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ABSTRACT

Long-term effects of tillage practices on biological indicators of

a soil cropped annually to wheat

Soil sustainability is a long-term goal. Although physical and chemical properties of soil
have been utilized extensively to evaluate soil quality, the application of biological
indicators is becoming more important. In order to assess soil quality, soil enzymes and

other biological parameters need to be considered.

In semi-arid Bethlehem, South Africa, samples were taken at a wheat (Triticum aestivum L.)
monoculture trial which was established in 1979 by the Agricultural Research Council-Small
Grain Institute. The treatments were: no-tillage (NT), stubble-mulch (SM), and conventional
tillage (CT); all paired with chemical weed control, the absence of burning residues, and 40
kg nitrogen ha™ as limestone ammonium nitrate with single superphosphate as the
fertilizer sources. The study period lasted from October 2010 to October 2011 with eight
sampling times conducted over this year and two depths sampled (0-5 cm, 5-10 cm). Oat
(Avena sativa L.) was growing in the plots from the start of the study until December 2010
when it was harvested. A fallow period then lasted until the planting of wheat in August

2011 which was harvested after the end of the study period.

Potential enzyme activities were assayed for B-glucosidase, urease, acid- and alkaline-
phosphatase, and dehydrogenase at all eight sampling times, along with soil texture, total
carbon, total nitrogen, Olsen-extractable phosphorus, and pH. Whole microbial community
profiling using BIOLOG EcoPlates'™ was employed at the first sampling time and

phospholipid fatty acid (PLFA) analysis for the first, third, and fifth sampling times.

It was found that NT and SM had higher values than CT across all enzymes except alkaline
phosphatase, which ranked NT higher than both SM and CT. BIOLOG EcoPlates™ and PLFA
showed similar results across tillage treatments. Microbial biomass, estimated from both

potential dehydrogenase activities and PLFA values, was higher in NT and SM than in CT.



Over the study period the values for all parameters varied but the average ranking of tillage
treatments stayed consistent. In comparing the two soil depths, soil quality was easily
shown to be higher in NT and SM in the 0-5 cm depth, but often in the 5-10 cm depth the
differences faded. Potential acid phosphatase activity was the only measured parameter

which was consistently higher in the 5-10 cm depth.

If the parameters can be used as an index of soil quality, then it can be accepted that NT
has higher quality than CT and often SM has higher quality than CT, but is not at the same
level as NT; it can then be recommended that in semi-arid South Africa, NT will enhance

soil quality under a monoculture cropping practice.

Keywords: crop residues, enzyme activities, organic matter, soil quality
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UITTREKSEL

Lang-termyn effekte van bewerkingspraktyke op biologiese

indikatore van ‘n grond wat jaarliks met koring geplant word

Die volhoubare gebruik van grond is ‘n lang-termyn doel. Alhoewel fisiese en chemiese
grondeienskappe omvattend gebruik word om grondkwaliteit te evalueer, word die
toepassing van biologiese indikatore al hoe meer belangrik. Om grondwaliteit te evalueer,

moet grondensiemes en ander biologiese parameters ook oorweeg word.

In semi-ariede Bethlehem, Suid-Afrika, is monsters geneem by ‘n koring (Triticum aestivum
L.) monokultuur proef wat al reeds in 1979 deur die Landbounavorsingsraad-
Kleingraaninstituut begin is. Die behandelings was: geen-bewerking (NT),
stoppellaagbewerking (SM), en konvensionele bewerking (CT); almal gekoppel met
chemiese onkruidbeheer, geen brand van reste, en 40 kg stikstof hal as
kalksteenammoniumnitraat met enkel superfosfaat as die kunsmisbronne. Die
studietydperk het gestrek vanaf Oktober 2010 tot Oktober 2011 met agt tye van
monsterneming oor hierdie jaar, met twee dieptes (0-5 cm, 5-10 cm) wat gemonster is.
Hawer (Avena sativa L.) het in die persele gegroei vanaf die begin van die studietydperk tot
en met Desember 2011 toe dit geoes is. ‘n Braakperiode het toe gevolg totdat koring

geplant is in Augustus 2011, wat geoes is na die einde van die studietydperk.

Potensiéle ensiemaktiwiteite is bepaal vir B-glukosidase, urease, suur- en alkaliese-
fosfatase, en dehidrogenase vir al agt monsternemingstye, tesame met grondtekstuur,
totale koolstof, totale stikstof, Olsen-ekstraheerbare fosfor, en pH. Algehele mikrobiese
gemeenskapsprofilering is toegepas deur gebruik te maak van BIOLOG EcoPlates™ tydens
die eerste monsternemingtyd en fosfolipied vetsuur (PLFA) ontledings is gedoen vir die

eerste, derde en vyfde monsternemingstye.

Daar is gevind dat NT en SM hoér waardes as CT getoon het vir al die ensiemes behalwe vir

alkaliese fosfatase, waar NT hoér as beide SM en CT was. BIOLOG EcoPlates™ en PLFA het

Vii



soortgelyke resultate getoon regoor al die bewerkingsbehandelings. Mikrobiese biomassa,
afgelei vanaf beide potensiéle dehidrogenase aktiwiteit en PLFA waardes, was hoér in NT
en SM as in CT. Oor die studietydperk het die waardes vir al die parameters verskil, maar
die gemiddelde rangorde van die bewerkingsbehandelings het konstant gebly. Deur die
twee gronddieptes met mekaar te vergelyk, was grondkwaliteit die hoogste vir NT en SM in
die 0-5 cm diepte, maar die verskille het dikwels vervaag in die 5-10 cm diepte. Potensiéle
suur fosfatase aktiwiteit was die enigste gemete parameter wat konstant hoér was in die 5-

10 cm diepte.

As die parameters gebruik kan word as ‘n indeks vir grondkwaliteit, dan kan aanvaar word
dat NT ‘n hoér kwaliteit as CT en SM dikwels ‘n hoér kwaliteit as CT het, alhoewel dit nie op
dieselfde vlak as NT is nie; daar kan ook aanbeveel word dat in semi-ariede Suid-Afrika,

grondkwaliteit sal verbeter met NT onder ‘n monokultuur gewasbestuurspraktyk.

Sleutelwoorde: ensiemaktiwiteite, gewasreste, grondkwaliteit, organiese materiaal
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1 MOTIVATION AND OBIJECTIVES

1.1 Motivation

Soil sustainability is a long-term goal. In the United States (US), the Dustbowl! of the 1930’s
highlighted how mismanagement of soil quality negatively impacts highly productive soils
through wind erosion and loss of topsoil and nutrients. Currently, the US government has
conservation measures in place to reduce the risk of a repeated Dustbowl event (Carpenter-
Boggs et al., 2003). Some soils, like in the Loess Plateau of China, are naturally erosive and
require strict measures to protect soil for agricultural purposes or even just as a habitat.
After abandonment of farming in the loess, a soil consisting mainly of silt weakly cemented
together by calcium carbonate, then microbial biomass C (MBC), microbial biomass N
(MBN), microbial biomass P (MBP), substrate induced respiration (SIR), total organic carbon
(TOC), and water-stable aggregates (WSA) increased. The erodibility of the soil also

decreased, possibly as a result of the other factors’ improvement (Zhu et al., 2010).

Soil management also affects water quality. Nutrients, particularly N, can migrate away from
the crop rhizosphere through leaching, volatilization, and transference into non-available
forms, and is a problem with over-fertilization, over-irrigation, or misunderstanding the soil
type. In the Chesapeake Bay, which is the largest and most productive estuary in North
America (Prasad et al., 2011), water quality has been greatly harmed by the release of
nutrients into the watershed from piggeries, crop production, and private land use (Morgan
& Owens, 2001), leading to eutrophication. Currently, the summer anoxic zone spreads
annually. This not only affects marine life, but also the livelihood of small-scale fishermen

who make their living from the Bay’s formerly robust fishing areas (Prasad et al., 2011).

With one quarter of the Earth’s arable land qualifying as degraded, ways of restoring
previously degraded soils and preventing further decreases of soil quality and health are
necessary to farm sustainably (Uphoff et al., 2006). In South Africa specifically, the FAO

category “human-induced degradation due to agricultural activities” defines 16% of the



country’s total 1,219,000 km? area (FAO, 2005). However, for sub-Saharan Africa, reliable
data is difficult to obtain (FAO, 1995).

Soil quality, soil health, and soil sustainability are all used nearly interchangeably in the
literature. Soil quality is a scientific measurement of a specific time the soil is sampled and
has been defined as “the capacity of a specific kind of soil to function” (Gil-Sotres et al.,
2005), an example of which is a soil’s ability to support high-yielding crops. Soil health refers
to a less-defined holistic approach to soil conservation. It aims to identify the momentary
peaks of activity within the soil itself, which reflect on yield and performance of the agro-
ecosystem. Doran and Parkin (1994) have stated that soil health is “the capacity of a soil to
function within ecosystem boundaries to sustain biological productivity, maintain
environmental quality, and promote plant and animal health.” Soil sustainability is assessed

by evaluating the soil quality or soil health and its change over time (Laudicina et al., 2012).

Being able to assess soil health is vitally important to the continuation of agriculture. A
healthy soil might be defined as one which conserves soil organic matter, does not easily
erode, is managed with renewable resources instead of synthetic chemicals, and coexists

with surrounding ecosystems rather than dominating their functions (Doran et al., 1996).

While one can measure conventional indicators, e.g., organic C levels, soil pH, soil texture,
and N mineralization rates, soil enzyme levels can track plant-available nutrient levels and
are also very sensitive to disturbances of the soil microbial community (Acosta-Martinez &
Tabatabai, 2000; Gil-Sotres et al., 2005). However, Gil-Sotres et al. (2005) mention that
while enzymes show potential as indicators of soil health, there are caveats associated with
their use. For instance, there are no reference values, some enzymes have been reported to
act inconsistently in some situations, e.g., after herbicide application (Mahia et al., 2007),

and maximum expression levels vary by region.

To date, very little research has been conducted utilizing biological indicators to assess soil
health. Enzymes show promise, but there are no threshold levels available. In the past,
articles focused on the rate constants of enzyme-catalyzed reactions (Tabatabai, 1994), but

now most studies concentrate on the significant difference of the enzyme levels between



treatments. Despite this progress, there is a lack of studies defining “healthy” soils and

“unhealthy” soils with data that can be used in other contexts (Gil-Sotres et al., 2005).

Since different management practices influence the state of the soil microbial community
(van Groenigen et al., 2010), tracking indicators such as enzymes in soil between treatments
over time gives a more complete picture on the soil health as it relates to agricultural yield
and sustainability (Verbruggen et al., 2012). It had been determined that urease is
important to the N-cycle as it hydrolyzes urea from organic matter, making it plant available.
B-glucosidase does the same for C, providing glucose for growing plants and microbe
populations. Phosphatases catalyze the formation of phosphates from an organic source. By
tracking soil enzyme levels, one can see how the nutrient cycles work. Without these
enzymes produced mainly by microorganisms, soil would not contain enough plant-available

forms of nutrients needed for crop growth (Tabatabai, 1994).

Microbial biomass C and N define how large the soil microbial population is, which therefore
limits the amount of enzymes produced. MB can be measured and linked to the enzyme
dehydrogenase, specifically, as well as to the relative levels of the other enzymes (Bandick &
Dick, 1999). Analyzing glomalin reflects a longer term approach to soil health and is closely
related with soil C levels and fungal biomass (Bedini et al., 2010). Fatty acid analysis can give
the relative biomass of different functional groups, such as fungi (Baumann et al., 2011).

BIOLOG shows general diversity of organisms through C utilization (Bonanomi et al., 2011).

Enzyme and other biological indicators, when used to differentiate between treatments,
needs to be studied in an area where those treatments have been applied consistently for
an appropriate length of time, such as the experimental site in Stromberger et al. (2007) and
the Willamette Research and Extension Center in Oregon, USA (Bandick & Dick, 1999), both
of which have been in operation since the 1980s. A long-term trial provides for certainty in
the treatment effects. Such a trial was found at the Agricultural Research Council (ARC)-
Small Grain Institute near Bethlehem. Wiltshire and du Preez (1993) published a report on a
study conducted at the monoculture wheat trial, followed by du Preez et al. (2001), and
Kotzé and du Preez (2007; 2008). Loke (2012) with his research followed upon the previous

work and, like this study, falls three decades after the commencement of the trial. No soil



samples earlier than 1989 exist for testing though the trial was established in 1979;
however, yield has been measured and recorded since the trial’s beginning. All of the
studies have focused on soil fertility parameters with respect to wheat residue
management. As of yet, none of the studies from the ARC-Small Grain Institute wheat trial

have investigated the microbial, or soil biological, parameters.

The earliest study done at the above-mentioned trial was by Wiltshire and du Preez (1993).
They used soil samples from a decade after the establishment of the continuous wheat trial,
and focused on the N status of a soil under long-term conservation practices, with samples
taken in the years 1989 and 1990. It was found that conservational practices, including no-
tillage (NT) and non-burning of residue, reduced the rate of soil fertility loss, and that fungal
diseases of wheat inhibited yield enough that wheat monoculture should be avoided. It is
assumed that “soil health” could still be measured between the treatments, even if the

values won’t be applicable to fields experiencing the benefits of crop rotation.

Certain macronutrients were assessed by du Preez et al. (2001). They tested for pH, Zn, K,
and P and looked at their relationships with residue management in soil samples from ten
years after the trial began. It was found that straw burning and conservational tillage (as
opposed to non-burning and conventional tillage) increased pH and the concentrations of
Zn, P, and K. However, despite the accumulation of nutrients, there was no evidence to
support that straw burning or conservational tillage had negative effects on the uptake of

these nutrients.

The most recent investigation prior to this dissertation focused on nutrients and organic
matter (OM). Kotzé and du Preez (2007) found that OM was mainly affected by tillage
practice, with straw burning or weeding method having a small to negligible effect on the
OM status of the treatments. In the 0-10 cm layer, tillage practices affected soil OM most
significantly, whereas weeding practices had a small effect. Organic C and total N of the
chemically weeded treatments was higher than in the mechanically weeded treatments.
Kotzé and du Preez (2008) reported on the influence of long-term residue management on
pH and cation concentrations (i.e., P, K, Ca, Mg, and Na). According to their research the pH

was significantly lower in unburned plots compared to burned plots and acidification



increased when wheat residues were incorporated into the soil instead of being left on top
for eventual decay. The levels of P, K, Ca, and Mg increased with burning, chemical weeding,

and NT practices.

1.2 Objectives

Based on the above as background, the objectives are as follows:

(a) To investigate how tillage practices (NT, stubble mulch, or conventional tillage) influence
soil health by measuring biological indicators: five soil enzyme levels which represent key
chemical transformations for nutrient availability (urease, B-glucosidase, acid- and alkaline-
phosphatase, and dehydrogenase), a soil protein (glomalin), BIOLOG community profiling,

and fatty acid analysis.

(b) To measure the effect of tillage practices on soil enzyme levels, and therefore soil health,

over a full crop cycle, including fallow periods.

(c) To further investigate soil enzyme levels by sampling two different depths (0-5 cm and 5-
10 cm) in order to show potential stratification of soil microbial enzymes, particularly in the

NT treatment, in which residue is left on the surface to decompose.

(d) To establish a connection with the four previous studies done on the ARC-Small Grain

Institute wheat trials, by analyzing soil nutrient levels and basic parameters such as pH and

clay content.

1.3 Hypotheses

The hypotheses are as follows:

(a) Soil enzyme levels (urease, B-glucosidase, acid- and alkaline-phosphatase, and

dehydrogenase) will be highest in the NT plots, followed by the stubble mulch and the

conventional tillage, in decreasing order.



(b) Dehydrogenase will correlate to soil MB, which will again be highest in the NT plots.

(c) Soil pH will be directly proportional to the levels of alkaline phosphatase and inversely

proportional to acid phosphatase.

(d) Soil enzyme levels will correlate to the concentration of available nutrient levels.

(e) Glomalin will correspond to tillage intensity. Soils with higher rates of disturbance will

have lower levels of arbuscular-mycorrhizal fungi (AMF) produced proteins, as tillage

disturbs the hyphae and favors the development of bacteria.



2 LITERATURE REVIEW

2.1 Introduction

Soil microbial communities are affected by agricultural practices, resulting in long-term
changes in nutrient and OM processing (Carpenter-Boggs et al., 2003; Caesar-TonThat et al.,
2010). In order to better elucidate the relationships between agricultural practice, soil
activity, and soil quality, enzymes, phospholipid fatty acids (PLFA), and BIOLOG EcoPlates™
were used as indirect indicators of patterns in soil microbial activity, biomass, and

community composition in response to different tillage in a long-term experimental plot.

Soil enzymes were considered and chosen as a proxy for bacterial and fungal cell culture
counts because they concern the nutrient cycling and reflect the specific efficiency and
activity of the whole community of microorganisms, not just the gene products of a few
species or classes (Sardans et al., 2008). Due to the need to produce a comprehensive
representation of the soil health, whole community profiling with BIOLOG EcoPlates™,
PLFA, easily extracted - glomalin related soil protein (EE-GRSP), and MBC and MBN were
also used. BIOLOG EcoPlates™ focuses on the broad C-profile of the whole community,
though it also has biases and representation flaws to consider. EE-GRSP, which measures
the soil protein glomalin, is thought to represent the ability of the physical soil to withstand
perturbation, and is a product of fungal activity (Bedini et al., 2010). PLFA can be utilized to
determine microbial community structure as well as measure total MB (Elgersma et al.,
2011), though this study will tentatively use it for fungal and bacterial markers to determine
relative percentages. MBC and MBN evaluate the amount of C and N in the cells of

microorganisms and is a widely accepted form of biomass determination (Zhu et al., 2010).

Enzymes may be good indicators of soil health because they integrate information from
microorganisms and soil physico-chemical conditions (Bandick & Dick, 1999; Aon & Colaneri,
2001). The factors which influence enzyme activity include concentration of the enzyme and

substrate, pH, temperature, enzyme inhibition, and biochemical factors (Tabatabai, 1994).



2.2 Effect of tillage on biological soil properties

Tillage disturbs the soil body. As the soil structure is degraded by tillage, aggregates break
down and hence habitat for microorganisms is lost (Wang et al., 2010). Van Groenigen et al.
(2010) compared the effect of reduced tillage and CT systems on soil biological
characteristics and found reduced tillage increased both bacterial and fungal biomass
throughout the tillage layer, though particularly in the 0-5 cm depth. NT systems can
therefore increase C sequestration even more (Abreu et al., 2011). If C and other nutrients
are conserved in the soil, then microbial activity increases as microorganisms thrive on this
energy. Microbial exudates, excreted from both fungi and bacteria, increase aggregation,
improve the water holding capacity of the soil, and in general make the soil more

sustainable for long-term agriculture (Gonzalez-Chavez et al., 2010).

Soil health can be indicated by soil enzymes (Gil-Sotres et al., 2005). In Aon et al. (2001a),
enzyme levels were analyzed in an agricultural soil that was either conventionally tilled or
under NT. Acid- and alkaline-phosphatase, dehydrogenase, FDA hydrolysis, B-glucosidase,
and urease were the enzymes quantified (Table 2.1). It was found that at the time before
planting (To), and at the pre-harvest period (T,), soil enzymes were highly stratified when
testing the 0-5 and 5-20 cm depths. Not only were enzyme levels at a peak of activity at the
flowering stage (T1), they also exhibited less stratification. Tillage was not used as a factor in
analyzing the data. Instead, the study was a search for an index across seasons and depths
to find a reliable soil quality indicator. It was found that certain enzyme activities strongly
correlate to groups of bacteria and fungi across seasons, but no index was suggested at the

end of their study (Aon et al., 2001a).

Table 2.1 Enzyme activities (g substrate m™ soil incubation time™) in a soil cropped to soybean
(Glycine max L.) before planting (T,), at the flowering stage (T,), and at the pre-harvest
period (T,). Data adapted from Aon and Colaneri (2001)

Enzyme To T, T,
Acid phosphatase 380+ 26 798 £ 25 4207
Alkaline phosphatase 325+25 554 + 16 103 £ 16
Urease 185+5 120+5 81+6
B-glucosidase 169 + 15 282 +9.7 262 +8




More recently, Bastida et al. (2008) published a review on soil quality indices, stating that it
is more difficult and controversial to maintain a soil quality index and that there still exists a
lack of consensus on how to use any of the indices that have been proposed. For instance,
papers focusing on farmers in developing regions of the world put forward “simple”
measurements, such as salinity (by taste), color, landscape position, and native vegetation
(Mairura et al., 2007; Ali, 2003). On the other hand, expensive measurements, such as that
concerning soil biology, but which are highly specialized due to type of soil tested and

geographical region, are recommended (Bastida et al., 2008).

Roldan et al. (2005) studied a trial with NT and CT for three years. It was found that
dehydrogenase, acid-phosphatase, urease, and glomalin levels, as well as aggregate

stability, were higher in the NT system, especially in the 0-5 cm layer.

Furthermore, Wang et al. (2010) found that species richness and diversity of fungi were
significantly higher in NT treatments as opposed to tillage treatments, and the difference
increased with depth of tillage. Also, WSA (those aggregates which can withstand the force

of a raindrop) increased in quantity in NT fields.

The sensitivity of soil enzyme levels to changes in the environment make it an ideal
biological indicator, but also create difficulties for creating a global, or even land-wide,
standard (Tabatabai, 1994). For example, soil texture affects microbial activity (Taylor et al.,
2002) and for this reason must be considered when comparing “soil health levels” between
agricultural and native soils. In most instances, an increase in clay content spiked soil
enzyme levels (Table 2.2). Some agricultural soils may have changed clay content during
cultivation, and a perceived difference in soil quality levels could simply be from a textural
shift. Another important confounding variable is climate. In southern Spain, climate is seen
as the limiting factor in accumulating soil organic C; however, CT will have lower soil organic
C than NT fields (Melero et al., 2009) and those fields will therefore show differences in soil
enzyme levels. The question is, should a norm be widely applied or should every climate
zone or soil pedon have a minimum level for healthy soil biological activity, and how should

this information be found and implemented. Given the confounding effects of



environmental variability, extensive research is necessary to develop a standard for

assessing soil quality using soil enzyme assays.

Table 2.2 Effect of soil texture on activities of five enzymes. Data adapted from Taylor et al. (2002)

Enzyme Silty clay loam soil Loamy sand soil
B-glucosidase (ng pNP g™ SDW 2h™) 25 15
Alkaline phosphatase(ug pNP g™* SDW 2h™) 100 100

Acid phosphatase(ug pNP g* SDW 2h™) 80 80
Urease (ug NH4.-N g* SDW 4h™) 35 7
Dehydrogenase (ug INF g* SDW 24h™) 10 9

2.2.1 Soil enzymes

The biochemical component of nutrient cycling in soils is mediated by enzymes produced by
soil microorganisms, plants, and soil fauna, of which microorganisms are the primary source
(Tabatabai, 1994). Enzymes cause reactions, such as the mineralization of important
nutrients, to proceed at much faster rates but are extremely specific in the substrate they
affect (Das & Varma, 2011). Due to this relationship between soil enzymes and nutrients (or
substrates) it can be assumed that by studying a specific enzyme, the dynamics of nutrient

cycling would be understood better (Tabatabai, 1994).

For instance, extensive research has been done on N mineralization in soil and on the
enzymes governing the process. Tabatabai et al. (2010) have concluded that NAGase (N-
acetyl-beta-D-glucosaminidase; EC 3.2.1.30) has the highest correlation to cumulative N
mineralization at the enzyme’s optimum pH value, with a significance of r = 0.87 at 20°C and
r = 0.95 at 30°C. However, urease will be studied instead, as it is also a relevant predictor of

N mineralization processes (Klose & Tabatabai, 1999).

Carpenter-Boggs et al. (2003) studied acid- and alkaline- phosphatase and dehydrogenase to
determine the difference, if any, between pastured fields and CT and NT crop fields. Only
alkaline phosphatase differed significantly between NT and CT fields, with NT being higher in
quantity. However, a small shift could be seen with the other indicators favoring NT, and a

clear difference could be seen with respect to the pastures. This indicates that the microbial
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community either has access to more nutrients in the pasture system, though generally

agricultural systems have higher levels of nutrients.

Soil microbial indicators are most often analyzed from bulk soil samples. Most of the bulk
soil samples are actually composites from a site, which averages the local heterogeneity in
order to correctly compare with completely different sites. This method imparts little insight
into the spatial orientations of microbes, but due to the wide variation in microhabitats it is
the only way one can compare sites. Due to microbes using aggregates as habitat, different
water potentials, pH, and pore sizes lead to micro-sites with higher diversity and quantity of
microbial activity. This is evidence that soils which lack these aggregates have a dearth of
habitat and will, on average, have a lower total microbial activity than a composite sample

from a site with good soil structure (Mummey et al., 2006).

2.2.1.1 Enzyme assays

Enzymes can exist outside of the cell and may still be active after the responsible
microorganism has been decomposed. It has been proven that after autoclaving soil, the
enzymes are still present and are still active (Carter et al., 2007). As such, enzymatic assays
are considered to be representative not of the active MB but of the functional component
of microorganisms. One enzyme which has been connected to the active-only biomass is
dehydrogenase, which degrades quickly after the death of the responsible cell (Tan et al.,
2008). Therefore, dehydrogenase is used not as a predictor of a specific nutrient cycle, but
as an overall indicator of MB activity.

Enzymes are chosen specific to the study done. In Wang et al. (2009) enzymes were chosen
based on laboratory simplicity and importance in the nutrient cycles. As such, urease, acid
phosphatase, and invertase were assayed. In Zeglin et al. (2009) enzyme assays were done
to measure geochemical restraints on productivity in a desert ecosystem; by measuring the
enzymes they linked productivity to the nutrients those enzymes work on. Three hydrolytic
enzymes were assayed along with MBC. In this study, the enzymes were chosen based on

relevance to nutrient cycling and sensitivity to change.
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Before scheduling an enzyme assay, many considerations must be taken into account.
Incubation time, type of microbial inhibitory agent, and the specific reaction the enzyme
catalyzes may all differ. For this reason it is difficult to pinpoint which available enzyme
assay will give the best results. The definitive literature on this subject is that of Tabatabai
(1994). According to him, several methods exist and have been tested in literature. In
particular, the advantages of various microbial inhibitory agents are discussed. Toluene,
ethanol, and Triton X-100 all serve to suppress the microorganisms’ ability to produce
enzymes and therefore alter the results. Toluene serves as a plasmolytic agent and as an
antiseptic. Even though it has been shown to have little effect on acid and alkaline
phosphatases, a-glucosidase, and invertase, and a severely inhibiting effect on catalase and

dehydrogenase, in most assays toluene is the preferred agent.

2.2.1.2 B-glucosidase enzyme

B-glucosidase (formerly known as gentobiase or cellobiase, EC 3.2.1.21) provides an

important energy source for microorganisms, e.g., glucose, by hydrolyzing pB-D-

glucopyranosides (Eq. 1; Tabatabai, 1994).

HO o O-. HO © O-
HO “0H HO “OH
OH —R + H,0 - OH —OH + ROH [1]
p-nitrophenol-B-D-glucoside B-glucoside p-nitrophenol

B-glucosidase is a very common enzyme that works with the C cycle. A soil with higher levels
of this enzyme has been found to have increased soil suppression of different plant
diseases, such as Take-all of wheat. This is accomplished with the help of inoculated
Pseudomonas spp. that serve as biocontrol agents (Borrero et al., 2004). Much of the B-
glucosidase activity can be assumed to come from abiontic enzymes (those no longer
associated with living cells) and those now associated with organo-mineral complexes in
soil. This enzyme is particularly sensitive to changes in the soil system such as soil pH and

management practices (Bandick & Dick, 1999; Makoi & Ndakidemi, 2008).

12



2.2.1.3 Acid- and alkaline-phosphatase enzyme

Acid (orthophosphoric monoester phosphohydrolase, EC 3.1.3.2) and alkaline
(orthophosphoric monoester phosphohydrolase, EC 3.1.3.1) phosphatase are both
phosphomonoesterases. This class of enzymes has also been widely studied due to its
importance in agriculture. It has been proven that acid phosphatases are more prevalent in
acid soil, and alkaline phosphatases are more prevalent in alkaline soils (Eivazi &Tabatabai,
1977). Alkaline phosphatase activity is completely derived from microorganisms as it does
not exist in higher plants (Dick & Tabatabai, 1983), whereas acid phosphatases can come
from both plants and microorganisms; plant roots excrete acid phosphatase as a mechanism
for P uptake from soils. Legumes which have N-fixer associations excrete larger amounts of
phosphatase, probably due to the increased requirements of P for the symbiosis.
Phosphatase enzymes are a good indicator of soil fertility and soils with low amounts tend
to show nutrient deficiency symptoms. Phosphomonoesterases hydrolyze many types of
phosphomonoesters, according to the general equation below (Eq. 2; Tabatabai, 1994):
R-PO, + H,O - R—O0OH + PO,H [2]
Phosphatases have been correlated to P stress and plant growth, showing that they are
good indicators of the P supply in a soil system. A major influence of phosphatase activity is
soil pH. Exudation of this enzyme by plants and microorganisms is influenced by the need
for orthophosphate, which is in turn influenced by soil pH. However, it is acid, and not
alkaline phosphatases, which correspond best to organic C and possibly other indicators in

soil (Dodor & Tabatabai, 2003).

2.2.1.4 Urease enzyme

Urease (urea amidohydrolase, EC 3.5.1.5) is important in the N cycle as it catalyzes the
hydrolysis of urea (Eq. 3; Krajewska, 2009) and has a high correlation to N in soil. It
originates from both plants and microorganisms and exists both inside and outside the cell.
Due to the instability of intracellular urease, it is assumed that most ureolytic activity is
carried out by extracellular urease, which has the side benefit of being stabilized by organo-
mineral complexes in soil (Makoi & Ndakidemi, 2008; Krajewska, 2009).

NH, — CO — NH, + H,0 - H,N — COOH + NH; - H,C0O; + 2NH; (3]
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Urease has been widely studied due to the importance of urea fertilizer to agriculture. Urea
has been shown to be the main source of N to flooded rice paddies and corn in Africa and
Asia (Makoi & Ndakidemi, 2008). An increase in urease activity may result in accelerated loss
of N through ammonia volatilization (Krajewska, 2009). Urease activity in soils is influenced
by cropping history, SOM, soil depth, soil amendments, and presence of heavy metals

(Makoi & Ndakidemi, 2008).

2.2.1.5 Dehydrogenase enzyme

Unlike the specific enzymes, dehydrogenase is actually a composite enzyme class. It
represents all the specific enzymes which assist in biological oxidation of organic
compounds (Tabatabai, 1994). Dehydrogenase oxidizes organic matter in soil by transferring
protons and electrons. Dehydrogenase only comes from microorganisms and does not exist
outside of the cell. Therefore, dehydrogenase is a good proxy for total microbiological
activity of a soil. The general reaction is shown below (Eq. 4; Tabatabai, 1994):

XH, + A - X + AH, [4]
The enzyme assay for dehydrogenase tracks all of the dehydrogenases in soils. A large
volume of research has been done on this enzyme due to a correlation between oxygen
uptake and enzyme activity. This relationship may be tenuous because all studies refer only
to the work done by Stevenson (1959). Dehydrogenase is higher in flooded systems, like rice
paddies (Makoi & Ndakidemi, 2008), and if it is assumed dehydrogenase represents active
MB, then it can be said that dry conditions in soil lower this enzyme (Hueso et al., 2011).
Pascaud et al. (2012) found that cell counts derived from dehydrogenase activity were much
higher than counts from epifluorescence microscopy, which indicates that enzyme activity
can access a greater portion of the microbial community than traditional cell culture

techniques.
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2.2.2 Other biological indicators

2.2.2.1 Microbial biomass via fumigation-extraction

Microbial biomass via fumigation-extraction is one of the ways to get a proxy for real MB.
The C and N of the soil are measured before and after fumigation, and the difference yields

the microbially associated C and N.

Biomass changes can precede the changes in traditional methods, like measuring soil OM.
When mixing in straw into a soil, MBC increased before any corresponding increase in OM
could be seen (Powlson et al., 1987). In Jacinthe et al. (2011) MBC was significantly higher in
the organic farming treatments as compared to conventional farming treatments, even
though the organic farming treatment had no reliable effect on the various soil properties
evaluated. MB changes under different cropping systems; Acosta-Martinez et al. (2010)
found that MB was highest in cropping systems which included the most diversity of crops in
rotation. A rotation with cotton, rye, and sorghum as well as one with just cotton and
sorghum improved the MB in comparison to non-cotton containing rotations (sorghum and
rye only), and in cotton monoculture plots the MB took five years to improve to the level
which a rotational cotton system already had. Thus, MB is generally higher with more

diverse agricultural practices.

2.2.2.2 Glomalin-related soil protein

Arbuscular-mycorrhizae fungi (AMF) hold a key place in ecosystem function. They interact
with plants, providing essential nutrients. AMF are widely distributed in soil (Rillig &
Mummey, 2006) and it is from this that GRSP derives (Preger et al., 2007). However,
mycorrhizae are seldom important in agricultural crops (Ryan & Graham, 2002). AMF
enhance the uptake of P and Zn for their host plants and require in return up to 20% of the
host’s energy from photosynthesis. In studying the production of glomalin by hyphae, a
hydrophobic scum was noted on the water removed from sand cultures of the AMF hyphae.
This indicated that large amounts of glomalin can be produced by AMF hyphae and also that

glomalin might be useful in the stabilization of WSA in soils (Bird et al., 2002; Wright et al.,
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2007; Kumar et al., 2010). Immuno-reactive material on AMF hyphae is the actual definition
of glomalin, though it varies in the operational definitions due to the ease and expense of
extraction procedures. Glomalin or GRSP can also be referred to as Bradford-related soil
protein (BRSP) due to the method of extraction and subsequent assay used. Different times
of extraction and methods used for quantification lead to easily extractable Bradford-
reactive soil protein, EE-BRSP; Bradford-reactive soil protein, BRSP; easily extractable

immuno-reactive soil protein, EE-IRSP; and immuno-reactive soil protein, IRSP.

Glomalin has an unstable terminology and mostly non-standard procedures for its
extraction (Janos et al., 2008). GRSP is that portion of soil protein which is extractable only
under extreme conditions. Glomalin has been shown to be on AMF hyphae (Wright et al.,
2000) and it is assumed that nearly all of the protein extracted by the method of citrate
solution and autoclaving is glomalin. It may have a retention time in soils of between 6-42
years (Janos et al., 2008). One cycle of 30 min of autoclaving with a citrate solution is
necessary for the EE fraction, while several 60 min cycles is needed for the total glomalin
fraction of BRSP. Autoclaving the extract continues until the supernatant runs yellow,
indicating a lack of the red-brown color that indicates glomalin (Preger et al., 2007). A
further method of glomalin measurement is by taking the extracts needed for a Bradford
assay and instead running an enzyme-linked immuno-sorbent assay (ELISA) using the
monoclonal antibody MAb32B11 (Wright & Upadhyaya, 1998). Immuno-fluorescence is then

assessed.

No-tillage systems favor the development of fungi, including AMF, as CT systems lean
towards bacteria dominating the microbial communities (Caesar-TonThat et al., 2010).
However, in a contrasting opinion, Amelung et al. (2002) states that after cropping ended
and the soil use was converted to grassland, fungal biomarkers made way for those of
bacterial origin. In this study, amino sugars were used as an indicator. It was shown that
prolonged tillage in the South African Highveld resulted in the decrease of living and dead

MB and in the decrease of microbial residues.

Spohn and Giani (2010) state that aggregation is a process that integrates soil organic

matter (SOM), soil biota, ionic bridging between particles, and carbonates. GRSP is
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correlated with the labile SOM fraction, including fungal exudates, which act as a glue for
aggregates. In Wright et al. (2007) they proposed that glomalin be officially recognized as
microbial glue for aggregates. In their study, GRSP increased with aggregate size fractions. In
disturbed treatments, GRSP was lower on average, as was the proportion of larger
aggregate classes. With good soil structure and good aggregation of soil particles the
appropriate water infiltration properties, habitat for microbial communities, and good soil
“health” are established (Wick et al., 2009). Similarly, in a winter wheat-summer fallow in
Oregon, USA, Wuest et al. (2005) measured glomalin fractions, basidiomycetes, earthworm
density, water percolation, and aggregate size and stability on an intensively-tilled silt-loam
soil with treatments of burning after harvest and unburned stubble. Immuno-reactive EE-
GRSP was found to have a good relationship with total N (r = 0.88), water stability of whole
soil (r = 0.87), and percolation (r = 0.85). Since glomalin is noted for its hydrophobic
properties (being insoluble in water), recalcitrance in soil, and wide distribution in soils, it is
a good candidate for aggregate stabilization (Wright & Upadhyaya, 1998). Hontoria et al.
(2009) found that EE-BRSP did not show a significant difference in unstable and WSA under
the same treatment, but increases of both easily extractable and total extractable BRSP

occurred under abandoned olive groves compared to groves still under management.

Halvorson and Gonzalez (2008) found that Bradford assays were affected by tannic acid
additions, changing the results for BRSP. It was concluded that the Bradford assay is
unpredictable and not a good procedure for assessing soil glomalin concentrations.
Steinberg and Rillig (2003) also studied glomalin using the Bradford assay. They found that
total glomalin can be regarded as a long-term indicator of C and soil health, but that easily-
extractable glomalin (EEG) is least bound to organo-mineral complexes and more
immunoreactive (showing more in the ELISA assay compared to the Bradford assay) and is
more recently produced by the fungi. Since EEG is more recent, it cannot be used as a
reliable indicator for long-term soil health, but like some enzymes, is a better short-term soil

health indicator.
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2.2.2.3 BIOLOG whole community profiling

BIOLOG measurements are considered a measure of community-level physiological profiling
(Pascaud et al., 2012). BIOLOG EcoPlates™ consists of 31 C sources with three replicates in a
96-well microplate. A soil dilution is pipetted into the wells and left to incubate at 37°C. As
the soil microorganisms synthesize the C source a purple product is formed. By measuring
the presence and intensity of this purple color, a conclusion can be reached regarding the

general diversity of the soil microbial population.

Oksinska et al. (2011) used this C utilization analysis to identify good and weak colonizers
from different strains of Pseudomonas spp., a known biocontrol agent group, and then,
once identified, colonized wheat (Triticum aestivum L.) seedlings. Soils with higher levels of
disease suppression, i.e., those with good colonizers of biocontrol agents, showed a
resistance to soil pathogens such as Fusarium and Rhizoctonia. Zhang et al. (2012)
demonstrated microbial community differences in soils with various water saturation levels

in a soil aquifer.

2.2.2.4 Phospholipid fatty acids

Fatty acid analysis provides an insight into the soil microbial community profile. With the
proper identification system in place, the peaks from a gas chromatograph (GC)
chromatogram can be identified as specific fatty acids (e.g., cy18:0). Signature fatty acids
are known for Gram negative bacteria, Gram positive bacteria, fungi, and actinomycetes
(Frostegard et al., 1993; Baumann et al., 2011; see Table 2.3). The software run to identify
the peaks, i.e., the amount of time it takes to run through a column under a ramped
temperature system, is commonly MIDI Sherlock, though other software packages can be
used. PLFA results can also be run through statistical software in order to identify changes

over sampling time, rather than identifying any particular groups (Frostegard et al., 2011).

In Helgason et al. (2010), CT was shown to cause a shift in the microbial community and a
decrease in MB as estimated from PLFA. Diedhiou et al. (2009) mentioned different PLFA

ratios of concern. The fungal:bacterial ratio indicates general changes in the microbial
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community and is indicated by the branched acids for fungi and the other bacterial fatty
acids identified (Table 2.3). Fungi are sensitive to tillage practices and dry soil conditions
(Potthoff et al., 2006). Other ratios are the saturated : monosaturated fatty acid ratio which,
if decreasing over time, indicates a shift to anaerobic conditions and/or decreasing
substrate availability and cy19:0 : 18:1w7, which is used as an indicator of ecological stress.
The fatty acid 16:1w5 belongs only to the Glomus group of fungi and ergosterol (a branched
fatty acid) only belongs to non-AMF groups (i.e., ones that presumably don’t produce

glomalin).

Table 2.3 Summary of signature fatty acids from Frostegard et al. (1993) and Baumann et al. (2011)

Biomass group | Signature fatty acids Technical name

Bacteria C14:0, C15:0, C16:0, C16:1,C17:0 Saturated and monoenoic acids
Gram + iC14:0, iC15:0, aC15:0, iC16:0, iC17:0
Gram - Cl6:1w7t, cyC17:0

Actinomycetes | 10Mel8:0 Tuberculostearic acid

Fungi 16:1w5, 18:2w6 Branched acids, Ergosterol

PLFA are sensitive to changes in land use overall, and the bacterial and fungal ratios also
change with land use and plant cover type (Hossain & Sugiyama, 2011). In their study they
chose 32 sites across a geographical gradient with different land uses (bare, agricultural,
grassland, and forest) and found differences in total PLFA, bacterial PLFA, and fungal PLFA
markers. The variance was high but could be explained by differences caused by spatial

variations including soil pH, texture, and specific assemblages of plants.

Naming for fatty acids is straightforward. For instance, a straight chain of 14 C without any
double bonds would be C14:0. The little i denotes iso-branching and a anteiso-branching.
The prefix 10Me shows a methyl group on the tenth C from the carboxyl end and cis and
trans configurations of the molecule are shortened as ¢ and t, respectively. Cyclopropane

fatty acids have a cy prefix (Frostegard et al., 1993).
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2.3 Conclusion

Although physical and chemical properties of soil have been utilized extensively to evaluate

soil quality, the application of biological indicators is becoming more important. In order to

assess soil quality, soil enzymes and other biological parameters need to be considered.
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3 MATERIALS AND METHODS

3.1 Experimental layout and treatments

The experimental site is located in Bethlehem, Free State, South Africa. The site was
established in 1979 by the ARC-Small Grain Institute. The soil is of the Avalon form and
Mafikeng family in the South African soil classification system (Soil Classification Working
Group, 1991) and a Plinthustalf in the USDA soil taxonomic system (and therefore a Typic
Plinthustalf; Soil Survey Staff, 2010). This Plinthosol (FAO, 1978) contains the following
diagnostic horizons: from 0-30 cm, an orthic Ap; at 30-65 cm, a yellow-brown apedal B1;
followed by a soft plinthic B2 at the depth greater than 65 cm. The profile shows a transition
from sandy loam (0-45 cm depth) to clay (140-180 cm depth) and throughout contains few
concretions and rocks. The soil structure is apedal to massive and the parent material is
aeolian and colluvial materials on shale of the Tarkastad formation (Hoffman, 1990); it is

found in land type Ca6n and occupies 420,000 ha locally (Land Type Survey Staff, 2001).

Though it was subjected to tillage for at least 20 years prior to the experimental set-up, the
specifics of land management are unknown prior to acquisition by the ARC. The plot is
located at approximately 28°13’S and 28°18’E at 1680 m above sea level. Long-term climatic
data and specific weather data from the sampling period are presented in Table 3.1 and 3.2,
respectively. See Figure 4.3 for detailed temperature and rainfall data during the study

period.

This site is a monoculture wheat trial (Triticum aestivum L.) with no cover crop or rotation
built in. However, when signs of soil-borne diseases (Take-all) are found in some plots, a
growing season of oat (Avena sativa L.) is substituted for wheat and the harvest is not
recorded. This situation applied for 1990, 2004, and 2010, while 1992 was a drought year.
Most of the rain falls between harvesting and seeding, which follows a five month fallow
period to conserve soil water levels (Loke, 2012). The wheat cultivar used is Elands, though

before 2005 the now-obsolete Betta was used.
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Table 3.1 Long-term climatic data from weather station 19833 near the experimental site (ARC-ISCW, 2002)

Parameter | JAN FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP OCT | NOV | DEC | Annual

Rain (mm) | 115.8 | 91.1 | 74.2 | 49.6 | 242 | 9.8 98 | 174 | 32.2 | 77.5 | 94.0 | 99.6 | 695.2

Eo (mm) 214.1 | 179.4 | 164.9 | 122.0 | 103.4 | 82.5 | 93.7 | 129.1 | 172.7 | 195.7 | 201.2 | 223.9 | 1882.8

Al 054 | 0.51 | 045 | 041 | 0.23 | 0.12 | 0.11 | 0.13 | 0.19 | 0.40 | 0.47 | 0.45 0.37

Tmax (°C) | 26.7 | 259 | 245 | 21.4 | 187 | 15.7 | 16.1 | 18.7 | 223 | 23.5 | 246 | 26.1 22.0

Tmin (°C) 134 | 130 | 11.2 6.7 1.8 -24 | -25 0.0 4.6 8.1 10.5 | 123 6.4

Tm (°C) 20.1 | 195 | 179 | 141 | 10.2 | 6.7 6.8 9.4 135 | 158 | 176 | 19.2 14.2

Eo = class-A pan evaporation

Al = Aridity Index = rainfall / class-A pan evaporation
Tmax = Mean daily maximum temperature

Tmin = Mean daily minimum temperature

Tm = Mean daily temperature = (Tmax + Tmin) / 2

Table 3.2 Short-term weather data for the study period between September 2010 and October 2011 from the weather station 19833 (ARC-ISCW, 2011)

Month Tmax (°C) Tmin (°C) Rainfall (mm)
SEP 2010 25.95 5.00 0.0
OCT 2010 25.37 8.42 42.4
NOV 2010 25.49 11.24 91.2
DEC 2010 24.94 12.87 193.3
JAN 2011 24.40 14.46 180.4
FEB 2011 24.91 13.68 102.4
MAR 2011 25.79 12.84 24.1
APR 2011 19.70 7.92 66.8
MAY 2011 18.06 3.58 30.5
JUN 2011 15.54 -1.03 24.4
JUL 2011 14.47 -3.18 14.2
AUG 2011 19.08 -0.09 3.6
SEP 2011 23.79 4.57 5.8
OCT 2011 24.56 7.73 32.8
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The site is a randomized complete block design with three blocks, which serve as replicates.
It includes 36 field treatments, which was a full factorial combination, consisting of two
methods of straw disposal (burned versus non-burned), three tillage methods (no-tillage:
NT, conventional tillage: CT, and stubble mulch: SM), and two methods of weed control
(mechanical versus chemical). It also includes three applications of N fertilizer. The levels 20,
30, and 40 kg N ha* were used until 2003 and currently 20, 40, and 60 kg N ha™is used. The

current 40 kg N ha™ level was used for this study. Each plot is 6 x 30 m with 10 m borders.

CT
SM
Block 1
NT
NT
SM
Block 2
CT
SM
NT
Block 3
CT

Figure 3.1 Experimental layout represented, showing the blocks and general position of sampled

plots with the tillage method denoted.

The plots are harvested in December. The remaining wheat straw post-harvest is either
burned or left unburned. For the CT treatments, a two-way offset disk incorporates either

the left-over residues or the residue ashes to a depth of 150 mm. In February, after the soil
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has become moist and easier to work, a mouldboard plow is set to a depth of 250 mm. At
the same times as the CT treatment, the SM treatment is first cut using a v-blade at 100-150
mm depth and then ripped to a depth of 250 mm with a 50 mm-wide chisel plow at a

spacing of 300 mm. No-tillage treatments are left completely unplowed.

Mechanical weeding has been conducted with a light tiller during the fallow period since
2003, and before that with a rod-weeder or V-blade, as according to soil water levels.
Chemical weeding is done by spraying herbicides. First, Round-up, a broad-spectrum
herbicide containing glyphosate, was used. Then, glyphosate and paraquat were alternated
to avoid the development of herbicide resistance. All plots were planted with a combined
seeder-fertilizer drill used for sowing the wheat seed and 3:2:0 (25) + 0.75% Zn fertilizer; this
resulted in a rate of 20 N, 13 P, 0 K, and 1 Zn in kg ha™, respectively. A thoroughly mixed
limestone ammonium nitrate (LAN; 28% N) was added to the fertilizer mixture to change the
N application rate for the other N levels. Since 2003, a more advanced planter was used that
allows for computer-applied mixing rates for N and P (DBS No-tillage Planter). Currently, the

sources changed to only LAN (28) and single superphosphate (10%).

The sampling design has been restricted to the tillage treatments (CT, SM, and NT) that
coincide with chemical weeding and non-burning of residues and two depths (0-5 and 5-10
cm) due to the logistical and time constraints of biological sampling. In the worst case,
enzyme assays were optimally completed within two weeks of sampling as long as they
were kept at 4°C. It has been recorded that soil enzymes react differently to soil storage
time (e.g., phosphatases were more sensitive to storage length than B-glucosidase) and
freezing serves better than air-drying (DeForest, 2009). The conservative estimate is

completing assays within 10 days of sampling, which has been adhered to during this study.

3.2 Soil sampling, preparation, and storage

Samples were taken with a soil auger (5 cm dia.) at the depths 0-5 cm and 5-10 cm to
investigate stratification, and also to mimic the sampling styles of previous research done at
the ARC-Small Grain Institute wheat trials (Wiltshire & du Preez, 1993; du Preez et al., 2001;
Kotzé & du Preez, 2007; Kotzé & du Preez, 2008; Loke, 2012).
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Table 3.3 shows a full schedule of the sampling times during the study period. The first
sampling was done in October 2010 during flowering, representing the peak of microbial
activity. The year 2010, however, was unusually dry and no rain had yet fallen for the rainy
season. The next sampling date was in November 2010. Though herbicide had been sprayed
on the oats to keep them from using scarce water supplies after the kernels had grown fully,
this sampling date was scheduled because the rainy season had commenced. Rain
continued to fall during the next two sampling dates, in February 2011 and April 2011,
showing a prolonged wet period. The former date was directly after the tillage treatments
were applied and counted as the first fallow sampling. The latter was the second fallow
period sampling. In May 2011, the fifth sampling was scheduled directly after herbicide was
sprayed to control the weeds. By then, rain events had mostly halted. The sixth sampling
period was scheduled for mid-August 2011. It was during a dry period and occurred after
planting and another herbicide round. The seventh sampling date was in September 2011,
during the growth of the wheat and the final samples were collected in October 2011 at the

flagleaf stage of the wheat.

Table 3.3 Sampling times during the study period

Sampling time Date Conditions

1 11 October 2010 Oat: flowering; Dry

2 24 November 2010 Oat; herbicide sprayed recently; After first rains
3 28 February 2011 Fallow; After treatments

4 11 April 2011 Falllow

5 30 May 2011 Fallow; herbicide sprayed recently

6 15 August 2011 Wheat: after planting; herbicide sprayed recently
7 19 September 2011 Wheat: during growth

8 25 October 2011 Wheat: flagleaf stage

Five samples were randomly taken from each plot and these samples were combined into
one composite sample for each treatment. There were three replications of each sample
from each of the three experimental blocks on the trial. Microbial samples were bagged and
put on ice (approximately 4°C) before sieving (<2 mm) and processing, whereas soil used for
the physical parameters was dried and sieved (<2 mm) as soon as possible. Wallenius et al.
(2010) notes the difficulty of preparing soil samples for microbial analyses, and shows that

even small storage times can affect the results. Because of this, we used the soil as soon as
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possible and completed the enzyme assays in a certain order so the deviance from the

original sample would be similar across the study period.

3.3 Soil analyses

3.3.1 Physical soil parameters

The following tests were completed on the soil samples: particle size distribution and
gravimetric moisture content. Particle size distribution was determined through the pipette-
sieve method (Kilmer & Alexander, 1949) in order to see the effect clay percentage has on
enzymes, and to determine the accuracy of sampling itself. Moisture content was done
during the enzyme assays on the samples in order to correct the values found from the
spectrophotometer, but not necessarily at the same moisture as when it was taken out of

the field. These analyses were completed for each sampling time.

3.3.2 Chemical soil parameters

For each sampling time, pH (H,0), total C, total N, and extractable P were analyzed for in the
soil samples. The soil pH method used a 1:2.5 soil:water suspension. Total C and total N was
estimated by combustion using a Leco Truspec CNS analyzer (Leco Corp., St. Joseph, Ml,
USA). An adapted Olsen method for P determination was used, to mimic previous studies
(Kotzé and du Preez, 2008). All chemical data was done in duplicate. Full methods can be
found in The Non-Affiliated Soil Analysis Work Committee (1990). Hereafter in this

dissertation, total C, total N, and extractable P are referred to as C, N, and P, respectively.

3.3.3 Biological soil parameters

For all eight sampling times, enzymes were determined colorimetrically using enzyme-
specific procedures (described below). Once the color was developed, a spectrophotometer
or microplate reader, ELx800 (BioTek Instruments Inc., USA), was used in determining the
absorbance at the specified wavelength. Soils were sieved (<2 mm) and kept at 4°C. Enzyme

assays were done in duplicate, with a control for each sample. Dehydrogenase is the only
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method which mandated keeping the soil moist for the assay; however, this was done for all
the assays for standardization of results (Tabatabai, 1994). Due to this, all data was

corrected for moisture content during the data analysis.

B-glucosidase was determined through an adaptation of Dick et al. (1996). One g of field-
moist soil was incubated at 37°C for 1 h with toluene, modified universal buffer pH 6.0, and
p-nitrophenol-B-D-glucosidase  (pNG) then shaken with calcium chloride and
tris(hydroxymethyl) aminomethane before filtering through a Whatman no. 2v filter paper.

Absorbance of released p-nitrophenol (pNP) was tested with a microplate reader at 405 nm.

Kandeler and Gerber (1988) described the method for urease enzyme determination. The
non-buffered method was used, where 5 g of field-moist soil was incubated at 37°C for 2 h
with a urea solution and then shaken with potassium chloride. The resulting suspension was
filtered through Whatman no. 2v filter paper. Before the absorbance was measured with a
microplate reader at 690 nm, the filtrate was prepared with sodium salicylate/sodium

hydroxide solution and sodium dichloroisocyanide solution for the color development.

The assay for both acid- and alkaline-phosphatase was adapted from Tabatabai (1994). One
g of field-moist soil was incubated at 37°C for 1 h with toluene, modified universal buffer
(pH 6.5 for acid phosphatase and 11 for alkaline), and pNP. Then, after adding calcium
chloride and sodium hydroxide, it was filtered immediately through Whatman no. 2v filter

paper. Absorbance, also of pNP, was measured with a microplate reader at 405 nm.

The dehydrogenase assay from von Mersi and Schinner (1991) was used. One g of field-
moist soil was mixed with THAM and iodonitrotetrazolium violet-formazan (INT) solution.
This enzyme assay required incubation at 40°C in the dark for 2 h. Then the samples were
mixed with an extraction solution and kept in the dark for another 30 min. Absorbance of
the reaction product INT was tested with a glass cuvette on the spectrophotometer at 464

nm.

Soil MBC and MBN were also measured for all eight sampling times. A modification of the

chloroform-fumigation method was used (Coleman et al., 2004; von Liitzow et al., 2007) by
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analyzing the C and N percentages with Leco combustion. These values were compared with
the normal C and N values also obtained through Leco combustion and the difference was,
therefore, soil MB activity. Because chloroform-fumigation must be done on field-moist
soils, they were dried out directly following the procedure for analysis on the Leco machine.
Equations 5 and 6 (Acosta-Martinez et al., 2010) were followed to obtain the values. The k

factor is included to account for C and N in gaseous form escaping during the fumigation.

(C in fumigated soil - C in unfumigated soil)

MBC =

where kgc = 0.45 [5]

kec

(N in fumigated soil - N in unfumigated soil)

MBN =

where kegy = 0.54 [6]

ken

Easily extracted-GRSP was measured through a procedure used by Wright et al. (1996),
Wright and Upadhyaya (1996), and Wright and Upadhyaya (1998) for all eight sampling
times. Only the easily extractable protein was extracted. One g of soil was mixed with a
sodium citrate solution and autoclaved at 121°C for 30 min. After centrifugation, 1 mL of the
supernatant was decanted into mini centrifuge tubes and centrifuged again. This was the
sample that the Bradford assay was done on in duplicate, while using Bradford dye (Sigma-
Aldrich) and bovine serum albumin (BSA; Sigma-Aldrich) as the standard. The standard curve
was expressed by y = 0.2233x + 0.0097. The assay was done on a microplate and read by

a microplate reader at 590 nm. It was possible to store the supernatant for 2-4 weeks at 4°C.

The PLFA method from Marschner (2007) was modified by Prof A. Hugo and Mr. T. Bambo
(UFS; unpublished). PLFA were only analyzed for the first, third, and fifth sampling times.
Briefly, 2 g of frozen field-moist soil was mixed with a citrate buffer, chloroform, methanol,
and Bligh and Dyer reagent. The samples were shaken for 2 h, then vortexed and
centrifuged at 2500 g. The soil-free supernatant was moved to a new tube and the soil was
washed with more Bligh and Dyer reagent and once it was vortexed and centrifuged at 2500
g again, more supernatant was transferred to the new tube. Chloroform and citrate buffer
were added and then the organic phase was removed. The samples were dried under a N,
stream, conditioned with chloroform, and run through an elution chamber. The
phospholipids were collected and dried again under a N, stream. An internal standard was

added along with methanol:toluol, hexane:chloroform, acetic acid, and deionized water. The
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organic phase was collected and dried under a N, stream. Then the purified PLFA, which had
been methanolyzed into fatty acid methyl esters, were read on a Varian 430-GC gas

chromatograph (Agilent Technologies, USA).

BIOLOG EcoPlates™ were used for one of the sampling times only (October 2010). 10 g of
soil was added to 90 mL of sterilized water and shaken for 50 min. After settling for 2 h, this
soil dilution was pippetted into the 96 wells of the plate. Color was noted by eye and from a
microplate reading after 36 h of incubation at 25°C. The results were interpreted by eye
with corresponding data from the microplate reader printouts. No change in color was given

a value of 1 while a slight change was 2 and a dark purple color was a 3.

3.4 Data processing and analysis

The experimental design compared enzyme activity and nutrients and pH between 3
treatments at 2 depths over 12 months. Three-way analysis of variance (ANOVA) was
conducted using the general linear model available in SAS software. An alpha of 0.05 was
chosen and the Tukey-Kramer test was used as a post-hoc test using Tukey’s honest
significant difference (HSD). For BIOLOG community profiling and fatty acid results, no
statistical software was used; instead, bar graphs were created with Microsoft Excel and

trends were noted.
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4 ENZYME ACTIVITIES AND NUTRIENT LEVELS

4.1 Introduction

The purpose behind having so many parameters in this and the next chapter is because, as
de Varennes & Torres (2011) state, one soil property on its own cannot determine changes
or overall quality of the soil. This section will focus on the enzymes B-glucosidase, acid- and
alkaline-phosphatase, urease, and dehydrogenase. Enzymes are simply proteins which are
biological catalysts, causing the reaction to be provided with an alternate path with a lower

energy of activation (E,), as shown in Figure 4.1.
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/ ' Ex without a catalyst

’

/I \‘
/ \
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\

1

Energy

| Non-catalyzed reaction
1

Products

Catalyzed reaction

v

Reaction path

Figure 4.1 An illustration of the amount of activation energy (Ea) required for a reaction to start with
and without a biological catalyst.

B-glucosidase provides energy for microorganisms by hydrolyzing B-D-glucopyranosides,
which is a step in the hydrolysis of cellobiose, a disaccharide. Only microorganisms produce
this enzyme, as the product is an energy source only usable by them. There are four known
hydrolase enzymes in soil which act upon glycosyl compounds (a-glucosidase, B-glucosidase,

a-galactosidase, and B-galactosidase); of which B-glucosidase is the most common in soils

(Tabatabai, 1994).

The phosphatase enzymes are more appropriately defined as phosphomonoesterases, as

they cleave phosphate compounds to produce a single phosphate (one P paired with three
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O and one hydroxyl group). Acid and alkaline phosphatase is not specific to the reactant. In
nature, the hydrolysis of phenylphosphate, p-nitrophenyl phosphate (pNP) and others has
been reported (Tabatabai, 1994). In the laboratory assay, the substrate chosen is pNP. In
soils, orthophosphate acts as an inhibitor of this group of enzymes. The more plant available
P in the soil, the less phosphatases which will be active; however, this might not affect their
concentration, just whether the enzymes are able to work or not. As the names suggest,
acid phosphatase is active in more acidic soils, and alkaline phosphatase thrives in high pH

soils.

Urease hydrolyzes the reaction of turning urea (NH,CONH,) to ammonia (NHz). This is a two-
step reaction (Reithel, 1971) and produces carbamate as a substrate for the second step. It
is a popular enzyme to study simply because it is widely distributed in nature and because,
in 1926, it happened to be the first enzyme protein crystallized (Tabatabai, 1994). They
require Nickel (Ni) in their activation site, which is unusual compared to other enzymes, and

are inhibited by the presence of phosphate (Krajewska, 2009; see Figure 4.2).
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b

Figure 4.2 A schematic representation of urease with its co-factor (Ni) in the activation site and
connected to a phosphate, which is inhibiting the use of the enzyme (from Krajewska,
2009).

Dehydrogenase is not connected to any nutrient cycle, but instead to the presence of the
microorganisms themselves. Theoretically, dehydrogenase cannot exist outside of its host
cell, and as such is considered as a proxy for active MB. Dehydrogenase oxidizes SOM as the

reaction shifts H ions from substrates to acceptors (or the product; Tabatabai, 1994).
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In this chapter, results on the activity of the five preceding enzymes and their associated

nutrients are presented and discussed.

4.2 Results and discussion

Sampling was conducted across parts of two growing seasons. The first growing season was
planted with oat due to disease found in the usual wheat, followed by a fallow period and
another cropping period, this time with wheat (Figure 4.3). Table 4.1 shows a summary of
water content of the soil measured for enzyme analysis throughout the study period. This
corresponds well with the rainfall measured, showing higher water content in the deeper
soil layer, as could be expected. As compared to Table 3.1, the maximum and minimum
temperatures agreed well with the long-term averages. However, the precipitation changed
slightly (Table 3.1). The majority of the precipitation fell in the summer months (October to
February) and in general, more than the usual amount of rainfall fell in summer but less
than usual rainfall fell in winter. This was the case particularly at the beginning of the study
when only 0.25 mm of rain was experienced in the month and a half before the first

sampling date (Figure 4.3, Table 4.1).

Table 4.1 Summary of gravimetric water content measured for enzyme analysis throughout the
study period, with the sampling times corresponding with those in Figure 4.2

0-5 cm soil depth | 5-10 cm soil depth
Sampling time Water content (%) Average
1 1.6 1.7 1.6
2 4.0 6.2 5.1
3 11.0 11.0 11.0
4 8.1 9.3 8.7
5 10.3 17.7 14.0
6 8.3 11.2 9.8
7 4.6 9.0 6.8
8 2.0 4.6 3.3
Average 6.2 8.8

During the first sampling date, due to the dryness and hardness of the soil, the two layers of
soil (0-5 cm and 5-10 cm) are suspected to not be properly separated. As such, the values

for the 5-10 cm soil layer may not be accurate. However, the values do not appear to
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destroy the trends between sampling times or depths. Only for the fourth sampling time are

data from a third soil depth, 10-15 cm, available. Its trends are noted in chapter six.

For all five enzymes analyzed, there existed significant differences amongst sampling times,
tillage treatments (Figure 4.2), and soil depths at a 95% confidence interval. In the nutrients,
only P did not differ significantly with depth, but significant differences showed in all other
categories. pH differed only across the eight sampling times and the three tillage

treatments. Interaction effects existed, but only as a two-way interaction (Table 4.2).
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Figure 4.3 This graph shows the two cropped periods, starting with oats (Avena sativa L.) and ending with wheat (Triticum aestivum L.), with the fallow

period in the middle. The sampling dates (corresponding to Table 3.3), temperatures, and rainfall are shown for every day and are presented for
the study period at the long-term monoculture wheat trial near Bethlehem.
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Table 4.2 Summary of the analysis of variance (ANOVA) indicating significant effects at a 95% confidence interval (a = 0.05)

Acid Alkaline
B-glucosidase | phosphatase | phosphatase Urease Carbon | Dehydrogenase | Nitrogen | Phosphorus | pH (H,0)
Replication * *
Sampling time
Tillage
treatment (B) * * * * * * * * *
Depth (C) * * * * * * -
A*B * * *
A*c * * * *
B*C * * * * * *
A*B*C
Table 4.3 Summary of averages with ranking of the three tillage treatments according to Tukey’s HSD for measured parameters
Tillage treatments
Parameters NT SM CcT
B-glucosidase (pg pNP g* SDW 1h™) 711.1° 727.3° 471.8°
Acid phosphatase (pg pNP g* SDW 1h?) 2646.2° 2573.8%° 2334.7°
Alkaline phosphatase (pg pNP g SDW 1h™) 936.8° 640.6° 503.4°
Urease (pg NH4.-N g SDW 2h™) 21.8° 21.9° 14.8°
Dehydrogenase (pg INF g* SDW 2h™) 125.7° 120.4° 89.1°
Carbon (mg kg) 6004.6° 5539.0° 5232.5°
Nitrogen (mg kg™) 860.8° 764.5° 705.3¢
Phosphorus (mg kg™) 39.6° 31.3° 19.7°
pH (H,0) 6.4° 6.1° 6.2°
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4.2.1 B-glucosidase and carbon

The correlation between this enzyme and its corresponding nutrient was very low (r = 0.13
for the 0-5 cm depth, r = 0.24 for the 5-10 cm depth; Figure 4.4). This low correlation could
be due to one of two reasons:

1. As enzymes change faster in soils than their respective nutrients, it could be
showing micro-changes in the soil which are not indicated properly in bulk C stocks (de
Varennes & Torres, 2011).

2. The C parameter was not measured by a method sensitive enough to the changes

in organic C.

Main effects

Across sampling times, B-glucosidase did not follow a clear trend with regard to cropping
cycles, unless the results include a rather long lag time, as the values are the highest in the
beginning of the study period (between 783.2 pg pNP g SDW 1h™ and 692.7 pg pNP g™
SDW 1h™), then declines during dates 5 and 6 (values at 363.9 pg pNP g™ SDW 1h™ and
377.3 ug pNP g™ SDW 1h™) and generally recover for the last two sampling dates (567.8 ug
pNP g SDW 1h* to 807.8 pg pNP g* SDW 1h™). However, if the values are superimposed
with the temperature, it is seen that the low values occur during the time of the year when
the minimum temperatures go below 0°C at night (Figure 4.3; Figure 4.5). De Varrenes &
Torres (2011) found the B-glucosidase activity was more linked to water availability than
temperature; however our data do not suggest a similar link, as the first sampling time held

the least soil moisture content, but the values were not similarly lower than at other times.

Carbon levels only changed across the season by increasing for the last three sampling
dates, all of which fell in the last wheat cropping period. It averaged 4530.2 mg kg™ in the
beginning, and increased to an average of 7361.7 mg kg in the end. This could be due to
the amount of residues on the soil surface. The first cropping season had very little rainfall,
which led to low levels of biomass, and was followed by a fallow period. The second
cropping season had much more water available to the plants, which could have led to an

increase in SOM, hence higher total C.
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Interaction effects

The enzyme had interaction effects between tillage treatment and depth. The trends are
shown in Figure 4.6, with the rankings for tillage treatments in Table 4.3. For the 0-5 cm
depth only, NT had the highest potential enzyme activity (900.9 pg pNP g* SDW 1h™),
followed by SM (784.2 pg pNP g'sDW 1h) and CT (445.5 pg pNP g'SDW 1h™). The
difference between the two conservation tillage treatments, NT and SM, however, did not
significantly differ as with CT. For the lower depth, none of the tillage treatments differed

with depth.

At each sampling treatment, the potential B-glucosidase activity was higher in the 0-5 cm

depth and the CT treatment was lowest.

C had interactions between tillage treatment and depth. The interaction shows that the
more conservational the tillage is, the higher C it will be, but also that the gradient is more
pronounced in the surface soil than in the lower depth. The C decreased from 6548.3 mg
kg™ in NT to 5390.4 mg kg™ in CT for the top 5 cm, but only from 5460.8 mg kg in NT to
5074.6 mg kg in CT for the 5-10 cm depth. This should be due to the higher amount of

residues available at the surface in NT as compared to SM and then CT.
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B-glucosidase activity Carbon level
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Figure 4.4 All values for potential B-glucosidase activities (ug pNP g™ SDW 1h™) and carbon contents (mg kg™). The top figures are from the 0-5 cm depth
and the bottom figures are from the 5-10 cm depth.
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Figure 4.5 Main effects of potential B-glucosidase activities and carbon contents across tillage treatment, sampling time, and soil depth. Tukey values are
included for each.
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4.2.2 Acid- and alkaline-phosphatase and phosphorus

Acid- and alkaline phosphatase showed different trends and were present in different
amounts (Figure 4.7; Figure 4.10). Acid phosphatase was present in quantities more than
doubling those of alkaline phosphatase; the soil pH averaged 6.2 across all treatments,
depths, and sampling dates, and since the soil was more acidic this backs up the previous

finding of the dominance of acid phosphatase.

The correlation between acid- and alkaline- phosphatase enzymes, P, and pH were all poor.
Acid phosphatase activity and P had r of 0.00 at the top depth and 0.08 at the lower depth,
while alkaline phosphatase was slightly higher at r = 0.37 and 0.32, respectively. Acid
phosphatase and pH did not show any relationship (r = 0.53 and 0.00, respectively) and
alkaline phosphatase fared slightly better at r = 0.51 and 0.50, respectively. Dick et al. (2000)
found that the ratio between acid phosphatase and alkaline phosphatase activities was very
sensitive to the pH of the soil and predicted changes in pH better than the traditional
method with a pH meter. Since the pH values of the soils in this study were all close to each

other, this ratio could not apply.

Main effects

Acid phosphatase activity showed a clear trend with regards to tillage treatment, favoring
the conservation tillage methods. NT was the highest with 2646.2 ug pNP g* SDW 1h™,
followed by SM 2573.8 pg pNP g SDW 1h™ and the lowest at CT with 2334.7 ug pNP g*
SDW 1h™. NT was significantly different from CT, but SM differed from neither. The top
depth was lower in value at 2329.5 pg pNP g™ SDW 1h™ than the 5-10 cm depth at 2706.9

ug pNP g SDW 1h™ and differed from each other significantly.

The sampling times showed an inverse relationship with P in soil. In Figure 4.8, it was
noticed that as the acid phosphatase activity increased over time, the soil P decreased. This
suggests that as more P was available in soil, less enzymes were needed (Tabatabai, 1994;
Balota et al., 2004). Alkaline phosphatase shares this trend (Figure 4.11), though more

clearly. The time when there is less P in the soil also lines up with the fallow period. After
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the fertilizer applications, when the crop has utilized it before harvest, there should be less
P, and with no crop on the soil, there shouldn’t be a large need for P, hence no enzymes.
However, the microbial component of phosphatase production is high; alkaline phosphatase
only comes from microorganisms (Dick & Tabatabai, 1983) and so when there is less P in the
soils, microorganisms will still produce this enzyme to extract available P from the soil, and
acid phosphatase comes from both plants and microorganisms, which explains why the
trend was less clear. Also, the fallow period had many weeds and an abundance of algae on

the surface from the heavy rainy season, and these could also produce acid phosphatase.

P only differed significantly for tillage treatment and sampling date. Tillage treatment
showed a clear difference between all three treatments, again favoring the conservation
treatments. NT was the highest at 39.6 mg kg™, SM intermediate at 31.3 mg kg™, and CT the
lowest at 19.7 mg kg'. Sampling dates showed a clear fertilization bias. During the fallow
period, the P content was significantly lower (average of 21.9 mg kg?) than during the
cropped seasons (averages of 36.5 mg kg'1 for oat and 34.4 mg kg'1 for the wheat growing

seasons). P exhibited no significant difference and no trend between depths.

Alkaline phosphatase activity showed differences in tillage treatment, sampling date, and
depth, and besides urease was the only parameter to show differences in the replications
(blocks) (see Table 4.2 and Figure 4.11). It is interesting to note that as acid phosphatase
was the only parameter to increase with depth, its sister enzyme, alkaline phosphatase,
decreased as per usual (Figure 4.8, 4.11). This could be due to the presence of plant roots
which produce only acid, not alkaline, phosphatase, and are more common just below the
soil surface. In Aon and Colaneri (2001) the enzymes all decreased with depth, except for

dehydrogenase, which defied expectations only once during their study.

Interaction effects

Acid phosphatase and P did not have any interaction effects (Figure 4.9).

For the alkaline phosphatase parameter (Figure 4.12), the combined treatment of sampling

date and tillage treatment and that of tillage treatment and depth were both significant. NT
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led in all sampling times and CT was always lowest. NT was significantly higher than CT
during the sampling dates 4 through 8, but the sampling dates that fell in the first cropping
period were much closer in value across the tillage treatments. With the tillage treatment
across depths, no difference was found at the 5-10 cm layer, but NT was significantly higher
than SM and CT at the 0-5 cm layer, which also showed a better trend across tillage

treatments.
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Figure 4.7 All values for potential acid phosphatase activities (ug pNP g™ SDW 1h™) and phosphorus contents (mg kg™?). The top figures are from the 0-5 cm
depth and the bottom figures are from the 5-10 cm depth.
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Figure 4.9 Interaction effects for potential acid phosphatase activities and phosphorus contents. Tukey values are included for each.
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Figure 4.10 All values for potential alkaline phosphatase activities (ug pNP g SDW 1h) and phosphorus contents (mg kg™*). The top figures are from the 0-5
cm depth and the bottom figures are from the 5-10 cm depth.
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Figure 4.11 Main effects for potential alkaline phosphatase activities and phosphorus contents, across tillage treatments, sampling time, and soil depth.
Tukey values are included for each.
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Figure 4.12 Interaction effects for potential alkaline phosphatase activities and phosphorus contents. Tukey values are included for each.
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4.2.3 Urease and nitrogen

The correlation between urease and N was very low at both soil depths (r = 0.13 and 0.04,

respectively; see Figure 4.13).

Main effects

Urease had significant differences in all of the main effects, as well as across replications
(blocks). Nitrogen also had significant effects in all treatments (tillage, depth, and sampling
time; Figure 4.14). Amongst tillage treatments, N was highest in NT (860.8 mg kg™), which
was significantly different from SM (764.5 mg kg™), which was again significantly higher than
CT (705.3 mg kg™). N was higher in the top soil layer (825.4 mg kg™* versus 738.3 mg kg™).

Interaction effects

Urease showed sensitivity to the combinations of all treatments in the two-way interaction
(Table 4.2; Figure 4.15). In the sampling dates and tillage treatment combination, seven out
of eight sampling dates showed that NT and SM were significantly higher. For the second
sampling date, which occurred right at the start of the rainy season, the SM and the CT
treatment were significantly higher than the NT. Across the sampling dates and divided by
depth, only the first sampling date did not agree with the trend of the 0-5 cm depth
significantly higher than the 5-10 cm layer, though due to the dryness of the soil, that

sampling date has concerns about the sampling process.

Across tillage and depth, NT and SM (27.2 and 25.0 pg NHa-N g SDW 2h™, respectively)
showed a good trend favoring urease activity in the 0-5 cm layer with CT significantly lower
at 15.0 pg NH4-N g SDW 2h™. The 5-10 cm layer, however, did not differ significantly. In
Bonanomi et al. (2011) the only soil depth analyzed was 0-20 cm, and urease activities were
significantly higher in less intensive agricultural treatments as opposed to high intensity
tillage. As in our study, when the two depths are put together, the less intensive tillage
practices (NT and SM) exhibited significantly higher urease activities than the high intensity
tillage practice (CT).
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Nitrogen had a significant interaction between sampling dates and depths. Only sampling
dates one, four, and six were statistically significant, each with the 0-5 cm depth higher than
the 5-10 cm depth, though that is the trend shown in the other dates as well. The
differences in soil depth and tillage treatment could be due to the availability of crop
residues on the soil in NT and SM treatments. The difference over time could be a function
of crop demand of N during the cropping period and leftover fertilizer and crop residues

during the fallow period.
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Figure 4.13 All values for potential urease activities (g NH,-N g SDW 2h™) and nitrogen contents (mg kg*). The top figures are from the 0-5 cm depth and

the bottom figures are from the 5-10 cm depth.
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Figure 4.14 Main effects for potential urease activities and nitrogen contents, across tillage treatments, sampling time, and soil depth. Tukey values are
included for each.
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Figure 4.15 Interaction effects for potential urease activities and nitrogen contents. Tukey values are included for each.
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4.2.4 Dehydrogenase

Main effects

All values for dehydrogenase activity are shown in Figure 4.16. Dehydrogenase activity had
significant effects with sampling dates, tillage treatments, and soil depths. Since
dehydrogenase is the enzyme which represents the active MB, following the main effects
shows most closely where and when the largest microbial community was thriving (Figure

4.17).

Interaction effects

Potential dehydrogenase activity had sensitivity to sampling dates and depth as well as

tillage treatments and depths together, but not across time and tillage treatments.

The climate in the beginning of the study was very dry, as the rainy season had been
delayed. In Figure 4.18, this is reflected in the first sampling time separated by depth; it
disturbs the general trend of the 0-5 cm layer having a higher potential dehydrogenase

activity. For all other sampling dates, the top soil layer is significantly higher in activity.

For the 0-5 cm soil depth, NT and SM (172.4 and 142.8 pg INF g* SDW 2h™, respectively)
were significantly higher than CT (95.5 pg INF g SDW 2h™), but at the 5-10 cm layer, no
treatment differs from the other. In Pascaud et al. (2012) dehydrogenase activity was the
preferred soil quality measurement, above PLFA and others, due to its simple relationship
with MB instead of looking at different microorganism categories, and ability to summarize
the total oxidative capacity of the soil. Therefore, the MB was of a larger size, and the soil
had higher quality, in NT and SM treatments, but the difference is only significant in the top

0-5 cm of soil.

In general, research has found that enzyme activities increase following NT systems. Balota
et al. (2004) found a large improvement in enzyme activities in NT as compared to CT in a

long-term crop rotation trial in Brazil. The results showed an increase of 46% for acid
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phosphatase and 61% for alkaline phosphatase in the 0-5 cm soil layer. Correlations were
found to be high between the phosphatase enzymes and P, which was not the case for this
study. However, the long-term site in Brazil consisted of an Oxisol with 85% clay content. It
is known that differences in clay content change microbial properties while other factors
stay constant. Types of CT also affect the microbial community. If the tillage was less
intense, then differences between CT and NT plots were not as large as in studies which had

high intensity CT (Carpenter-Boggs et al., 2003).

Chaer et al. (2009) found high correlations between enzyme activities and nutrient levels,
particularly SOC. The soil texture ranged from silty loam to clay loam in an experimental
forest site. Another study found that OM and dehydrogenase activity had a low correlation.
This was attributed to the degraded nature of the soils, resulting in a uniformly low OM
content. It was also noted that dehydrogenase would be a more sensitive indicator of
change, and as such would change more rapidly than traditional parameters like OM (Garcia

et al., 1997).

Temporal changes in soil enzymes are another confounding factor in assessing soil quality.
However, it has been recorded that despite changes in temperature, rainfall, and season,
the inherent quality of certain treatments still demonstrated an increase over other
treatments. An example was NT and unburned plots continually having a higher amount of

soil quality than CT and burned plots (Aon et al., 2001b; Boerner et al., 2005).
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Figure 4.16 All values for potential dehydrogenase activities (ug INF g™ SDW 2h™). The top figure is from the 0-5 cm depth and the bottom figure is from 5-
10 cm.
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Figure 4.17 Main effects for potential dehydrogenase activities (ug INF g SDW 2h™) across tillage treatment, sampling time, and soil depth. Tukey values
are included for each.
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Figure 4.18 Interaction effects for potential dehydrogenase activities (ug INF g* SDW 2h™). Tukey values are included for each.
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4.3 Conclusion

Analyzing the different enzymes illustrates which conditions certain enzymes can predict and also
demonstrates how the microbial community works better under certain treatments. -
glucosidase seems most sensitive to soil temperature and performed similar in NT and SM,

showing higher activity than CT. It also performed best in the 0-5 cm depth.

Acid phosphatase activities also didn’t differentiate between NT and SM and placed them
higher than CT. Oddly, it had a higher activity in the 5-10 cm depth. The enzyme itself
seemed to be sensitive to the presence of its product, phosphate, and the activity mostly
followed the fallow and cropping periods, which supported the hypothesis of higher activity
in the NT followed by the SM and CT treatments.

Urease showed sensitivity to seasonal and agricultural activity, as it changed the most
rapidly and followed no clear trend across time. However, it was higher in the top soil layer,

and ranked both NT and SM above CT.

Dehydrogenase also had higher activities in NT and SM together above CT and the 0-5 cm
depth above the 5-10 cm depth. Temporally, it was sensitive but also followed trends with
known events. The activity was lower in dry periods and also didn’t perform well at colder
times. It was the highest directly after the rainy season started, when the temperatures

were still mild. None of the enzymes correlated to the nutrient it affects or pH.
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5 OTHER BIOLOGICAL INDICATORS

5.1 Introduction

Sampling times had to be carefully considered for the other biological indicators, because of
constraints which disallowed these indicators to be measured at all eight times. Microbial
biomass via fumigation and EE-GRSP were the exception to that, but as explained below, the

values did not come through.

BIOLOG community profiling highlighted the general community diversity by reporting how
many C sources the microbial community can easily and difficultly use and those they
cannot utilize at all. The first sampling time was chosen (Figure 4.3) on advice that during
time of unfavorable climatic conditions, the differences between treatments would be more

visible.

The PLFA results can indicate many characteristics of the microbial community in the soil.
Thus samples from only the first, third, and fifth sampling dates were chosen to represent

different moisture and temperature regimes within the study period.

Furthermore, results which evolved from the mentioned biological indicators are dealt with

in this chapter.

5.2 Results and discussion

5.2.1 Microbial biomass via fumigation-extraction

There are no MBC and MBN results for this study. A modified method was used to
determine MBC and MBN, and unfortunately did not prove effective. It is not known
whether the fault was in the chloroform fumigation step, as the vacuum available was never
tight enough to bring the chloroform to boiling; or if the Leco analyzer was not sensitive

enough to pick up the generally minute difference in MB from the normal C and N sample. It
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is recommended for any future users to not go by this method, but to use a TOC analyzer on

the extracts of the soil, as is described in Acosta-Martinez et al. (2010).

5.2.2 EE-GRSP

Glomalin (mg BSA g1)

Tillage treatments separated by sampling dates

Figure 5.1 Glomalin levels shown across the tillage treatments and sampling times. It was chosen to

combine depths due to the low variance between the two.

The results for EE-GRSP (easily extractable — glomalin related soil protein) in this study were
considered under the detectable limits. This is because the laboratory assay showed a
constantly low amount for all sampling times except for five and seven (Figure 5.1). The
higher amounts of bovine standard albumin (BSA) detected by the coloring reagent in the
assay were considered to be a false positive. Instead, it was noticed that the longer the
delay before the autoclaved citrate buffer solution was centrifuged and the solution was
separated from the soil pellet, the higher the color response would be. Given that
laboratory assays should not be sensitive to a small amount of time, waiting for the
centrifuge to be available or waiting for the autoclave to cool down and continuing on with
another assay during the wait, the results were considered to be the figment of one of two
scenarios:

1. The amount of glomalin was undetectable and only a product of the dye and how
well it bonded with unknown compounds in the soil solution.

2. The glomalin levels were unknown due to the unreliability of the assay.
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However, given the lack of PLFA signatures from the fungal species thought to produce

glomalin, the first scenario will be provisionally accepted.

5.2.3 BIOLOG whole community profiling

Figure 5.2 shows the averages of the three replications for sampling time one (October
2010) at two depths from a 96-well microplate with 31 individual C sources (BIOLOG
EcoPlates'™). All results are tabulated in the Appendix (Table 1, 2, and 3). At the 0-5 cm
depth, NT and SM appear nearly the same with regards to positive, late positive, and
negative results. CT has fewer positive results, though the negative results again do not
change. Instead, the bulk of CT can be described as a late positive reaction. This means that
microorganisms present in the solution can make use of the C source, but only as a last
resort. Further, it refers to the assumption that the microorganisms needed to adjust to the
unfamiliar C sources it found in the plate and therefore the C sources in the CT plots are less

diverse than in the NT and SM plots.

At the 5-10 cm depth, a more clear distinction is seen in the results. NT has the highest
amount of positive results, followed by SM, and then lastly CT. The negative results again
stay the same. This, again, indicates that there is greater diversity of microorganisms in the
NT, and to some extent the SM, plots are familiar with a diversity of C sources, and those
plots quite possibly hold a more diverse community of microorganisms to begin with. The
microbial community in the CT plots are not used to certain C sources, but that does not

mean they have lost the ability to quickly adapt.

Since the crop is the same and only tillage treatment differs for this part of the study, it is
possible that the microbial communities are composed of nearly the same members, but
that those in more undisturbed conditions (i.e., NT and SM) are more robust in their

activities.
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Figure 5.2 Results from the BIOLOG EcoPlates™, averaged across three replications, from the first sampling date (October 2010).
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5.2.4 PLFA

Figure 5.3 shows a stacked bar graph with amounts of each PLFA identified (PLFA which
could not be identified were left out) and the total amounts of PLFA for each tillage
treatment at three different sampling dates (Table 4, 5, and 6 in the Appendix). Only the top
0-2 cm of soil was collected. All soil samples contained the same identified PLFA signatures
in about the same ratios of the total. However, total PLFA (nmol g'l) changed across tillage

treatments and season.

From the soil collected in October, 2010, a clear trend was noted, echoing the general trend
seen throughout this study, that the NT and SM had higher amounts of PLFA than CT,
although the community composition did not change. The climatic conditions which
characterized the first sampling date were dry with temperatures at the maximum in the
20’s and the minimum fell below 10°C. In February 2011, the maximum temperature was in
the 20’s and the minimum near 10°C, and a rainfall of 102.4 mm in the month of February
alone. The trends were not very clear at this sampling date, with CT increasing to the values
of PLFA in NT and passing SM. This may be indicative of a phenomena pointed out for
choosing the sampling time for BIOLOG profiling; that when nutrients and soil moisture are
not a limiting factor, it is harder to see the difference between treatments which encourage
an improvement in soil quality and those that do not. In this case, it appeared that CT had a

microbial community just as diverse as that of the NT and SM plots.

However, sampling time proved important, because that was only the case for this sampling
time; if this was the only sampling period used, then no difference would have been noted
in PLFA. At the fifth sampling date, less precipitation fell with only 66.8 mm in April. The
highest temperature was at 10-20°C and the lowest temperature below 5°C. Once again, the
trend favoring NT and SM was observed (Figure 5.3). Across all times, NT steadily increased
in total amount of PLFA, as did SM, though less dramatically. CT showed both an increase

and a decrease across time.
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Figure 5.3 The amounts of PLFA compounds detected in each sample, averaged across the three replications.

66




It has been noted that the total moles of PLFA is proportional to the active MB. In Hedrick et
al. (2005) 2.5 x 10* cells is assigned for every pmol PLFA per gram soil. The calculated
biomass (Table 5.1) based on this assumption follows the same trends as above. The ratios
for determining different conditions in the soil put forth by Diedhiou et al. (2009) cannot be

calculated due to lack of certain PLFA signatures, including fungi and actinomycetes.

Table 5.1 A summary of the MB estimated from the PLFA results

October 2010 February 2011 May 2011

Treatment NT SM CT NT SM CT NT SM CT

Cells g_l 13772 | 12288 | 11629 | 14744 | 13574 | 14283 | 18358 | 14757 | 12358

The signature for Glomus species of fungi, which is thought to produce glomalin, was
absent. It could still be present in another, unknown, PLFA or present in amounts lower than
the detection limit for the method. Diedhiou et al. (2009) sampled from the Ap horizon (0-
10 cm) and ran all the analyses on this sample size, including PLFA, which indicates that
some PLFA signatures may be located at a lower depth than the 0-2 cm depth used in this
study. However, given the modifications made to the laboratory assay in order to catch any
PLFA signatures, e.g., increasing the grams of soil used per the same amount of chemicals
and pulling out as much extract as possible, instead of the standard 1 mL, suggest that the

soil would not have contained any significant amount of PLFA at a lower depth.

The soils contained only bacterial signatures, including C14:0 and C16:0, which are general
bacteria, and i-C17:0, which is gram positive bacteria. None of the other compounds

matched known PLFA signatures, so it is only known that bacteria were present in the soil.

In general, research has found that microbial community structure, measured via BIOLOG
community profiling and PLFA analysis, changes over time and with different treatments
(Frostegard et al., 1993; Berg & Smalla, 2009; Baumann et al., 2011; Bonanomi et al., 2011;
Hossain & Sugiyama, 2011; Jindo et al., 2012). Lupwayi et al. (2001) analyzed soil quality
using BIOLOG community profiling. They found no significant difference between NT and CT
treatments for any index of diversity. However, the treatments did show changes in which C

sources were utilized by the communities.
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Fatty acid analysis usually yields a large number of different identified PLFA signatures. Feng
et al. (2003) found 66 different PLFA in all their samples, 46 of which were consistent
throughout. There was a difference between the NT and CT treatments. Different PLFA
dominated the treatments, though overall, the NT had a higher total amount of PLFA. It was

concluded that NT improved soil quality, particularly in the surface soil layer.

5.3 Conclusion

Of the other biological indicators tested, only PLFA and BIOLOG profiling provided sensitive
detection of soil biological activities. Both illustrate the relative diversity of the soil microbial
community. The BIOLOG EcoPlates™ results indicated that the NT and SM treatments had a
more robust and diverse microbial community than the CT. PLFA added to these results and
suggested that while the microbial community is made out of similar, if not the same,
organisms, the NT and SM yet again carried an advantage by having a larger community.
Microbial biomass acts as a nutrient reservoir and produces a large amount of the enzymes
which convert these compounds into plant available nutrients, so a larger community is

considered a characteristic of a soil with a higher quality (Jacinthe et al., 2011).
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6 SUMMARY AND RECOMMENDATIONS

The results of this dissertation came out in favor of conservation tillage practices according
to soil enzyme, BIOLOG, PLFA, and nutrient values. Therefore, some of the postulated
hypotheses (Section 1.3) for this dissertation were not supported. In hypothesis (a) it was
put forth that NT would have the highest of all enzyme results, followed by SM and lastly by
CT. Instead, it was found that generally NT did not differ significantly from SM but both were
higher than CT. That was the case for B-glucosidase, acid phosphatase, urease, and
dehydrogenase. Only alkaline phosphatase grouped NT above SM and CT and the latter

treatments did not differ.

Dehydrogenase represents the active MB and was assumed to be able to correlate to MBC
and MBN; since MB via fumigation was unsuccessful, the MB from PLFA was used. The
results supported the finding that NT and SM have higher biomass than CT. It was found
that pH maintained a very low correlation for both acid and alkaline phosphatase, which
was stipulated in hypothesis (c), and also with the correlation between enzyme activities

and nutrient levels from (d).

According to the PLFA results, no glomalin-producing fungi were present in the soil samples,
or possibly that the concentration was under the detection limits, which explains why the
glomalin assay gave unverifiable information. So hypothesis (e) could not be affirmed nor

denied with regards to the correlation of glomalin and tillage practices.

Tillage disturbs the natural state of soil (Laudicina et al., 2012). The microbial community in
the conservation tillage treatments, NT and SM, showed improved potential soil enzyme
activities, enhanced ability to immediately utilize different C sources, a larger MB (based on
both PLFA and dehydrogenase), and higher amounts of nutrients (C, N, and P). During

sample preparation for the laboratory, a note was made that NT and SM samples held up
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better to mixing than the CT samples, importantly when soil water was higher. This is an
unverified instance of the presence of WSA in conservation tillage treatments, and a lower
amount of stable aggregation indicates poorer microbial habitat and therefore lower

microbial activities and biomass.

Aggregation was originally measured with glomalin, the soil protein which acts as glue
between soil particles, but since neither glomalin-producing fungi were found in the PLFA
output nor was the EE-GRSP method considered functional, the above impression on WSA
was the only information available to presume on the microbial habitat quality. Clay content
stayed constant during the study period (see Table 7 in the Appendix) and could not have
produced any of the variation between treatments. Considering the 5-10 cm depth
contained a slightly larger quantity of clay, but generally had a lower microbial activity, this

is simply a basic relationship with C and other nutrients and not a function of texture.

The yield of the different tillage treatments, within the plots sampled in this study, are not
consistent (Figure 1 in the Appendix). In the last ten years of the records, only six times was
NT higher in yield than CT. These differences did not follow the trends in soil microbial

enzyme activity and nutrients.

Sampling times are very vulnerable to known and unknown factors causing sudden changes
in results, which may or may not be representative of the actual average. The sampling
times chosen for this dissertation provided for relatively consistent rankings between the
tillage treatments, but with drastically different values which could be traced back to certain
conditions prevalent at the study site which varied depending on the sensitivity of the
parameters, including temperature influencing B-glucosidase and P fertilizer influencing

acid- and alkaline-phosphatase.
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Soil depth continued the potential enzyme activity trends when further studied at the 10-15
cm layer for one sampling time. Acid phosphatase continued to increase, though not
significantly. The other four enzymes all decreased, though most of them were not

significantly different from the 5-10 cm soil layer.

Soil quality is the sum of many variables, including crop vyield, nutrient status, enzyme
activities, and whole community profiling. However, since there is no formula widely
available concerning a soil quality index, the results of this study will be considered as a soil
health indication. As such, it can be proposed that conservation tillage does improve soil
health under monoculture wheat production. Both NT and SM showed improved soil health

indicators as compared to CT, which was always lowest.

For soils with clay contents of 15-20% in the semi-arid summer rainfall region of South

Africa, NT and SM agricultural practices are recommended to increase soil health.

Recommendations for future work on soil biological indicators

e Future work must pinpoint either certain culturable microorganisms or provide a
more detailed formula for the evaluation of soil quality using selected soil biological
indicators.

e A study covering more than one year at a long-term study site would be
advantageous in averaging out the effects of sampling time and providing a more
constant definition of soil quality.

e The trial used for this dissertation was a monoculture wheat trial, and adding in

rotations would provide a higher and more measurable amount of soil health values.

71



REFERENCES

Abreu, S.L., C.B. Godsey, J.T. Edwards, J.G. Warren. 2011. Assessing carbon and nitrogen
stocks on no-till systems in Oklahoma. Soil & Till Res, 117, 28-33.

Acosta-Martinez, V., M.A. Tabatabai. 2000. Enzyme activities in a limed agricultural soil. Biol
Fertil Soils, 31, 85-91.

Acosta-Martinez, V., S.E. Dowd, C.W. Bell, R. Lascano, J.D. Booker, T.M. Zobeck, D.R.
Upchurch. 2010. Microbial community composition as affected by dryland cropping
systems and tillage in a semiarid sandy soil. Diversity, 2, 910-931.

Ali, A.M.S. 2003. Farmers’ knowledge of soils and the sustainability of agriculture in a saline
water ecosystem in Southern Bangladesh. Geoderma, 111, 333-353.

Amelung, W., |. Lobe, C.C. du Preez. 2002. Fate of microbial residues in sandy soils of the
South African Highveld as influenced by prolonged arable cropping. Euro J Soil Sci, 53,
29-35.

Aon, M.A., M.N. Cabello, D.E. Sarena, A.C. Colaneri, M.G. Franco, J.L. Burgos, S. Cortassa.
2001a. |. Spatio-temporal patterns of soil microbial and enzymatic activities in an
agricultural soil. App Soil Ecol, 18, 239-254.

Aon, M.A,, A.C. Colaneri. 2001. Il. Temporal and spatial evolution of enzymatic activities and
physic-chemical properties in an agricultural soil. App Soil Ecol, 18, 255-270.

Aon, M.A., D.E. Sarena, J.L. Burgos, S. Cortassa. 2001b. (Micro)biological, chemical and
physical properties of soil subjected to conventional or no-till management: an
assessment of their quality status. Soil & Till Res, 60, 173-186.

ARC-ISCW. 2002. Agrometeorological data base. ARC-Institute for Soil, Climate and Water,
Pretoria.

ARC-ISCW. 2011. Agrometeorological data base. ARC-Institute for Soil, Climate and Water,
Pretoria.

Balota, E.L., M. Kanashiro, A.C. Filho, D.S. Andrade, R.P. Dick. 2004. Soil enzyme activities
under long-term tillage and crop rotation systems in subtropical agro-ecosystems.
Brazilian J of Microbiol, 35, 300-306.

Bandick, A.K., R.P. Dick. 1999. Field management effects on soil enzyme activities. Soil Biol &

Biochem, 31, 1471-1479.

72



Bastida, F., E. Kandeler, J.L. Moreno, M. Ros, C. Garcia, T. Hernandez. 2008. Application of
fresh and composted organic wastes modifies structure, size and activity of soil
microbial community under semiarid climate. App Soil Ecol, 40, 318-329.

Baumann, K., P. Marschner, T.K. Kuhn, R.. Smernik, J.A. Baldock. 2011. Microbial
community structure and residue chemistry during decomposition of shoots and roots
of young and mature wheat (Triticum aestivum L.) in sand. Euro J Soil Sci, 62, 666-675.

Bedini, S., A. Turrini, C. Rigo, E. Argese, M. Giovannetti. 2010. Molecular characterization
and glomalin production of arbuscular mycorrhizal fungi colonizing a heavy metal
polluted ash disposal island, downtown Venice. Soil Biol & Biochem, 42, 758-765.

Berg, G., K. Smalla. 2009. Plant species and soil type cooperatively shape the structure and
function of microbial communities in the rhizosphere. FEMS Microbiol Ecol, 68, 1-13.

Bird, S.B., J.E. Herrick, M.M. Wander, S.F. Wright. 2002. Spatial heterogeneity of aggregate
stability and soil carbon in semi-arid rangeland. Enviro Poll, 116, 445-455.

Boerner, R.E.J., J.A. Brinkman, A. Smith. 2005. Seasonal variations in enzyme activity and
organic carbon in soil of a burned and unburned hardwood forest. Soil Biol & Biochem,
37, 1419-1426.

Bonanomi, G., R. D’Ascoli, V. Antignani, M. Capodilupo, L. Cozzolino, R. Marzaioli, G.
Puopolo, F.A. Rutigiano, R. Scelza, R. Scotti, M.A. Rao, A. Zoina. 2011. Assessing soil
guality under intensive cultivation and tree orchards in Southern Italy. App Soil Ecol,
47, 184-194.

Borrero, C., M.I. Trillas, J. Ordovas, J.C. Tello, M. Aviles. 2004. Predictive factors for the
suppression of Fusarium wilt of tomato in plant growth media. Phytopathology, 94,
1094-1101.

Caesar-TonThat, T.C., AW. Lenssen, A.J. Caesar, U.M. Sainju, J.F. Gaskin. 2010. Effects of
tillage on microbial populations associated to soil aggregation in dryland spring wheat
system. Euro J Soil Biol, 46, 119-127.

Carpenter-Boggs, L., P.D. Stahl, M.J. Lindstrom, T.E. Schumacher. 2003. Soil microbial
properties under permanent grass, conventional tillage, and no-till management in
South Dakota. Soil & Till Res, 71, 15-23.

Carter, D.O., D. Yellowlees, M. Tibbett. 2007. Autoclaving kills soil microbes yet soil enzymes

remain active. Pedobiologia, 51, 295 - 299.

73



Chaer, G.M., D.D. Myrold, P.J. Bottomley. 2009. A soil quality index based on the equilibrium
between soil organic matter and biochemical properties of undisturbed coniferous
forest soils of the Pacific Northwest. Soil Biol & Biochem, 41, 822-830.

Coleman, D.C., D.A. Crossley, Jr., and P.F. Hendrix. 2004. Fundamentals of Soil Ecology (2nd
ed.). New York: Elsevier Press.

Connell, J.H. 1978. Diversity in tropical rain forests and coral reefs. Science, 199, 1302-1310.

Das, S.K., A. Varma. 2011. Roles of enzymes in maintaining soil health. In: Shukla, G., A.

Varma (eds.), Soil Enzymology. Soil Biology series, Berlin, Germany, pp. 25-42.

De Varennes, A., M.O. Torres. 2011. Post-fallow tillage and crop effects on soil enzymes and
other indicators. Soil Use and Management, 27, 18-27.

DeForest, J.L. 2009. The influence of time, storage temperature, and substrate age on
potential soil enzyme activity in acidic forest soils using MUB-linked substrates and L-
DOPA. Soil Biol & Biochem, 41, 1180-1186.

Dick, R.P., D.P. Breakwell, R.F. Turco. 1996. Soil enzyme activities and biodiversity
measurements as integrative microbiological indicators. In: Doran, J.W., AJ. Jones

(eds.), Methods for Assessing Soil Quality. Soil Science Society of America, Madison,

WI, pp. 9-17.

Dick, W.A., L. Cheng, P. Wang. 2000. Soil acid and alkaline phosphatase activity as pH
adjustment indicators. Soil Biol & Biochem, 35, 1915-1919.

Dick, W.A., M.A. Tabatabai. 1983. Activation of soil pyrophosphate by metal ions. Soil Biol &
Biochem, 15, 359-363.

Diedhiou, S., E.L. Dossa, A.N. Badiane, |. Diedhiou, M. Séne, R.P. Dick. 2009. Decomposition
and spatial microbial heterogeneity associated with native shrubs in soils of
agroecosystems in semi-arid Senegal. Pedobiologia, 52, 273-286.

Dodor, D.E., M.A. Tabatabai. 2003. Effect of cropping systems on phosphatases in soils. J of
Plant Nut & Soil Sci, 166, 7-13.

Doran, J.W., M. Sarrantonio, M.A. Liebig. 1996. Soil Health and Sustainability. In: D.L. Sparks

(ed.), Advances in Agronomy, Volume 56. Academic Press, San Diego, CA, pp. 1-54.

Doran, J.W., T.B. Parkin. 1994. Defining and Assessing Soil Quality. In: Doran, J.W., Coleman,

D.C., Bezdicek, D.F., Stewart, B.A. (eds.), Defining soil quality for a sustainable

environment. Soil Science Society of America, Madison, WI, pp. 3-21.

74



Du Preez, C.C., J.T. Steyn, E. Kotzé. 2001. Long-term effects of wheat residue management
on some fertility indicators of a semi-arid Plinthosol. Soil & Till Res, 63, 25-33.

Eivazi, F, M.A. Tabatabai. 1977. Phosphatases in soils. Soil Biol & Biochem, 9, 167-172.

Elgersma, K.J., J.G. Ehrenfeld, S. Yu, T. Vor. 2011. Legacy effects overwhelm the short-term
effects of exotic plant invasion and restoration on soil microbial community structure,
enzyme activities, and nitrogen cycling. Oecologia, 167, 733-745.

FAO, 1978. World reference base for soil resources. World Resources Report, No. 84. FAOQ,
Rome.

FAO, 1995. Land and environmental degradation and desertification in Africa. FAO,
Corporate Document Depository, Rome. <fao.org/docrep/X5318E/x5318e02.htm>

FAO, 2005. Land resource potential and constraints at regional and country levels. FAO,
Land and Water Development Division, Rome. <fao.org/ag/agl/agll/terrastat/>

Feng, Y., A.C. Motta, D.W. Reeves, C.H. Burmeister, E. van Santen, J.A. Osborne. 2003. Soil
microbial communities under conventional-till and no-till continuous cotton systems.
Soil Biol & Biochem, 35, 1693-1703.

Frostegard, A., A. Tunlid, E. Baath. 2011. Use and misuse of PLFA measurements in soils. Soil
Biol & Biochem, 43, 1621-1625.

Frostegard, A., E. B4ath, A. Tunlid. 1993. Shifts in the structure of microbial communities in
limed forests as revealed by phospholipid fatty acid analysis. Soil Biol & Biochem, 25,
723-730.

Garcia, C., T. Hernandez, F. Costa. 1997. Potential use of dehydrogenase activity as an index
of microbial activity in degraded soils. Comm Soil Sci & Plant Anal, 28, 123-134.

Gil-Sotres, F., C. Trasar-Cepeda, M.C. Leirds, S. Seoane. 2005. Different approaches to
evaluating soil quality using biochemical properties. Soil Biol & Biochem, 37, 877-887.

Gonzdlez-Chavez, M.d.C.A., J.A. Aitkenhead-Peterson, T.J. Gentry, D. Zuberer, F. Hons, R.
Loeppert. 2010. Soil microbial community, C, N, and P responses to long-term tillage
and crop rotation.

Halvorson, J.J., J.M. Gonzalez. 2008. Tannic acid reduces recovery of water-soluble carbon
and nitrogen from soil and affects the composition of Bradford-reactive soil protein.
Soil Biol & Biochem, 40, 186-197.

Hedrick, D.B., A. Peacock, D.C. White. 2005. Interpretation of Fatty Acid Profiles of Soil

75



Microorganisms. In: Margesin, R., F. Schinner (eds.), Soil Biology, Volume 5, Manual

for Soil Analysis. Springer-Verlag, Berlin, Germany, pp. 251-259.

Helgason, B.L., F.L. Walley, J.J. Germida. 2010. No-till soil management increases microbial
biomass and alters community profiles in soil aggregates. App Soil Ecol, 46, 390-397.

Hoffman, J.E. 1990. Die invloed van grondbewerkings-praktyke op die waterbalans van ‘n
Avalongrond onder koring te Bethlehem. M.Sc.Agric dissertation, University of the
Free State, Bloemfontein.

Hontoria, C., R. Veldsquez, M. Benito, J. Almorox, A. Moliner. 2009. Bradford-reactive soil
proteins and aggregate stability under abandoned versus tilled olive groves in a semi-
arid calcisol. Soil Biol & Biochem, 41, 1583-1585.

Hossain, Z., S. Sugiyama. 2011. Geographical structure of soil microbial communities in
northern Japan: Effects of distance, land use type and soil properties. Euro J Soil Biol,
47, 88-94.

Hueso, S., T. Hernandez, C. Garcia. 2011. Resistance and resilience of the soil microbial
biomass to severe drought in semiarid soils: The importance of organic amendments.
App Soil Ecol, 50, 27-36.

Jacinthe, P.-A., M.K. Shukla, Y. Ikemura. 2011. Carbon pools and soil biochemical properties
in manure-based organic farming systems of semi-arid New Mexico. Soil Use &
Management, 27, 453-463.

Janos, D.P., S. Garamszegi, B. Beltran. 2008. Glomalin extraction and measurement. Soil Biol
& Biochem, 40, 728-739.

Jindo, K., M.A. Sanchez-Monedero, T. Herndndez, C. Garcia, T. Furukawa, K. Matsumoto, T.
Sonoki, F. Bastida. 2012. Biochar influences the microbial community structure during
manure composting with agricultural wastes. Sci Total Env, 416, 476-481.

Kandeler, E., H. Gerber. 1988. Short-term assay of soil urease activity using colorimetric
determination of ammonium. Biol Fert Soils, 6, 68-72.

Kilmer, V.J., L.T. Alexander. 1949. Methods of making mechanical analyses of soils. Soil
Science, 68, 15-24.

Klose, S., M.A. Tabatabai. 1999. Urease activity of microbial biomass in soils. Soil Biol &
Biochem, 31, 205-211.

Kotzé, E., C.C. du Preez. 2007. Influence of long-term wheat residue management on organic

76



matter in an Avalon soil. S Afr J Plant Soil, 24, 114-119.

Kotzé, E., C.C. du Preez. 2008. Influence of long-term wheat residue management on acidity
and some macronutrients in an Avalon soil. S Afr J Plant Soil, 25, 14-21.

Krajewska, B. 2009. Ureases I. Functional, catalytic and kinetic properties: A review. J Molec
Cat B: Enzymatic, 59, 9-21.

Kumar, A., S. Sharma, S. Mishra. 2010. Influence of arbuscular mycorrhizal (AM) fungi and
salinity on seedling growth, solute accumulation, and mycorrhizal dependency of
Jatropha curcas L. ) Plant Growth Regul, 29, 297-306.

Land Type Survey Staff. 2001. Land types of South Africa. ARC-Institute for Soil, Climate and
Water, Pretoria.

Laudicina, V.A., P.G. Dennis, E. Palazzolo, L. Badalucco. 2012. Key biochemical attributes to
assess soil economic sustainability. In: Malik, A., E. Grohmann (eds.), Environmental

Protection Strategies for Sustainable Development: Strategies for Sustainability.

Springer Science + Business Media, pp. 193-216.

Loke, P.F. 2012. Long-term effects of residue management on soil fertility indicators,
nutrient uptake and wheat grain yield. M.Sc.Agric dissertation, University of the Free
State, Bloemfontein.

Lupwayi, N.Z., M.A. Arshad, W.A Rice, G.W. Clayton. 2001. Bacterial diversity in water-stable
aggregates of soils under conventional and zero tillage management. App Soil Ecol, 16,
251-261.

Mahia, J., A. Martin, T. Carballas, M. Diaz-Ravifia. 2007. Atrazine degradation and enzyme
activities in an agricultural soil under two tillage systems. Sci Total Environ, 378, 187-
194.

Mairura, F.S., D.N. Mugendi, J.I. Mwanje, J.J. Ramisch, P.K. Mbugwa, and J.N. Chianu. 2007.
Integrating scientific and farmers’ evaluation of soil quality indicators in Central Kenya.
Geoderma, 139, 134-143.

Makoi, J.H.J.R., P.A. Ndakidemi. 2008. Selected soil enzymes: Examples of their potential
roles in the ecosystem. Afr J Biotech, 7, 181-191.

Marschner, P. 2007. Soil Microbial Community Structure and Function Assessed by FAME,
PLFA and DGGE - Advantages and Limitations. In: Varma, A., R. Oelmiller (eds.),

Advanced Techniques in Soil Microbiology, pp. 181-199.

77



Melero, S., R. Lopez-Garrido, J.M. Murillo, F. Moreno. 2009. Conservation tillage: Short and
long-term effects on soil carbon fractions and enzymatic activities under
Mediterranean conditions. Soil & Till Res, 104, 292-298.

Morgan, C., N. Owens. 2001. Benefits of water quality policies: The Chesapeake Bay. Ecol
Econ, 39, 271-284.

Mummey, D., W. Holben, J. Six, P. Stahl. 2006. Spatial Stratification of Soil Bacterial
Populations in Aggregates of Diverse Soils. Microbiol Ecol, 51, 404-411.

Oksinska, M.P., S.A.l. Wright, S.J. Pietr. 2011. Colonization of wheat seedlings (Triticum
aestivum L.) by strains of Pseudomonas spp. with respect to their nutrient utilization
profiles. Euro J Soil Biol, 47, 364-373.

Pascaud, A., M.-L. Soulas, S. Amellai, G. Soulas. 2012. An integrated analytical approach for
assessing the biological status of the soil microbial community. Euro J Soil Biol, 49, 98-
106.

Potthoff, M., K.L. Steenwerth, L.E. Jackson, R.E. Drenovsky, K.M. Scow, R.G. Joergensen.
2006. Soil microbial community composition as affected by restoration practices in
California grassland. Soil Biol & Biochem, 38, 1851-1860.

Powlson, D.S., P.C. Prookes, B.T. Christensen. 1987. Measurement of soil microbial biomass
provides an early indication of changes in total soil organic matter due to straw
incorporation. Soil Biol & Biochem, 19, 159-164.

Prasad, M.B.K., W. Long, X. Zhang, R.J. Wood, R. Murtugudde. 2011. Predicting dissolved
oxygen in the Chesapeake Bay: application and implications. Aquat Sci, 73, 437-451.

Preger, A.C., M.C. Rillig, A.R. Johns, C.C. du Preez, I. Lobe, W. Amelung. 2007. Losses of
glomalin-related soil protein under prolonged arable cropping: A chronosequence
study in sandy soils of the South African Highveld. Soil Biol & Biochem, 39, 445-453.

Reithel, F.J. 1971. Ureases. In: Boyer, P. (ed.), The Enzymes, Academic Press, New York, pp.
1-21.

Rillig, M.C., D.L. Mummey. 2006. Mycorrhizas and soil structure. New Phytologist, 171, 41-
53.

Roldan, A., J.R. Salinas-Garcia, M.M. Alguacil, F. Caravaca. 2005. Changes in soil enzyme
activity, fertility, aggregation and C sequestration mediated by conservation tillage

practices and water regime in a maize field. App Soil Ecol, 30, 11-20.

78



Ryan, M.H., J.H. Graham. 2002. Is there a role for arbuscular mycorrhizal fungi in production
agriculture? Plant & Soil, 244, 263-271.

Sardans, J., J. Pefiuelas, M. Estiarte. 2008. Changes in soil enzymes related to C and N cycle
and in soil C and N content under prolonged warming and drought in a Mediterranean
shrubland. App Soil Ecol, 39, 223-235.

Soil Classification Working Group. 1991. Soil classification — a taxonomic system for South
Africa. Mem. Agr. Nat. Resour. S. Afr. No. 15, Dept. Agric. Dev., Pretoria.

Soil Survey Staff. 2010. Keys to soil taxonomy. United States Dept. of Agric., Nat. Resourc.
Conservation Service, Washington, D.C.

Spohn, M., L. Giani. 2010. Water-stable aggregates, glomalin-related soil protein, and
carbohydrates in a chronosequence of sandy hydromorphic soils. Soil Biol & Biochem,
42, 1505-1511.

Steinberg, P.D., M.C. Rillig. 2003. Differential decomposition of arbuscular mycorrhizal
fungal hyphae and glomalin. Soil Biol & Biochem, 35, 191-194.

Stevenson, I.L. 1959. Dehydrogenase activity in soils. Can J Microbiol, 5, 229-235.
Stromberger, M., Z. Shah, D. Westfall. 2007. Soil microbial communities of no-till dryland
agroecosystems across an evapotranspiration gradient. App Soil Ecol, 35, 94-106.
Tabatabai, M.A. 1994. Soil Enzymes. In: Weaver, R.W., S. Angle, P. Bottomley, D. Bezdicek, S.

Smith, A. Tabatabai, A. Wollum (Eds.), Method of Soil Analyses — Part Two:

Microbiological and Biochemical Properties. Soil Science Society of America, Madison,

WI, pp. 775-833.

Tabatabai, M.A., M. Ekenler, Z.N. Senwo. 2010. Significance of enzyme activities in soil
nitrogen mineralization. Comm Soil Sci & Plant Anal, 41, 595-605.

Tan, X., S.X. Chang, R. Kabzems. 2008. Soil compaction and forest floor removal reduced
microbial biomass and enzyme activities in a boreal aspen forest soil. Biol Fert Soils,
44,471 - 479.

Taylor, J.P., B. Wilson, M.S. Mills, R.G. Burns. 2002. Comparison of microbial numbers and
enzymatic activities in surface soils and subsoils using various techniques. Soil Biol &
Biochem, 34, 387-401.

The Non-Affiliated Soil Analysis Work Committee. 1990. Handbook of Standard Soil Testing

Methods for Advisory Purposes. Soil Science Society of South Africa, Pretoria.

79



Uphoff, N., A.S. Ball, E.C.M. Fernandes, H. Herren, O. Husson, C. Palm, J. Pretty, N. Sanginga,
J.E. Thies. 2006. Understanding the functioning and management of soil systems. In:
N. Uphoff, A.S. Ball, E.C.M. Fernandes, H. Herren, O. Husson, C. Palm, J. Pretty, N.

Sanginga, J.E. Thies (eds.), Biological Approaches to Sustainable Soil Systems. Taylor

and Francis Group, New York, NY, pp. 1-13.

Van Groenigen, K.-J., J. Bloem, E. Baath, P. Boeckx, J. Rousk, S. Bodé, D. Forristal, M.B. Jones.
2010. Abundance, production and stabilization of microbial biomass under
conventional and reduced tillage. Soil Biol & Biochem, 42, 48-55.

Von Lutzow, M., I. Kbgel-Knabner, K. Ekschmitt, H. Flessa, G. Guggenberger, E. Matzner, and
B. Marschner. 2007. SOM fractionation methods: Relevance to functional pools and to
stabilization mechanisms. Soil Biol. and Biochem, 39, 2183-2207.

Von Mersi, W., F. Schinner. 1991. An improved and accurate method for determining the
dehydrogenase activity of soils with iodonitrotetrazolium chloride. Biol Fert Soils, 11,
216-220.

Wallenius, K., H. Rita, S. Simpanen, A. Mikkonen, R.M. Niemi. 2010. Sample storage for soil
enzyme activity and bacterial community profiles. J Microbiol Meth, 81, 48-55.

Wang, Q.-W., D.-M. Zhou, L. Cang. 2009. Microbial and enzyme properties of apple orchard
soil as affected by long-term application of copper fungicide. Soil Biol & Biochem, 41,
1504-1509.

Wang, Y., J. Xu, J. Shen, Y. Luo, S. Scheu, X. Ke. 2010. Tillage, residue burning, and crop
rotation alter soil fungal community and water-stable aggregation in arable fields. Soil
& Till Res, 107, 71-79.

Wick, A.F., P.D. Stahl, L.J. Ingram, L. Vicklund. 2009. Soil aggregation and organic carbon in
short-term stockpiles. Soil Use & Management, 25, 311-319.

Wiltshire, G.H., C.C. du Preez. 1993. Long-term effects of conservation practices on the
nitrogen fertility of a soil cropped annually to wheat. S Afr J Plant Soil, 10, 70-76.
Wright, S.F., A. Upadhyaya. 1996. Extraction of an abundant and unusual protein from soil
and comparison with hyphal protein of arbuscular mycorrhizal fungi. Soil Sci, 161, 575-

586.

Wright, S.F., A. Upadhyaya. 1998. A survey of soils for aggregate stability and glomalin, a

glycoprotein produced by hyphae of arbuscular mycorrhizal fungi. Plant & Soil, 198,

80



97-107.

Wright, S.F., M. FrankeSnyder, J.B. Morton, A. Upadhyaya. 1996. Time-course study and
partial characterization of a protein on hyphae of arbuscular mycorrhizal fungi during
active colonization of roots. Plant & Soil, 181, 193-203.

Wright, S.F., M.C. Rillig, K.A. Nichols. 2000. Glomalin: A soil protein important in carbon
sequestration. Amer Chem Soc Abstracts, 721-725.

Wright, S.F., V.S. Green, M.A. Cavigelli. 2007. Glomalin in aggregate size classes from three
different farming systems. Soil & Till Res, 94, 546-549.

Wuest, S.B., T.C. Caesar-TonThat, S.F. Wright, J.D. Williams. 2005. Organic matter addition,
N, and residue burning effects on infiltration, biological, and physical properties of an
intensively tilled silt-loam soil. Soil & Till Res, 84, 154-167.

Zeglin, L.H., R.L. Sinsabaugh, J.E. Barrett, M.N. Gooseff, C.D. Takacs-Vesbach. 2009.
Landscape distribution of microbial activity in the McMurdo Dry Valleys: linked biotic
processes, hydrology, and geochemistry in a cold desert ecosystem. Ecosystems, 12,
562-573.

Zhang, X., X. Zhao, M. Zhang. 2012. Functional diversity changes of microbial communities
along a soil aquifer for reclaimed water recharge. FEMS Microbiol Ecol, 80, 9-18.

Zhu, B. Z. Li, P. Li, G. Liu, S. Xue. 2010. Soil erodibility, microbial biomass, and physical-
chemical property changes during long-term natural vegetation restoration: a case

study in the Loess Plateau, China. Ecol Res, 25, 531-541.

81



APPENDIX

Table 1 Complete table of results from the no-tillage treatment for BIOLOG EcoPlates™ from the
first sampling period. A (-) indicates a negative result (no growth), a (+) indicates that the C
source was utilized by the microbial community, but only as a second choice resulting in a
light purple color, and a (++) indicates a strong preference of the microbial community for
the present C source

No Tillage Treatment (NT)
0-5 cm depth 5-10 cm depth

Nutrients NT1a NT2a NT3a NT1b NT2b NT3b
pyruvic acid methyl ester ++ + + ++ ++ ++
Tween 40 ++ + + + + +
Tween 80 ++ + + + + +
a-cyclodextrin ++ + + + -+ +
glycogen ++ ++ + ++ ++ +
D-cellobiose ++ ++ ++ ++ ++ ++
a-D-lactose ++ + + + + +
f3-methyl-D-glucoside ++ ++ ++ ++ ++ ++
D-xylose ++ + + ++ ++ +
i-erythritol + - + - - _
D-mannitol ++ ++ ++ ++ ++ ++
N-acetyl-D-glucosamine ++ ++ ++ ++ ++ ++
D-glucosaminic acid ++ + + + + +
glucose-1-phosphate ++ ++ ++ ++ ++ ++
D,L-a-glycerol phosphate + + + + - .
D-galactonic acid y-

lactone ++ ++ ++ ++ ++ ++
D-galacturonic acid ++ ++ ++ ++ ++ ++
2-hydroxy-benzoic acid . . - - - .
4-hydroxy-benzoic acid ++ ++ + ++ + +
y-hydroxybutyric acid . - - - + .
itaconic acid + + ++ + ++ .
a-ketobutyric-acid - - - - . _
D-malic acid + + + . + .
L—arginine ++ ++ ++ ++ ++ ++
L-asparagine ++ ++ ++ ++ ++ ++
L-phenyl-alanine + + ++ + " +
L-serine ++ ++ ++ ++ ++ ++
L-threonine - + - . . +
glycyl-L-glutamic-acid + + - - - +
phenyl-ethyl-amine + + + + ++ -
putrescine ++ + + ++ ++ +
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Table 2 Complete table of results from the stubble-mulch treatment for BIOLOG EcoPlates™ from
the first sampling period. A (-) indicates a negative result (no growth), a (+) indicates that
the C source was utilized by the microbial community, but only as a second choice
resulting in a light purple color, and a (++) indicates a strong preference of the microbial
community for the present C source

Stubble Mulch Treatment (SM)
0-5 cm depth 5-10 cm depth

Nutrients SMla | SM2a | SM3a | SMl1b | SM2b | SM3b
pyruvic acid methyl ester ++ ++ + + ++ +
Tween 40 + + + + + +
Tween 80 + + + + + +
a-cyclodextrin + + + " + +
glycogen + ++ ++ + + +
D-cellobiose ++ + ++ ++ ++ ++
a-D-lactose - + + + + .
-methyl-D-glucoside ++ ++ ++ ++ ++ ++
D—xylose ++ ++ + + ++ +
i-erythritol + + + + - .
D-mannitol ++ ++ + ++ ++ +
N-acetyl-D-glucosamine ++ ++ ++ ++ ++ ++
D-glucosaminic acid ++ + + + - .
glucose-1-phosphate ++ ++ ++ ++ ++ "+
D,L-a-glycerol phosphate - + . . + .
D-galactonic acid y-

lactone ++ ++ ++ ++ ++ ++
D-galacturonic acid ++ + + + ++ ++
2-hydroxy-benzoic acid . - - - . .
4-hydroxy-benzoic acid ++ ++ ++ ++ ++ +
y-hydroxybutyric acid + ++ + - ++ -
itaconic acid ++ y + + ++ +
a-ketobutyric-acid . - - - _ .
D-malic acid + + ++ - + +
L-arginine ++ ++ + ++ + +
L-asparagine ++ ++ + ++ ++ ++
L-phenyl-alanine + + ++ + + .
L-serine ++ ++ ++ ++ ++ ++
L-threonine - § - - . .
glycyl-L-glutamic-acid + + . - . .
phenyl-ethyl-amine ++ ++ ++ + ++ +
putrescine ++ ++ ++ + ++ +
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Table 3 Complete table of results from the conventional tillage treatment for BIOLOG EcoPlates™
from the first sampling period. A (-) indicates a negative result (no growth), a (+) indicates
that the C source was utilized by the microbial community, but only as a second choice
resulting in a light purple color, and a (++) indicates a strong preference of the microbial
community for the present C source

Conventional Tillage Treatment (CT)
0-5 cm depth 5-10 cm depth

Nutrients Pla P2a P3a P1b P2b P3b
pyruvic acid methyl ester ++ ++ + + + +
Tween 40 + + + + + +
Tween 80 + + + + + +
a-cyclodextrin + + + + + +
glycogen ++ + + + + +
D-cellobiose ++ ++ ++ ++ ++ ++
a-D-lactose ++ - + - + +
f3-methyl-D-glucoside ++ ++ ++ ++ ++ ++
D-xylose ++ + - + + +
i-erythritol + - . - - .
D-mannitol ++ ++ ++ + ++ ++
N-acetyl-D-glucosamine + ++ ++ ++ ++ ++
D-glucosaminic acid + + + + + +
glucose-1-phosphate ++ -+ ++ + + +
D,L-a-glycerol phosphate . + . - . .
D-galactonic acid y-

lactone ++ ++ ++ ++ ++ ++
D-galacturonic acid + + ++ + ++ ++
2-hydroxy-benzoic acid . - - - . .
4-hydroxy-benzoic acid + + + + + +
y-hydroxybutyric acid + + + + - +
itaconic acid + + + + + +
a-ketobutyric-acid . - - - - .
D-malic acid + + + + + +
L-arginine ++ + + ++ ++ +
L-asparagine ++ ++ ++ ++ ++ ++
L-phenyl-alanine + + - + ++ +
L-serine ++ + ++ + ++ ++
L-threonine + - . - - .
glycyl-L-glutamic-acid + + . - . .
phenyl-ethyl-amine ++ - + + - +
putrescine + + + + + "
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Table 4 Full results for PLFA analysis for the first sampling date

October 2010 (1st sampling date)

Component name Formula NT1 NT2 NT3 Sm1 Sm2 Sm3 C11 CT2 C13
Methyl tetradecanoate C14:0 14.64 14.89 15.00 14.75 12.91 12.06 13.94 10.98 12.67
3-OH-

Methyl 3-hydroxytetradecanoate C14:0 8.58 8.73 8.79 8.65 7.57 7.07 8.17 6.43 7.43
Methyl 12-methyltetradecanoate a-C15:0 17.31 17.60 17.72 17.44 15.26 14.25 16.48 12.97 14.98
Methyl hexadecanoate Ci6:0 210.05 | 213.57 | 215.14 | 211.65 | 185.26 | 172.99 | 200.03 | 157.49 | 181.84
Methyl cis-9-hexadecenoate Ci16:19 17.52 17.81 17.94 17.65 15.45 14.43 16.68 13.13 15.16
Methyl 15-methylhexadecanoate i-C17:0 4.12 4.19 4.22 4.15 3.63 3.39 3.92 3.09 3.57
Methyl octadecanoate C18:0 83.72 85.12 85.74 84.35 73.84 68.95 79.72 62.77 72.48
Methyl cis-9-octadecenoate C18:19 111.54 | 113.41 | 114.25 | 112.40 | 98.38 91.87 106.23 | 83.63 96.57
Methyl trans-9-octadecenoate C18:19 3.01 3.07 3.09 3.04 2.66 2.48 2.87 2.26 2.61
Methyl cis-9,12-octadecadienoate C18:29,12 | 36.67 37.29 37.56 36.95 32.34 30.20 34.92 27.50 31.75
Methyl cis-9,10-methyleneoctadecanoate | C19:0A 58.98 59.97 60.41 59.43 52.02 48.57 56.17 44.22 51.06
Total PLFA (nmol g*) 566.13 575.63 579.85 570.45 499.33  466.27 539.14 424.47  490.12
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Table 5 Full results for PLFA analysis for the third sampling date

February 2011 (3rd sampling date)

Component name Formula NT1 NT2 NT3 Sm1 Sm2 Sm3 C11 CT2 C13
Methyl tetradecanoate C14:0 12.65 18.97 16.04 14.47 15.69 13.72 15.03 15.95 15.19
3-OH-

Methyl 3-hydroxytetradecanoate Ci4:0 7.42 11.12 9.40 8.48 9.20 8.04 8.81 9.35 8.91
Methyl 12-methyltetradecanoate a-C15:0 14.96 22.43 18.96 17.11 18.55 16.22 17.76 18.85 17.96
Methyl hexadecanoate Ci6:0 181.54 | 272.21 | 230.07 |207.62 |225.10 | 196.82 | 215.62 |228.83 | 217.97
Methyl cis-9-hexadecenoate Ci16:19 15.14 22.70 19.19 17.31 18.77 16.41 17.98 19.08 18.18
Methyl 15-methylhexadecanoate i-C17:0 3.56 5.34 4.51 4.07 4.41 3.86 4.23 4.49 4.27
Methyl octadecanoate C18:0 72.35 108.49 | 91.70 82.75 89.71 78.44 85.94 91.20 86.87
Methyl cis-9-octadecenoate C18:19 96.41 14455 | 122.18 | 110.26 | 119.54 | 104.52 | 11451 | 121.52 | 115.75
Methyl trans-9-octadecenoate C18:19 2.61 3.91 3.30 2.98 3.23 2.82 3.09 3.28 3.13
Methyl cis-9,12-octadecadienoate C18:29,12 | 31.69 47.52 40.17 36.25 39.30 34.36 37.65 39.95 38.06
Methyl cis-9,10-methyleneoctadecanoate | C19:0A 50.97 76.43 64.60 58.30 63.20 55.26 60.54 64.25 61.20
Total PLFA (nmol g*) 489.30 733.67 620.11 559.60 606.70 530.48 581.16 616.77 587.49
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Table 6 Full results for PLFA analysis for the fifth sampling date

May 2011 (5th sampling date)
Component name Formula NT1 NT2 NT3 sm1 Sm2 Sm3 C11 CT2 C13
Methyl tetradecanoate C14:0 11.60 21.58 26.17 11.14 21.11 15.45 13.95 9.99 16.02
3-OH-

Methyl 3-hydroxytetradecanoate C14:0 6.80 12.65 15.34 6.53 12.37 9.06 8.17 5.85 9.39
Methyl 12-methyltetradecanoate a-C15:0 13.71 25.50 30.93 13.17 24.95 18.27 16.48 11.81 18.93
Methyl hexadecanoate Ci6:0 166.44 | 309.57 | 375.40 159.84 | 302.84 | 221.73 | 200.07 | 143.29 | 229.80
Methyl cis-9-hexadecenoate C16:19 13.88 25.81 31.30 13.33 25.25 18.49 16.68 11.95 19.16
Methyl 15-methylhexadecanoate i-C17:0 3.26 6.07 7.36 3.13 5.94 4.35 3.92 2.81 4,51
Methyl octadecanoate C18:0 66.33 123.38 | 149.62 63.71 120.70 | 88.37 79.74 57.11 91.59
Methyl cis-9-octadecenoate C18:19 88.38 164.40 | 199.35 84.88 160.82 | 117.75 | 106.25 | 76.09 122.03
Methyl trans-9-octadecenoate C18:19 2.39 4.44 5.39 2.29 4.35 3.18 2.87 2.06 3.30
Methyl cis-9,12-octadecadienoate C18:29,12 | 29.06 54.05 65.54 27.91 52.87 38.71 34.93 25.02 40.12
Methyl cis-9,10-methyleneoctadecanoate | C19:0A 46.73 86.92 105.40 44.88 85.03 62.26 56.18 40.23 64.52
Total PLFA (nmol g*) 44859 834.37 1011.80 430.82 816.24 597.61 539.24 386.20 619.37
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Table 7 Clay content values separated by sampling time

1 2 3 4

LabID | Clay% | LabID | Clay% | LabID | Clay% | LabID | Clay% | LabID | Clay% | LabID | Clay% | LabID | Clay % | Lab ID | Clay %
NT1a 16 NT1a 15 NT1a 16 NT1a 14 NT1a 16 NT1a 17 NT1a 16 NT1a 15
NT1b 17 NT1b 18 NT1b 18 NT1b 16 NT1b 17 NT1b 17 NT1b 17 NT1b 16
NT2a 14 NT2a 13 NT2a 14 NT1c 17 NT2a 14 NT2a 17 NT2a 14 NT2a 13
NT2b 15 NT2b 15 NT2b 15 NT2a 14 NT2b 15 NT2b 18 NT2b 15 NT2b 16
NT3a 17 NT3a 17 NT3a 17 NT2b 15 NT3a 17 NT3a 17 NT3a 17 NT3a 17
NT3b 17 NT3b 19 NT3b 19 NT2c 16 NT3b 17 NT3b 19 NT3b 17 NT3b 17
SM1la 18 SM1la 16 SM1la 16 NT3a 16 SM1la 18 SM1la 19 SM1la 18 SM1la 18
SM1b 17 SM1b 18 SM1b 17 NT3b 16 SM1b 17 SM1b 17 SM1b 17 SM1b 17
SM2a 16 SM2a 17 SM2a 18 NT3c 17 SM2a 16 SM2a 16 SM2a 15 SM2a 16
SM2b 16 SM2b 16 SM2b 16 SM1la 18 SM2b 16 SM2b 15 SM2b 16 SM2b 16
SM3a 16 SM3a 15 SM3a 15 SM1b 16 SM3a 15 SM3a 16 SM3a 16 SM3a 16
SM3b 18 SM3b 17 SM3b 17 SM1c 16 SM3b 18 SM3b 17 SM3b 18 SM3b 18
CTla 18 CTla 17 CTla 18 SM2a 15 CTla 18 CTla 17 CTla 18 CTla 17
CT1b 17 CT1b 17 CT1b 17 SM2b 16 CT1b 17 CT1b 17 CT1b 17 CT1b 16
CT2a 19 CT2a 19 CT2a 19 SM2c 17 CT2a 19 CT2a 19 CT2a 18 CT2a 18
CT2b 18 CT2b 17 CT2b 15 SM3a 16 CT2b 18 CT2b 18 CT2b 19 CT2b 18
CT3a 18 CT3a 19 CT3a 18 SM3b 17 CT3a 17 CT3a 18 CT3a 17 CT3a 18
CT3b 19 CT3b 19 CT3b 19 SM3c 18 CT3b 18 CT3b 19 CT3b 18 CT3b 19
a = 0-5 cm soil depth CT1la 18
b = 5-10 cm soil depth CT1lb 17
¢ = 10-15 cm soil depth CTlc 17
1, 2, and 3 refer to blocks CT2a 19

CT2b 18

CT2c 17

CT3a 18

CT3b 19

CT3c 19
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Figure 1 Harvest at the monoculture wheat trial at the ARC-Small Grain Institute near Bethlehem since inception. Some years are skipped due to drought
or oat instead of wheat. Values only come from plots with no burning of residues, chemical weeding, and the appropriate level of N.

89



