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Abstract

This study assessed the influence of long-term fertilization and
cropping management on organic carbon dynamics in the Gray Luvisolic
soils of the Breton Classical Plots in central Alberta. Specific objectives
were to characterize carbon distribution and mineralization fluxes in
physical fraction pools, and to determine the size and composition of the
soil microbial communities. Long-term manure addition resulted in an
increase in carbon concentration in all fractions, which was greater in the
limed than in the unlimed plots. When expressed on a gram of carbon
basis, results from a laboratory incubation showed that clay had the lowest
mineralization rate of all fractions. Manure significantly increased the
sand-associated, but significantly decreased the clay-associated carbon
mineralization. In the 5 year rotation plots, soil microbial carbon and
nitrogen were significantly increased by manure and liming, and both
showed a positive correlation to soil water content. NPKS fertilization and
manure application increased the recovery of several individual microbial

phospholipids fatty acids.
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Chapter1

General Introduction
Literature review

1.1 Introduction

Soil pools constitute a major global carbon reservoir comprising both sail
organic carbon (SOC) and soil inorganic carbon (SIC) components. The SOC
pool consists of “a mixture of plant and animal residues at various stages of
decomposition, of substances synthesized microbiologically and/or chemically
from the breakdown products, and of the bodies of live microorganisms and small
animals” (Schnitzer, 1991). The SIC pool includes elemental C and carbonate
minerals of primary and secondary origin. Primary carbonates are inherited from
the parent material while secondary carbonates are precipitated through the
reaction of atmospheric CO,with Ca®*" and Mg*" present in the soil solution (Lal
and Kimble, 2000). Total global soil C stores including both SOC and SIC pools in
the top 1m soil layer constitute about 2300 Pg, which is three times the
atmospheric pool, estimated at 760 Pg, and 3.7 times the biotic pool estimated at
620 Pg (Lal, 2002). The reservoir of soil carbon has been considered as both a
significant source and sink of atmospheric CO,. Whether a soil will act as a C sink
or a source is dependent upon both C fluxes into or out of the soil, and the
residence time of C in the soil. A soil source results when net decomposition
exceeds C inputs to the soil, either as a result of human activities such as clearing
forests for agriculture (Houghton et al., 1983, Davidson and Ackerman, 1993) or
because of increased decomposition rates due to an increase in temperature
(Schimel et al. 1994). A soil sink may result from increases in plant C inputs to the
soil from increases in photosynthesis either from elevated atmospheric CO, levels
(i.e. C fertilization) or because of N fertilization (Melillo et al, 1996, Townsend et al.
1996). In this case, net accumulation of C in the soil is estimated from the
difference between net ecosystem C uptake and trees growth rate (Wofsy et al.
1993).

It is estimated that approximately 1500 Pg of C is stored as organic matter in

1
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the upper metre of soils (Lal, 2002). An astute management of soil organic matter
(SOM) is pivotal to global environmental issues. It has been suggested that
improved land management could result in sequestration of a substantial amount
of soil C within a few decades and could be an option to reduce or at least mitigate
the current increase in atmospheric CO, concentration (Metting et al., 1999; Post
et al,, 1998).

On a conceptual basis, SOM can be partitioned into the following forms or
pools (Stevenson and Cole, 1999):. (1) Litter: macroorganic matter (e.g., crop
residues) that lies on the soil surface; (2) Light Fraction: plant residues and their
partial decomposition products that reside within the soil proper; (3) Microbial
biomass: cells of living microorganisms, notably bacteria, actinomycetes, and
fungi; (4) Faunal biomass: tissues of animals (primarily invertebrates); (5)
Belowground plant constituents: primarily roots with lesser amounts of dead roots
and exudates; (6) Water-soluble organics: organic substances dissolved in the
soil solution; (7) Stable humus: humified remains of plant and animal tissues that
have become stabilized by microbial and chemical transformations and/or by
association with inorganic soil components.

A major aim of research concerning soil organic matter has focused on
simulation models whereby predictions can be made regarding nutrient cycling (N,
P, S), soil organic matter storage, and the impact of residue management
practices on environmental quality and soil productivity. A key component of most
models is the distribution of organic matter, and nutrients contained within
fractions (pools) that have distinct turnover times or mean residence times (MRT)
(Stevenson and Cole, 1999). For this purpose, the soil organic matter has been
partitioned into at least three identifiable C pools: root exudates and rapidly
decomposed components of fresh plant litter (“active” pool); stabilized organic
matter that persists in soils over several thousands of years (“passive” pool); and
a poorly defined “intermediate” or “slow” C pool that has turnover times in the
range of years to centuries (Trumbore, 1997).

1.2 Isotopic approaches to the study of SOM dynamics

Carbon has two stable isotopes *C and "*C and a radioactive isotope "C.

2
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Approximately 98.89% of all C in nature is the lighter isotope "?C and 1.11% is "°C.
The stable C isotopic composition of a sample is generally expressed as the
difference in parts per thousand (%) from a standard because natural variation in
the ratio of '*C /"°C is small:

(%)

5"°C (%) = (nc/ )”’"’“’e ~1|x1000
>C/vps

where ("*C/ "2C)pps is the international PDB limestone standard (Craig, 1957).

1.2.1 Natural abundance '*C and SOC turnover

The "*C/ %C ratio of organic C found in terrestrial environments is determined
largely by the C isotope fractionation that occurs during photosynthesis. Plants
with the C; photosynthetic pathway exhibit greater discrimination against **C than
plants with the C, pathway. The C; plants have 8"°C values ranging from
approximately -40 to -23%., with many occurring at about -26%. while C,4 plants
have 5'°C values ranging from -19 to -9 %o (Smith and Epstein, 1971; O'Leary,
1981). If a community dominated by Cs plants has been compositionally stable for
a relatively long time, then the soil organic matter (SOM) in that community should
have similar 8'°C values as the C; plant. So these natural isotopic differences
between plants can be used to study the dynamics of organic matter in soil. If that
Cs community is converted to a C4 plant community, then the isotopic composition
of the SOM will begin to shift towards that of the C, vegetation as the C,
component decays out of the soil and is replaced by C, organic matter inputs; the
rate at which the original mass of Cs-derived organic matter decays out of the
system through time is a direct measure of the turn-over rate of organic matter.
Changes in "°C abundance in SOM after a shift in vegetation from C; to C, plants
therefore can be used to define the size of the fast-cycling organic matter pool.
For instance, Balesdent et al. (1987, 1988) proposed that after a given time of
corn crop cultivation on a previous forest or prairie soil, the fraction f of soil
carbon coming from the corn crop can be calculated from:
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f= 0= where
51 _50

0. equal to the abundance ratio of soil organic C at that time;

Oo: equal to the value for the original soil;

0. equal to the value for the crop.

When the total soil C content, C, is known, the quantity, C,, of C from the crop can
be determined from C,= C f. The quantity, Cg, of residual C from the initial soil is
Co= C (1- f). The decrease in Cy as a function of time describes the decay of the
whole pool of initial C from the prairie vegetation or a forest soil.

For instance, in a forest soil converted to continuous corn, 22% of the total
organic C had turned over after 13 years (Balesdent et al., 1987 and 1988). On
the other hand, the turnover time of the stable SOM pool was estimated to be
>600 years.

The use of the "*C natural abundance technique coupled with particle-size
fractionation has further advanced SOM turnover studies, since these methods
are well suited to study SOC dynamics over a time scale ranging from a few to
several hundred years. Organic carbon in the top 0-5 c¢cm layer of soils is
transferred from standing biomass into the coarsest soil size fraction and then is
degraded over time, with the residue progressively transferred into more resistant
and finer particle sizes. Balesdent reported that particle size fractions coarser
than 50um and those finer than 2um contained the youngest organic matter, and
that the turn-over rate for the silt sized fraction was slower (Balesdent, 1987 and
1988). Solomon et al. (2002) further reported that after deforestation (C; forest)
and conversion to continuous corn at Wushwush (25 years) and Munesa (30
years) (both in Ethiopia), forest-derived SOC declined by 48 and 61% respectively.
Eighty and 96% of the initial forest-derived SOC (250-2000 um) was lost from the
sand, while 73 and 85% was lost from the silt fraction (2-250 um). In contrast, 92
and 65% of the original SOC at Wushwush and Munesa was still present in the
clay fraction (Solomon et al., 2002), demonstrating that SOM bound to clay (<
2um) was more stable than SOM associated with sand and silt fractions. These
results further suggested that SOC in sand is a very labile component of SOM and
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is @ more sensitive indicator of changes in soil C storage in response to land use
changes than the other fractions.

Under similar climatic conditions, and comparable soil texture, carbon
sequestration is primarily controlled by the amount and quality of plant residues
and organic fertilizers. It is therefore essential to understand the dynamics of their
decomposition in soils in order to predict the effects of soil and crop management
on soil carbon content. Manure may be an important soil carbon pool source and
at the same time organic fertilizer combined with the inorganic fertilizers can
greatly influence the quality and quantity of the crop residues. Some studies on
carbon dynamics following organic or inorganic fertilization were conducted. The
Rothamsted classical field experiments on the effects of manuring on the amount
SOM showed that the plots receiving FYM at 3.5t /ha annually over 20 years
contain more SOC than the unmanured plot, but still did not achieve SOC steady
state (Jenkinson and Rayner, 1977). From a long-term rye and maize
monocultures experiment, SOC contents were higher in the surface soils of NPK
fertilized plots than in the unfertilized plots (John et al., 2003). Gregorich et al.
(1996) found that after 32 years of maize cultivation 22-30% of SOC was
maize-derived under NPK treatment as compared to 15-20% in an unfertilized
field.

Natural abundance '°C analyses may be also successfully used with
respiration measurements to quantify short-term crop residue decomposition
rates under undisturbed field conditions. The combined use of natural abundance
of 3C and CO, emissions allows for (i) study of the decomposition of residues that
are incorporated into the soil via natural root growth and typical agricultural
practices and (ii) measurement of instantaneous decomposition rates, which
provide information on the same time scale as changes of the variables that
modulate decomposition of residues in soils (Rochette et al., 1999). The
decomposition of maize residues during the year following their return to the soil
significantly increased the ">C isotope ratio of the soil CO, by 2 to 7 %o relative to
the unamended bare control plots (Rochette et al., 1999).

1.2.2 Bomb '“C and soil carbon turnover

5
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Turnover rate of carbon in soils may be influenced by different factors: the
chemical structure of the organic fraction; the diversity and activity of the soil biota;
and the interaction between organic materials and the mineral matrix, such as the
formation of organo-mineral complexes that are typically more resistant to
microbial attack than uncomplexed organic materials (Quideau et al., 2000).
Because active, slow and stable SOC play very different roles in SOC dynamics
and nutrient cycling, it is desirable to define their pool sizes and respective
turnover times.

The bombardment of "N by cosmic radiation in the atmosphere produces a
low level of "C which when incorporated into plant tissue by photosynthesis
provides a long-term tracer for SOM dating ('*C half-life is 5568 years).
Radiocarbon dating using naturally occurring '“C is particularly useful in
characterizing the age of the more passive or resistant fractions of SOM, i.e.; with
a turnover rate ranging from hundreds to thousands years, and in describing
long-term SOM dynamics (O’Brien and Stout, 1978; O’Brien, 1984). Atmospheric
testing of thermonuclear weapons in the 1950s and 1960s produced an input
spike of ™CO, to the atmosphere, which subsequently entered terrestrial
ecosystems through plants and was then recycled through animals,
microorganisms, and soil organic matter to eventually enrich SOC with “bomb” “C.
This increase can be regarded as an in situ labeling of soil organic C and permits
estimates to be made for the MRTs (mean residence time) and turnover rates for
both the older and younger soil organic carbon (Hsieh, 1992; O’ Brien and Stout,
1978; Trumbore, 1993; Quideau et al., 2000).

Accelerator mass spectrometry (AMS) now allows '*C measurements to be
made on very small sample sizes, about 10,000 times smaller than those needed
for decay counting (Trumbore and Zhang, 1996). Measurement of '*C is used to
determine the age of soil organic matter according to the following formula:
MRT=-(1/ A) x In (F) (1)
Where F is the fraction Modern carbon, and A is the rate constant for the
radioactive decay of '“C (A=0.000121 per year). The fraction Modern carbon is
calculated from the "“C value corrected for the radioactive decay of the oxalate
standard since 1950:
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F= (1.0057 x 10° x "*C) +1.0057 2)

Carbon dating with "*C, *C analyses, and extended incubation (more than
1000 days) of soils from historical plots can be combined to determine pool sizes
and fluxes required in C balance calculations. Paul et al. (1997) found that 70% of
the total soil C contained in 85-year cultivated wheat plots at Akron, CO., was
derived from the native prairie vegetation. Carbon dating showed that the residue
of acid hydrolysis comprised 56% of total C with a MRT over 2600 years (Paul et
al., 1997). Collins et al. (2000) reported that the active pools represented 3-8% of
the SOC with an average field MRT of 100 days by using an extended laboratory
incubation followed by acid hydrolysis. The slow pools comprised 50% of SOC in
the surface and up to 65% in the subsoils; they had MRTs ranging from 12 to 28
years for C4-derived C and from 40 to 80 years for Cs-derived C. The resistant
pool decreased from an average of 50% at the surface to 30% at depth (Collins et
al., 2000)

Various physical, chemical and biological procedures for fractionating SOC
have been developed to obtain pools with different turnover rates (Hsieh, 1992;
Trumbore and Zheng, 1996; Quideau et al.,, 2000). For example, Quideau
fractionated SOC into the floatable fraction (isolated from the sand fraction by
floatation in water, density < 1.0 g/cm?®), sand fraction (>50 um), coarse and
medium silt (5-50 um), fine silt fraction (2-5 ym), and clay fraction (<2 pm).
Comparison of the C analysis results in pre- and post-bomb soil samples
showed that carbon associated with the fine silt fraction was relatively old,
suggesting no or little recent carbon input to this fraction. The younger age for the
clay-sized C, on the other hand, indicated more recent C input, possibly from
dissolved organic carbon in percolating waters, or as a result of SOM
mineralization processes from larger size fractions (Quideau et al., 2000).

Some researchers combined the density separation method and the chemical
method to fractionate soil samples between low density (which is lighter than 2.0
glcm® or 1.6 g/cm®) and high density (which is heavier than 2.0 g/em?® or 1.6
g/cm®). The dense fraction was hydrolyzed and further fractionated as
hydrolysable (HC) and non-hydrolysable (NHC). Comparison of '“C in pre- and
post-bomb SOC acid-hydrolysis fractions(HC) and the positive 8 % '“C values for

7
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the hydrolysable fractions showed that most of this carbon was newly derived
from ' C —CO, (Martel and Paul, 1974; Trumbore and Zhang, 1996). The '“C data
of 0-20 cm soil collected in 1959 and 1992 further showed that the organic carbon
associated with the dense fraction (p > 2.0 g/ cm®) contains carbon of greater age
than low-density fractions (p < 2.0 g/ cm®), and non-hydrolyzable organic matter
has the lowest turnover rate (Trumbore, 1993 and 1997). _

After studying the dynamics of resistant soil carbon of several agricultural
soils derived from forest and grassland soils, Paul et al. (2001) proposed that the
MRTs of the total SOC were inversely correlated to sand content and directly
related to clay content. Silt did not have a significant effect on the MRT of total
SOC, but was positively correlated with the MRT of the NHC (Paul et al., 2001).

Using a combination of "*C labeled plant material and radiocarbon dating,
Jenkinson and Rayner (1977) followed the flux of C through five SOM pools
(decomposable plant material, resistant plant material, soil microbial biomass,
physically protected, and chemically stabilized organic matter) and constructed a
model describing the turnover of SOM from soils under long-term management at
the Rothamsted Experiment Station in Harpenden, U. K. (Jenkinson and Rayner,
1977). The ages of these pools ranged from several months for plant materials to
several thousand years for chemically and physically stabilized SOM fractions
(Jenkinson and Rayner, 1977). Hsieh proposed that the turnover of soil organic C
could be described by just two major pools: an active pool with a turnover time of
less than a few decades and a stable pool with a turnover time from hundreds to
thousand years (Hsieh, 1992).

Martel and Paul (1974) measured the “C content of several agricultural soils
and compared them to "C distribution in a soil labeled with'*C-acetate. Carbon
dating showed the MRTs for the surface horizon to be 350 years but varied from
modern to 1910 years for different chemical fractions. Their work also indicated
that SOM in surface horizons turned over more rapidly than in lower horizons
(Martel and Paul, 1974).

1.3 *C and '“C labeling and belowground C translocation

The inputs of plant organic matter to soil occur continuously through the
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whole life of plants. During the growing season, organic substances are released
into soil in the form of rhizodeposition such as water-soluble exudates, secretions,
lysates, mucilages, sloughed-off cells and decaying roots. Of these substances,
only soluble root exudates are readily available for microorganisms. When plants
die, large, discrete inputs occur in the forms of root and shoot residues (Van
Vuuren, 2000).

Currently three tracer methods are commonly used for the estimation of C
input into the soil by plants: pulse labeling, continuous labeling, and *C natural
abundance. The first two methods are based on the artificial labeling of plants:
shoots are exposed to CO, in an atmosphere labeled with '*C or 3C. The shoots
assimilate the labeled CO, and translocate a part of it to the soil. This allows for
the calculation of C input by plants into the soil on the unlabeled background
(Kuzyakov et al.,, 2000). Pulse labeling provides information on the recent
photosynthate distribution at specific developmental stages of plants and can be
used for kinetic investigations of CO, evolution from the soil. The limitation of
pulse labeling is that the results of C allocation observed for a specific growth
stage cannot be directly extrapolated to the whole growth period. Another
shortcoming of studies employing '*C or "*C pulse labeling is that most of the time
only organic matter fractions with relatively short turnover times (such as amino
acids or carbohydrates) are labeled during the course of the experiment. The
natural ">C technique, by contrast, has the advantage of providing in situ labeling
for thousands of years achieving labeling of all organic matter fractions, including
those with extremely long turnover times (Balesdent, 1988).

The rhizodeposition of root exudates which represents an easily available
carbon source greatly influences C turnover in soils and can lead to C
accumulation or consumption due to its influence on the microbial activity in the
rhizosphere. Unfortunately root derived substances have not been sufficiently
investigated today because of several analytical challenges including: (1) their low
concentration and (2) their fast decomposition rates. In this respect, the
application of labeling experiments with C isotopes (“C and ®C) in rhizosphere
studies has led to significant progress in the understanding of the C cycling within
the rhizosphere (Kuzyakov et al., 2000).
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A series of labeling pulses applied at regular intervals during plant growth
(continuous labeling) has been found to provide a reasonable estimation of the
amount of total C transferred by the plant into the soil and of the translocation of
below-ground C (Wander and Yang, 2000; Kuzyakov et al., 2001). Most studies of
the below-ground C transiocation and partitioning have been conducted on
cereals, mainly on wheat and barley (Gregoy and Atwell, 1991; Keith et al, 1986;
Swinne et al, 1995a and b). Wheat transfered 26% of its total assimilated carbon
below ground and barley 17% of the total. Carbon translocated below-ground was
used for:

1). Root growth, around 7-13% of the total assimilated C was found in roots
after the experiments;

2). Root respiration, around 7-14% of the total assimilated C was for root
maintenance during growth and ion uptake;

3). Exudates, root hairs and fine roots, about 1-2% of the total assimilated C
was decomposed by microorganisms to CO, shortly after release into the
rhizosphere (Kuzyakov and Domananski, 2000).

The release of photosynthesized C from plant roots provides an important C
source for biological activity in soils. The factors that control residue
decomposition rate include temperature (Nyham, 1976; Lu et al., 2003), moisture
(Schomberg et al., 1994), soil mineral nutrient supply (Cardon, 1996) and
composition of the plant residues (Van Vuuren et al., 2000; Quideau et al., 2003).
The incorporation of plant residues and organic manures significantly increased
microbial biomass in rice soils in both pot and field experiments (Witt et al., 2000;
Kuzyakov et al., 2000).

Much of the work on soil organic matter turnover has employed '“C
(Stevenson and Cole, 1999) or °C labeled soil and plant materials. The work has
allowed the development of models for decomposition of crop residues in soil.
These models recognize that individual consideration must be given to the
different substrate components each of which may follow a different
decomposition rate. A laboratory incubation experiment was conducted to
investigate the fates of plant-derived C during a simulated fallow period in a rice

soil (Lu et al, 2003). The results showed that the decomposition of the
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incorporated residues could be divided into two phases: an initial rapid phase
followed by a slower phase. The soil labile carbon pools (microbial biomass C and
water-extractable organic C) were significantly increased by residue incorporation,
especially during the rapid phase of residue decomposition.

Labeling with *CO, allows separation of total soil CO, fluxes into autotrophic
and heterotrophic respiration. Pulse labeling of shoots with "*CO, has been used
in an attempt to further divide root-derived CO; into CO; originating from root
respiration (RR) and that from microbial respiration of root-borne substances
during plant growth on non-sterile soils. RR contributes about 40-50% of the
root-derived CO, efflux, while the remaining 50-60% is derived from the microbial
decomposition of root exudates and other rhizodeposits. The relative contribution
of rhizomicrobial respiration to the total root-derived CO; efflux from soil increases
with time following the pulse labeling (Kuzyakov et al., 2002 a and b).

1.4 Chemical characteristics of soil organic carbon as revealed by *C NMR

Nowadays major information on SOM composition comes from
molecular-level chemical analyses of specific plant or microbial components in
combination with *C NMR spectroscopy. Solid—state *C nuclear magnetic
resonance spectroscopy (NMR) has become an important tool for examining the
chemical structure of natural organic materials and the chemical changes
associated with decomposition. Some of the first CPMAS "*C NMR spectra of
whole soil were reported by Wilson et al. (1981). Since then, solid-state *C NMR
spectroscopy has become a major tool in investigations of soil organic matter
structure (Wilson, 1987 and 1990). A major advantage of the solid-state
cross-polarization magic-angle spinning (CPMAS) *C NMR technique is the
possibility to obtain structural information on SOM in bulk soils or solid fractions
without the necessity of extracting the organic material, as the extracts contain
only part of the total SOM for many soils.

The "*C NMR spectra of soil or humic substances are generally divided into
four main chemical-shift regions, representing alkyl C (0-50 ppm), O-alkyl C
(50-110 ppm), aromatic C (110-160 ppm), and carboxyl C (160-200 ppm) (Mahieu
et al., 1999). Statistical analysis from NMR results in the published literature (76

1
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papers) showed that there was a remarkable similarity among all soils with
respect to the distribution of different forms of C despite the wide range of land
use (arable, grassland, uncultivated, forest), climate (from tropical rainforest to
tundra), cropping practice, fertilizer or manure application, and the different
spectrometer characteristics and experimental conditions used. Functional groups
in whole soils were always in the same abundance order despite the generally
wide proportion range: O-alkyls (a mean of 45% of the spectrum, increasing with
soil C content), followed by alkyls (mean 25%), aromatics (mean 20%), and finally
carbonyls (mean 10%, decreasing with soil C content). Humic and fulvic acids
contained much smaller proportions of O-alkyls than whole soils (means of 26%)
(Mahieu et al., 1999).

Solid-state "°C NMR can also be used to characterize the bulk chemical
composition of plant residues entering the soil. The traditional view of
decomposition and humification of organic residues in soils includes a loss of
proteinaceous and carbohydrate materials and an accumulation of humic
materials containing a high proportion of aromatic carbon. The more routine
application of solid-state "*C NMR spectroscopy and other analytical techniques
to monitor changes in the chemical composition of carbon contained in
decomposing natural organic materials has revealed that organic materials
containing alkyl carbon accumulate, whereas aromatic carbon, presumably
derived from lignin structures, accumulates as the carbohydrates cellulose and
hemicellulose are utilized, but then disappears with further decomposition to leave
a residue with high contents of alkyl carbon (Bracewell and Robertson, 1987;
Baldock et al., 1992; Zech et al., 1992). The ratio of alkyl/O-alkyl carbon contents
(A/JO-A ratio) may provide an even more sensitive index of the extent of
decomposition (Baldock and Preston, 1995; Baldock et al., 1997; Golchin et, al.,
1994, 1995 and 1997). Generally, the relative amount of alkyl C increases during
biodegradation, whereas the amount of O-alkyl C shows a relative decrease.

Mineral soil with low C contents has not been investigated as much as C-rich
soils. This is due to the fact that spectra from solid samples low in organic carbon
(< 5 g/ kg soil) are more difficult to obtain because of sensitivity problems (Mahieu
et al., 1999). This can be overcome by selectively removing the mineral fractions
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with 10 % HF and concentrating the organic carbon content (Skjemstad et al.,
1994; Schmidt et al., 1997). Studies have shown that this treatment does not lead
to major changes within the resolution of solid-state NMR spectra in bulk samples
as well as in particle-size fractions (Preston and Newman, 1995; Preston, 1996;
Skjemstad et al., 1994; Schmidt et al., 1997).

It was shown that physical fractionation yields SOC pools of different
functions and the dynamic processes of litter decomposition and introduction into
more stable pools can be followed easily, especially if isotopic methods are used
in combination with NMR analysis (Stemmer et al, 1999). Particle-size
fractionations are therefore an interesting tool for research related with soil SOC
dynamics. The clay fraction is more different from the bulk soil in terms of OM
composition than the coarse fractions. Clay-size fractions generally show a higher
content of alkyl carbon than the whole soils (Baldock et al., 1992; Mahieu et al,,
1999). The sand-sized fractions are dominated by high proportions of O-alkyl
carbon similar to the whole soil. The intermediate size fractions contain the
greatest content of aromatic carbon (Baldock et al., 1992).

Some analyses of the organic chemical composition of microbial biomass in
soils with the use of ®*C NMR spectroscopy have been made (Baldock et al., 1990;
Kégel-Knabner et al., 1992; Knicker and Liidemann, 1995; Golchin et al., 1996).
Baldock et al. (1990) first demonstrated that the composition of bacterial biomass
differed distinctly from fungal biomass. Both groups contain high proportions of
alkyl C structures and small amounts of aromatic C, but fungi have more O-alkyl C
and less alkyl C compared to bacteria (Baldock et al., 1990). Golchin et al. (1996)
concluded that microbial materials synthesized from glucose by soil
microorganisms in a laboratory incubation experiment were mostly O-alkyl, alkyl
and carboxyl carbon. Phenolic and aromatic structures were only found in small
amounts (Golchin et al., 1996).

1.5 Soil microbial biomass and microbial community structure

The soil microbial community is virtually responsible for all biochemical
transformations occurring in soils. The potential influence of the soil microbes may

be assessed by its size and structure. The measure of the size of the soil
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microbial biomass (SMB) is of importance in studies of nutrient cycling in soils and
has been used as an ecological marker. It has been found that there often is a
close relationship between the size of the soil microbial biomass and the soil
organic carbon content (Jenkinson and Ladd, 1981, Smith and Paul, 1990).

The methods of measuring SMB are numerous and include chloroform
fumigation-incubation ~ (CFI),  chloroform  fumigation-extraction  (CFE),
substrate-induced respiration (SIR), and analyses of phospholipids fatty acids
(PLFAs) etc. Chloroform fumigation to lyse soil microbial cells followed by
incubation has become a standard tool for determining total SMB in soils since it
was first reported (Jenkinson and Powison, 1976). The quicker and simpler
procedure of CFE has become a widely used method of SMB determination
(Vance et al., 1987). Estimates of SMB by CFE are not influenced by the presence
of non-biomass materials in the soil, such as root fragments or freshly added
substrates (Martens, 1995), nor are they sensitive to prolonged storage at 4 C
(Ross, 1991).

The SIR procedure for measuring the SMB was first presented by Anderson
and Domsch (1978). This method measures the response of the SMB to the
addition of a readily available substrate.

Phospholipids are found in the membranes of all living cells, and rapidly
decompose to diglycerides following cell death (White et al., 1979). The total
phospholipid fatty acid (PLFA) content of the soil extracts has been used to
estimate soil microbial biomass (Klamer and Baath, 1998; Denton et al., 1999). It
has been found to be at least as sensitive an index of SMB as soil respiration
following perturbations (Frostegard et al., 1993 a and b). An advantage of this
procedure is that the extracts are easily analyzed to identify the different extracted
PLFAs yielding information about both the size of the SMB and its structural
composition (Zelles et al., 1992; Frostegérd et al., 1993b; White and Ringleberg,
1998). PLFA is also a biochemical method in that it can provide in situ detailed
information about the structure of the live microbial community and detect
subsequent changes in this community following various disturbances (Fedele,
1986; Baath et al., 1992; Frostegard et al., 1993a and b; Zelles and Bai, 1994). A
good linear relationship between total PLFA and CFE-MBC (R®= 0.77) (Bailey,
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2002), as well as between total PLFA and SIR (r = - 0.96) was observed (Beyer,
1995).

PLFA profiles were found to be sensitive indicators of changes in microbial
community structure due to differences in agricultural management regimes that
included grassland, bare follow, and crop rotations, different organic matter inputs,
liming and burning treatments (Zelles et al., 1992; Baath et al., 1995). High
organic matter inputs can increase the microbial biomass carbon, microbial
nitrogen and significantly influence PLFA profiles (Bossio and Scow, 1998a;
Peacock et al., 2001; Hopkins and Shiel, 1996). Cropped plots were higher in
microbial biomass than their fallowed counter-parts. Under fallow, microbial
biomass was greatest in no till and least in plowed plots (Drijber et al., 2000). The
size of the microbial biomass (total PLFAs) was negatively affected by a low solil
pH (Frostegard et al., 1993a) and clear-cutting (Baath et al., 1995),

Several phospholipid fatty acids have been found to be biomarkers for
specific microorganism groups, since different subsets of the community have
different PLFA patterns. Bacteria characteristically contain 18:1w7, i17:1w7,
17:0cyc, 19:0 cyc, p10-17:0, i15:0, a15:0 and i16:0 PLFAs (Tunlid and White,
1992). The PLFA 10Me18:0 is mainly found in actinomycetes (Kroppensted, 1985)
and 18:2w6 is indicative of fungi although small quantities of 18:2w6 also occur in
some bacteria (Jantzen et al., 1987).

A clear change in the composition of the community structure at different
sampling periods was observed (Bai, 2000; Peterson et al., 2002). Bossio, et al.
(1998b) reported that a group of fatty acids (i14:0, a15:0, 16:1w7c, 16:1w5c, 14:0,
and 18:2w6c¢c) was enriched in the organic farming plots and another group
(10Me16:0, 20H 16:1 and 10Me17:0) was consistently lower in relative
abundance in the organic farming system.

Background and rationale

The Breton Classical Plots were established in 1929 near the village of
Breton, 100 km southwest of Edmonton, by the Department of Soils, University of
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Alberta. These plots were originally designed by Dr. F. A. Wyatt and Dr. J. D.
Newton to find 'a system of farming suitable for the wooded soil belt’, so the crop
rotation studies started in 1930. The Breton Classical Plots are the only
continuous, long-term plots on Gray Luvisols in Canada and possibly in the world.

Figure 1.1 Aerial view of the Breton Plots (from website:
www.rr.ualberta.ca)
Over the past 70 years’ research, the Breton Plots have provided some very

important information on the agricultural management and dynamics of cultivated
Luvisolic soils (Robertson, 1991, Chakraborty, 2001):

(1) Overcoming nutrient deficiencies and improving crop quality

Gray Luvisolic soils have a thin A horizon which has a slightly acidic reaction
(pH 6.0 to 6.5), low organic C content (10 to 20 g kg™') and low nutrient supplying
capacity. The A horizons often develop poor tilth when cultivated. Most soil related
problems such as crusting, low water holding capacity, low fertility, and low
buffering capacity against pH change arise from the low organic matter content of
the A horizon. Impeded water transmission and restricted root growth may arise
from the presence of a dense, very firm and acidic B horizon.

Several important practical conclusions had been drawn after more than 60
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years of research (Robertson, 1991): first, that the addition of sulphur to legumes
has resulted in marked yield increases; secondly, that the nitrogen needed to
obtain satisfactory cereal crops can be obtained from legumes and manure as
well as from commercial fertilizer; and thirdly, that manure has improved the soil
tilth properties and has increased the macro- and micro- nutrient levels in the soils
as compared to the control (Ck) plots.

(2) Dynamics of soil organic carbon

Gray Luvisolic soils are inherently low in organic matter, but careful
management of these soils can result in increased soil carbon levels. Using
longer crop rotations that include forages and manure applications was found to
increase crop yields and SOC levels. Between 1938 and 1998, while SOC
declined at the rate of 14 and 7 g C m? yr' in the upper 0.15 m depth of the
control and NPKS treatments of the 2-yr rotation, it gained 7 g C m? yr" in the
manure treatment of the same rotation, and 28 g C m? yr' in the manure
treatment of the 5-yr rotation (Grant et al., 2001).

The overall objective of this study was to take advantage of the ongoing
long-term studies at the Breton plots to reach a better understanding of the
influence of manure addition and NPKS fertilization on soil organic matter
processes in cultivated Luvisolic soils. Specific objectives were as follows:

1. To experimentally determine long-term changes in soil organic carbon
(SOC) pools at the Classical Breton Plots by using a physical separation method
on archived samples as well as on soils (0-15 cm depth) sampled in 2003. In
particular, we were interested to test the hypothesis proposed by Izaurralde et al.
(2001) concerning the redistribution of SOC from the active to the passive pool.
Secondly, changes in SOC storage in these different pools were assessed as a
function of cropping management (2-yr versus 5-yr rotation) and fertilization
treatments: no added fertilizer (Ck), full chemical fertilization (NPKS), and
farmyard manure application (M) (see Chapter 2).

2. To examine the influence of chemical fertilization and manure
application on the size of the soil microbial biomass at the Breton Classical Plots,

and to study the effects of manure and fertilizer on the microbial community
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diversity using PLFA analysis (see Chapter 3).

3. To partition total soil respiration into the soil’s different physical fractions,
to compare carbon mineralization from the whole soil with that of selected soil
carbon fractions, and to determine whether long-term manure application had
significant effects on carbon mineralization fluxes at the Breton Plots (see Chapter
4).
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Chapter 2

Management effects on carbon sequestration in soil
physical fractions at the Breton Classical Plots

Introduction
The soil organic carbon (SOC) pool encompasses a variety of constituents

from particulate debris such as plant, animal, and microbial residues to highly
amorphous organic matter substances including all stages of decay, which may
be intimately associated with inorganic soil components to form organo-mineral
complexes. The turnover of these different SOC components varies due to the
complex interaction of biological, chemical, and physical processes in soil
(Christensen, 1992). Several multiple-pool models describing SOC turnover have
been proposed (Jenkinson and Rayner, 1977; Christensen, 1992; Paul et al.,
1995; Cambardella and Elliott, 1992). From an experimental point of view, soil
organic matter is often partitioned into different compartments or fractions meant
to mimic the different pools identified in these models.

Paul et al., (2001) proposed a combination of biological and chemical
approaches to analytically determine SOC pool sizes and turnover rates (Paul et
al., 2001). Following dispersion with sodium hexametaphosphate, the light
fraction was separated by floatation in sodium iodide (d=1.7g/cm®); the Nal
residue was acid hydrolyzed to obtain a residue that was called the “resistant
pool”. A drawback of this protocol is that some components of organic matter may
be modified through solubilization, oxidation or repolymerization during
fractionation (Collins et al., 1997).

The physical fractionation techniques are considered chemically less
destructive than separation technigues that use chemical solvents, and the results
obtained from physical soil fractions are anticipated to relate more directly to the
structure and function of SOC in situ (Christensen, 1992). The physical protection
of organic materials, which restricts their accessibility to microorganisms and
enzymes, is believed to be an important mechanism controlling SOM turnover.
Mechanical disruption of soil particles is commonly achieved using sonication or
shaking (Christensen, 1992; Collins et al., 1997). Vibrating sound waves create
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microscopic bubbles that upon collapse produce a high enough energy to disrupt
soil aggregates. One of the problems with the use of sonication in SOC studies is
the potential for organic matter redistribution among the different fractions.
Increasing the intensity of sonication results in the recovery of increasing amounts
of organic matter in the fine silt and clay fractions. However, low levels of
sonication provide incomplete dispersion of soils, causing microaggregates of
smaller size particles to be included in the silt and sand fractions (Collins et al.,
1997). A good compromise is a 5-minute ultrasonic treatment. This allows the
occluded organic materials that are in different stages of decomposition to be
separated because they have formed different degrees of association with mineral
particles and thus have different densities (Golchin et al., 1994).

Wet sieving is used more often than dry sieving to determine the particle
size distribution and stability of soil aggregates. Specifically, soil fractions with a
diameter > 53um, can be isolated through wet sieving. Within the > 53um
particles, the floatable fraction, composed of noncomplexed SOC with a density
lower than 1.0 g/cm® can be further separated from the mineral particles by using
water floatation. This fraction is considered to be made of only partially
decomposed plant residues and animal debris with a relatively high C: N ratio and
a rapid turnover rate. The fraction including particles with a diameter ranging from
2 to 20 pym (i.e. the organo-silt complex) consists of humified plant and microbial
debris associated with stable organo-mineral microaggregates that have not been
destroyed during sonication. The fractionation including particles with a diameter
< 2 ym (i.e. the organo-clay fraction) is dominated by amorphous organic matter
acting as a cement for the clay particles. It may contain plant cells as well as
bacterial cells or colonies at different stages of decomposition (Feller, et al.,
2000).

The Breton Classical Plots long-term fertilization trials were established in
1929 by the Department of Soils, University of Alberta (Chakraborty, 2001). They
provide a model of how diverse cropping practices affect typical Gray Luvisolic
soils after 70 years of farming. Using longer crop rotations that include forages
and manure applications was found to increase crop yields and SOC levels.
Between 1938 and 1998, while SOC declined at the rate of 14and 7g C m? yr' in

(
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the 0.15 m depth of the Check and NPKS treatments of the 2-yr rotation, it gained
7 g C m? yr' in the Manure treatment of the same rotation, and 28 g C m? yr' in
the Manure treatment of the 5-yr rotation (Grant et al., 2001). |zaurralde et al.
(2001) fitted a simple three-compartment model to these measured long-term
changes in total SOC. Results from the modeling exercise suggested a more
rapid SOC turnover for the 2-yr than for the 5-yr rotation plots, a loss of carbon
from the active SOC compartment with a decomposition rate of 0.0037 yr”", but a
gain by the passive SOC compartment with a decomposition rate of 0.0005 yr™.
Finally, the Breton Plots receiving manure did not appear to have reached steady
state by 1990, but instead were continuing to sequester carbon (lzaurralde et al.,
2001).

The overall objective of this study was to experimentally determine
long-term changes in SOC pools at the Classical Breton Plots by using a physical
separation method on archived samples as well as on soils (0-15 cm depth)
sampled in 2003. In particular, we were interested to test the hypothesis proposed
by lzaurralde et al (2001) concerning the redistribution of SOC from the active to
the passive pool. Secondly, changes in SOC storage in these different pools were
assessed as a function of cropping management (2-yr versus 5-yr rotation) and
fertilization treatments: no added fertilizer (Ck), full chemical fertilization (NPKS),
and farmyard manure application (M).

Materials and methods
The Breton Classical Plots

The Breton Plots are located 110 km SW of Edmonton (latitude 53°06° N,
longitude 114° 26’ W, altitude 854 m above sea level). The long-term annual
precipitation at the experimental site is 547 mm, while the air temperature
averages 2.1°C annually. The soil is an Orthic Gray Luvisol developed on glacial
till parent material under boreal forest vegetation (lzaurralde et al., 2001). The
original experimental design included two cropping systems: (a) continuous wheat
(Triticum aestivum L.) and (b) a 4-yr rotation with three years of cereal grains and
one year of legumes. In 1938, the continuous wheat system was converted to a
wheat-fallow rotation to help control weeds, and in 1939, the 4-yr rotation was
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changed to a 5-yr rotation of wheat, oats (Avena sativa L.), barley (Hordeum
vulgare L.), and two years of forage. The forage crop has varied over the years
but has always included a legume (Robertson, 1991). From a practical point of
view, a total of 66 plots accommodated the two nonreplicated crop rotations; i.e.,
six blocks of land (Series A-F) were established in factorial combination with 11
different fertilization plots (Figure 2.1.). Soil amendments have varied over the
years and are shown in Table 1. Finally, starting in 1972, lime was added to the
east half (E) of the plots in series A-D and F, and to the entire area of series E
when the soil pH dropped below 6.0 (Chakraborty, 2001).

Soil sampling and analysis

Two out of the 6 experimental series (A-F) present at the Breton Classical
Plots were selected for this study: Series E, corresponding to the 2-yr rotation,
and Series C, corresponding to the 5-yr rotation. In 2003, the western (W) and
eastern (E) halves of Plot 1 (Ck), Plot 2 (M), and Plot 3 (NPKS) of the two series
were sampled by randomly taking 9 cores (0-15 cm depth) within each plot and
compositing them into 3 replicate samples per plot. Following air-drying, samples
were sieved {0 pass a 2-mm sieve.

Soil samples (0-15 cm) that had been taken and archived from the Ck, M, and
NPKS treatments in 1936, 1938, 1972, 1983, 1985, 1990, and 1998 were also
used in this study (Table 2). All soil samples were fractionated according to the
following procedure:

1. Weigh 20 grams of the < 2 mm soil sample into a 250 ml plastic bottle.

2. Add 100 ml of distilled water to the bottle and sonicate the soil sample for

5 minutes at 60% of maximum power.

3. Wet sieve through a 53 ym sieve and wash with a coarse jet of water. This
step separates the floatable fraction (diameter > 53 ym and density < 1.0
glem®) and the sand fraction (diameter > 53 um and density > 1.0 g/cm®)
from the other fractions.

4. Separate the clay fraction (diameter < 2 ym) from the mixed suspension
(diameter < 53 um) by centrifugation at 500 rpm for 6 minutes (25°C).

5. Separate the fine silt fraction (2 ym < diameter < 5 ym), medium silt (5 ym

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



< diameter < 20 ym) and coarse silt (20 ym < diameter < 53 um) by
sedimentation.

6. Subsample a known volume from the clay and fine silt dispersions, and
record its oven-dried (105 "C) weight to calculate the total weight of each
fraction.

7. Flocculate the clay and fine silt dispersions using 2N KCI. The flocculated
clay and fine silt are centrifuged to get rid of the extra water. Then the KCI
is completely washed out from the clay and fine silt by dialysis.

8. Freeze-dry the clay and fine silt fractions. Dry the sand, floatable, coarse
silt and medium silt fractions in the oven at 50 °C, and record the dry
weight of each fraction. All soil fractions are finely ground using a ball
grinder.

The procedures are also described in the following flow chart:

|Soil 20g |
Sand +

Sonicate i.z_Sz_um_. Floatables
< 53um Clay+Silt | <1ngm%i:::>
Centrifug ©
T SA
cEwm silt

T 26 um
Silt—FS

Total carbon and nitrogen in all size fractions were determined by dry
combustion using a Carlo Erba NA1500 C and N Analyzer. Differences
between physical fractions from soils sampled in 2003 as well as the influence of
liming were analyzed using a paired t-test (n =12). On the other hand, the
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experimental design did not allow for statistical analysis with regards to the
influence of fertilization on soil carbon.

Results

2.1 Soil texture and recovery rates
The soil is a silt loam containing on average 19%wt clay and 40%wt sand.

Recovery rate ranged from 94.4 to 99.4% (Figure 2.2). Average recovery rate
following physical fractionation was 97.5% (stdev = 0.013) based on the weight of
the individual particle size fractions. The largest fraction was the sand, based on
the ratio of the individual fraction weight to the whole soil weight (%wt), while the
floatable fraction was the smallest fraction (Figure 2.2). The proportion of each
fraction decreased in the following order: sand > clay, coarse silt > medium silt >
fine silt > floatables.

2.2 Carbon concentrations in the different soil physical fractions
Carbon and nitrogen concentrations for all soil fractions and collection

dates are reported in the appendix (Table 2.2). Average carbon concentrations
in the initial (1936 and 1938) samples were as follows: whole (unfractionated) soil:
1.52%; coarse silt: 0.50%; medium silt: 1.47%; fine silt: 2.31%; clay: 2.33%.

2.2.1. 5-yr rotation plots

Carbon concentration of the clay, fine silt and medium silt fractions as well
as of the whole soils was higher in the manure plots than in the control (Ck) plots
(Figures 2.3 and 2.4). The magnitude of carbon concentration for both the
manured and Ck plots followed the following order: clay > fine silt > medium siit
(Figure 2.3). In the manure treated plots (M) of the 5-yr rotation (C-Series), carbon
concentrations in the clay, fine silt and medium silt fractions tended to increase
with time. In the Ck plots, carbon concentration of the clay and medium silt
fractions increased with time, whereas carbon concentration associated with the
fine silt fraction tended to decrease over the same period. The whole soil carbon
concentration of the manure treatment in the 5-yr rotation showed an increasing
trend while Ck showed a slowly increasing trend with time even though the trend
was not significant (Figure 2.4).
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2.2,2, 2-yr rotation plots

In the manure treated plots of the 2-yr rotation (E-Series) carbon
concentration of the medium silt, fine silt, and clay tended to increase with time,
and the increase was faster for the fine silt than for the other two fractions (Figure
2.5). In the Ck plots, on the other hand, carbon concentrations of the clay, fine silt
and medium silt soil fractions decreased with time, and the decrease was slower
for the clay than for the fine and medium silt fractions. As was observed for the
5-yr rotation plots, the magnitude of carbon concentration followed the following
order: clay > fine silt > medium silt. The whole soil carbon concentration of the
manure treatment in the 2-yr rotation showed an increasing trend while the Ck
showed a decreasing trend with time even though the trend was not significant
(Figure 2.6).

2.3 Carbon distribution in different fractions

Carbon distribution in a given fraction (D;) was calculated from the
following formula:
. x Tt
b 100%  where,
xf,

C: = carbon concentration in fraction i (g C kg™ soil fraction i);

Di (%) = (

fi = fraction distribution (%).

In the 2003 soil samples, different fractions contained very different
amounts of carbon (Figure 2.7). The clay fraction contained the highest amount of
carbon with about 37% of the total soil carbon (stdev = 0.02); the sand and
floatable (> 53 ym) fraction contained the next highest amount, with about 22%
(stdev = 0.03), while the coarse silt contained the least amount, with about 8%
(stdev = 0.02). The medium and fine silt fractions contained intermediate amounts,
with 17% (stdev = 0.03) and 15% (stdev = 0.01) respectively, of the total soil

carbon.

2.4 Carbon recovery during physical fractionation
The carbon recovery (% total soil carbon) of 2003 soil samples was

calculated by dividing the amount of carbon recovered in the different physical
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fractions by the amount of carbon contained in the whole soil prior to fractionation
according to the following formulae:

Carbon recovery (%) =

Z carbon in 5 soil fractions (g C/kg soil) {00
X
total soil carbon (g C/kg soil)

where
> carbon in 5 soil fractions (g C/kg soil) = [cl, (C/kg cl) x ¢l (%wt)] + [fs,

(Clkg fs) x fs (%wt)] + [ms,; (C/kg ms) x ms (%wt)] + [cs, (C/kg cs) x cs (%wt)] +
[sd. (C/kg sd) x sd (%wt)], and clay : cl; fine silt: fs; medium silt: ms, coarse silt: cs;
sd: sand + floatables.

For the 5-yr rotation, carbon recovery followed the same trend in the limed
and unlimed plots and decreased in the following order: Ck > NPKS> M (Figure
2.8). For the 2-yr rotation, both east and west plots also showed a similar trend
and decreased as follows: NPKS > Ck > M.

2.5 C: N ratios of the whole soils and different soil fractions
Nitrogen concentrations were significantly correlated to carbon

concentrations in the soil physical fractions as well as in the unfractionated soil
samples (p-value < 0.05). The C/N ratios were quite different among the different
soil fractions (Figure 2.9). The floatable fraction exhibited the highest C/N ratio,
while the clay, sand and coarse silt fractions showed the lowest ratio. The
floatable fraction had a higher C/N ratio than the whole soil, while the opposite
was true for the clay, sand, and coarse silt fractions. The medium and fine silt
fractions displayed intermediate C/N ratios, which were similar to what was
measured in the whole soil samples prior to physical fractionation. Finally, the
whole soil C/N ratios (averaged over 3 treatments) in the 5-yr rotation plots (C-
series) were significantly higher than those of the 2-yr rotation plots (E series) at o,
= 0.05 (Figure 2.10).

2.6 Changes in carbon concentrations since 1972
Changes in carbon concentration in the <53 um soil fractions as well as in
the unfractionated samples were calculated by comparison with the carbon
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concentrations in the 1972 sample from the Check (Ck) plots (Figure 2.11).
Carbon concentration in the <63 um soil fractions is further defined as the sum of
carbon contained in the clay, fine, medium, and coarse silt fractions:

[cle (C/kg cl) x ¢l (Y%owt)] + [fs. (C/kg fs) x fs (%wt)] + [ms, (C/kg ms) x ms (%wt)] +
[csc (C/kg cs) % cs (%owt)] + [sd. (C/kg sd)

where clay : cl; fine silt: fs; medium silt: ms; and coarse silt: cs.

For the limed plots in the 5-yr rotation the increase in carbon concentration
for the <563 ym soil fractions of the Ck, M and NPKS treatments ranged from17 to
61% as compared to the concentrations recorded for the soils sampled in 1972
(Figure 2.11). In the unlimed plots, the increase in total carbon of the <53 um sail
fractions ranged from 18 to 45%. The limed and unlimed plots exhibited the same
trend with regards to the fertilization treatment, in that the manured plot showed
the highest increase in carbon concentration, while the check (Ck) plot increased
by the lowest increment. For the 2-yr rotation, manure fertilization resulted in an
increase of carbon concentration of 54 and 34% in the east and west plots,
respectively. In contrast, in the Ck plots, carbon concentration decreased by 10
and 30% in the east and west plots, respectively. Carbon concentration followed
yet another scenario in the NPKS plots, as it did not change in the east plot, yet
increased by 18% in the west plot.

For the whole (unfractionated) samples from the 5-yr rotation, carbon in the
Ck soils basically stayed constant in the limed and unlimed plots, i.e.; the change
was = t 5% (Figure 2.11.). Carbon concentration increased in the NPKS plots,
and the increase (15%) was similar for the limed and unlimed treatments. In the
manured plots, carbon concentration increased by 49% and 34% in the limed and
unlimed plot, respectively. For the 2-yr rotation, total carbon concentrations of the
Ck treatment were decreased by 19 and 22% in the east and west plot,
respectively. Total carbon concentrations also decreased in the NPKS plots, by 12
and 5% in the east and west plot, respectively. On the other hand, concentrations
increased by 64% and 37% in the east and west plot of the long-term manure
treatment.

The change in carbon concentration of the < 53um soil fractions followed the

same trend as the change in total soil carbon with regards to its response to
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manure and chemical fertilization:

1. Both the 2-yr and 5-yr rotations responded positively to manure application,
and carbon concentration increased in all of the manured plots.

2. As seen for the long-term manure application, both the 2-yr and 5-yr
rotations responded positively to NPKS application, in that either the
decrease in carbon concentration was smaller, or the increase was greater
than was the case for the check (Ck) plots. Furthermore, the 5-yr rotation
responded more positively to NPKS than the 2-yr rotation, in that all of the
5-yr rotation plots exhibited an increase in carbon concentration both in
the unfractionated samples and the <53 um fractions. On the other hand,
and as opposed to what was observed for the manured plots, there was no
clear response to liming in the NPKS plots.

Discussion and conclusions
Comparing carbon recovered in the five physically separated soil fractions

to total soil carbon demonstrated that about 20% of the total carbon was lost
during fractionation in samples from the manured plots (Figure 2.8). These results
showed that there must be a water-soluble carbon present in the soil samples,
which is lost during the fractionation process. Christensen el al., (1987) also
reported that some soil organic matter dissolved during particle size separation
procedure, which may account for 1 to 11% of the total soil carbon. In our study,
this carbon loss was larger for the samples originating from the manured plots
than for those from the NPKS or from the Ck plots in both the 2-yr and 5-yr
rotation. These results should be related to results presented in Chapter 3, where
we found that water-soluble carbon was higher for the manured and NPKS plots
than for the check plots.

The clay (< 2 ym) fraction showed the highest C concentration in this study.
The second highest concentration was found associated with the fine silt (2-5 um),
while the third highest one occurred in the medium silt (5-20 ym) fraction. Higher
C concentrations are typically observed in <5 um primary organomineral
separates (Christensen, 1996). Gale and Cambardella’s (2000) '*C-labeling
decomposition experiment results showed that after 1 year 66% of the “C

contained in surface residues had been respired as "*CO,, while 11% remained as
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residues on the soil surface, and 16% had been incorporated into the mineral soil.
Most of the surface residue-derived carbon present in the soil was associated with
the silt and clay fractions, and only a small amount was associated with the
particulate (i.e.; > 53 um) fractions. Hence carbon was being rapidly transferred
from the coarse organic matter pools into the smaller sized fractions as
decomposition proceeded (Gale and Cambardella, 2000). Carbon decomposition
rate further depends on carbon stabilization processes. The protection of soil
carbon by silt and clay particles is well established (Feller and Beare, 1997;
Hassink, 1997). Hassink defined the capacity of soil to preserve carbon by its
association with silt and clay particles. Studies investigating the retention of
specific microbial products (e.g. amino sugars) corroborate the proposition of
Hassink (1997) that carbon associated with primary organomineral complexes are
chemically protected and that the amount of protection increases with an
increasing proportion of silt and clay in the soil (Chantigny, 1997; Guggenberger
and Fred, 1999). Hence, clay plays a crucial role in the retention of total soil
organic carbon. In our study, clay content in the Breton soils was about 20%,
while the clay fraction contained more than 37% of the total soil carbon, which
was by far the largest pool. The long-term manure fertilization increased the clay
carbon concentration even further.

The C/N ratios decreased in the following order: floatables > medium silt >
fine silt > clay > sand > coarse silt (Figure 2.9). Fractions containing a higher
proportion of microbial metabolites and more decomposed organic matter are
expected to have lower C/N ratios. For instance, the floatable fraction had a
higher C/N ratio than the whole soil because it likely contained some
undecomposed plant residues. Similarly, in this study, the clay had a significantly
lower C/N ratio than the fine and medium silt fractions, which in turn had a
significantly lower C/N ratio than the floatables. These results can be explained on
the basis of a progressively higher degree of decomposition as the organic matter
is transferred from the floatables to the smaller sized fractions, from the medium
silt to the fine silt and finally the clay. On the other hand, both the sand and coarse
silt fractions had a C/N ratio lower than that of the clay, which was unexpected. A
lot of charcoal could be visually observed in the sand fraction, which should have
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resulted in an even wider C/N ratio. However, if the particulate organic matter
(with a wide C/N ratio) originally present in the coarse silt and sand fractions was
successfully recovered as part of the floatables by density separation, it is
conceivable that the carbon left behind would have a more advanced degree of
decomposition.

In the 5-yr rotation, carbon concentration of the clay fraction showed an
increasing trend with time in all plots and the manured plots showed the highest
increase (Figures 2.3 and 2.11). In the 2-yr rotation, similar results were obtained
except that the Ck showed a decreasing trend with time (Figure 2.5). The negative
effects of a fallow system on soil carbon levels also have been demonstrated in
the Askov long-term experiments in Denmark (Christensen and Johnston, 1997)
and the long-term Lethbridge crop rotation study in southern Alberta (Monreal and
Janzen, 1993). After 80 years of cultivation, the average soil organic carbon
concentration in the top 0- 15 cm decreased significantly by 23 and 21 % in the
fallow-wheat and fallow-wheat-wheat rotation, respectively (Monreal and Janzen,
1993). At the Breton Plots, higher soil carbon concentrations in the 5-yr rotation
plots as compared to the 2-yr rotation plots were due to differences in carbon
inputs. From 1939 to 1990 the average carbon addition to the soil from plant
residues has been estimated to be much lower at 205 kg ha” yr' in the 2-yr
rotation than the 470 kg ha” yr' that was estimated for the 5-yr rotation
(lzaurralde et al., 2001). Alternatively, differences between the two rotation types
could be linked to differences in decomposition rates. The 5-yr rotation had a
significantly higher C/N ratio than the 2-yr rotation (Figure 2.10). lzaurralde et al.,
2001 similarly reported that the 2-yr rotation narrowed the C/N ratio from 11 to 10,
while the 5-yr rotation maintained the C/N ratio closer to the original ratio of 11.
Consequently, a lower C/N ratio in the 2-yr rotation plots could indicate a faster
decomposition than in the 5-yr rotation, which, in addition to reduced carbon
inputs, would contribute to the decrease in soil carbon concentration.

lzaurralde’s model suggested that carbon was lost from the active
compartment and accumulated in the passive compartment (lzaurralde et al,
2001). Results from my study, at least for the 5-yr rotation, seem to agree with this

proposed scenario, if we assume that the <53 um fractions as depicted on Figure
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2.11 correspond to the passive pool from lzaurralde’s model. Indeed for both the
limed and unlimed plots of the manure, NPKS and Ck treatments, there was an
increase in carbon concentrations in the <53 um fractions that was greater than
the increase in the unfractionated soils.
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Tables and Figures
Table 2.1. Approximate fertilizer, manure and lime applications at the Breton

Classical Plots (from Robertson, 1991).

Amendment
Code

Plot
No.

Amendment

N P K S (1930-1979)

NP K S (1980- now )

M

Manure

(cattle)

76-42-91-20

Annual equivalents

Amount
rotation

depends on
and N
application. The
wheat-fallow  rotation
corresponds to 90 kg N
ha' for each wheat
crop. The cereal
crops-forage  rotation
receives 175 kg N ha™
every five  years,
applied in two equal
applications.

NPKS

16-20-0+

0-0-60

10-6-16-10

From 1944 to 1963,
fertilizer was applied
every second year at
approximate rates of
N9 P5 K14 S8 kg/ha

N amounts depend on
the crop and its place in
the rotation: wheat on
fallow corresponds to
90 kg N ha™, wheat
after forage to 50 kg N
ha™, oats after wheat to
75 kg N ha™, barley as
nurse crop to 50 kg N
ha™'. The legume-grass
forage crop did not
receive any N
fertilization.

Ck

none

0-0-0-0

0-0-0-0

East (E) of
A-D and F

Series

lime

CaC03

From 1972, pH was
adjusted to 6.5.

West (W) of
A-D and F
Series

unlime

No lime
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Table 2.2. List of soil samples used for fractionation in this study.

Sampling | Series | Plot Sampling | Series | Plot
year year
1936 C 1 1998 C 2W
1936 C 3 1998 C 3w
1938 E 1 1998 E W
1938 E 1 1998 E 2W
1938 E 2 1998 E 3W
1938 E 3 1998 C 1E
1938 E 3 1998 C 2E
1938 E 3 1998 C 3E
1972 C 1 1998 E 1E
1972 C 2 1998 E 2E
1972 C 3 1998 E 3E
1972 E 1 2003 C 1W
1972 E 2 2003 C 2W
1972 E 3 2003 C 3W
1983 C 1W 2003 C 1E
1983 C 2W 2003 C 2E
1983 C 3W 2003 C 3E
1985 E 1W 2003 E 1w
1985 E 2W 2003 E 2W
1985 E 3W 2003 E 3W
1990 C 1w 2003 E 1E
1990 C 2W 2003 E 2E
1990 C 3W 2003 E 3E
1998 C 1w

Note: In the column Plot: W: west; E: east.
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Figure 2.1. Layout of the Breton Classical Plots (from lzaurralde et al., 2001).
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Figure 2.2. Physical fraction distribution in the Breton Plots soil samples. Error
bars represent one standard deviation from the mean, and different letters
indicate significant differences at o = 0.05 using a Duncan’s New Mulitiple

Range test (n=41).
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Figure 2.3. Changes in carbon concentrations of the clay, fine silt and medium
silt fractions for the manured (M) and control (Ck) plots of the 5-yr rotation C
series (Archived soil samples in 1972, 1983, 1990, 1998 and soil sampled in
2003).
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Figure 2.4. Changes in carbon concentrations in the whole soil for the manured
(M) and control (Ck) plots of the 5-yr rotation C series (Archived soil samples in
1972, 1979, 1990, 1998 and soil sampled in 2003).
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Figure 2.5. Changes in carbon concentrations of the clay, fine silt and

medium silt fractions for the manured (M) and control (Ck) plots of the 2-yr

rotation E series (Archived soil samples in 1972, 1990, 1998 and soil

sampled in 2003).
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Figure 2.6. Changes in carbon concentrations of the unfractionated soil for the
manured (M) and control (Ck) plots of the 2-yr rotation E series (Archived soil
samples in 1972, 1979, 1990, 1998 and soil sampled in 2003).
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Figure 2.7. Carbon distribution (% of total soil carbon) for the 2003 soil
samples. Error bars represent one standard deviation from the mean and
different letters indicate significant differences at a = 0.05 using a paired
t-test (n=12).
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Figure 2.8. Carbon recovery (% total soil carbon) in the soil physical
fractions for the 2003 samples
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Figure 2.9. C/N ratios in the physical fractions and the whole soils for the
2003 soil samples. Error bars represent one standard deviation from the
mean and different letters indicate significant differences at o = 0.05 using a
paired t-test (n=12).
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Figure 2.10. C/N ratios (averaged over 3 treatments) for the 2003 samples of
the 5-yr rotation (C series) and 2-yr rotation (E-series) plots. Error bars
represent one standard deviation from the mean and different letters

indicate significant differences at a = 0.05 using a paired t-test (n=18).
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Figure 2.11. Changes in carbon concentration from 1972 to 2003 (expressed
as % of carbon concentrations in the 1972 Ck) in the < 53 ym soil fractions

and in the whole (unfractionated) soils.
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Chapter 3
Soil Microbial Biomass and Microbial Community Structure

Introduction

Soil microbial biomass is an important component of the soil organic
matter that regulates the transformation and storage of nutrients. It is also the
living part of the soil organic matter. Since microorganisms are more responsive
to changes in the soil environment than the soil organic matter as a whole,
measures of the size of the soil microbial biomass have been used for assessing
changes in soil organic matter and nutrient cycling caused by changes in soil
management and distinct agricultural practices. In particular, agricultural
management practices such as the application of manure and chemical fertilizers
have been shown to impact the size and activity of soil microbial communities
(Bolton et al., 1985; Powlson et al., 1987; Fraser et al., 1988; Kirchner et al., 1993;
Bossio et al., 1998a).

Methods of measuring the size of the soil microbial biomass include the
chloroform fumigation incubation (CFl), chloroform fumigation extraction (CFE),
and substrate induced respiration (SIR) techniques. Chloroform fumigation to lyse
microbial cells in soil has become a standard tool for determining the total soil
microbial biomass since it was first reported (Jenkinson and Powlson, 1976).
Estimates of soil microbial biomass carbon (MBC) by the CFE method are not
influenced by the presence of other organic materials in the soil, such as root
fragments or freshly added substrates (Martens, 1995), nor are they sensitive to
prolonged storage at 4°C (Ross, 1991). Hence, the CFE method was adopted in
this study.

Phospholipids are found in all living cell membranes but not in storage
structures and are rapidly turned over on cell death; therefore they may be used
for characterizing the living biomass in soils (Tunlid and White, 1992, Paul and
Clark, 1996). Phospholipid fatty acid (PLFA) analysis is a biochemical method that
can provide information both about the size and the structure of the active soil
microbial community (Vestal and White, 1989), as well as detect changes due to
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environmental changes or differences in agricultural management practices. One
of the advantages of the PLFA approach is that it is free of the limitations inherent
to culturing approaches. As a fingerprint of the soil microbial community, the PLFA
profiles provide a more sensitive measure of the change at the community level
than do the traditional methods.

Results from PLFA analysis can be used to interpret effects at several
levels. Using the entire profile of the PLFA spectrum as a fingerprint permits a
detailed assessment of changes at the community level. With appropriate
statistics, the degree of similarity between communities, or environmental effects
on a community can be quantified and tested for significance (Bossio et al., 1998a
and b). Another level involves differentiating between the major taxonomic groups,
such as fungi versus bacteria. A finer level of resolution can be achieved by
focusing on specific fatty acids that act as biomarkers of certain functional groups
or species of microorganisms, and on the ratios of particular fatty acids through
which the physiological state of microbial communities can be assessed (Bossio
and Scow, 1998b). However, interpretation of PLFA profiles from entire soil
communities is difficult because many fatty acids are common to different
microorganisms, and there may be hundreds of different fatty acids in
environmental samples (Zelles et al., 1992). Hence PLFA profile analysis so far
has been largely limited to qualitative and univariate descriptions (Michael and
Klug, 1995).

One of the objectives of this study was to examine the influence of
chemical fertilization and manure application on the size of the soil microbial
biomass at the Breton Classical Plots. A second objective was to study the effects

of manure and fertilizer on the microbial community diversity using PLFA analysis.

Materials and methods

Sampling

Soil sampling for microbial biomass determination occurred at triplicate
dates, i.e., on August 26, 2003, September 21, 2003 and, May 4, 2004. Samples
were collected from the top 5 cm at both the limed and unlimed halves of Plot 5
(Control plot or Check), Plot 2 (Manure treatment), and Plot 3 (NPKS treatment) in
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series A, C and F of the 5-yr rotation. An Oakfield soil sampler was used for
collection. Nine points were randomly chosen for sampling within each half plot.
Three of these samples were composited to yield a total of three samples for each
half-plot. Before moving to the next half-plot, the sampler core was cleaned with
ethanol and gloves were changed. During the September 2003 sampling, soil
samples were divided into two parts: the first subsample was saved for CFE
analysis, and the second subsample was for PLFA analysis. The CFE samples
were kept refrigerated and analyzed within 48 hours of collection. The PLFA
samples were stored in a super freezer at -86°C until analysis.

Microbial Biomass

Microbial biomass carbon and nitrogen were estimated on sieved (< 4 mm)
soil samples using the CFE method as described by Vance et al. (1987). About 12
g of each soil sample was fumigated with chloroform for 24 hours while a second
sample was left as control. Both the fumigated and unfumigated (control) soil
samples were then extracted with 0.25 M K,SO, (soil: extractant ratio = 1:4) by
shaking 30 minutes at room temperature, followed by filtering through a 0.45 um
filter (Witter, 1993, Trinsoutrot et al., 2000, Jenkinson et al., 2004). The filtered
extracts were kept frozen at -40 °C until analysis. Soluble (dissolved) organic
carbon (DOC) concentration in the extracts was determined using a Shimadzu
TOC-VCSH/CSN total Organic Carbon Analyzer. Soluble (dissolved) organic
nitrogen (DON) for the soil samples collected in August and September 2003 was
determined using the alkaline persulphate oxidization method, where the organic
nitrogen and ammonium in a sample are oxidized to nitrate, and compared to an
initial non-oxidized sample. Ammonium and nitrate concentrations were analyzed
using a Technicon Auto Analyzer I, and DON was calculated as

DON = NO3’ ateer oxidation (NO3™ + NH4 i

For the samples collected in May 2004, DON was directly measured using
the Shimadzu TOC-VTN instrument. Microbial biomass C and N were then
estimated from DOC and DON concentrations where

Microbial biomass C = (DOCrymigate-DOCunfumigatea)/K: and

Microbial biomass N = (DONgumigates-DONunfumigatea)/Kn With @ correction
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factor of K, and K,=0.45 (Jenkinson et al. 2004).

Lipid extraction and PLFA analysis

Following freeze-drying, PLFA extraction and analysis was conducted as
described by Frostergard et al. (1993a). Lipids were extracted from 1.50 £ 0.05 g
of freeze-dried soil placed in a glass centrifuge tube by adding 9 ml of a
chloroform: methanol: citrate buffer (1:2:0.8) according to the Bligh and Dyer
(1959) technique. The mixture was vortexed every 30 minutes for 2 hours, and
centrifuged at 1500 rpm for 15 minutes. The supernatant was decanted into a
separation funnel, and another 2.5 ml of the chloroform: methanol: citrate buffer
was added. The vortex and centrifuge, and decantation steps were repeated.
Following decantation, 3.1 ml chloroform and 3.1 ml citrate buffer were added to
the same separation funnel, shaken vigorously, and left in the fume hood
overnight to separate. The lower organic phase was transferred to a 7 ml vial and
chloroform was evaporated under nitrogen.

The PLFAs were separated from neutral and glycolipids on a solid phase
extraction column. Specifically, the samples were dissolved in chloroform and
slowly passed through a SPE silicic column. Neutral fatty acids were eluted from
the column by adding chloroform, and glycolipids were washed out by adding
acetone. The PLFAs were then eluted from the column using methanol, which
was evaporated under nitrogen. Internal standards (19:0) were added to the
samples then the phospholipids were subjected to mild alkaline methanolysis by
adding 1 ml methanol: toluene (1:1) and 1 ml 0.2 M KOH to each sample and
incubating them at 37°C for 15 minutes.

The fatty acid methyl esters were analyzed using a Hewlett-Packard
6890N Gas Chromatograph unit equipped with a 25 m x 0.2 mm inside diameter x
0.33 pum film thickness Ultra 2 column (Agilent). Gas chromatograph conditions
were set, and peaks named using the Microbial Identification (MIDI) Sherlock
protocol (MIDI Inc., Newark, DE). PLFAs were quantified by comparison of the
peak areas with those of the internal standard (19:0) peak.

Fatty acids are designated in terms of the total number of carbon atoms:
the number of double bonds, followed by the position of the double bond from the
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methyl end of the molecule, indicated by w and a number. The prefixes ‘@’, ‘i’ and
‘br’ indicate anteiso, iso and unknown branching, respectively. The prefix ‘cy’
indicates a cyclopropane fatty acid and methyl branching ‘Me’ is indicated as the
position of the methyl group from the carboxyl end of the chain. The prefix ‘C’ (e.g,;
C15:1) indicates that the PLFA has 15 carbon atoms and one double bond, but
the arrangement of the carbon atoms (e.g. branching position) is not confirmed.
The abbreviations ‘' and ‘c’ indicate trans and cis configuration of the double
bonds.

The following 11 PLFAs, i.e.; i15:0, a15:0, 15:0, i16:0, 16:1wbc, i17:0,
al17:0, 17:0cy, 17:0, 18:1w7c, and 19:0c were considered to be mainly of bacterial
origin and the sum of these PLFAs was chosen to represent bacterial biomass
(Table 3.1). The linoleic acid 18:2w6 (or 18:2w6, 9) was used as an indicator of
the fungal biomass (Frostegérd et al., 1996a and b, Priha, et al., 1999). Since the
outer cell membrane of Gram negative bacteria is mostly composed of
lipopolysaccharides (LPS), which themselves consist largely of B-hydroxy fatty
acids, it has been proposed that the B-hydroxy fatty acids can be used as an
indicator of Gram negative bacteria (Parker, et al., 1982; Zelles, 1999). Finally,
branched PLFAs were chosen as an indicator of Gram positive bacteria (Table
3.1).

Statistical Analysis

PLFA profiles were analyzed using CANOCO version 4.5 (Microcomputer
Power, Inc., lthaca, NY). Redundancy Analysis (RDA) was used to analyze the
data. RDA allows direct assessment of the relation between known environmental
variables and the multivariate data. The significance of the relationship can be
tested with the Monte Carlo permutation test. Environmental variables analyzed in
this study included fertilization, soil water content, soil microbial biomass carbon
and soil microbial biomass nitrogen. Field series (A, C and F) was treated as a
covariate. The RDA results were displayed on biplots in which relationships
among environmental variables and individual PLFA are shown. PLFA cluster
analysis was done using SAS (V8).

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Results

3.1 Influence of Manure and NPKS fertilization on soil microbial biomass
Both the Manure and NPKS treatments significantly increased the soil

microbial biomass carbon (MBC) at a = 0.05 for all three dates of sampling as
compared to the Control (Ck) plots (Tables 3.2 and 3.3). The Manure plots
exhibited significantly higher MBC than the NPKS plots in September 2003 and
May 2004, however no significant difference was found in August 2003. Lime
application significantly (a = 0.05) increased the MBC for all three sampling dates.

Manure significantly increased the soil microbial biomass nitrogen (MBN)
at a=0.05 for the three sampling dates compared to Ck. In a fashion similar to the
MBC response, manure significantly increased MBN as compared to NPKS
fertilization in September 2003 and May 2004, but there was no significant
difference between the Manure and NPKS plots for soils sampled in August 2003.
Liming significantly increased MBN (a=0.05) for all three sampling dates.

Manure significantly decreased the measured MBC/MBN ratios in May
2004, but had significant effects neither in August nor in September 2003 (Figures
3.1). Lime application significantly decreased the MBC/MBN ratios in August 2003
and May 2004, but did not in September 2003 (Figures 3.2).

3.2 Influence of Manure and NPKS fertilization on soil water content
The soil moisture content of the Manure plots was significantly (a=0.05)

higher than that of the Ck plots for all three sampling dates, and significantly
higher than that of the NPKS plots in September 2003 (Tables 3.2 and 3.3). The
NPKS plots had significantly higher soil water content than the Ck plots in
September 2003 and May 2004, but there was no significant difference between
the two plot types in August 2003. Lime had no significant (a=0.05) effect on soil
moisture content in May 2004, but it significantly increased soil water content in
August and September 2003 as compared to the un-limed plots.

3.3 Correlation between MBN, MBC and soil water content
Microbial biomass carbon was highest in September 2003, intermediate in

August 2003, and lowest in May 2004. While MBN also was highest in September
2003, it reached its lowest values in August 2003 (Table 3.2). As a result, the
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MBC/MBN ratios were higher in August 2003 than in May 2004 or September
2003 (Figures 3.1 and 3.2). For all three sampling dates, MBN and MBC were
significantly (a=0.05) correlated (Table 3.4).

The correlation coefficients between MBN, MBC and soil water content
(SWC) varied among sampling dates (Table 3.4). There was a significant
correlation between MBN and SWC in September 2003 and May 2004, while
MBC and SWC were only significantly correlated in May 2004.

3.4 Influence of Manure and NPKS fertilization on soil microbial community
structure

PLFA analysis identified a total of 48 fatty acids. However, only the PLFAs
that comprised an area greater than 1% of the total PLFA area in any given
treatment were kept for analysis, yielding a total of 22 different PLFAs (Fig 3.3).
3.4.1. Redundancy analysis (RDA) ordination

Circles on t-value biplots, which are also often named the Van Dobben
circles, show correlation between species and environmental variables (Ter Braak,
1990). For each variable, a circle can be drawn with as middle line, the line
segment joining its coordinates on the biplot with the origin. The species with
coordinates that lie inside the circle present a significant, positive regression
coefficient with that particular environmental variable. A similar circle can be
drawn in the opposite direction by mirroring the circle in the tangent at the origin,
which indicates a significant negative regression coefficient between species and
the environmental variable. In the biplot diagram presented on Figure 3.3, the two
drawn circles correspond to the fertilization environmental variable (i.e.; chemical
fertilization and manure). Almost all species (PLFAs) lines fell within that positive
circle, indicating that chemical fertilizer and manure application positively affected
all of these individual PLFAs in a similar fashion (Figure 3.3).

3.4.2. Univariate analysis

Statistical comparisons of individual measurements of PLFAs
demonstrated a significant increase in the majority of individual PLFAs in
response to manure or NPKS fertilization (Figure 3.4). For example, based on this
analysis, the 16:0 10methyl PLFA was significantly enriched in the manure
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treatment plots as compared to the NPKS treatment and the Ck plots. A group of
10 fatty acids, (including 16:0, 17:0, 20:0, 15:0 A, 16:0 [SO, 17:0 10 methyl, 17:0 A,
17:0 cyc, 17:0 ISO and 19:0 cyc w8c) was significantly (a = 0.05) enriched in both
the manure and NPKS treatments as compared to the Ck. Another group of fatty
acids (including 14:0, 18:0, 14:0 ISO, 15:0 20H, 16:1 20H, 18:1 w9c and TBSA
10Me 18:0) was also significantly enriched in the manure treatments as compared
to the Ck, but in this case did not show any significant difference between the
NPKS plots and either the manure or the Ck plots. Finally, for a third group
(including 15:0, 15:1 ISOG, 18:1 w7¢ and 16:1 w7c¢c) there was no significant
difference between the manure, NPKS and Ck plots (Figure 3.4).

Similarly to what was observed for the individual PLFAs, fertilization and
manure treatments significantly increased the microbial biomass of some of the
fatty acid function groups (Figure 3.5). The biomarker groups representative of
total bacteria, eubacterial anaerobes, actinomycetes, and total monounsaturated
PLFAs were significantly (a = 0.05) increased in both the manure and the NPKS
plots compared to the Ck. The PLFA groups indicative of fungal, Gram negative,
and Gram positive bacterial biomass were significantly (a = 0.05) increased in the
manure plots compared to the Ck, but there was no significant difference between
the Ck and NPKS plots. Manure and NPKS had no significant effects on the group
composed of saturated PLFAs (Figure 3.5). Finally, liming did not result in any
significant differences in terms of either individual PLFA biomass or functional
groups, and results are not presented here.

To identify potential effects of manure and NPKS fertilization on the soil
microbial community composition, changes in percent distribution of various
groups and subgroups of PLFA were considered. There was no significant (a =
0.05) difference between manure, NPKS and Ck for any of the functional groups
presented on Figure 3.6. However, the NPKS fertilization tended to decrease the
relative abundance of bacteria (including both Gram positive and Gram negative)
when results were expressed as percentage of total PLFA area.

The fungal / bacterial biomass ratio was further calculated as:

PLFA of bacterial group / total PLFA

= (Formula 3.1)
PLFA of fungal group /total PLFA
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These ratios were extremely low (i.e.; < 0.2), suggesting that the PLFA
method underestimated fungal biomass by using a single biomarker (18:2w6).
Compared to the Ck plots, the NPKS fertilization significantly (a = 0.05) increased
the fungal / bacterial biomass ratio, but the manure treatment did not have any
significant effect (Figure 3.7). The application of manure and chemical fertilizers
(NPKS) had no significant effects on the ratio of Gram positive to Gram negative
bacteria either. Finally, there was no significant (a = 0.05) fertilization effects on
the ratio of monounsaturated to saturated PLFAs, the ratio of 17:0 cyc t016:1w7,
or the ratio of 19:0 cyc to 18:1w7 (Figure 3.8).

Discussion and Conclusions

Influence of Manure and NPKS fertilization on MBC and MBN
In this study both the manure and NPKS fertilizer application significantly

increased the soil MBC and MBN. Previous studies at the Breton plots also
reported a significantly higher microbial biomass in the manured plots than in the
Ck plots, although at that time there was no statistical difference between samples
of the manure and mineral-fertilizer plots, or between samples of the fertilized
plots and the Ck plots (McGill et al., 1986). While manure application can increase
soluble carbon concentrations in soils, which in turn may increase MBC on a
short-term basis, over a longer period, manure can also provide a more regular
yet readily available stream of substrates to the microbial community because
manure addition to soils contributes large amounts of fresh organic matter
(Gregorich et al., 1998; Liang et al., 1998). Long term NPKS application may
significantly increase MBC and MBN as well because chemical fertilization
increases plant growth, which in turn increases soil carbon content through an
increase in the amount of crop residues as well as through greater root biomass
and exudates.

Microbial biomass carbon as measured in this study was highest in
September, intermediate in August, and lowest in May 2004. Previous studies at
the Breton Plots also reported seasonal variations in microbial biomass. In
particular McGill et al. (1986) found that MBC typically increased from early spring
to mid-summer, then diminished during September and October. In a similar
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fashion, in the growing season of 1994, Carcamo studied MBC seasonal trends
by sampling at the Breton Plots every three weeks. Carcamo reported that in
September, MBC from the plots supporting oats was higher than in August, but
that MBC stayed constant in hay plots (Carcamo, 1997). In our study, the
September sampling occurred just following harvest, while in May 2004 it was just
before cultivation. This may explain why MBC was highest in September, as the
input of crop residues to the soil would result in a pulse of available organic
substrates for the soil microbial community.

Microbial biomass carbon and nitrogen showed very good correlation with
SWC in May 2004, as opposed to that observed in August and September (Table
3.4). This is likely due to differences in SWC at these different sampling dates. In
May 2004, the average SWC was 20% (ranging from 14.7 to 27.3 %), while in
August and September, 2003 it was much lower with an average of 7% (and a
range of 5.3 to 10.7 %). So the SWC in May was close to the 60% field capacity
water content, which is considered optimal for both crops and microbes. The
SWC in August and September was much lower and closer to the permanent
wilting point, and the crops and microbes were likely under stress conditions at
this time. Hence in August and September soil conditions were likely outside the
SWC dynamic range where MBC would be expected to respond.

Influence of Manure and NPKS fertilization on soil microbial community
A recent concern of researchers is the effect of agricultural management

practices on the diversity of soil microbial communities. Measurement of soil PLFA
profiles reflects the composition of in situ microbial communities and as such
PLFAs have been used by some researchers to provide a useful fingerprint of
microbial diversity in soils (Wander et al., 1995; Bossio et al., 1998 a and b). PLFA
profiles have indicated differences in community composition that are consistent
with differences in organic carbon inputs. For instance, typical Gram-negative
bacteria PLFA biomarkers were observed to increase as a result of manuring
(Peacock et al., 2001). Bossio et al. (1998a) reported that the large input of
carbon substrates associated with the incorporation of poultry manure and some
starter fertilizers such as fish powder and seaweed resulted in an enrichment of
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specific groups of fatty acids (i14:0, a15:0, 16:1 w7c, 16:1 wbc, 14:0 and 18.2
w6c). Liming has also been shown to cause a shift in the bacterial community to
more abundant Gram negative but fewer Gram positive bacteria, although an
increase in actinomycetes was observed (Frostegard et al., 1993a and b).

Cyclopropy! fatty acids have been proposed as indicators of stress
conditions, including conditions of low carbon availability, low pH, low O,, osmotic
stress, and high temperature (Law, et al., 1963; Knivett and Cullen, 1965; Thomas
and Batt, 1969; Guckert et al., 1985; Chang and Cronan, 1999; Mazumder et al.,
2000; Boumahdi et al., 2001). For instance, increases in cyclopropyt fatty acids
were consistently associated with decreases in substrate availability in rice soils
(Bossio et al., 1998 a and b). Steenwerth et al. (2005) also reported that the ratio
of 17 cy: pre (16:1 w7c) declined after rewetting in two soils. A higher relative
abundance of monounsaturated fatty acids has further been reported to occur
with higher carbon inputs and greater availability of organic substrates (Zelles, et
al., 1992; Baath et al., 1995; Bossio and Scow, 1998b).

The present research clearly showed that chemical fertilization and
manure application increased the recovery (as expressed per gram of soil) of
several individual PLFAs, as well as of some specific groups of PLFAs (Figures
3.5 and 3.6). However, no statistically significant effects of fertilization were
apparent from results of the univariate analysis. This was confirmed by results
from the multivariate RDA, which indicated that fertilization basically increased the
biomass of all individual PLFAs in a similar fashion (Figure 3.3). One notable
exception was the ratio representative of the fungal/bacterial biomass, which was
significantly higher in the NPKS plots than in the manure or Ck plots (Figure 3.7).
These results should be related to the MBC/MBN ratios, which also provide a
general index of the type of microorganisms present. That is, soil bacteria
generally have a C: N ratio of 4:1 to 6:1 while fungi have a higher C: N ratio of
10:1 to 12:1 (Tate 1995). Consequently, a decrease in MBC/MBN ratios as
observed with liming is indicative of a decrease in the fungal/bacterial biomass
ratio. These results follow the increase in pH caused by liming as fungi are more
prevalent than bacteria in soils of pH lower than about 5.5, whereas bacteria tend
to predominate in soils with higher pH (Tate 1995).
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Failure to detect differences in the composition of the soil microbial
communities may be linked to the time of sampling for the PLFA analysis, which
occurred in September 2003. It is possible that greater differences may be
detected if the PLFA analysis were to be conducted on soils sampled in May 2004,
as this is the only date where there was a significant difference in MBC/MBN
ratios between fertilization treatments as well as a positive correlation between
MBC and SWC.
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Tables and Figures

Table 3.1. Common phospholipid biomarkers (from Frostegard et al.,
1993a; Zelles et al., 1994 and 1995; Cavigelli et al., 1995; Bossio et al.,
1998a; Petersen et al., 2002).

Microbial group PLFAs Environmental
indicator

Fungi 18:2 w 6¢

Actinomycetes 10Me18:0

Mycorrhizae 18:3, 20:3, 20:4, 16:1 w 5¢

Gram-positive bacteria Branched (i, a, Me)

Eubacterial anaerobes Cyclopropyl 17 & 19

Gram negative bacteria | 15:0 30H + 16:1 20H + 16:0 20H
(total hydroxy) +18:0 20H

Total monounsaturated i14:1w5c + 15:1w6c + 16:1w7c +
16:1wbc + 17:1w9c + 18:1w9c +
18:1w7¢

Total saturated 120+ 13:.0+ 14:.0 + 15:0 + 16:0 +
17:0 + 18:0+ 19:0 + 20:0

Total monounsaturated/ Aerobic indicator
total saturated

Cyclopropyl 17/ 17:.0cy / 16:1 w7c Physiological stress
precursor (cy17/pre) (slow growth)
Cyclopropyl 19/ 19:0cy / 18:1 w7c¢ Physiological stress
precursor (cy19/pre) (slow growth)

Total bacterial biomass i15:0 + a15:0 + 150 + i16:0 +
16:1w 5¢ +i17:0 + a17:0 + 17:0cy
+17:0 + 18:1w7¢ + 19:0cy
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Table 3.2. Soil microbial biomass carbon (MBC in pg C /g oven dried soil) and nitrogen (MBN in ug N /g oven dried

soil), and gravimetric soil water content (WC).

Auqust 2003 September 2003 May 2004

MBC MBN WC(%) MBC MBN WC(%) MBC MBN WC(%])

Series Lime Treatment Mean stdev Mean stdev Meanstdev Mean stdev Mean stdev MeanstdevMean stdev Mean stdev Mean stdev
A Limed manure 636 504 418 00 89 17 940 158 129 101 98 21 576 448 76.0 115 182 15
NPKS 673 478 421 15 68 03 7711 127 105 389 81 03 502 261 651 59 17.0 05

Ck 381 480 185 48 75 03 544 551 603 124 64 05 427 178 486 47 147 08

Unlimed manure 691 268 348 40 59 13 930 278 976 67 73 03 489 543 560 39 167 14
NPKS 623 709 375 21 60 04 705 117 694 226 6.2 14 472 299 473 58 182 07

Ck 343 618 17.5 04 53 03 553 259 508 223 56 03 394 162 420 05 152 06

Cc Limed manure 807 570 721 105 9.7 1.3 881 104 143 1.3 10.7 16 627 322 804 9.0 266 1.8
NPKS 522 4.2 422 61 78 11 605 571 911 252 8.8 0.5 465 498 594 47 222 05

Ck 412 150 35.9 39 81 04 58 218 668 270 82 04 443 110 519 165 182 11

Unlimed manure 625 599 37.0 82 61 04 811 112 151 363 85 13 486 829 514 92 218 26
NPKS 469 258 317 55 76 0.3 575 956 650 43 65 04 378 109 316 145 218 14

Ck 360 30.0 39.0 17 6.3 0.7 503 219 458 16 6.7 08 286 265 259 22 151 21

F Limed manure 1067 178 909 30.7 7.9 0.9 1343 583 239 104 86 10 868 154 1183 271 27.3 09
NPKS 919 293 915 531 84 04 1207 371 155 746 76 0.2 711 369 969 55 230 08

Ck 915_60.7  70.0 89 71 0.2 1018 265 101 0.0 60 08 593 864 832 155 181 09

Unlimed manure 862 125 653 162 6.2 02 1196 189 926 283 9.2 04 725 774 835 142 249 12
NPKS 876 102 475 66 56 08 875 120 796 330 6.7 02 558 79.0 622 225 228 17

Ck 627 825 469 103 54 0.2 810 201 95.6 1.8 58 0.2 500 338 554 44 191 1.0

Note—Ck: control plots with no fertilizer; M: Manure treatment; NPKS: NPKS fertilizer treatment.
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Table 3.3. Summary of paired-t test results for Table 3.2. Different letters indicate significant differences (a>b>c)
as a result of fertilization or liming as analyzed with a paired t-test (a = 0.05 and n = 3).

MBC MBN Water content (%)
Treatment Aug-03 Sep-03 May-04 [Aug-03 Sep-03 May-04 [Aug-03 Sep-03 May-04
Manure a a a a a a a a a
NPKS a b b ab b b ab b a
Ck b c c b b c b c b
limed a a a a a a a a a
unlimed b b b b b b b b a

Table 3.4. Pearson’s correlation coefficients (r) between MBC, MBN, and SWC.
The star indicates significance at a = 0.05.

MBC MBN swcC
Aug MBC 1 0.81* 0.18
2003 MBN 0.81* 1 0.51
Sept MBC 1 0.78* 0.37
2003 MBN 0.78* 1 0.54*
May MBC 1 0.97* 0.74*
2004 MBN 0.97* 1 0.65*




Figure 3.1, Effects of manure and NPKS fertilization on microbial C/N ratios.
Error bars represent standard deviations from the mean, and different letters

correspond to differences at a = 0.05 using a paired t-test.
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Figure 3.2. Effects of liming on microbial C/N ratios. Error bars represent
standard deviations from the mean, and different letters correspond to

differences at o. = 0.05 using a paired t-test.
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Figure 3.3. Biplot diagram from the redundancy analysis (RDA),
summarizing the effects of fertilization (FERT) (NPKS and Manure ), lime (LIMED),
soil water content (water co.), microbial biomass carbon (MBC) and microbial

biomass nitrogen (MBN) on PLFA profiles.

0.8
Axis 2
0.8
t A +
0.8 Axis 1  -MED 0.8

Numbers correspond to the following PLFAs:

=14:0; 2=15:0;3=16:0; 4 =17:0; 5=18:0; 7 =20:0; 9 = 14:0 ISO; 10 = 15:0 20H; 11=15:0A; 13 =
15:1 1SO G; 14 = 16:0 10 methyl; 15 = 16:0 ISO;16 = 16:1 20H; 21 =17:0 10 methyl; 22 =17:0A; 23 =
17:0 cyc; 24 = 17:0 1SO; 28 =18:1w7¢; 29 = 18:1 w9c¢; 30 = 19:0 cyc w8c; 33 = 16:1 w7c¢; 36 =

TBSA10 Me 18:0.)
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Figure 3.4 The effects of fertilization upon PLFAs(1 = 14:0; 2 = 15:0; 3 = 16:0; 4=17:0; 5 = 18:0; 7 = 20:0; 9 = 14:0 ISO;
10 = 15:0 20H; 11 = 15:0 A; 13 = 15:1 ISO G; 14 = 16:0 10 methyl; 15 = 16:0 I1SO; 16 = 16:1 20H; 21 = 17:0 10
methyl; 22 = 17:0A; 23 = 17:0 cyc; 24 = 17:0 1SO; 28 = 18:1w7c; 29 = 18:1 wIc; 30 = 19:0 cyc w8c; 33 = 16:1 w7c;
36 = TBSA10 Me 18:0.) Error bars represent standard deviations and different letters indicate statistical
differences at a = 0.05 using a paired t-test (n = 3) (Soil sampled in September, 2003).
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Figure 3.5. Fertilization influence on PLFAs indicative of microbial groups (see Table 3.1. for list of indicator
PLFAs). Error bars represent standard deviations and different letters indicate statistical differences at a =
0.05 using a paired t-test (n = 3) (Soil sampled in September, 2003).

PLFA (10" mol/ g

freeze dried soil)

600.00 — —
a \. M
500.00 MNPKS
a OcCK

400.00

300.00

200.00

100.00

0.00
Bacterial Fungal Eubacterial Actinomycetes G- Monounsaturates Saturates
anaerobes




‘uoissiwsad noyum payqiyosd uononpoidas Jayung Jaumo ybuAdoo sy} Jo uoissiwiad yum paonpolday

78

Figure 3.6. Fertilization influence on PLFAs distribution (expressed as % of total PLFA). Error bars
represent standard deviations. See Table 3.1. for list of indicator PLFAs) (Soil sampled in September,

2003).
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Figure 3.7. Effects of fertilization on PLFA ratios indicative of Gram positive/
Gram negative (G+/G-), and fungal/bacterial biomass. Error bars represent
standard deviations and different letters indicate differences at o = 0.05
using a paired t-test (n = 3). Indicator PLFAs are listed in Table 3.1 (Soil
sampled in September, 2003).
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Figure 3.8. Effects of fertilization on PLFA ratios indicative of aerobic
conditions (Monounsaturated/Saturated) or physiological stress (17:0cy
! 16:1 w7c¢ and 19:0cy / 18:1 w7c). Error bars represent standard
deviations and different letters indicate differences at o = 0.05 using a
paired t-test (n = 3). Indicator PLFAs are listed in Table 3.1 (Soil
sampled in September, 2003).
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Chapter 4

Soil carbon mineralization at the Breton Classical Plots

Introduction

Loss of soil organic carbon (SOC) as CO; is a serious environmental
problem. It is estimated that approximately 1500 Gt of C (1 Gt =10'? kg) is
stored as SOC in the upper meter of soils (Lal and Kimble, 2000). Land
conversion {cultivation and deforestation) during the early 1990s resulted in an
average SOC loss of 1.6 + 0.7 Gt of C year" (Houghton, 1995). Long-term
field studies can provide the foundation to better understand SOC dynamics
and the underlying processes controlling SOC loss over decadal time scales.
The Breton Classical Plots, started in 1929 in central Alberta, hold the longest
agronomic and soil record for Gray Luvisolic soils in North America.

Mineralization is defined as the conversion of an element from an
organic to an inorganic form (Paul and Clark, 1989), and soil carbon
mineralization is the release of CO, from SOC and plant residues during
decomposition and humification processes. SOC is protected against
mineralization by various mechanisms. Three main mechanisms of SOC
stabilization have been proposed: (1) physical protection, (2) chemical
stabilization and (3) biochemical stabilization (Christensen, 1996).

The physical protection exerted by macro- and/or micro-aggregates on
particulate organic matter (POM) is attributed to the compartmentalization of
substrates and microbes, and to the reduced diffusion of O, into aggregates,
which slows down microbial activity in the aggregates, especially in the
micro-aggregates (Six et al., 2002). Recent studies indicate that the
macroaggregate (>250 um) structure exerts a minimal amount of physical
protection (Beare et al., 1994; Pulleman and Marinissien, 2004) as compared
to the free micro-aggregates or to the micro-aggregates contained within
macro-aggregates (Skjemstad et al., 1996; Balesdent et al., 2000; Six et al.,
2002; Denef et al., 2001).

Chemical stabilization of SOC arises from the chemical or
physicochemical binding between SOC and mineral clay and silt particles (Six
et al., 2002). A simple relationship exists between the clay (or clay + silt)
content of a soil and total SOC storage, although this relationship may vary
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between different types of land use and different clay types (Feller and Beare,
1997). Furthermore, the clay + silt content of a soil has been reported to be
correlated to its maximum SOC storage capacity, indicating a saturation level
for silt and clay associated carbon (Hassink and Whitmore, 1997).

Biochemical stabilization is defined as the stabilization of SOC due to its
intrinsic chemical composition and through biochemical reactions (e.g.
condensation) occurring in the soil (Six et al., 2002). SOC chemical
composition can be an inherent property of the plant residues or can be
attained during decomposition of these residues, rendering them more
resistant to subsequent decomposition. This biochemically-stabilized pool is
also referred to as the passive SOM pool (Parton et al, 1987) or
non-hydrolysable fraction (Paul et al., 1995).

Measurement of CO; evolution or O, uptake in the field or in the laboratory
is the well-accepted approach to study carbon mineralization. Results from
field experiments are expected to be more reflective of the natural conditions
under which soil organic substrates are mineralized while Ilaboratory
incubations have been used for comparing C and N mineralization potential
from different soils and different crops (Christensen, 1987; Hassink, 1995;
Parfitt et al., 2001a and b, 2002; Plante and McGill, 2002). The
laboratory-based incubation method isolates CO, efflux due to SOC
mineralization from the potential interference of root respiration fluxes.

Various fractionation schemes have been proposed to experimentally
isolate the different SOC pools used in conceptual SOC models. Soil physical
fractionation techniques are considered less destructive than chemical
fractionation approaches, and results are anticipated to relate more directly to
the structure and function of SOC in situ (Christensen, 1992). A 5 minutes
ultrasonic treatment permits separation of the occluded organic materials that
are in different stages of decomposition because these have formed different
degrees of association with mineral particles and thus have different densities
(Golchin, et al., 1994). Wet sieving is used more often than dry sieving to
determine particle size distribution and stability of soil aggregates. Specifically,
soil fractions with a diameter greater than 53um can be isolated through wet
sieving. The floatable fraction, which has a density lower than 1.0 g / cm®can
be further separated from the mineral particles using water floatation. This
floatable fraction, considered to be an unprotected SOM pool, consists of
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partially decomposed plant residues, which are not closely associated with the
soil minerals. Finally, the mineral particles can be separated into distinct size
fractions using a combination of density and centrifugation techniques. The
fraction including particles with a diameter ranging from 2 to 20 um (i.e.; the
organo-silt complex), consists of humified plant and microbial debris
associated with stable microaggregates that have not been destroyed during
sonication. The fraction including particles with a diameter less than 2 ym (i.e.;
the organo-clay complex) is dominated by amorphous organic matter acting as
cement for the clay particles. It may contain plant cells as well as bacterial
cells or colonies at different stages of decomposition (Feller et al., 2000).

One of the objectives of this study was to partition total soil respiration
into its different physical fractions and to compare carbon mineralization from
the whole soil with that of selected SOC fractions. A second objective was to
determine whether long-term manure application had significant effects on

carbon mineralization fluxes at the Breton Classical Plots.

Materials and Methods

Field sampling and laboratory incubation

On September 21, 2003, 9 soil samples (0-15 cm depth) were taken from
the control (Ck) and manure plots of the A, C, and F series of the 5 year
rotation at Breton, Alberta. Three of these samples were mixed and
composited to yield a total of 3 samples per plot, and brought back to the
laboratory for analysis. After air-drying and sieving to pass a 2-mm-sieve,
these samples were physically fractionated as described in Chapter 2. Whole
soils and soil fractions were incubated at 24°C for 70 days from June 21, 2004
to August 31, 2004. The following five fractions were incubated: floatables,
sand, coarse silt, medium + fine silt fraction (medium silt; fine silt =50:50 on a
weight basis), and clay. Incubations were run in duplicates for the physical
fractions, corresponding to a total of 180 incubated samples = 5 fractions * 2
incubation duplicates * 3 samples per plot * 3 plots * 2 treatments (Ck and
manure). Whole soil samples were incubated only once, yielding an additional
18 samples for incubation = 3 samples per plot * 3 plots * 2 treatments.

For the whole soil samples, 10 g of fresh soil was used and the soil
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moisture content was adjusted to 60% field capacity. For the soil mineral
fractions, 2 g from each fraction was mixed with 8 g of purified quartz sand
(40-70 mesh washed Ottawa Sand, Fisher) to improve aeration in these
samples. For the floatable fraction, 0.2 g was mixed with 8 g of sand. A soll
inoculum was obtained by shaking 100 g of fresh soil with 1000 mi water for 10
minutes and leaving the suspension to rest overnight (Christensen, 1987).
This inoculum was buffered to pH =7, and 2 mg Ca(NOj3),, 5.23mg KH,POy,
1.23 mg Mg(NO3;)2, 1.24 mg (NH,).SO,, and 3.6 mg NH,NO; were added to
yield a solution containing N 2.0 mg /L, P 1.2 mg/L, K 1.5 mg/L, Ca 0.5 mg/L,
Mg 0.2 mg/L and S 0.3mg/L. One ml of this solution was added to each
sample before incubation.

The cumulative amount of CO; evolution from each incubation flask
was measured every 14 days using the base trap method. Specifically, the
amount of CO, absorbed by a NaOH solution (0.25 N) was determined using a
back-titration with HCI (around 0.01N) after addition of excess BaCl,
(Anderson, 1982).

Data analysis

The respiration rates from the laboratory experiment were initially
analyzed by calculating the cumulative CO, efflux for a given incubation period,
i.e., uNgCO,-C per g of oven-dried (O.D.) weight for the whole soil or for a given
fraction. Results were then expressed on a per gram of carbon basis
(mgCO,-C per g of C in fraction) by dividing the CO, efflux by the carbon
concentration in the whole soil sample or in each corresponding fraction
(carbon concentration data are presented in Chapter 2). Finally, respiration
rates from each fraction were calculated on a total soil weight basis (ug CO,-C
per g of O.D. soil) using the following formula = A x B
Where, A is the cumulative efflux CO, (g CO, - C/ g fraction);

B is the fraction concentration (g fraction / g soil) .

Different regression models. including linear, logarithmic, and
polynomial, were used to describe the relationship between cumulative CO,
production and incubation time. The simple linear regression models
systematically had the highest R? of the different models, hence fitted the data
best. Simple linear regression equations were calculated:
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y =a + kx

where y is the cumulative CO, production (ugCO,-C per g C in fraction);

x is the incubation period (day);

a is a constant;

and k is the mineralization rate constant (ugCO,-C per g C in fraction per day).

A multiple linear regression model was used to test for relationships
between carbon mineralized from the whole soil and carbon mineralized from
the five soil fractions. In this model, whole soil mineralized carbon (i.e.;
cumulative CO, evolution from the whole soil during the entire incubation
period) was the dependent variable and carbon mineralized from the five soil
fractions (i.e.; cumulative CO, evolution from each soil fraction during the
incubation period) were independent variables. The variables were selected
by using the SAS STEPWISE procedure with a significance level of 0.1.

Cumulative CO; efflux data for the entire (70 days) incubation period
were used to examine differences between fractions. A completely random
design and the PROC GLM procedure of SAS were used to carry out a
one-way Analysis of Variance followed by a Duncan's New Multiple Range test
to determine significance between fractions at a = 0.05.

A paired t test was used to check for the effects of manure. In this case,
averages of cumulative CO, efflux data for the 70 days incubation period were
calculated for each series (A, C, and F) and employed during the statistical
analysis (i.e.; n=3).

Results

4.1 Soil carbon mineralization on a carbon basis

When results were expressed on a per gram of carbon basis, the sand
and coarse silt fractions showed the highest mineralization rates (i.e.; highest
cumulative CO; evolution) and the whole soil samples the Iowest
mineralization rate (Figure 4.1). Mineralization rate decreased in the following
order: sand > coarse silt > medium + fine silt = floatables = clay = whole soil
(Table 4.1). The mineralization rate values (k) of the different fractions similarly
decreased in the following order: sand > coarse silt > fine + medium silt =
floatables = clay> whole soil (Table 4.3).

The manure treatment significantly increased the sand-associated C
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mineralization and significantly decreased the clay-associated C (Figure 4.1
and Table 4.2). The other fractions and whole soil of the Ck had higher
mineralization rates than those of the manure treatment but the differences
were not significant. The k value also showed that the manure treatment
decreased the C mineralization rate of the whole soil, clay fraction, medium +
fine silt fraction, and floatable fraction (Table 4.3). Taken together, these
results indicate that for the Breton Plots soils, the sand and clay-associated C

was more sensitive to manure application than the silt- associated C.

4.2 Soil carbon mineralization on a soil weight basis

Cumulative CO, production was highest from the whole soil,
intermediate from the sand and clay fractions, and least from the silt and
floatable fractions (Figure 4.2 and Table 4.1). The whole soil had a higher CO,
evolution (on a weight basis) than any of the fractions, yet CO, evolved from
the whole soil was much less than the sum amount of the CO, evolved from all
the soil fractions (Table 4.2). Specifically, CO, evolved from the whole soil was
684 ugCO,-C/ g soil, while the sum from the five soil fractions corresponded to
1788 ugCO,-C/ g soil over 70 days.

Although the sand and coarse silt fractions had a higher C
mineralization (on a carbon basis) than the clay, for a given weight of soil, the
clay evolved as much CO, as the sand, and significantly more than the coarse
siit (Table 4.1). This is because the clay fraction contained 37.0% of the total
soil carbon (see chapter 2), hence for a unit weight of soil it had the greatest
amount of CO, evolution, corresponding to 30.1% of the total respiration from
all fractions (i.e.; 1788 ugCO,-C/ g soil). In contrast, the coarse silt fraction
only contained 8.4% of the total soil carbon, and CQO, efflux from the coarse silt
represented 14.7% of the total respiration. In a similar fashion, the floatables
exhibited a CO, production comparable to that of clay when results were
expressed on a carbon basis, yet as the floatables contained a very small
fraction (i.e., less than 1%) of the total soil carbon, they showed less CO,
evolution than the other fractions for a unit weight of soil, corresponding to
11.0% of the total respiration flux. The medium and fine silt contained 17.4 and
15.4 % of the total soil carbon, respectively. They had a relatively low CO,
evolution on a carbon basis, and similarly had a lower mineralization rate than

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the sand and clay on a weight basis, which corresponded to 14.1% of the total
CO; efflux.

The manure treatment significantly increased the CO, evolution from
the clay fraction but decreased it from the floatables for a unit weight of soil
compared with the Ck treatment (Figure 4.2 and Table 4.2). The manure
treatment had no significant effects on the soil CO; evolution of the other soil
fractions or on the whole soils in this study.

4.3 Step wise correlation analysis

Results from the SAS analysis showed that for the Ck treatment only the
sand fraction was significantly (a = 0.1) related to whole soil respiration and
the equation was:

Y=18145-2.02X (R?=0.795)

where X is the cumulative CO, production from the sand fraction;

and Y is the cumulative CO, production from the whole soil.

For the manure treatment both the clay and sand fractions were
significantly related to whole soil respiration and the equation was:

Y=-193.10 + 0.67 X, + 0.77 X, (R?* =0.897)

where:

Y: cumulative CO, production from the whole soil;

X4: cumulative CO, production from the clay fraction;

Xz2: cumulative CO, production from the sand fraction.

Discussion and Conclusions

Organic matter stability in soil fractions

Differences in organic matter distribution had been found when the soil
was fractionated into floatables, sand, coarse, medium and fine silt, and clay
(see chapter 2). The floatable pool had the highest C concentration, clay and
fine silt were next, and sand and coarse silt had the lowest concentration. The
70-day incubation results showed that the sand and coarse silt fractions had
the highest mineralization rates when results were expressed on a carbon
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basis. These results are consistent with other reports in the literature. For
instance, Gregorich et al. (1989) reported that the proportion of C mineralized
during a 20-day laboratory incubation period decreased in the order (mg C/ g
C): sand> whole soil> silt> clay. The large amount of CO, evolved from the
sand and coarse silt is indicative of the rapid decomposability of the organic
matter associated with these fractions, which has been reported to mostly
contain fragments of plant residues (Parfitt and Salt, 2001; Hassink, 1995).

In this study, the clay had the lowest mineralization rate on a carbon
basis. Hassink and Whitmore (1997), and Christensen (1987) also reported
lower mineralization rates for the clay and silt fractions (< 20 ym), although
silt-associated C is often found to be more resistant to microbial attack than
that of clay (Gregorich et al., 1989; Parfitt and Salt, 2001). Christensen (1996)
proposed that following the addition of fresh substrates, newly formed organic
matter can be found in all fractions, although the clay sized organo-mineral
complexes often show greater accumulations. in the longer term, the
‘proportion of substrate-derived C in clay declines more rapidly than that in silt,
thereby indicating a higher stability of silt-associated C (Christensen, 1996).
Parfitt and Sait (2001) further speculated that fresh substrates absorbed on
clay external surfaces are readily accessible to microbial attack, while
substrates may be trapped in small pores and become physically protected
from microbial attack when they associate with the silt fractions. A lower
mineralization rate from the silt than from the clay was not observed in our
study (Table 4.1). This may be related to the sonication procedure employed in
our study that would have more efficiently disrupted micro-aggregates in the
silt fractions. Alternatively, this may be linked to the inherent physical
properties of the sampled Luvisolic soils, which have a very friable to friable
consistence in their upper mineral horizons, and may contain relatively low
amounts of silt-sized microaggregates.

Mineralization from the whole soil and sum of fractions

At the end of the 70-day incubation, the cumulative sum of CO,
evolved from the five soil fractions was 2.6 times higher than that from the
whole soil (Table 4.1). The CO. evolution measured during laboratory
incubation of soil fractions reflects the chemical stability of the organic matter,
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while the difference between the sum of CO, from the different size fractions
and CO. from the whole soil may correspond to mineralization of the physically
stabilized organic matter that is released during the fractionation procedure
(Christensen, 1987). In our study, the whole soil was given lower disruptive
energies than the individual fractions to minimize disruption of soil aggregation
hence the greater soil C mineralization observed from the soil fractions was
likely increased due to a greater disruption of the soil structure. Gregorich et al.
(1989) also observed a substantially higher C mineralization when aggregates
within the soil were disrupted than when they had not been broken up. A high
proportion of organic matter associated with microaggregates consists of
highly processed, humified “recalcitrant” moieties, while organic matter
associated with macroaggregates is more readily mineralized (Christensen,
1987). Thus, it is probable that the increase in CO, evolution observed in our
study was due to C released from macroaggregates rather than from
microaggregates. In all cases, our results clearly demonstrate the significance
of physical stabilization as a mechanism of C sequestration at the Breton Plots,
since C mineralization was observed to more than double following disruption
of the soil aggregates during the physical fractionation process.

Manure influence on soil mineralization

On a soil weight basis, the manure treatment significantly increased
the CO, evolution from the clay fraction when compared with the Ck treatment.
Furthermore, for the Ck samples, the whole soil C mineralization rate was only
correlated to the C mineralization from the sand, whereas for the manure
treatment, the whole soil mineralization was significantly correlated to both the
sand and clay fractions. These results may be due to the fact that the soils
under manure contained proportionaily more carbon in the clay-size fraction
as compared to the control soils, which in turn would contribute to a greater
portion of the total soil respiration originating from this clay fraction.
Unfortunately, our experimental design did not allow for statistical testing of
this potential explanation.

On a carbon basis, the manure treatment significantly increased the
sand-associated C mineralization and significantly decreased the
clay-associated C mineralization (Table 4.2). Manure treatment had no
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significant effects on CO, evolution from the other soil fractions. As reported
in chapter 2, long-term manure addition at the Breton Plots has resulted in
increased carbon sequestration in all soil fractions. Results from the laboratory
incubation experiment further indicate that this increase in total soil C may be
associated with differences in terms of C decomposability. Specifically, the
manure-derived sand-sized C was more easily mineralized than that found in
the control soils, while manure might have increased the recalcitrance of the
organic matter associated with the clay fraction. Whether this increase in
recalcitrance is linked to changes in the chemical structure of the clay-sized
organic matter or to an increase in the amount of physically protected C still
remains to be studied.
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Tables and Figures

Table 4.1, Cumulative CO; efflux during the 70- day incubation for the
soil fractions averaged across treatments (n =36) and the whole soils (n=
18). Numbers in parentheses represent one standard deviation from the
mean, and different letters indicate differences between fractions at a =
0.05 using a Duncan's New Multiple Range test (Soil sampled in
September, 2003).

Fraction Cumulative CO; efflux Cumulative CO, efflux
(mgCO.-C/ g C in fraction) (HgCO,-C/ g soil)
Sand 399 (151)a 539 (171)b
Coarse silt 227 (57)b 262 (65)c
Medium + fine silt 114 (40)c 253 (58)cd
Clay 96 (21)c 538 (131)b
Floatables 100 (33)c 196 (61)d
Whole soil 40 (13)c 684 (163)a
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Table 4.2. Cumulative CO, efflux during the 70- day incubation for the
control (Ck) and manure (M) treatments. Numbers in parentheses
represent one standard deviation from the mean, and different letters
indicate differences between treatments (M vs Ck) at a = 0.05 using a
paired t-test (n = 3) (Soil sampled in September, 2003).

Fraction Cumulative CO; efflux Cumulative CO; efflux

(mgCO.-C/ gC in fraction) (MgCO,-C/ g soil)

Ck M Ck M

Sand 266 (47)b 439 (105)a 514 (91)a 559 (134)a
Coarse silt 235 (18)a 218 (9)a 264 (21)a 260 (11)a
Medium + fine 114 (12)a 102 (9)a 236 (25)a 270 (25)a
silt
Clay 99 (3)a 94 (6)b 492 (16)b 585 (34)a
Floatables 117 (20)a 85 (8)a 222 (38)a 174 (17)b
Whole soil 47 (9)a 33 (6)a 742 (201)a 633 (119)a
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Table 4.3. Mineralization rate constants (k in pgCO,-C- gC"' in
fraction- day™) for the entire incubation period (70 days) and correlation
coefficients (R?) using a simple linear regression (df =3) (Soil sampled in
September, 2003).

Fraction Control (Ck) Manure
k R? k R?
Sand 3.809 0.963* 6.593 0.965*
Coarse silt 3.435 0.973* 3.043 0.965*
Medium + fine silt 1.485 0.982* 1.311 0.992*
Clay 1.187 0.995* 1.159 0.995*
Floatables 1.520 0.989* 1.059 0.992*
Whole soil 0.622 0.998* 0.475 0.991*
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Figure 4.1. Cumulative CO, evolution, expressed as mg of CO,-C per g
of initial C during the 70-day incubation for the fractions and the whole
soils (Soil sampled in September, 2003).
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Figure 4.2, Cumulative CO; evolution, expressed as pug of CO,-C per g of
soil during the 70-day incubation for the fractions and the whole soils
(Soil sampled in September, 2003).
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Chapter 5
Synthesis

The soil organic carbon (SOC) pool encompasses a variety of
constituents from particulate debris such as plant, animal, and microbial
residues to highly amorphous organic matter substances including all stages
of decay, which may be intimately associated with inorganic soil components
to form organo-mineral complexes. The turnover of these different SOC
components varies due to the complex interaction of biological, chemical, and
physical processes in soil (Christensen, 1992). Several multiple-pool models
describing SOC turnover have been proposed (Jenkinson and Rayner, 1977;
Christensen, 1992; Paul et al., 1995; Cambardella and Elliott, 1992). From an
experimental point of view, soil organic matter is often partitioned into different
compartments or fractions meant to mimic the different pools identified in
these models.

Long-term field studies can provide the foundation to better understand
SOC dynamics and the underlying processes controlling SOC loss over
decadal time scales. The Breton Classical Plots long-term fertilization trials
were established in 1929 by the Department of Soils, University of Alberta
(Robertson, 1991). lzaurralde et al. (2001) fitted a simple three-compartment
model to these measured long-term changes in total SOC. Results from the
modeling exercise suggested a more rapid SOC turnover for the 2-yr than for
the 5-yr rotation plots, a loss of carbon from the active SOC compartment with
a decomposition rate of 0.0037 yr', but a gain by the passive SOC
compartment with a decomposition rate of 0.0005 yr”. Finally, the Breton Plots
receiving manure did not appear to have reached steady state by 1990, but
instead were continuing to sequester carbon (Izaurralde et al., 2001).

Measurement :of CO, evolution or O, uptake in the field or in the
laboratory is the well-accepted approach to study carbon mineralization.
Results from field experiments are expected to be more reflective of the
natural conditions under which soil organic substrates are mineralized while
laboratory incubations have been used for comparing C and N mineralization
potential from different soils and different crops (Christensen, 1987; Hassink,
1995; Parfitt et al., 2001 and 2002; Plante and McGill, 2002). The
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laboratory-based incubation method isolates CO, efflux due to SOC
mineralization from the potential interference of root respiration fluxes.

Soil microbial biomass is an important component of the soil organic
matter that regulates the transformation and storage of nutrients. it also can be
regarded as the living part of the soil organic matter. Since microorganisms
are more responsive to changes in the soil environment than the soil organic
matter as a whole, measures of the size of the soil microbial biomass have
been used for assessing changes in soil organic matter and nutrient cycling
caused by changes in soil management and distinct agricultural practices. In
particular, agricultural management practices such as the application of
manure and chemical fertilizers have been shown to impact the size and
activity of soil microbial communities (Bolton et al., 1985; Powlson et al., 1987,
Fraser et al., 1988; Kirchner et al., 1993, Bossio et al., 1998).

Phospholipids are found in all living cell membranes but not in storage
structures and are rapidly turned over on cell death; therefore they may be
used for characterizing the living biomass in soils (Tunlid and White, 1992,
Paul and Clark, 1996). Phospholipid fatty acid (PLFA) analysis is a
biochemical method that can provide information both about the size and the
structure of the active soil microbial community (Vestal and White, 1989), as
well as detect changes due to environmental changes or differences in

agricultural management practices.

Main findings

Differences in organic matter distribution were found when the soil was
fractionated into floatables, sand, coarse, medium, fine silt, and clay. The
floatable pool had the highest C concentration, the clay and fine silt fractions
were next, and the sand and coarse silt had the lowest concentration. The clay
fraction contained the greatest amount of total carbon (37%), followed by the
sand and floatable (> 53 pm) fraction (22%), the medium silt (17%), and the
fine silt (15%). The coarse silt contained the least amount (8%). Compared to
1972, the long-term manure application had increased total soil carbon
content and, as well, increased carbon concentration in the < 53 um fraction.
The increase was greater in the 5-yr than in the 2-yr rotation plots.

Carbon and N concentrations were significantly correlated in all soil
fractions as well as in the unfractionated soils. The C/N ratio decreased in the
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following order: floatable > medium silt > whole soil > clay and fine silt > sand
and coarse silt. The whole soil C/N ratio in the 2-yr rotation was significantly
lower than that of the 5-yr rotation, suggesting that carbon decomposition rate
was faster in the 2-yr rotation than the 5-yr rotation.

A 70-day laboratory incubation showed that the sand and coarse silt
fractions had the highest mineralization rate of all fractions when results were
expressed on a carbon basis. These results are consistent with other reports
in the literature. For instance, Gregorich et al. (1989) reported that the
proportion of C mineralized during a 20-day laboratory incubation period
decreased in the order (mg C/ g C): sand> whole soil> silt> clay. The large
amount of CO; evolved from the sand and coarse silt is indicative of the rapid
decomposability of the organic matter associated with these fractions, which
has been reported to mostly contain fragments of plant residues (Parfitt and
Salt, 2001; Hassink, 1995).

The clay had the lowest mineralization rate on a carbon basis. Hassink
and Whitmore (1997), and Christensen (1987) also reported lower
mineralization rates for clay and silt fractions (< 20 um), although
silt-associated carbon is often found to be more resistant to microbial attack
than that of clay (Gregorich et al., 1989; Parfitt and Salt, 2001). Christensen
(1996) proposed that following the addition of fresh substrates, newly formed
organic matter can be found in all fractions, although the clay sized
organo-mineral complexes often show greater accumulations. In the longer
term, the proportion of substrate-derived carbon in clay declines more rapidly
than that in silt, thereby indicating a higher stability of silt-associated carbon
(Christensen, 1996). Parfitt and Salt (2001) further speculated that fresh
substrates absorbed on clay external surfaces are readily accessible to
microbial attack, while substrates may be trapped in small pores and become
physically protected from microbial attack when they associate with the silt
fractions. A lower mineralization rate from the silt than from the clay was not
observed in our study. This may be related to the sonication procedure
employed in our study that would have more efficiently disrupted
micro-aggregates in the silt fractions. Alternatively, this may be linked to the
inherent physical properties of the sampled Luvisolic soils, which have a very
friable to friable consistence in their upper mineral horizons, and may contain
relatively low amounts of silt-sized microaggregates
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The cumulative sum of CO, evolved from the five isolated soil physical
fractions was 2.6 times higher than that from the whole soil at the end of the
70-day incubation. The CO, evolution measured during laboratory incubation
of soil fractions reflects the chemical stability of the organic matter, while the
difference between the sum of CO, from the different size fractions and CO,
from the whole soil may correspond to mineralization of the physically
stabilized organic matter that is released during the fractionation procedure
(Christensen, 1987). In our study, the whole soil was given lower disruptive
energies than the individual fractions to minimize disruption of soil aggregation,
hence the greater soil C mineralization observed from the soil fractions was
likely due to a greater disruption of the soil structure in these fractions. A high
proportion of organic matter associated with microaggregates consists of
highly processed, humified “recalcitrant” moieties, while organic matter
associated with macroaggregates is more readily mineralized (Christensen,
1987). Thus, it is probable that the increase in CO; evolution observed in our
study was due to C released from macroaggregates rather than from
microaggregates. In all cases, our results clearly demonstrate the significance
of physical stabilization as a mechanism of C sequestration at the Breton Plots,
since C mineralization was observed to more than double following disruption
of the soil aggregates during the physical fractionation process.

On a soil weight basis, the manure treatment significantly increased
the CO; evolution from the clay fraction when compared with the controi (Ck)
treatment. Furthermore, for the Ck samples, the whole soil C mineralization
rate was only correlated to the C mineralization from the sand, whereas for the
manure treatment, the whole soil mineralization was significantly correlated to
both the sand and clay fractions. These results may be due to the fact that the
soils under manure contained proportionally more carbon in the clay-size
fraction as compared to the control soils, which in turn would contribute to a
greater portion of the total soil respiration originating from this clay fraction.
Unfortunately, our experimental design did not allow for statistical testing of
this potential explanation.

On a carbon basis, the manure treatment significantly increased the
sand-associated carbon mineralization and significantly decreased the
clay-associated carbon mineralization. The manure treatment had no
significant effects on CO, evolution from the other soil fractions. Hence
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results from the laboratory incubation experiment further indicate that the
increase in total soil carbon due to long term manure application may be
associated with differences in carbon decomposability.

Microbial biomass carbon as measured in this study was highest in
September, intermediate in August, and lowest in May. Previous studies at the
Breton Plots also reported seasonal variations in microbial biomass (McGill et
al., 1986). Microbial biomass carbon and nitrogen showed very good
correlation with soil water content (SWC) in May, as opposed to what was
observed in August and September. This is likely due to differences in SWC at
these different sampling dates. In May of 2004, the average SWC was 20%
(ranging from 14.7 to 27.3 %), while in August and September 2003 it was
much lower with an average of 7% (and a range of 5.3 to 10.7 %). So the SWC
in May was close to the 60% field capacity water content, which is considered
optimal for both plants and microbes. The SWC in August and September was
much lower and closer to the permanent wilting point, and the crops and
microbes were likely under stress conditions at this time. Hence in August and
September soil conditions were likely outside the SWC dynamic range where
microbial biomass would be expected to respond to small differences in SWC.

Both the manure and NPKS fertilizer application significantly increased
the soil microbial biomass carbon (MBC) and nitrogen (MBN). Previous
studies at the Breton plots also reported a significantly higher microbial
biomass in the manured plots than in the Ck plots, although at that time there
was no statistical difference between samples of the manure and
mineral-fertilizer plots, or between samples of the fertilized plots and the Ck
plots (McGill et al., 1986). While manure application can increase soluble
carbon concentrations in soils, which in turn may increase MBC on a
short-term basis, over a longer period, manure can also provide a more
regular yet readily available stream of substrates to the microbial community
because manure addition to soils can lead to fairly large amounts of fresh
organic matter (Gregorich et al., 1998; Liang et al., 1998). Long term NPKS
application may significantly increase MBC and MBN as well because
chemical fertilization increases plant growth, which in turn increases soil
carbon content through an increase in the amount of crop residues as well as
through greater root biomass and exudates.

A recent concern of researchers is the effect of agricultural
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management practices on the diversity of soil microbial communities.
Measurement of soil PLFA profiles reflects the composition of in situ microbial
communities and as such PLFAs have been used by some researchers to
provide a useful fingerprint of microbial diversity in soils (e.g.; Wander et al.,
1995; Bossio et al.,, 1998). PLFA profiles have indicated differences in
community composition that are consistent with differences in organic carbon
inputs. The present research clearly showed that chemical fertilization and
manure application increased the recovery (as expressed per gram of soil) of
several individual PLFAs, as well as of some specific groups of PLFAs. This
was confirmed by results from the multivariate RDA, which indicated that
fertilization basically increased the biomass of all individual PLFAs in a similar
fashion. One notable exception was the ratio representative of the
fungal/bacterial biomass, which was significantly higher in the NPKS plots
than in the manure or Ck plots. These results should be related to the
MBC/MBN ratios, which also provide a general index of the type of
microorganisms present. That is, soil bacteria generally have a C: N ratio of
4:1 to 6:1 while fungi have a higher C: N ratio of 10:1 to 12:1 (Tate 1995).
Consequently, a decrease in MBC/MBN ratios as observed with liming is
indicative of a decrease in the fungal/bacterial biomass ratio. These results
follow the increase in pH caused by liming as fungi are more prevalent than
bacteria in soils of pH lower than about 5.5, whereas bacteria tend to
predominate in soils with higher pH (Tate 1995).

Future research
To better understand soil carbon decomposition processes and the

underlying mechanisms responsible for carbon redistribution between the
different carbon pools, it may be useful to characterize the chemical
composition of the organic matter associated with the different soil fractions. In
this regard, one useful analysis would be solid-state "*C NMR analysis of the
different soil fractions.

To better understand the relationships between chemical protection of
the organic matter and mineralization rates from the different soil fractions, the
carbon chemical properties should be studied before as well as after the
laboratory incubation in future studies.

Due to some limitations associated with the physical fractionation
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procedure, the results from this study could not reflect completely the physical
protection. The relationship between carbon turnover within soil aggregates
and physical protection of organic matter yet could be, in the future, studied
through a combined incubation/ fractionation method, in which the whole soll
incubation should be conducted first under controlled conditions, to be

followed by the physical fractionation.
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Appendix A TN and TC of soil fractions and whole soil

Nitrogen  Carbon

Year Series Plot Half fractions wt (%) wt (%)
1938 E 1 C 0.04 0.49
1938 E 3 C 0.05 0.50
1972 C 1 C 0.08 0.71
1972 E 1 C 0.07 0.29
1972 E 2 C 0.07 0.45
1972 E 3 C 0.08 0.40
1983 C 1 E C 0.23 0.82
1983 C 2 E C 0.10 0.81
1983 C 3 E C 0.1 0.98
1990 Cc 1 E C 0.08 0.63
1990 E 1 E C 0.05 0.32
1990 E 2 E C 0.11 0.50
1990 E 3 E C 0.06 0.27
1990 C 2 E Cc 0.08 0.68
1990 C 3 E C 0.07 0.60
1998 Cc 1 E C 0.10 0.88
1998 C 2 E C 0.16 1.56
1998 C 3 E C 0.13 1.24
1998 E 1 E C 0.06 0.56
1998 E 2 E C 0.12 1.16
1998 E 3 E C 0.06 0.60
2003 c 1 E C 0.10 0.67
2003 C 2 E C 0.10 0.84
2003 C 3 E C 0.08 0.62
2003 E 1 E C 0.07 0.44
2003 E 2 E C 0.11 0.85
2003 E 3 E C 0.06 0.31
1983 C 1 w C 0.07 0.28
1983 C 2 W C 0.08 0.46
1983 C 3 W C 0.06 0.30
1985 E 1 W C 0.05 0.21
1985 E 2 w C 0.03 0.23
1985 E 3 w C 0.03 0.25
1990 C 1 w C 0.04 0.30
1990 C 2 w C 0.06 0.43
1990 C 3 W C 0.06 0.41
1990 E 1 w c 0.05 0.25
1990 E 2 w C 0.07 0.28
1990 E 3 W C 0.06 0.29
1998 C 1 W c 0.03 0.28
1998 C 2 w C 0.04 0.38
1998 C 3 W C 0.04 0.32
1998 E 1 W C 0.02 0.18
1998 E 2 W C 0.01 0.16
1998 E 3 w C 0.02 0.25
2003 C 1 w C 0.08 0.62
2003 C 2 W C 0.08 0.66
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2003 C 3 W Cc 0.08 0.63
2003 E 1 W C 0.04 0.13
2003 E 2 w C 0.1 0.81
2003 E 3 w C 0.08 0.62
1938 E c 0.04 0.40
1938 E 1 CL 0.24 2.24
1938 E 3 CL 0.27 2.42
1972 C 1 CL 0.29 2.12
1972 C 2 CL 0.34 3.03
1972 C 3 CL 0.44 2.84
1972 E 1 CL 0.22 1.88
1972 E 2 CL 0.29 2.50
1972 E 3 CL 0.28 2.31
1983 C 1 E CL 0.25 2.22
1983 C 2 E CL 0.35 3.02
1983 C 3 E CL 0.35 2.60
1990 C 1 E CL 0.25 223
1990 C 2 E CL 0.33 3.29
1990 C 3 E CL 0.32 2.69
1990 E 1 E CL 0.23 2.05
1990 E 2 E CL 0.32 294
1990 E 3 E CL 0.30 2.56
1998 C 1 E CL 0.29 2.47
1998 C 2 E CL 0.40 3.48
1998 Cc 3 E CL 0.34 3.02
1998 E 1 E CL 0.23 2.28
1998 E 2 E CL 0.32 3.12
1998 E 3 E CL 0.21 1.86
2003 Cc 1 E CL 0.31 2.49
2003 C 2 E CL 0.38 3.23
2003 C 3 E CL 0.32 2.65
2003 E 1 E CL 0.22 1.66
2003 E 2 E CL 0.33 2.81
2003 E 3 E CL 0.25 1.96
1983 C 1 w CL 0.28 2.36
1983 Cc 2 W CL 0.33 2.89
1983 Cc 3 W CL 0.30 272
1985 E 1 w CL 0.18 1.44
1985 E 2 W CL 0.25 222
1985 E 3 W CL 0.27 2.34
1990 C 1 W CL 0.31 2.53
1990 C 2 W CL 0.32 2.87
1990 C 3 w CL 0.34 3.04
1990 E 1 W CL 0.22 1.74
1990 E 2 w CL 0.26 2.30
1990 E 3 W CL 0.23 2.21
1998 C 1 W CL 0.30 2.64
1998 C 2 W CL 0.40 3.563
1998 C 3 w CL 0.37 3.14
1998 E 1 W CL 0.18 1.59
1998 E 2 w CL 0.29 2.65
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1998 E 3 w CL 0.24 2.14
2003 C 1 w CL 0.34 2.61
2003 C 2 W CL 0.38 3.27
2003 C 3 w CL 0.33 2,72
2003 E 1 w CL 0.23 1.66
2003 E 2 w CL 0.29 2.24
2003 E 3 w CL 0.31 2.26
2003 C 1 E F 1.43 20.29
2003 C 2 E F 1.96 28.50
2003 C 3 E F 1.62 24.18
2003 E 1 E F 0.94 16.26
2003 E 2 E F 1.37 19.72
2003 E 3 E F 1.46 19.39
2003 C 1 W F 1.56 23.64
2003 C 2 W F 1.77 25.62
2003 C 3 w F 1.58 26.95
2003 E 1 W F 0.82 12.43
2003 E 2 W F 1.49 20.73
2003 E 3 W F 1.09 17.72
1938 E 1 FL 1.26 37.43
1938 E 3 FL 1.02 38.25
1938 E FL 0.99 33.93
1936 C 1 FS 0.20 1.53
1938 E 1 FS 0.25 2.06
1938 E 3 FS 0.34 2.96
1972 C 1 FS 0.36 2.29
1972 C 2 FS 0.30 2.64
1972 C 3 FS 0.29 2.59
1972 E 1 FS 0.22 2.1
1972 E 2 FS 0.21 1.80
1972 E 3 FS 0.27 2.57
1983 C 1 E FS 0.20 1.58
1983 C 2 E FS 0.24 2.04
1983 C 3 E FS 0.26 2.23
1990 Cc 1 E FS 0.21 1.83
1990 C 2 E FS 0.23 2.1
1990 c 3 E FS 0.22 1.96
1990 E 1 E FS 0.22 2.02
1990 E 2 E FS 0.30 2.88
1990 E 3 E FS 0.23 220
1998 C 1 E FS 0.18 1.57
1998 Cc 2 E FS 0.26 2.29
1998 C 3 E FS 0.23 2.05
1998 E 1 E FS 0.16 1.43
1998 E 2 E FS 0.22 1.99
1998 E 3 E FS 0.21 2.29
2003 C 1 E FS 0.26 2.12
2003 C 2 E FS 0.35 3.32
2003 C 3 E FS 0.24 2.31
2003 E 1 E FS 0.23 1.58
2003 E 2 E FS 0.30 2.85
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2003 E 3 E FS 0.23 1.94
1983 C 1 W FS 0.24 1.97
1983 C 2 W FS 0.29 2.46
1983 C 3 w FS 0.24 2.21
1985 E 1 w FS 0.17 1.34
1985 E 2 W FS 0.20 1.68
1985 E 3 w FS 0.22 1.84
1990 C 1 w FS 0.25 2.17
1990 C 2 w FS 0.28 2.57
1990 C 3 w FS 0.31 2.73
1990 E 1 W FS 0.20 1.69
1990 E 2 W FS 0.27 2.37
1990 E 3 W FS 0.21 2.10
1998 Cc 1 W FS 0.24 220
1998 Cc 2 w FS 0.34 3.01
1998 Cc 3 W FS 0.30 2.74
1998 E 1 w FS 0.18 1.60
1998 E 2 W FS 0.29 2.77
1998 E 3 W FS 0.23 1.94
2003 c 1 W FS 0.23 202
2003 C 2 W FS 0.30 2.82
2003 C 3 w FS 0.27 2.34
2003 E 1 w FS 0.20 1.62
2003 E 2 w FS 0.26 2.27
2003 E 3 W FS 0.24 1.96
1938 E FS 0.23 210
1990 C 1 E FSAND 0.09 117
1990 C 2 E FSAND 0.17 2.07
1990 C 3 E FSAND 0.12 1.66
1090 E 1 W FSAND 0.02 0.34
1990 E 2 w FSAND 0.08 0.71
1990 E 3 w FSAND 0.05 0.40
1938 E 1 M 0.09 1.04
1938 E 3 M 0.20 2.59
1972 C 1 M 0.11 1.20
1972 C 2 M 0.16 1.75
1972 C 3 M 0.14 1.51
1972 E 1 M 0.13 1.37
1972 E 2 M 0.16 1.85
1972 E 3 M 0.16 1.69
1983 C 1 E M 0.15 1.35
1983 C 2 E M 0.21 2.06
1983 C 3 E M 0.20 1.92
1990 C 1 E M 0.16 1.50
1990 C 2 E M 0.20 1.77
1990 C 3 E M 0.18 1.63
1990 E 1 E M 0.12 1.38
1990 E 2 E M 0.17 1.94
1990 E 3 E M 0.1 1.30
1998 C 1 E M 0.17 1.62
1998 C 2 E M 0.26 2.59
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1998 C 3 E M 0.20 1.98
1998 E 1 E M 0.11 1.08
1998 E 2 E M 0.18 1.84
1998 E 3 E M 0.13 1.25
2003 c 1 E M 0.16 1.66
2003 C 2 E M 0.22 2.40
2003 C 3 E M 0.16 1.64
2003 E 1 E M 0.13 1.23
2003 E 2 E M 0.10 0.95
2003 E 3 E M 0.08 0.55
1983 C 1 W M 0.13 1.36
1983 Cc 2 W M 0.18 1.94
1983 C 3 W M 0.21 1.55
1985 E 1 w M 0.09 1.04
1985 E 2 W M 0.12 1.10
1985 E 3 w M 0.14 1.10
1990 C 1 W M 0.13 1.52
1990 C 2 w M 0.19 2.05
1990 C 3 W M 0.15 1.71
1990 E 1 w M 0.1 1.24
1990 E 2 W M 0.16 1.86
1990 E 3 w M 0.11 1.32
1998 Cc 1 W M 0.12 1.49
1998 C 2 w M 0.21 2.36
1998 C 3 W M 0.06 0.75
1098 E 1 w M 0.08 1.02
1998 E 2 w M 0.17 2.00
1998 E 3 W M 0.11 1.256
2003 c 1 w M 0.16 1.69
2003 C 2 w M 0.19 1.95
2003 C 3 w M 0.18 1.67
2003 E 1 W M 0.08 0.50
2003 E 2 W M 0.20 2.00
2003 E 3 W M 0.16 1.55
1998 C 1 E S 0.05 0.77
1998 C 2 E S 0.1 1.47
1998 C 3 E S 0.09 1.35
1998 E 1 E S 0.03 0.48
1998 E 2 E S 0.11 1.57
1998 E 3 E S 0.02 0.32
2003 c 1 E S 0.05 0.40
2003 C 2 E S 0.05 0.30
2003 C 3 E S 0.05 0.40
2003 E 1 E S 0.02 0.19
2003 E 2 E S 0.08 0.72
2003 E 3 E S 0.02 0.56
1998 C 1 w S 0.04 0.69
1998 Cc 2 W S 0.11 1.62
1998 C 3 W S 0.09 1.43
1998 E 1 w S 0.02 0.33
1998 E 2 W S 0.08 1.15
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1998 E 3 w S 0.03 0.44
2003 C 1 W S 0.05 0.47
2003 C 2 W S 0.05 0.31
2003 C 3 W S 0.05 0.28
2003 E 1 W S 0.14 1.34
2003 E 2 W S 0.04 0.18
2003 E 3 W S 0.04 0.25
1983 C 1 E S 0.09 1.08
1983 C 2 E S 0.13 1.54
1983 C 3 E S 0.12 1.67
1972 E 1 WS 0.13 1.14
1972 E 2 WS 0.156 1.42
1972 E 3 WS 0.14 1.27
1083 Cc 1 E WS 0.11 0.88
1983 C 2 E WS 0.13 1.20
1983 C 3 E WS 0.12 1.14
1990 E 1 E ws 0.10 0.92
1990 E 2 E - WS 0.16 1.65
1990 E 3 E WS 0.1 1.08
1972 C 1 UE] 0.13 1.44
1972 Cc 2 wSs 0.17 1.86
1972 Cc 3 WS 0.15 1.63
1983 C 1 W WS o 0.97
1983 C 2 W WS 0.13 1.21
1983 C 3 W WS 0.1 113
1985 E 1 w WS 0.08 0.62
1985 E 2 W WS 0.09 0.77
1985 E 3 W WS 0.10 0.74
1990 C 1 W WS 0.13 1.34
1990 c 2 w WS 0.18 2.04
1990 C 3 W WA 0.18 1.84
1936 CK WS 0.13 1.81
1936 C3 WS 0.13 1.39
1938 E3 WS 0.14 1.42
1938 E3 WS 0.14 1.70
1938 E3 WS 0.16 1.48
1998 C 1 E WS 0.13 1.20
1998 c 2 E WS 0.19 1.98
1998 c 3 E WS 0.17 1.76
1998 E 1 E WS 0.11 1.06
1998 E 2 E WS 0.18 1.90
1998 E 3 E WS 0.11 0.97
2003 C 1 E WS 0.16 1.36
2003 C 2 E WS 0.21 2.14
2003 C 3 E WS 0.17 1.65
2003 E 1 E WS 0.12 0.93
2003 E 2 E WS 0.19 1.88
2003 E 3 E WS 0.13 1.00
2003 Cc 1 W WS 0.16 1.50
2003 C 2 w WS 0.21 1.93
2003 c 3 w WS 0.18 1.66
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2003 E 1 W WS 0.12 0.89
2003 E 2 W WS 0.17 1.56
2003 E 3 W WS 0.13 1.08

Note: 1 Plot: 1=Ck, 2=Manure; 3=NPKS; 2 half: E = limed; W = unlimed; 3. C:
coarse silt; CL: clay; M: medium silt; F: floatable; FS: fine silt; WS: whole soil;
Fsand: floatable and sand mixture.
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Appendix B-1 Alkaline Persulfate Oxidation for
Determining Total Nitrogen in Microbial Biomass
Extracts

INTRODUCTION

Koroleff (1983) proposed an alkaline persulfate oxidation method for
determining total N in natural water as an alternative to the acid Kjeldahl
digestion. This digest uses persulfate (K,S.0s) to oxidize N to NO;” at elevated
temperature in an alkaline environment:

K28208 + H20 — 2 KHSO4 + 1/202

Gallardo and Schlesinger (1990) used the procedure described by D'Elia
(1977) to measure total N in 0.5 M K,SO, soil extracts. Ross (1992) adopted a
nonalkaline persuifate oxidation procedure to obtain complete recovery of
inorganic N in 0.5 K,SO, extracts of soil with high initial NH,* concentrations,
but acknowledged the potential for incomplete oxidation of organic N forms.
Cabrera (1992) reported that complete N recovery can be obtained with
reagent / sample ratio of 1 and an autoclave time of 30 minutes in extracts
containing as much as 250 mg glucose-C L-1 at a C/N ratio of 10:1.

The objective of this study is to evaluate and adapt the persulfate method to
measure DON in 0.25M or 0.5M K,SQ, soil extracts for determination of soil
microbial biomass N.

MATERIALS AND METHODS
1. Equipment:
e Autoclave;
2 500ml volumetric flasks;
6 100ml volumetric flasks;
6 150ml beakers;
200 50 ml glass screw cap culture tubes with Teflon-lined caps;
2 glass pipette 5m| each and 10ml each;
All the glass wares need to be acid cleaned: soaking in 10%HCI (v/v)
more than 2 hours.
2. Reagents
o Oxidizing reagent: First dissolve 15g NaOH (Fisher, Low N NaOH) in
500-600ml diH,O approximately, then add 52.0 g persulfate, boric acid
31.2 g and volume to 1L. This is the oxidization reagent (0.375M
NaOH).
* Acetanilide Standards (N1):

» Acetanilide Standards (accuracy): 0.4828g acetanilide
dissolved in diHO volume to 500ml. This is 100ppm N1
standard.

» 5ppm standard: take 5ml 100ppm into a 100ml volumetric flask
and add 0.25M K;SO4to 100m.

» 10ppm standard:; take 10m! 100ppm into a 100ml volumetric
flask and add 0.25M K80, to 100mi.

» 15ppm standard: take 15ml 100ppm into & 100ml volumetric
flask and add 0.25M K,SO,to 100ml.

o Urea Standards (N2): 0.108g urea dissolved in diH20 volume to
500ml. It is 100ppm N2 standard. Then make S5ppm, 10ppm, 15ppm
standards using 0.25M K2S04 as above.

¢ SampleJ and R :
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» J: 42.04 g soil (from Breton C3-E1-2) into 150ml 0.25M K,S0,,
shaking 1.0hr. @ high speed.
» R:5.0 g soil from forest into 50mi 0.5M K,SO, shaking 1 hour at
high speed.
3. Optimization studies
Take 5ml standards or samples into the acid cleaned, labeled tube and add
oxidization reagent 2.5ml or 5.0 ml or 10 ml, tight the lid at once. Put the tubes
into the steel sink. Using the autoclave bag wrap the sink completely. Put the
sink wrapped with autoclave bag into the autoclave oven and autoclave
45minutes (@121C). (drying time 15 minutes) After autoclave, open the oven
door a little bit and wait for 10 minutes then, take the sink out.

Reagent | N1 standard 5ml N2 standard 5mi

volume 5ppm 10ppm 15ppm 5ppm 10ppm 15ppm
2.5ml

5.0ml

10.0ml

All treatments were replicated 4 times.

RESULTS AND CONCLUSIONS

1. The Variable analysis results show: the two standards are significant
different. Acetanilide has significant higher nitrogen recovery comparing to the
Urea.

Fig. 1 T-test results for nitrogen recovery

Standards | Numbers  of | Mean N recovery | Std. Dev. | t-Grouping
data (%)

Acetanilide | 36 92.28 4.05 A

Urea 36 89.84 3.63 B

2. The concentration of the standards is different, but not significantly.
Fig. 2 T-test results for nitrogen recovery

Standards Numbers of | Mean N recovery | Std. Dev. | t-Grouping
concentration | data (%)

5ppm 24 91.675 2.69 A

10ppm 24 91.3488 4.34 AB

15ppm 24 90.1500 4.72 B

Lower nitrogen concentrations (5ppm, 10ppm) have higher recovery than
15ppm.

3. The volumes of the reagent are significant different.

The nitrogen recoveries are significant higher when adding 5ml or 10ml
oxidization reagent than that of adding 2.5ml. The nitrogen can't be oxidized
completely when adding 2.5ppm oxidization reagent.

Fig. 3 T-test results for nitrogen recovery

Oxidization Numbers of | Mean N recovery | Std. Dev. | t-Grouping
reagent data (%)
volume
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10ml 24 93.34 2.53 A

5ml 24 92.82 247 A

2.5ml 24 87.01 3.37 B

4. Acetanilide nitrogen standard:

The treatments are significant different. The combinations 10ppm with 10mi
oxidization reagent and 15ppm nitrogen acetanilide with 10ml oxidization
reagent have significant higher recoveries than the other combinations. For
5ppmN acetanilide, there are some difference between adding 3 different
volumes reagent, but not significant. The treatments of 5ml and 10 ml reagent
have higher N recoveries. For 10ppm N acetanilide, there is significant
difference between 10ml reagent treatment and 5ml or 2.5ml reagent
treatments, the later two are significant lower than the former. For 15ppm N
acetanilide, there is significant difference between 2.5ml reagent treatment
and 5ml or 10ml reagent treatments, the later two are significant higher than
the former.

Fig. 4 Comparation of acetanilide combination

Oxidization Nitrogen LSMean of N | t-grouping
reagent volume concentration recovery

2.5 5 90.00 C
2.5 10 87.525 CD
25 15 85.600 D

5 5 95.100 AB
5 10 91.950 BC
5 15 94.258 AB
10 5 93.150 ABC
10 10 96.700 A

10 15 96.200 A

5. Urea nitrogen standards:

For 5ppmN urea, there are some difference between adding 3 different
volumes reagent, but not significant. The treatments of 5ml and 10 ml reagent
have higher N recoveries. For 10ppm N urea, there is significant difference
between 2.5ml| reagent treatment and 5ml or 10ml reagent treatments, the
later two are significant higher than the former. For 15ppm N urea, there is
significant difference between 2.5ml reagent treatment and 5ml or 10ml|
reagent treatments, the later two are significant higher than the former.

Fig. 5 Comparation of urea combination

Oxidization Nitrogen LSMean of N | t-grouping
reagent volume concentration recovery
2.5 5 88.350 BC
25 10 86.775 CD
2.5 15 83.825 D
5 5 93.000 A
5 10 93.550 A
5 15 89.068 BC
10 5 90.450 AB
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10

10

91.593

AB

10

15

91.950

AB

6. Soil K,SQ, extrats
The 5ml and 10ml oxidization reagent have the better N recovery than 2.5 ml.
The 5ml and 10ml oxidization reagent have no significant difference.

Fig. 6. 0.25 M K,SQ, soil extracts NOy

Average NO3 Calculated
concentration in NOjz'in
Reagent NOs’concentration in | solution (ppm) extracts
volume(ml) | solution{ppm) (ppm)
J 5 |25
J 5 |25 4.06
J 5 |25 4.03
J 5 125 4.01 4.058 6.086
J 5 |56 3.22
J 5 |5 3.14
J 5 |5 3.12
J 5 |5 3.15 3.158 6.315
J 5 110 2.14
J 5 110 2.07
J 5 110 2.02
J 5 110 2.16 2.098 6.293
R 5 [25 2.58
R 5 |25 2.63
R 5 |25 2.64
R 5 125 2.62 2.618 3.926
R 5 |5 2.14
R 5 |5 2.12
R 5 |5 2.07
R 5 |5 2.05 2.095 4.19
R 5 |10 1.41
R 5 10 1.38
R 5 |10 1.43
R 5 110 1.3 1.38 4.14

7. conclusion: The persulfate method can be used to measure DON in 0.25M
or 0.5M K,S0; soil extracts { NOs-N lower than 15ppm) for determination of
soil microbial biomass N. For the samples which have lower than 5ppm NO;-N,
adding 5 ml oxidation reagent is enough; for the samples which have higher
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than 10 ppm NO;-N, adding 10 ml oxidization reagent is better.
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Appendix B-2 Cluster analysis on all PLFAs
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The PLFAs were separated into 4 ciusters: One cluster contains 18:1 w9c, 18:1

w7¢ and 16:1 w7c, which belongs to the monounsaturated PLFA group; one
cluster contains 18:0, 16:0 iso, 17:0 a and 17:0 iso, and three of those PLFAs

are Gram- negative specific PLFAs; one cluster contains 15:0 20H, 15: 0 a,
16: 0 10 Methyl, 17:0 cyc, 19:0 cyc and TBSA 10Me 18:0; the last cluster
contains 14:0, 15:0, 17:0, 20:0, 14:0 iso, 15:1 isoG, 16:1 20H and 17:0 10
methyl, which are positively response to the fertilization.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

127



Appendix B-3 Dissolved organic carbon (ug C/g O.D. soil)

Series plot half Aug. 03 Sept.03 May 04
189.6 155.1 69.3
149.3 125.9 41.3
252.0 164.3 711
215.7 156.3 49.3
143.2 115.0 63.3
117.9 77.8 31.2
2245 1721 108.1
171.7 124.9 56.6
227.3 169.2 108.9
2455 212.2 82.5
228.8 138.8 70.8
2431 103.4 37.9
269.1 182.7 111.2
159.4 157.0 69.5
208.8 172.2 87.6
188.4 165.3 55.5
185.8 118.0 60.3
126.2 56.4 39.5
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Appendix B-4 2003 Fall Soil pH (from Dr.Robertson)

Series Treatment Limed Unlimed
A Ck 7.91 6.48
A manure 7.28 6.56
A NPKS 7.37 5.46
C Ck 7.14 6.08
(o manure 7.4 6.22
C NPKS 7.04 4.95
F Ck 7.6 6.57
F manure 7.44 6.46
F NPKS 7.41 5.68
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/*fractions mineralized C on soil base*/
Options formdlim='-"';

DATA minC;

INPUT treatment$ C@@;

CARDS;
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay
clay

U ;

Appendix C SAS procedure example

544
529
470
639
336
359
524
532
503
463
435
463
549
436
486
469
463
653
793
433
607
401
674
495
474
670
455
500
788
495
727
607
937
609
518
351

proc¢ print;

run;

PROC glm data=mincC;

cs
cs
cs
cs
cs
Ccs
Cs
CcS
(0]
cs
cs
cs
[02]
Ccs
cs
cs
cs
0353
cs
cs
cs
cs
Ccs
cs
cs
cs
Ccs
cs
cs
Ccs
cs
cs
cs
cs
cs
cs

class treatment;

model C=treatment;
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246
273
239
343
201
209
269
187
410
235
194
213
339
177
379
354
242
233
198
178
226
229
348
418
214
230
290
260
259
234
300
178
243
323
265
289

flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo
flo

216
185
201
230
195
195
232
185
347

301
264
336
203
210
160
160
107
237
133
158
200
207
210
314
148
105
107
125
141
183
172
184
168
219
120
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f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m
f+m

312
327
253
191
212
287
256
259
248
214
220
171
185
238
252
175
253
188
274
214
258
269
309
321
145
272
247
273
288
236
455
314
313
236
238
205

sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand

526
762
418
613
752
571
431
509
510
529
711
358
415
442
300
461
385
551
522
967
434
678
998
574

436

511
472
407
311
402
421
578
405
902
608

ws
ws
WS
WS
WS
wSs
WS
ws
WS
WS
WS
WS
WS
ws
WS
WS
WS

510
660
480
876
745
769
859
1037
824
609
837
484
544
532
580
671
612



means treatment/duncan;
means treatment/lsd cldiff;
means treatment/stderr;
run;

SAS results:

The SAS System 9
The GLM Procedure
Class Level Information
Class Levels Values
treatment 6 clay c¢s f+m flo sand ws

Number of observations 197
NOTE: Due to missing values, only 185 observations can be used in this
analysis.
The SAS System 10

The GLM Procedure
Dependent Variable: C

Sum of

Source DF Squares Mean Square F Value Pr > F
Model 5 5625587 .957 1125117.591 87.79 <.0001
Error 189 2422124 .,786 12815.475
Corrected Total 194 8047712.7483

R-Square Coeff Var Root MSE C Mean

0.699029 29.32578 113.2055 386.0270
Source DF Type I 88 Mean Square F Value Pr > F
treatment 5 5625587 .957 1125117.591 87.79 <.0001
Saurce DF Type III S8 Mean Square F Value Pr > F
treatment 5 5625587.957 1125117.591 87.79 <.0001
- The SAS System 11

The GLM Procedure
Duncan's Multiple Range Test for C
NOTE: This test controls the Type I comparisonwise error rate, not the
experimentwise error rate.

Alpha 0.05
Error Degrees of Freedom 189
Error Mean Square 12815.48

Harmonic Mean of Cell Sizes 30.10541
NOTE: Cell sizes are not equal.

Number of Means 2 3 4 5 6
Critical Range 57.56 60.59 62.61 64.09 65.25
Means with the same letter are not significantly different.
Duncan Grouping Mean N treatment
A €684.10 17 ws
B 539.15 35 sand
B
B 538.49 36 clay
C 261.80 36 cs
C
D C 253.00 36 f+m
D
D 195.91 35 flo
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The SAS System 13
The GLM Procedure
t Tests (LSD) for C
NOTE: This test controls the Type I comparisonwise error rate, not the
experimentwise error rate.

Alpha 0.05

Error Degrees of Freedom 189
Error Mean Square 12815.48
Critical Value of t 1.97260

Comparisons significant at the 0.05 level are indicated by ***,

Difference

treatment Between 95% Confidence
Comparison Means Limits

ws - sand 144.94 78.93 210,96 **x
ws - clay 145.61 79.89 211.32 ***
ws - CS$ 422.30 356.59 488.02 ***
ws - f+m 431,10 365.38 496.82 ***
ws - flo 488.19 422.17 554,20 **x
sand - ws -144 .94 -210.96 -78.93 *#**
sand - clay 0.66 -52.34 53.67

sand - ¢s 277.36 224.35 330.37 ***

The SAS System 14

The GLM Procedure
t Tests (LSD) for C
Comparisons significant at the 0.05 level are indicated by **x,

Difference
treatment Between 95% Confidence
Comparison Means Limits
sand - f+m 286.16 233.15 339.16 ***
sand - flo 343.24 289.86 396.62 ***
clay - ws -145,61 -211.32  -79.89 xx»*
clay - sand -0.66 -53.67 52.34
clay - cs 276.69 224.06 329.33 **«
clay - f+m 285,49 232.86 338.13 *x*x
clay - flo 342 .58 289.57 395,59 **x
cs - ws -422.30 -488,02 -356.59 ***
cs - sand -277.36 -330.37 -224.35 *x*
¢cs - clay -276.69 -329.33 -224.06 ***
cs - f+m 8.80 -43.84 61.43
cs - flo 65.88 12.88 118,89 ***
f+m - ws -431.10 -496.82 -365.38 *x**
f+m - sand -286.16 -339.16 -233.15 *x*
f+m - clay -285.49 -338.13 -232.86 *¥*
f+m - cs -8.80 -61.43 43.84
f+m - flo 57.09 4.08 110.10 *¥~*
flo - ws -488.19 -584.20 -422.17 **x+

The SAS System 15

The GLM Procedure
t Tests (LSD) for C
Comparisons significant at the 0.05 level are indicated by ***,

Difference
treatment Between 95% Confidence
Comparison Means Limits
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flo - sand -343.24 -396.62 -289.86 ***

flo - clay -342.58 -395.59 -289.57 **x

flo - cs -65.88 -118.89  -12.88 ***

flo - f+m -57.09 -110.10 -4.08 ***
132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



