003 vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.10. Corn Biomass in 2003 vs. Subplots (Spatial Gradient) at Holtwood.
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Figure C.11. Mineralizable N (16 Day Incubation) vs. Subplots (Spataali&t) at
Holtwood.
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Figure C.12. Percentage of Water Stable Soil Aggregates vs. Subplots (Spatial Gradient)
at Holtwood.
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Appendix D: Sample SYSTAT commands.

A: ANOVA of dependent variables (in this case initial labile soil C) within one site

(Beltsville):

Step 1:

USE "C\Documents and Settingghawn T. Lucadly DocumentiMS Thesis 200Wctive C
Thesidstat§AllDatalRev.SYD"

SELECT (SITE$= "Belts")

GLM

CATEGORY HISTORY$ TREAT$ BLOCK / EFFECT

MODEL AC2INIT = CONSTANT +
HISTORY$+TREAT$+TREAT$*HISTORY$+BLOCK(HISTORY$)+TREAT$*BLOCK(HISTORY$)
ESTIMATE

Step 2:

HYPOTHESIS
EFFECT=HISTORY$
ERROR=BLOCK(HISTORY$)
STANDARDIZE=WITHIN
TEST

Step 3:

HYPOTHESIS
EFFECT=TREAT$*HISTORY$
ERROR=TREAT$*BLOCK(HISTORY$)
STANDARDIZE=WITHIN

TEST

Where TREATS is coverrop treatment (COVER) and HISTORY$ is field management
history (MH). Step 1 is the basic model. Step 2 tests the vphmieffect of history
using the correct spijplot error term. Step 3 tests the whplet by subplot interaction

COVER*MH using thecorrect spliplot error term.

B: ANOVA of dependent variables (in this case initial labile soia€pss all sites

Step 1:

GLM

CATEGORY SITE$ HISTORY$ BLOCK TREAT$ / EFFECT

MODEL AC2INIT = CONSTANT +

SITE$+HISTORYS$(SITE$)+BLOCK(HISTORY$(SITES))+TRE $+TREAT$*BLOCK(HISTORYS$(SITES))+TRE
AT$*HISTORYS$(SITES)
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ESTIMATE

Step 2:

HYPOTHESIS

EFFECT=HISTORY$(SITES$)
ERROR=BLOCK(HISTORY$(SITE$))
STANDARDIZE=WITHIN

TEST

Step 3:

HYPOTHESIS
EFFECT=TREAT$*HISTORY$(SITE$)
ERROR=TREAT$*BLOCK(HISTORYS$(SITES))

STANDARDIZE=WITHIN
TEST

where SITES$ is the site effect (SITE) which constitutes the true replication in the model.
Step 1 is the basic model. Step 2 tests the wploteeffect of MH(SITE). Means are not
generated for this term because of the nestedeafuhe term. The significance of the
term is tested. Step 3 tests the whallet by subplot interaction COVER*(MH(SITE)).

Step 2 and step 3 both use the correct-ppiit error terms.

C: ANOVA of standardized vielgariablesat one site

Thes analyses followed the same method used in part A of this appendix.

D: ANOVA of standardized vieldariables (in this casgop grain in 200Racross all
sites

Step 1

GLM

CATEGORY HISTORY$ TREAT$ BLOCK SITE$ / EFFECT

MODEL STDYLDO02 = CONSTANT+
HISTORY$+TREAT$+TREAT$*HISTORY$+BLOCK(HISTORYS$(SITES))+TREAT$*BLOCK(HISTORYS$(SITES

)
ESTIMATE

Step 2:
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HYPOTHESIS
EFFECT=HISTORY$
ERROR=BLOCK(HISTORY$(SITE$))
STANDARDIZE=WITHIN

TEST

Step 3:

HYPOTHESIS
EFFECT=TREAT$*HISTORY$
ERROR=TREAT$*BLOCK(HISORY$(SITES))
STANDARDIZE=WITHIN

TEST

Step 1lis the basic model, Step 2 tests whpllet effects, and Step 3 tests interaction
effects as previously described.

E: ANOVA of response variables (in this case crop grain response in 2002) within one
site:

USE "CA\Documents and Settinghawn T. Lucadly DocumentiMS Thesis 200Wctive C Thesisstatdallrespl.syd"

SELECT (SITE$= "Belts")

GLM

CATEGORY HISTORY$ / EFFECT

MODEL RESGR02 = CONSTANT + HISTORY$
ESTIMATE

The above commands test the main efeéd?iH on grain response at Beltsville.

F: ANOVA of response variables (in this case crop grain response in 2002) across all
sites:

GLM

CATEGORY HISTORYS$ SITE$ / EFFECT

MODEL RESGR02 = CONSTANT + HISTORY$(SITE$)+SITE$
ESTIMATE

The above commands teke main nested effect of (MH(SITE)) on grain response across
all sites. Due to the nested nature of the variable means are not generated of (MH(SITE))
but the significance of the overall effect is tested.

G: Typical correlation (in this case cropagm response in 2003 vs initial labile soil C and
initital total soil C):

USE "CADocuments and Settinghawn T. Lucadly DocumentiMS Thesis 200Wctive C Thesisstatdallrespl.syd"
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CORR

PEARSON RESGRO3*ME3AC2INIT INTC_GKG / PROB

The above ammands were used to examine relationships between variables.

F: Typical production of a plot showing a relationship between variables (in this case
crop grain response in 2002 vs initial labile soil C) across all sites:

PLOT RESGRO3*ME3AC2INIT / ELL

The above commands were used to graphically examine and present relationships
between variables.

G: Typical SYSTAT 10 commands for ANOVA used to test the effects of rye on various
dependent variables (in this case total biomass) at individual expesime2inapter 4:

BY SITE$ FIELD$

GLM

CATEGORY TREAT$ BLOCK / EFFECT

MODEL BIOMASS = CONSTANT + TREAT$+BLOCK

ESTIMATE

H: Typical SYSTAT 10 commands for ANOVA used to test the effects of rye on various
dependent variables (in this case total biomagssa®xperiments in Chapter 4:

GLM
MODEL BIOMASS = CONSTANT + FIELD$+TREAT$+BLOCK(FIELDS$)

ESTIMATE
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