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Recent studies exploring soil phosphorus (P) fertility on dairy farms under organic
management in Canada have reported low concentrations of Olsen soil test P (STP), yet the
impact on crop productivity is not clear. In this thesis, soil biological and biochemical properties
relating to plant P availability in perennial forage fields (Medicago sativa / Phleum pratense) of
three paired organic and conventional dairy farms in southwestern Ontario, Canada were
compared. Molecular approaches (PCR-DGGE and quantitative real-time PCR) were used to
explore arbuscular mycorrhizal fungi (AMF) communities in these soils. Finally, an incubation
experiment using the radioisotope 33P was conducted to assess biological P fluxes and microbial
P uptake in select forage soils along a gradient of STP concentrations.
Results of the field study found no significant differences between forage yields on
organically versus conventionally managed fields, and forage yield was not correlated with STP.
Plant tissue P concentrations supported that plant-available P was greater under conventional
management; however organic tissue P concentrations were not lower than critical
concentrations. Solution
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P NMR-spectroscopy revealed a greater organic P (Po): inorganic P

(Pi) ratio and greater proportions of orthophosphate diesters in NaOH-EDTA soil extracts from

organically managed systems. Mean AMF root colonization of alfalfa was also greater under
organic management (37%) compared with conventional management (23%). AMF community
composition was found to differ between management systems; the data indicated that organic
systems may support AMF communities that promote greater host-plant P-use efficiencies.
In the
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P incubation experiment gross Po mineralization contributed a mean of 35% of

the total isotopically-exchangeable P after 8 days. Significant uptake of solution Pi by the
microbial biomass occurred in 8 days, with 11/16 soils having greater than 20% of the initially
added
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P in the microbial biomass. The proportion of

33

P found in the microbial P pool was

negatively related to solution Pi concentrations.
This research supports the importance biological processes to soil P dynamics in organic
farming systems. These relevant processes need to be considered when assessing P availability
in agricultural systems, which would ultimately aid in the greater goal of achieving P-use
efficiency in agriculture.
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Chapter 1 - General Introduction
1.1 Introduction
Recent studies exploring soil fertility on Canadian organic dairy and grain farms have
reported low Olsen soil test phosphorus (STP) levels, which is an index of plant-available
phosphorus (P) (Martin et al., 2007; Roberts et al., 2008; Welsh et al., 2009; Knight et al., 2010;
Main et al., 2013). These data are consistent with reports from the international community
where indices of plant-available P have been found to be low in soil from organically-managed
fields (Løes and Øgaard, 2001; Gosling and Shepherd, 2005, Oberson and Frossard, 2005).
These results may have implications for the overall productivity and sustainability of organic
systems, as plant P deficiencies reduce crop yields and can negatively affect biological nitrogen
(N) fixation of leguminous crops (Parfitt et al., 2005; Chalk et al., 2006). This is of particular
concern as many organic farms rely heavily on biological N fixation to supply their N needs
(Berry et al., 2003; Lynch et al., 2012; Main et al., 2013; Woodley et al., 2014). However, some
organic farmers have stated that despite low STP levels, their crop yields are acceptable, and it
has been suggested that increased soil biological activity is involved in providing the crop with P
not measured by conventional soil P tests (Martin et al., 2007; Main et al., 2013).
Organic agriculture operates according to principles that aim to maintain or promote the
biological activity of the soil. More diverse crop rotations are employed and chemical fertilizers
and pesticides are prohibited. In this way, the plant-availability of nutrients in organicallymanaged soils may depend more on natural ecosystem processes (Lynch, 2014). Thus, soil
extracts may not be an adequate index of P availability as increased soil biological activity in
organically-managed systems, including cycling of organic P (Po) and/or increased presence of
arbuscular mycorrhizal fungi (AMF), may play a greater role in contributing to crop P supply
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(Oberson et al., 1993; Martin et al., 2007; Main et al., 2013; Lynch, 2014; Dai et al., 2014).
Further, it is possible that system management practices cause AMF diversity and/or community
structure differences which may translate in to different functional capabilities, including P
uptake efficiencies (Jansa et al., 2006).
It has also been reported that when available soil inorganic P (Pi) (such as that indicated
by the Olsen STP) is limiting, Po may become an important source of P nutrition for plants
(Tiessen et al., 1984). Po can be made available during biological mineralization (oxidation of
soil organic matter and cycling through the microbial biomass) or through biochemical
mineralization as a result of extracellular and periplasmic enzyme production (Stewart and
Tiessen, 1987; Oberson et al., 1996). Organic farming systems are managed according to
principles that promote soil biological activity and as such, these mechanisms of Po
mineralization may be enhanced (Oberson et al., 1996; Oehl et al., 2004).
1.2 Research Goal and Objectives
The overall goal of this thesis was to gain a better understanding of P availability in
organic dairy farm systems and the role that soil biological processes play in contributing to
plant-available P. Specific research objectives include:
1) To identify differences in soil biological, biochemical and forage parameters relating to P
availability in soil collected from three paired, long-term organically and conventionally
managed dairy farm fields grown under forage and to explore relationships between
Olsen STP and the measured parameters.
2) To determine the effect of farming system management on AMF community structure
and composition in the soils collected and described in objective one.
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3) To explore the effect of available Pi levels on soil biological P fluxes including gross P
mineralization and immobilization and on microbial P cycling.
1.3 Thesis format
This thesis consists of six chapters, the first of which introduces the reader to the topic
and outlines the overall research goal and objectives. The second chapter provides a review of
the relevant scientific literature. Chapters three, four, and five describe and present the results of
three separate, but related experiments, and are written in manuscript format. As each of the
three chapters was written as an independent work, it is acknowledged that there is some
repetition in the introduction and methodology sections. The third chapter presents the results of
an initial study that examined differences in soil biological, biochemical and forage parameters
relating to P availability on three paired, long-term organically and conventionally managed
forage fields, and also characterized relationships between STP and the soil and crop parameters
measured. The results of this study assisted in directing the research described in Chapters four
and five.
Chapter four extended the research from Chapter three in an effort to better understand
the role that AMF might have in assisting plant P uptake in organic dairy farm systems. Using
the same soils from the study in Chapter three, differences in AMF community structure between
organic and conventional management were explored using polymerase chain reaction (PCR)denaturing gradient gel electrophoresis (DGGE) and quantitative real-time PCR (qPCR).
In the final research chapter (Chapter five), Po mineralization and microbial P uptake
were assessed using isotopic techniques across a gradient of available Pi (as indicated by both
Olsen STP and water-soluble Pi) in select soils collected in the study outlined in Chapter three.
This work was conducted in Switzerland, under the supervision of Dr. Else Bünemann, the
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opportunity for which was provided by a NSERC Michael Smith foreign study supplement.
Finally, the sixth chapter provides a discussion and summary of the implications of the collective
research and provides recommendations for future research.
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Chapter 2 - Literature Review
2.1 Phosphorus – an essential plant nutrient
Phosphorus (P) is an essential plant macronutrient; it is required for energy transfer and
storage and is also a key component of phospholipid and nucleic acids (Marschner, 1995; Havlin
et al., 1999). P is also necessary for legume development and associated N fixation (Parfitt et al.,
2005). Plant P deficiency results in reduced photosynthetic activity, reduced leaf and root
growth, which all negatively affect crop yields (Plénet et al., 2000; Mollier and Pellerin, 1999).
2.2 Soil Phosphorus
The P cycle is complex and dynamic, with its transformations being driven by numerous
geochemical and biological processes. Soils contain between 100 and 3000 mg P kg-1 soil of
total P, however, only a small fraction of this (typically 0.01 to 3 mg P L-1) is present in soil
solution (Frossard et al., 2000). Plants are known to take up inorganic P (Pi) from the soil
solution as orthophosphate anions present predominantly in the form of H2PO4- and HPO42(Stevenson, 1986; Condron and Tiessen, 2005). However, soil solution Pi represents only a
small fraction of the plants needs and must be replenished from the soil solid phase including
both inorganic and organic labile P sources (Stewart and Tiessen, 1987; Frossard et al., 2000).
Figure 2.1 shows the key components and processes involved in the abiotic and biotic
transformations of soil P. In many soils there is a limited supply of labile P, as it can become
strongly adsorbed or participate in precipitation reactions (Arcand and Schneider, 2006). In
addition, Pi is relatively immobile in soil, with the rate of plant uptake exceeding its
replenishment to roots by diffusion (Tinker and Nye, 2000), while mass flow of Pi has also been
reported as supplying less than 5% of a plant’s needs. As such, available Pi concentrations in the
soil can often be limiting to plant growth (Quiquampoix and Mousain, 2005; Liu et al., 2007).
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Figure 2.1. Components and processes involved in soil P transformations. (Microbial biomass P is
included in the soil organic P pool).

2.3 P Availability in Agricultural Soils
A thorough understanding of processes that govern P availability in soils is important as
too little P in the available orthophosphate form can limit crop yields, while excess Pi can result
in off-site environmental degradation (Condron, 2004). Plant-available Pi has generally been
understood to be determined by three main factors: “ i) the intensity factor (activity of ions in
solution), ii) the quantity factor (amount that can be released from the soil solid phase into
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solution), and iii) the buffer capacity (ability of a soil to maintain the intensity constant when the
quantity factor varies)” (Beckett and White, 1964, as summarized by Gallett, 2001).
In agricultural systems, various procedures have been employed to obtain an index of soil
plant-available Pi and for subsequently making fertility assumptions and fertilizer
recommendations. These include extraction methods (Kamprath and Watson, 1980); anion
exchange resin (Sibbesen, 1978) and isotopic exchange (Fardeau et al., 1996). Chemical
extraction with water, acids or bases, is the most commonly used method for estimating soil Pi
availability because it is simple, rapid and cost-effective (Gallet, 2001). A reliable estimate of
available soil Pi should be correlated to crop yield and/or plant P uptake. Using these
relationships and crop-specific critical tissue P levels, optimal soil P fertility for crop production
can be determined (Dahnke and Olson, 1990). Soils can be categorized to have a low, medium
or high probability of responding to P fertilizer and a recommendation for the amount of
fertilizer to be applied can be made (Tunney et al., 1997).
Sodium bicarbonate (NaHCO3) extractable phosphorus, also known as Olsen soil test
phosphorus (STP) (Olsen et al. 1954) has been successfully used worldwide for making fertilizer
recommendations in both acid and calcareous soils (Schoenau and O’Halloran, 2008). This test
is the standard soil P test for making recommending fertilizer application rates in calcareous,
southern Ontario soils Ontario, Canada and has been used since 1969 (Bates, 1990). The
NaHCO3-extractable P was found to explain a greater proportion of the variability in plant P
uptake when compared with other extractants for 88 Ontario soils in a greenhouse trial growing
maize (Bates, 1990). Like other extraction-based soil P tests, the Olsen STP measures watersoluble Pi and a portion of relatively labile Pi that is sorbed to soil surfaces and organic matter,
however it does not adequately account for P that may become available to plants from biological
processes (Nash et al., 2014).
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Synthetic P fertilizer application increases the amount of Pi available in soil solution for
crop uptake, and therefore can supply a given crop with sufficient P to meet its nutritional needs.
However, this type of application is not very efficient, as typically only 15% of the fertilizer P
applied is utilized by a crop in the year of application, the rest being sorbed, fixed, or precipitated
(Liu et al. 2007). This may create large reserves of total P in the soil (Stevenson, 1986), and
while some of this P may become available for crop uptake in future years, as discussed earlier,
total soil P levels are not indicative of what is biologically available to plants.
As a result of the immobility of Pi in the soil (especially in soils low in available Pi), the
ability of a crop to access sufficient P depends on its rooting characteristics and the ability to
form relationships with arbuscular mycorrhizal fungi (AMF), which effectively act as extensions
of the root system (Liu et al., 2003). Moreover, P availability has generally been considered to
be governed mainly by physical and chemical processes including sorption-desorption and
precipitation-dissolution; however, biologically driven processes including organic P (Po)
mineralization and microbial Pi immobilization can also play a significant role in affecting Pi
availability (Bünemann et al., 2012). In fact it been reported that when available soil Pi (such as
that indicated by the Olsen STP) is limiting, Po may become the dominant source of P nutrition
for plants (Tiessen et al., 1984). Po can be made available during biological mineralization
(oxidation of soil organic matter and cycling through the microbial biomass) or through
biochemical mineralization as a result of extracellular and periplasmic enzyme production
(Stewart and Tiessen, 1987; Oberson, 1996). These microbiological processes are especially
relevant for organic farming systems, where the application of synthetic, water-soluble P
fertilizers is prohibited. Determination of the contribution of Po mineralization to plant-available
P would be useful, especially when assessing soils with low Olsen STP values. For example,
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organic agricultural production systems have consistently been found to be low in indices of
plant-available P (Entz et al., 2001; Condron, 2004; Gosling and Shepherd, 2005; Oberson and
Frossard, 2005; Roberts et al., 2008; Knight et al., 2010; Welsh et al., 2009), and the ability of
commonly used soil tests to accurately predict plant-available P has been questioned (Oberson et
al., 1993; Condron, 2004; Roberts et al., 2008). In the following sections the cycling of Po as
well as the role of AMF will be reviewed with regard to their potential contributions to plantavailable Pi.
2.4 Soil Organic Phosphorus
In upper soil horizons, organic forms of P have been reported to account for 20 to 80% of
total phosphorus (Dalal, 1977). The proportion of Po is dependent upon the nature of the soil and
its composition (Stevenson, 1986). Although much of this organic phosphorus occurs in
chemically resistant or physically protected forms, when soils are low in soluble phosphorus, P
supply to the plant may be controlled almost entirely by Po (Tiessen et al., 1984)
In a review by Quiquampoix and Mousain (2005), the main Po compounds in the soil
were reported to include inositol phosphates, phospholipids, and nucleic acids. Inositol
phosphates have almost always been reported to be the dominant component, accounting for
greater than 80% of total Po. Of the inositols, myoinositol hexakisphosphate is the most
abundant Po compound originating from a broad range of sources including mature seeds, tubers,
roots, leaves, animals, and microbes (Quiquampoix and Mousain, 2005). Phytic acid refers to
the free acid of myoinositol hexakisphosphate, while the salt forms are called phytates.
Although the most widespread, phytic acid/phytates are considered highly recalcitrant and the
salts tend to precipitate with iron, aluminum and calcium and accumulate in soil (Quiquampoix
and Mousain, 2005). For these reasons phytic acid/phytates are considered poorly available to
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plants. Phosphate esters including phospholipids, glycerol phosphate, phosphatidyl choline and
nucleic acids generally make up less than 1-2% of total Po and are considered quite labile and
may be contained in the microbial biomass (Stewart and Tiessen, 1987). However, Stevenson
(1986) reported that in some grassland soils, the microbial biomass can account for up to 20% of
the total Po. Other forms of soil Po include phosphoproteins, sugar phosphates, and
monophosphorylated carboxylic acids, however, many of these are chemically complex and
unidentified.
It is clear that Po mineralization in part depends on the amount and forms of Po present in
the soil (Condron, 2004; Bünemann, 2008). As summarized by Condron et al. (2005), studies
have shown that the specific forms of Po present have a major influence on plant-available P. In
particular, diesters are thought to be a labile and readily mineralizable form of soil Po
(Guggenberger, 1996; Quiquampoix and Mousain, 2005). Complementing standard soil
fractionations, the solution 31P NMR spectroscopy is an ideal tool to study Po, as it allows for the
characterization, identification and quantification of soil organic phosphorus compounds (CadeMenun, 2005; Condron et al., 2005). Finally, enzyme additions to soil can also provide valuable
data with regard to the potential bioavailability of soil Po (Bünemann, 2008).
2.4.1 Mineralization of Soil Organic P
The availability of Po in soil is largely dependent on biological activity. Although,
organic phosphorus can be transformed to Pi abiotically via hydrolytic or photolytic degradation
(Baldwin et al., 2005), Quiquampoix and Mousain (2005) report that the abiotic mechanisms of
P mineralization are several orders of magnitude less efficient than biological methods. Organic
P can be mineralized during biological mineralization (cycling through the microbial biomass) or
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through biochemical mineralization as a result of extracellular and periplasmic enzyme
production (Stewart and Tiessen, 1987; Oberson et al., 1996).
2.4.1.1 Biological Mineralization: The role of the microbial biomass
Soil microorganisms can be important reservoirs of nutrients and microbial P estimates
range from 5 to 100 kg P/ha depending on the management practices of the system (Brookes,
1984). The microbial biomass, through the uptake or immobilization of P, followed by
subsequent mineralization, can account for a significant amount of available P in the soil
ecosystem (Oberson and Joner, 2005). Stewart and Tiessen (1987) describe the biomass P as the
central component of an active soil Po cycle. However, the microbial biomass can act as both a
Pi source and sink depending on whether gross P uptake (P immobilization) rate is greater or less
than gross P mineralization; as in the N model, the difference between these two values
determines the net mineralization or immobilization that is occurring (Oberson and Joner, 2005).
Although the correlation is not as strong as it is for organic N, Stevenson (1986) describes how
Po has been found to correlate with the organic carbon (C) content of a soil and that as the C:P
ratio increases (>300), net immobilization tends to occur and as it decreases (<200), net
mobilization (mineralization) occurs. Mineralization also occurs from basal microbial activity,
re-mineralization after the addition and decomposition of organic matter, and as a result of flush
effects caused by microbial death due to drying and rewetting, freeze thaw cycles, or soil
disturbance exposing physically protected organic matter (Oberson and Joner, 2005).
Whether or not mineralization or immobilization is the dominant process occurring, both
processes are occurring continuously in the soil, and contributing to the turnover of Po
(Stevenson, 1986). In general it has been observed that as total Po in a soil increases, gross
mineralization rates also increase (Stevenson, 1986). The contribution of the microbial biomass
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to plant-available P depends on the flux of P through the biomass, which is mathematically
defined as the quantity of the microbial P pool / the turnover time (time for a nutrient pool to
completely renew itself) (Oberson and Joner, 2005).
2.4.1.2 Biochemical mineralization: The role of soil phosphohydrolases
McGill and Cole (1981) suggested that mobilization of P from Po compounds is likely
independent of C oxidation and controlled by end product supply (Pi), and that Po esters appear
to be mobilized through extracellular and periplasmic hydrolase enzymes through the process of
biochemical mineralization. Since this time, this theory has been supported by quantitative
evidence and much has been learned about the mechanisms controlling enzyme production and
activity for Po mobilization.
As P is limiting in many environments, organisms have developed a range of enzymes
allowing the breakdown of Po compounds to yield Pi available for plant uptake (Baldwin et al.,
2005). Soil microorganisms, plant roots and the digestive tracts of some soil invertebrates have
the ability to excrete extracellular enzymes that can hydrolyse Po compounds, pyrophosate and
linear polyphosphate of biological origin (Quiquampoix and Mousain, 2005). Collectively, this
class of enzymes are called phosphohydrolases (Quiquampoix and Mousain, 2005). Depending
on an enzyme’s amino acid composition and conformation, it can have a broad or narrow
substrate specificity. Two main types of phosphohydrolases include the phosphomonoesterase
enzymes called acid and alkaline phosphatases, which are named according to the pH range that
they function optimally at (Stevenson, 1986; Quiquampoix and Mousain, 2005). Phosphatases
of plant origin are suspected of being acid phosphatases, while soil microbes can produce both
acid and alkaline phosphatases (George et al., 2002).
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As there is a metabolic energy cost to an organism when producing an enzyme, the
production of an enzyme is often regulated and may be repressed when not needed. As reviewed
by Quiquampoix and Mousain (2005), it has been demonstrated that phosphatase production by
fungi, bacteria and plants is repressed by high available Pi concentrations. It has also been
shown that the location of the enzyme may change when available Pi decreases; more freeextracelluar and less cell-membrane bound phosphatases were produced when Pi concentrations
were low compared with conditions of high Pi (Quiquampoix and Mousain, 2005). The Burns
hypothesis suggests that very small amounts of Pi in solution may actually stimulate
phospohydrolases by indicating that there is a source of Po present; however, most experiments
testing the effect of available Pi on enzyme production are not conducted with concentrations of
P low enough to test this hypothesis (1 µM, a concentration typical of soil solutions)
(Quiquampoix and Mousain, 2005).
The presence of a high concentration of Pi in soil solution may not only affect
phosphohydrolase production, but can also affect enzyme activity. For example, one study
showed the phosphatase activity produced by Pisolithus linctorius was enhanced by up to ten
times with P deficiency (Quiquampoix and Mousain, 2005). In addition to the phosphate anion,
most phosphohydrolases are inhibited by other polyvalent anions (molybdate, arsenate) as well
as by fluoride, metal ions (copper, silver, zinc, mercury, iron, manganese), and chelating agents
such as EDTA, 8-hydroxyquinone, tartrate and oxalate (Quiquampoix and Mousain, 2005).
Some divalent metal ions including Mg, Ca, Mn, Zn, have been shown to reactivate
phosphohydrolases after inhibition by chelating agents (Quiquampoix and Mousain, 2005). The
pH can also affect enzyme activity as it can determine if the enzyme is adsorbed to surfaces; the
optimal pH for enzyme activity may be different depending on whether the enzyme is in solution
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or sorbed (Quiquampoix and Mousain, 2005). However, Chapuis-Landry et al. (2001)
demonstrated that pH has less of an effect on modifying the activity of phosphohydrolases in the
field, as compared with laboratory studies with pure cultures.
Phosphatase activity has been observed to be greater in the rhizosphere (Stewart and
Tiessen, 1987). In addition to being a more hospitable region for many soil microbes, the
removal of Pi by plant roots in the rhizosphere is likely, in part, responsible for this increased
activity (Stewart and Tiessen, 1987). This system has the advantage of being efficient as the
residence time of Pi is kept to a minimum, reducing the opportunity for it to be fixed, sorbed, or
precipitated.
Plant species can influence the type and amount of phosphatase activity in the
rhizosphere. In pot trials using the same soil, George et al. (2002) found that certain agroforestry
plant species enhanced acid phosphatase activity, while maize contributed to greater alkaline
phosphatase activity. Houlton et al. (2008) conducted a comprehensive review of primary
literature where phosphatase activity in soils was measured and found that “…phosphatase
production rates were three times higher in soil samples from beneath plants with known
capacity to fix N2 compared to that beneath non-fixing species”. This is attributed to the fact that
N is necessary for the production of phosphatase (Houlton et al. 2008). This has significant
implications for the usefulness of leguminous crops as it appears that they have an advantage in
being able to stimulate P mobilization from Po sources.
It is important to note that increased phosphatase activity in soil does not necessarily
correlate with increased Po mineralization, as this is dependent on substrate availability (George
et al., 2002). Thus, there is a need for studies that demonstrate changes in the quantities of Po
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compounds simultaneously with increases in phosphatase activity, for instance by linking
enzymatic studies with NMR spectroscopy (George et al., 2002).
2.4.2 Measuring biological P fluxes in soil
Soil Po mineralization has been difficult to measure due to the high reactivity of
phosphate anions in soil solution, which are often rapidly sorbed to soil surfaces following their
release (Frossard et al., 1996). In the past, the measurement of total soil Po over time was used to
infer whether mineralization occurred (Condron et al., 2005), but this method is problematic
because extended time periods are needed for differences to become detectable. The method
also does not allow for the detection of the simultaneous processes that are occurring (i.e. P may
be mineralized and subsequently sorbed to soil constituents and/or immobilized again by soil
microorganisms).
Isotopic techniques using either 32P or 33P have been developed to more accurately
measure Po mineralization under steady state conditions (Oehl et al., 2001a). This is done by
pairing a short-term (typically 80-100 min) Isotopic Exchange Kinetics (IEK) batch experiment,
with a longer term (several days or more) incubation experiment to separate the physicochemical and biological/biochemical processes that govern the amount of isotopically
exchangeable Pi in a soil system. The IEK experiment establishes a baseline to allow the
estimation of the amount of isotopically exchangeable P due to physico-chemical processes over
the length of the incubation experiment.
The IEK method uses carrier-free radio-labelled P (33Pi ), and it is assumed that
unlabelled soil Pi, 31Pi, and 33Pi have the same fate in the system (Frossard et al., 2011). After
addition of the labelled isotope, the amount of radioactivity remaining in soil solution is
measured 4-5 times during the first 100 min of the incubation. From the inverse of the specific
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activity (SA, or ratio of 33Pi to 31Pi) in the soil solution at a given time, the amount of isotopically
exchangeable P (termed the E-value) for the time period can be calculated. Using equations
derived by Fardeau et al. (1985), E-values are extrapolated to calculate how much Pi would
become available over a longer period of time. In a longer term incubation experiment, however,
some of the Pi entering the soil solution would be a result of biological mineralization processes
which would lower the SA (by increasing 31P), providing a higher E-value than the one
extrapolated from IEK data. Pi made available by gross Po mineralization can then be
determined by difference in the measured E-values of the incubation experiment and those
extrapolated from the IEK batch experiment.
In addition to Po mineralization, 33P uptake by the microbial biomass pool can also be
measured using isotopic techniques, allowing for a better understanding of the role that microbial
P cycling plays in soil P availability (Oehl et al., 2001b). Assuming that water-extractable Pi is
the sole source of microbial P uptake, microbial Pi immobilization is calculated by knowing the
SA of the microbial biomass pool, the SA of the soil solution and the amount of microbial
biomass P. Net mineralization can then be determined by subtracting Pi immobilization from
gross mineralization. Oehl et al. (2001b) found that P cycled through the microbial biomass
faster in soils from biodynamic and organic agricultural field crop management compared to
soils fertilized only with mineral fertilizer. Achat et al. (2009) and Bünemann et al. (2012) found
rapid microbial P uptake under P-limited conditions, suggesting that microbial P uptake and
subsequent turnover may occur more rapidly in soils low in available Pi.
Bünemann et al. (2012) calculated gross Po mineralization on grassland soils in
Switzerland from fertilized treatments receiving N, P, and K or only N and K. The results
supported that available Pi was the main factor affecting gross P fluxes in both soils. External Pi
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concentrations are known to affect the expression of P uptake and transport genes in soil
microorganisms (Saleh-Lakha et al., 2005; Bünemann et al., 2012); accordingly, it can be
assumed that gross P fluxes in soil would also be affected by soil solution Pi values. Bünemann
et al. (2012) recommended that more studies were necessary in order to better understand the
effect of available Pi on gross P fluxes. Oehl et al. (2004a) recommended that further studies are
necessary to explore the effect of P limitation on Po mineralization and the extent to which Po
mineralization can supply P to growing plants.
2.4.3 Organic P mineralization in organically managed systems
Organic agriculture operates according to principles that aim to maintain or promote the
biological activity of the soil. More diverse crop rotations are employed and chemical fertilizers
and pesticides are prohibited. In this way, the plant-availability of nutrients in organically
managed soils may depend more on natural ecosystem processes. In a long-term (on-going since
1978) field trial in Switzerland comparing biodynamic, organic and conventional agricultural
practices that differ in their nutrient application (composted manure, manure, and mineral
fertilizers respectively) and plant protection strategies, several soil biological properties have
been found to differ. Oberson et al. (1996) observed greater microbial activity (ATP values), and
increased phosphatase activity in the biodynamic and organic treatments which the authors
suggested may lead to an increased cycling of microbial P and greater mineralization of Po. In
these same fields, Oehl et al. (2004a) found significant differences in the amount of organic
phosphorus in the treatments with the levels increasing in the order of: conventional, organic,
biodynamic. Finally, a higher microbial diversity and an increased ability to use organic
substrates more efficiently (for growth rather than just maintenance) were noted for the
biodynamic and organic treatments (Mäder et al., 2002).
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2.5 Arbuscular Mycorrhizal Fungi
It is well established that greater than 80% of terrestrial plants form symbiotic
relationships with arbuscular mycorrhizal fungi (AMF) (Smith and Read, 2008). One of the
defining characteristics of this symbiosis is the formation of arbuscules, defined as a ‘specific
organ’ in plant root cortical cells from which fungal hyphae branch out from (Funamoto et al.,
2007). AMF have coevolved with plants for greater than 400 million years and are of ecological
significance in terms of plant growth and nutrition (Hamel, 2007). One of the primary functions
they are known for is providing assistance in the uptake of nutrients, notably, P from the soil
(Jansa et al., 2006; 2011). Other advantages may include promoting greater aggregate stability,
enhancing water uptake, increasing microbial biomass, and providing plants with protection from
pathogens and heavy metal toxicity (Hamel, 2007; Liu et al., 2007; Sharma et al., 2007).
2.5.1 AMF and Phosphorus Uptake
AMF, like plant roots, take up inorganic orthophosphate anions from the soil solution.
AMF act as extensions to the host plants root system, reaching beyond the P depletion zone that
occurs immediately surrounding the roots (Bolan, 1991). In addition, AMF have been shown to
have a greater P uptake efficiency than plant roots, by accessing P at lower soil solution
concentrations and by taking it up at increased rates (Liu et al., 2007). This ability is likely a
result of a combination of factors. AMF hyphae have smaller diameters than plant roots and
therefore have a greater surface area to volume ratio, allowing greater access to soil P reserves
(Liu et al., 2007). Relatedly, Hamel (2007) describes how AMF mycelium undergo constant
turnover, where hyphal contents are redistributed to areas of new growth, effectively optimizing
the exploitation of soil in time and space. AMF also have a low and a high affinity system for P
uptake; the high affinity system requires energy but is highly efficient at P uptake (Liu et al.,
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2007). Finally, once taken up by AMF hyphae, Pi anions are converted into polyphosphate
which helps to maintain a concentration gradient to assist in Pi uptake (Funamoto et al., 2007). P
is then stored and transported in the hyphae as polyphosphate to the arbuscules where it is
metabolized by phosphatase enzymes and released to the plant (Funamoto et al., 2007).
Arbuscular mycorrhizal fungi (AMF) have been demonstrated to increase P uptake in
crops. For example, Landry et al. (2008) showed that unfertilized corn, colonized by indigenous
AMF, contained 20% and 26% more P than unfertilized AMF-inhibited (via fungicide
application) corn, in consecutive years, respectively. However, the efficiency of this beneficial
relationship is dependent on the genotypes of both plant and AMF species (for example see
Wagg et al., 2011, Fernandez et al., 2011). Moreover, AMF colonization is likely of greater
importance in the early stages of crop growth when P uptake is at its maximum, but this may also
vary by species (Landry et al., 2008).
2.5.2 AMF genetic and functional diversity
Today there are about 230 known species of AMF, which fall phylogenetically within the
Glomeromycota phylum of fungi (Smith and Read, 2008; Helgason and Fitter, 2009), with new
glomalean taxa constantly being identified (Helgason et al., 2002). Although some AMF exhibit
broad range specificity for plant species, others are quite host-specific; considering the number
of known plant species, it is likely there are many AMF species yet to be identified (Helgason et
al., 2002).
In a given field, several AMF species may co-exist and these species may enhance,
hinder, or have no effect on each other (Hamel, 2007). Although there may be some negative
interactions at the species or population level, a high level of species diversity is known to be
characteristic of a healthy ecosystem (Mäder et al., 2002) and low diversity may be indicative of
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impaired ecosystem functioning (Helgason et al., 1998). AMF diversity and plant diversity have
been observed to be positively correlated (Mäder et al., 2002; Sanders, 2004). Van der Heijden
et al. (1998) found that a greater number of AMF species was linked with greater ecosystem
productivity and total P uptake.
Smith et al. (2000) demonstrated that AMF species differ functionally in terms of the
ability to assist in P uptake; however this functional ability may vary with different crop species.
It was also observed that certain species possess different spatial growth patterns, hence in terms
of P uptake, more than one species may be beneficial to the plant as they may occupy different
niches of the soil (Smith et al., 2000; Jansa et al. 2008). AMF diversity may also vary
temporally. Helgason et al. (2002) found that during the growing season of H. non-scripta
(common bluebell), the plants were colonized by a succession of at least 8 different AMF
species. The authors supported that the diversity of AMF is likely responsible for a vast array of
benefits at many physiological levels.
In agricultural soils, AMF diversity has been found to be less than in surrounding natural
ecosystems (Helgason et al., 1998; Alarcon et al., 2007). Agricultural practices may select for
certain AMF species and certain species may be eliminated (Jansa et al., 2006; Alarcon et al.,
2007). Glomus species are dominant in agricultural soils likely because of their ability to form
anastomosis (connections between different hyphal strands), which would help to regenerate
AMF networks after tillage (Jansa et al., 2006). Helgason et al. (1998) reported a dominance of
G. mosseae in all agricultural fields surveyed, but that this species was not found in the nearby
forest. This was attributed to the fact that G. mosseae colonizes rapidly and sporulates
abundantly, a characteristic that would be advantageous in annually tilled fields.
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Fertilization and pesticide application may also negatively impact AMF populations
(Jansa et al. 2006). Alarcon et al. (2007) reported that communities tended to be more diverse in
low-input systems when compared with high-input systems. Other authors have also reported
that AMF diversity was more related to management intensity and site history rather than
management type (organic or conventional), with AMF diversity decreasing as management
intensity increased (Oehl et al., 2003; Hijiri et al., 2006). Ma et al. (2005) supported that “a
diverse AMF population is a key factor to improve the sustainability of low-input and org.
cropping systems.”
2.5.3 Determining AMF diversity and community structure
Relatively little is known about the diversity of AMF in natural and managed ecosystems
primarily due to methodological limitations for detecting, identifying and quantifying AMF
species from the soil (Liang et al., 2008). The traditional method of classifying AMF diversity
consisted of sieving spores from soil, quantifying, and identifying them based on morphological
characteristics (Sanders, 2004). Besides being difficult and time-consuming to identify spores,
this method is problematic as AMF spore numbers do not necessarily accurately represent the
abundance and presence of AMF species (Hijiri et al., 2006). A species could be present and not
sporulating or present in relatively low abundance and producing a large number of spores
(Sanders, 2004).
Molecular biology technologies using the polymerase chain reaction (PCR) to analyze
AMF diversity at the DNA level have the potential to provide more accurate estimates of AMF
community structures and biodiversity. Simon et al. (1992) were the first to publish a study
using molecular techniques to characterize AMF. Since this time, several PCR-based methods
have been developed that allow analyses of AMF community structures including restriction
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length polymorphism (RFLP), denaturing gradient gel electrophoresis (DGGE), and temperature
gradient gel electrophoresis (TGGE) (Liang et al., 2008). However, as described by Thonar et al.
(2012), molecular approaches targeting AMF that can provide meaningful information at the
species level have been slow to becoming routine practice. This is largely a result of
complications that arise when developing species specific marker sets (primers and associated
hydrolysis probes) because of the high degree of DNA sequence diversity within individual
AMF isolates and because of limited knowledge on the sequence diversity that exists between
species or taxa. Further, deriving meaningful data from methods such as quantitative real-time
PCR (qPCR) is complicated as a result of the multinuclear and multi-genomic cellular
organization of many AMF species (Sanders et al., 2003; Hijiri and Sanders, 2005), such that
different biological units are measured than those used in traditional microscopic methods
(Gamper et al., 2008; Thonar et al., 2012). Thonar et al. (2012) appear to have made a
breakthrough in being able to accurately detect several AMF isolates using species specific
primers and fluorescently labelled probes with qPCR technology. They have also developed a
calibration system by calculating the number of target gene copies per unit of genomic DNA for
each species in order to allow for a more useful interpretation of the numerical qPCR results.
2.5.4 AMF and Organic Agriculture
AMF are considered to play a key role in organic agriculture as it is generally assumed
that they help maintain adequate crop P nutrition in the absence of synthetic P fertilizer
application (Gosling et al., 2006; Dai et al., 2014). Several studies have reported greater AMF
root colonization and/or spore abundance to be higher in organically- versus conventionallymanaged fields (Mäder et al., 2000; Entz et al., 2004; Oehl et al., 2004b; Welsh, 2007). This
may be explained by a number of factors, including the use of more diverse crop rotations, the
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avoidance of chemical pesticides and lower amounts of soluble nutrients, which are organic
agriculture practices that have been shown to promote the proliferation of AMF (Plenchette et
al., 2005; Jansa et al., 2006). It is well known that high levels of STP often decrease AMF
development (Hamel and Strullu, 2006) and several studies have shown negative impacts of
soluble P fertilizer use on AMF root colonization in agricultural soils (Dekkers and van der
Waff, 2001; see Ngosong et al., 2010; Sheng et al., 2013). Finally, perennial legume-based
forages may enhance the effect of AMF through the synergistic nature of the tripartite symbioses
(Chalk et al., 2006).
Increased diversity of AMF has been reported in organic agricultural systems, based on
using traditional morphology and spore classification (Oehl et al, 2003; 2004b; Bedini et al.,
2013) and on molecular biology techniques (Verbruggen et al., 2010; and Van der Gast et al.,
2010; Dai et al., 2014). This is consistent with increased bacterial and arthropod diversity in
organic farming systems (Mäder et al., 2002; Li et al., 2012; Lynch, 2014). AMF diversity has
been positively correlated with above ground plant productivity (Van der Heijden et al., 1998;
Wagg et al., 2011) and total P uptake in natural systems (Van der Heijden et al., 1998), and it is
plausible that enhanced AMF diversity may also contribute to greater P uptake and crop yields in
low-input agricultural systems. AMF community structure is also important, as even if two
comparison sites have similar species richness, the assemblages of AMF species and their
functional capabilities may differ (Jansa et al., 2006).
Evidence supports that AMF development is enhanced under conditions of low soil P
(Hamel and Strullu, 2006) and that the benefits of AMF are greater in soils with low available P
levels (Landry et al., 2008). AMF development may be further enhanced in organic farming

26

systems because they do not involve synthetic fertilizers or pesticides, and also tend to employ
diverse crop rotations (Oberson and Frossard, 2005; Gosling et al., 2006; Dai et al., 2014).
2.6 Summary
In summary, based on current evidence, it is possible that the current soil test (Olsen
STP) used in Ontario, Canada may not be able to accurately predict plant-available P in organic
agriculture systems. Although limited data are available, through increased microbial and
phosphatase activity, organically managed systems may cycle Po more efficiently through both
biological and biochemical mineralization. In addition, AMF colonization and diversity may be
enhanced in organic farming due to a lack of chemical fertilizer and pesticide application and
using generally more diverse crop rotations and organic inputs. Greater AMF diversity, or an
altered AMF community structure, in organic agricultural soils could contribute to increased P
uptake efficiency by host crops. The ability of these biological mechanisms to compensate for
low soil solution Pi needs to be better understood.
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Chapter 3 - Indicators of plant-available phosphorus on organic and conventional dairy
farms in relation to forage quality and yield.
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3.1 Abstract
Recent studies exploring soil phosphorus (P) fertility on dairy farms under organic
management in Canada have reported low concentrations of Olsen soil test P (STP), yet the
impact on crop productivity is not clear. It has been suggested that soil biological activity,
including the presence and/or abundance of arbuscular mycorrhizal fungi (AMF), in organicallymanaged systems has an increased role in providing the crop with P not measured by the
conventional Olsen soil P test. The objective of this study was to evaluate soil biological and
biochemical properties from forage (Medicago sativa (alfalfa) / Phleum pratense (timothy))
fields on organic and conventional dairy farms to determine if there were any differences in
parameters linked to plant P availability and crop P uptake. Forage fields on three long-term
(>20 y) organically-managed dairy farms with low Olsen STP (mean of 5.1 mg kg-1) were
selected and compared with adjacent conventional dairy farm fields with long-term histories of
synthetic P fertilizer application and higher STP levels (mean of 11.7 mg kg-1). Plant and soil (015 cm) samples were collected from each field in the 2009 growing season. Soil P forms were
compared using solution 31P Nuclear Magnetic Resonance Spectroscopy (NMR). After
correcting for orthophosphate diester degradation during NMR sample analysis, relative
proportions of orthophosphate diesters, known to be readily mineralized forms of organic P,
were greater in soils from organically managed systems (34% vs 26%), and were found to be
correlated to legume content (r = 0.80, P <0.01) and declining STP concentrations (r = 0.69,
P <0.01). Mean AMF root colonization of alfalfa was greater in organic systems (37% vs 23%)
and was negatively correlated with STP (P = 0.0006). No significant differences were found
between management systems for both acid and alkaline phosphatase activity and amounts of
phytase labile P. Mean alfalfa tissue P concentrations were significantly greater in conventional
(3.3 g kg-1) compared to organic systems (2.4 g kg-1), and were positively correlated with STP
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(r = 0.82, P = <0.0001), but remained at or above the suggested critical value of 2.0 g kg-1) in all
systems. Total forage yields on organic fields (8.0 Mg DM ha-1) did not significantly differ from
conventional field yields (9.5 Mg DM ha-1), despite lower Olsen STP and alfalfa tissue P
concentrations. Interestingly, the organic systems supported greater proportions of Medicago
sativa (alfalfa) in forage stands (65 vs 28%) and legume content was negatively correlated with
STP. This study indicates that legume-based forages have the potential to yield well at low STP
values (< 10 mg kg-1). It is likely that increased AMF root colonization, and greater proportions
of labile orthophosphatediesters observed contributed to the forage crops maintaining sufficient
P contents and yields. This research supports the importance of biological processes to soil P
cycling and nutrient use efficiencies in organic production systems.
3.2 Introduction
Recent studies exploring soil fertility on Canadian organic dairy and grain farms have
reported low Olsen soil test phosphorus (STP) levels, which is an index of plant-available
phosphorus (P) (Martin et al., 2007; Roberts et al., 2008; Welsh et al., 2009; Knight et al., 2010;
Main et al., 2013). These data are consistent with reports from the international community
where indices of plant-available P have been found to be low in soil from organically-managed
fields (Gosling and Shepherd, 2005, Oberson and Frossard, 2005; Løes and Øgaard, 2001).
Similarly, these measures of plant-available P have been shown to decrease with the length of
time a field is farmed organically (Entz et al., 2001; Gallet, 2001; Løes and Øgaard, 2001). These
results may have implications for overall productivity and sustainability of organic systems, as
plant P deficiencies reduce crop yields and can negatively affect biological nitrogen (N) fixation
of leguminous crops (Parfitt et al., 2005; Chalk et al., 2006). This is of particular concern as
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many organic farms rely heavily on biological N fixation to supply their N needs (Berry et al.,
2003; Lynch et al., 2012; Main et al., 2013; Woodley et al., 2014).
A reliable estimate of available soil P should be correlated to crop yield and/or plant P
uptake. Using these relationships and crop-specific critical tissue P levels, optimal crop
production can be determined (Dahnke and Olson, 1990). Soils can be categorized to have a
low, medium or high probability of responding to P fertilizer application based on their STP
value (Tunney et al., 1997). Despite having low STP values, for which a high response to P
fertilizer application would be expected, some organic farmers state that their crop yields are
acceptable and they do not believe their crops are suffering from a P deficiency. This is
consistent with a recent survey of forage fields on organic dairy farms in Ontario and Nova
Scotia that did not find a significant relationship with STP and forage yield (Main et al., 2013).
Organic agriculture operates according to principles that aim to maintain or promote the
biological activity of the soil. More diverse crop rotations are employed and synthetic fertilizers
and pesticides are prohibited. In this way, the plant-availability of nutrients in organicallymanaged soils may depend more on natural ecosystem processes (Lynch, 2014). It should be
considered that the Olsen STP and other commonly used soil tests to indicate P fertility
requirements only measure a portion of labile inorganic P (Pi); thus, soil extracts may not be an
adequate index of P availability because soil biological activity in organically-managed systems,
including organic P (Po) mineralization and the arbuscular mycorrhiza (AM) symbiosis, may
play a greater role in contributing to crop P supply (Oberson, 1993; Condron, 2005; Hamel and
Strullu, 2006; Martin et al., 2007; Roberts, 2008; Main et al., 2013; Lynch, 2014; Dai et al.,
2014).
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It has also been reported that when available soil Pi (such as that indicated by the Olsen
STP) is limiting, Po may become the dominant soil source of P nutrition for plants (Tiessen et al.,
1984). Organic P can be made available during biological mineralization (oxidation of soil
organic matter and cycling through the microbial biomass) or through biochemical
mineralization as a result of extracellular and periplasmic enzyme production (Stewart and
Tiessen, 1987; Oberson, 1996). Organic farming systems are managed according to principles
that promote soil biological activity and as such, these mechanisms of Po mineralization may be
enhanced (Oberson et al., 1996; Oehl et al., 2004).
In a long-term (on-going since 1978) field trial in Switzerland comparing biodynamic,
organic and conventional agricultural practices that differ in their form of nutrient application
(composted manure, manure, and mineral fertilizers, respectively) and plant protection strategies,
several soil biological properties have been found to differ. The organic systems were found to
be higher in microbial C, N, P, microbial activity (respiration and ATP values) and phosphatase
activity (Oberson et al., 1996; Oberson and Frossard, 2005). As reviewed by Quiquampoix and
Mousain (2005), phosphatase activity has been demonstrated to increase when available Pi is low
and is repressed when available Pi is high.
Organic P mineralization also depends on the concentration and forms of Po present in the
soil (Condron et al., 2005; Bünemann, 2008). As summarized by Condron et al. (2005), studies
have shown that the specific forms of Po present have a major influence on plant-available P. In
particular, orthophosphate diesters are thought to be a labile and readily mineralizable form of
soil Po (Quiquampoix and Mousain, 2005; Guggenberger, 1996). Solution 31P NMR
spectroscopy is an ideal tool to study Po in soil as the concentration of P species and groups can
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be quantified (Condron et al., 2005). Similarly, enzyme additions to soil can provide valuable
data with regard to the potential bioavailability of soil Po (Bünemann, 2008).
Evidence also supports that arbuscular mycorrhizal fungi (AMF) development is
enhanced when available solution Pi is low (Hamel and Strullu, 2006) and that the benefits of
AMF are greater in soils with low available Pi levels (Landry et al., 2008). The arbuscular
mycorrhizal symbiosis may be further enhanced in organic farming systems because synthetic
fertilizers or pesticides are not used in these systems, and they also tend to employ diverse crop
rotations (Gosling et al., 2006; Oberson and Frossard, 2005; Dai et al., 2014). Perennial legumebased forages may enhance the effect of AMF through the synergistic nature of the tripartite
symbioses (Chalk et al., 2006).
In this study, the overall goal was to gain a better understanding of the issue of low STP
values on organic dairy farms in Ontario, Canada. Forage fields from organic and conventional
dairy farms were compared to allow for the identification of characteristics unique to
organically-managed systems. The first objective was to identify differences in soil biological,
biochemical and forage parameters relating to plant P availability on three paired long-term
organically and conventionally managed forage fields. Specific parameters measured included
phosphatase activity, phytase labile P, AMF root colonization, soil Po forms as determined by
NMR spectroscopy, as well as forage yield, composition and quality. A secondary objective was
to characterize relationships between STP and the aforementioned soil biological and crop
parameters. This study was intended to be broad by sampling several parameters relating to
plant-available P in order to direct future studies designed to better understand the P dynamics of
these distinct production systems (i.e. see Chapters 4 and 5 of this thesis).
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3.3 Materials and Methods
3.3.1 Site selection and description
Fields on three organically-managed dairy farms in southwestern Ontario were selected
from an initial screening of ten organic farms conducted in 2008 (Main et al., 2013). All three
selected fields had relatively high forage yields despite having low STP values (<10 mg kg-1).
The three farms had been managed organically for > 20 y and have been consistent in their
nutrient management practices, and crop rotations (Table 3.1). A forage field established for 2 –
3 y was selected on each farm. Level to gently sloping fields were selected in order to minimize
yield variations due to topographical factors. Conventional dairy farmers with forage fields
located in close proximity (< 2.3 km) to the organic sites were selected to enable an organic /
conventional comparison. Farmers were surveyed to gain information on their management
practices, soil fertility and yield history. The main criteria for being a conventional farm suitable
for this study included: having a long-term (> 20 y) history of synthetic P fertilizer application,
having an established second or third year forage field that would be left in forage for the 2009
growing season, having similar soil texture to its organic comparison, and having similarly level
topography. In addition, conventional farms with relatively similar herd size and having an
appropriate field of similar size to the organic farms were selected. Farms had similar tillage
practices (when not in perennial crop, soils are ploughed in the fall and typically cultivated twice
in the spring). Mean annual total P budgets (inputs – outputs) were calculated for each field (see
Appendix 1 for a more detailed description of calculations). Management practices including P
budgets and select soil characteristics of all fields are shown in Table 3.1. The soils were all
Grey-Brown Luvisols according to the Canadian System of Soil Classification (Hoffman and
Richards, 1952; 1954; AAFC, 1998). All forage fields sampled were predominantly comprised
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of Medicago sativa (alfalfa) and Phleum pratense (timothy grass). The locations of the farms
sampled for this study are shown in Figure 3.1. Mean annual temperature and precipitation data
are shown in Table 3.2.
3.3.2 Soil and plant sampling
Soil, plant and root samples were collected from the forage fields during the 2009
growing season. A directed sampling approach was used to select four 20 x 20 m sample plots
on each field. These four plots were selected to represent average areas of the field and were
selected based on topography, crop density and vigour, historical field management data, and any
existing soil nutrient data. Within these 20 x 20 m plots, three 0.5 x 1 m subplots were randomly
chosen for soil and plant sampling. Thus, in total, 12 soil and plant samples were collected per
field. The GPS coordinates were recorded for all sample plots.
Soil and plant samples were collected just before the first cut of hay (mid-June, 2009).
Additional plant samples were collected at the second (late July/early August) and third
(September; if applicable) cuts of hay. For subsequent cuts of hay, a new 0.5 x 1 m subplot was
randomly selected within the same 20 x 20 m quadrat. Forage within each subplot was cut at 5-8
cm above ground (Kelling and Matocha, 1990), and stored in breathable cotton bags. From each
sub-plot, nine soil cores (0-15 cm depth) were collected according to a grid pattern and
composited to generate the 12 samples per field. In addition, three randomly selected alfalfa root
samples to a depth of 15 cm were collected using a 10 cm diameter steel core, by placing the
core directly over top of an alfalfa tap root. All soil sampling equipment was cleaned with a
brush, rinsed with deionized water and wiped with ethanol between samples.
Soil and plant samples were kept in coolers with ice in the field and then stored at 4°C
until further processing. Within 48 h the above-ground plant samples were sorted, dried and
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weighed for determination of forage yield and composition. The soil was sieved (2 mm)
immediately and divided into subsamples to be air dried, refrigerated or frozen (-20°C) as
required for further analysis. Alfalfa root samples were separated from the soil and washed with
deionized water. The three root samples collected from each subplot were pooled together. All
roots thin enough for assessing AMF colonization (determined during a pre-test) were selected
and cleared immediately for AMF root colonization analysis as described below.
3.3.3 Soil physical and chemical analyses
Air-dried soil samples were submitted to laboratory services (University of Guelph) and
analysed for soil texture (Sheldrick and Wang, 1993), pH (Miller et al., 1997), organic matter
(Tiessen and Moir, 1993) and Olsen STP (sodium bicarbonate extractable P; Olsen et al., 1954).
Total P was determined according to the wet digestion method of Anderson and Ingram (1993)
using H2SO4 and H2O2 (30%), selenium (Se) as a catalyst for the oxidation of organic matter, and
lithium sulphate (Li2O4S) to increase the boiling point. All 72 soil samples were analysed for
Olsen STP. For all other parameters, determinations were made on four composite samples
(from the 20 x 20 m plots) per field (total of 24 samples).
3.3.3.1 NaOH-EDTA extractable phosphorus
The NaOH-EDTA soil extracts (n = 24, four composite samples per field) were prepared
according to the method of Cade-Menun and Preston (1996), commonly used for solution 31P
NMR analyses of soil (Cade-Menun, 2005; Cade-Menun and Liu, 2014). The procedure was
modified in that 4 g dried and ground soil (shaker ball mill (MM-200), Retsch, Haan, Germany)
and 40 mL of 0.25 M NaOH-0.05 M Na2EDTA solution were used to provide sufficient extract
for both NMR analysis and for measuring phytase labile P. The extracts were filtered through
Whatman No. 4 filter paper to remove any coarse particles.
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The extracts were analysed for Pi, according to the malachite green method of Ohno and
Zibilske (1991) and for total P by wet digestion followed by colorimetric analysis. The NaOHEDTA extractable Po was determined by difference (Bowman and Moir, 1993).
3.3.3.2 31P Nuclear Magnetic Resonance spectroscopy (NMR)
The NaOH-EDTA extracts (25 mL) were frozen immediately at -80°C and subsequently
freeze-dried. The samples were submitted for 31P NMR analysis to the Stanford Magnetic
Resonance Laboratory (Stanford University, Stanford, CA, USA) where they were analysed by
Dr. Corey Liu. Samples were prepared for NMR analysis by adding 0.5 mL each of D2O, H2O
and 10 M NaOH, and 0.5 to 2.5 mL of the NaOH-EDTA extracting solution (more as needed to
dilute viscous samples), allowed to sit with intermittent vortexing for 10 min, centrifuged for 20
min at 1380 g, and decanted into 10 mm NMR tubes for analysis within 18 h. Two samples were
selected for spiking with known P compounds (phytate, β-glycerophosphate, phosphocholine) to
aid peak identification (McDowell et al., 2007). Following NMR analysis of these samples, 200
µL of the samples were removed and saved. For one sample, 200 µL of 0.1 g 25 mL-1 stock of
phytic acid was added, and analyzed by NMR for an additional 4 h. For the second sample, 100
µL of 0.01 M beta-glycerolphosphate and phosphocholine stocks were added, analyzed by NMR
for 1.5 h, then 175 µL of 0.1 g 25 mL-1 stock of phytic acid was added and analyzed for an
additional 4 h. Solution 31P NMR spectra were obtained on a Bruker Avance 500 MHz
spectrometer with a 10 mm broadband probe. Temperature was regulated to 20˚C.
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spectra were acquired with 90˚ pulses (calibrated on an external sample of orthophosphate), 12
Hz spinning, 12135.92 Hz spectral windows, 16384 total data points (acquisition time, AT, of
0.68 s), and without proton decoupling, with total recycle delay (pre-scan delay plus acquisition
time) of 5 s, for 2896 scans over 4 h. Spectra were plotted with 7 Hz line-broadening for the
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main spectra, and 1 Hz line broadening for the finer detail in the 7 ppm to 2.5 ppm monoester
region. Peak areas were computed by integration and peak assignments were made from the
literature (Turner et al., 2003a; Doolette et al., 2009; He et al., 2011; Young et al., 2013) using
NUTS software (Acorn NMR, Livermore CA, 2000 edition) and visual inspection.
Concentrations of total orthophosphate monoesters (monoesters) and orthophosphate
diesters (diesters) were compared in two ways. The first method summed all the monoesters or
diesters measured and presented this data as determined directly from the spectra. The second
method used corrected values for total monoesters and diesters present in the sample. The
corrected values are believed to be more representative of what is present in the original sample,
as some of the monoesters are believed to be degradation products of diesters that are formed as
a result of the NMR analytical conditions (He et al., 2011; Liu et al., 2011; Young et al., 2013)
These include α- and β-glycerophosphate, which have been shown to be phospholipid
degradation products (Doolette et al., 2009) and mononucleotides, which are formed
predominantly from RNA degradation (Turner et al., 2003a). The corrected values are calculated
by moving the peak areas of the known degradation products (α-glycerophosphate, βglycerophosphate, nucleotides and half of the unidentifiable peaks in the monoester 2 category
(Dr. Barbara Cade-Menun, personal communication) out of the monoester grouping and back
into the diester group, effectively decreasing the total percentage of monoesters and increasing
the total diesters percentage.
The NMR data for organic and conventional treatments were analysed in two ways; the
relative percent of a given compound of the total P in the sample and the concentration of the
compound present in the sample, computed by multiplying the percentage of each compound by
the total P in the NaOH-EDTA sample extract, were compared.
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3.3.4 Soil biological and biochemical analyses
3.3.4.1 Phosphatase activity
Fresh soils (n = 72) were analysed for acid and alkaline phosphatase activity. Soil
phosphatase activity was measured using the classical method where para-nitrophenyl phosphate
(p-NPP) is added to the soil and the liberation of Pi from p-NPP is considered to be a result of the
hydrolyzing activity of phosphatase. The original colorometric assay of Tabatabai and Bremner
(1969) was followed for acid phosphomonoesterase activity, with the modification of not adding
toluene, in accordance with the findings of Verchot and Borelli (2005) and review by Bünemann
et al. (2011). Additionally, the modification of changing the buffer pH was used to measure
alkaline phosphomonoesterase (Criquet and Braud, 2008).
3.3.4.2 Phytase labile P
An assay for phytase labile P was conducted on the NaOH-EDTA extracts (n= 24) to
access the potential lability of the Po in the different soils (Keller et al., 2012). Phytase enzyme
solution was prepared by dissolving 0.25 g phytase from Peniophora lycii (RONOZYME® NP
(M) DSM Nutritional Products, Denmark, recommended by Bünemann (2008) for having a high
specificity for phytate) in 50 mL autoclaved nanopure water, centrifuging and filtering the
supernatant at 0.2 µm. Using the microplate procedure of Marx et al. (2001), 180 µL of MESEDTA buffer (0.15 M MES and 0.01 M EDTA (titriplex EDTA disodium salt), adjusted to a pH
of 5.5), 50 µL of autoclaved water, 50 µL of phytase enzyme solution, and 20 µL of NaOHEDTA sample extract or NaOH-EDTA (enzyme controls), were added to each of the sample
wells. For samples where no enzyme was added, 50 µL of autoclaved water was added instead.
After sample addition and mixing by pipette, the microplates were incubated at 37°C with gentle
shaking (~40 rpm) for 24 h, after which 50 µL from the sample well was transferred to a new
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plate, with each well containing 150 µL of water. Solution Pi was determined using the
malachite green method (Ohno and Zibilske (1991) and measured at 620 nm using a microplate
reader (EL 800, Biotek). The P released as a result of phytase addition, was calculated by
difference: (Pi concentration in samples incubated with the enzyme – Pi concentration in samples
incubated without enzyme) – Pi concentration in enzyme blanks.
3.3.4.3 Microbial biomass P
Fresh soils were stored in the fridge (4°C) until analysis for microbial biomass P. Soil
microbial biomass P was measured in triplicate (n = 72 x 3) with the chloroform fumigationextraction method (Voroney et al., 2008). In brief, field-moist soil equivalent to 5 g of ovendried soil was placed in 120 mL glass bottles and fumigated with chloroform vapour in the dark
for 20-24 hrs. Fumigated samples and an equivalent weight of non-fumigated soil were then
extracted with 90 mL of 0.5 M NaHCO3 (pH 8.5) by shaking (oscillating) for 30 min at 150 rpm
and filtered through Whatman No. 42 filter paper. Recovery efficiency of P i was determined for
each soil sample by spiking the extractant with 1 mL solution containing 250 µg Pi mL-1
KH2PO4. Filtrates were kept frozen at -20°C until analysis. Samples were thawed at 4°C, mixed
well and analysed for molybdate reactive orthophosphate using a Lachat auto-analyzer (Lachat
Instruments, Loveland, CO) (Olsen and Dean, 1965).
Microbial P was calculated by the difference in Pi extracted from fumigated and nonfumigated samples. Concentrations were corrected for calculated Pi recovery efficiencies and a
KP factor of 0.4 was applied to correct for the extraction efficiency of microbial P.
3.3.5 AMF root colonization
After washing, alfalfa roots samples (n = 72) were cut into ~1 cm pieces, suspended in
water, and a subsample was removed for clearing and staining. Cut roots were placed in small
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cytological cassettes (FisherbrandTM catalogue number 15-200-403E) and cleared in a solution of
10% KOH by autoclaving for 20 min (determined in a pre-test to be sufficient time for clearing).
Roots were stained using the ink-vinegar technique using Shaeffer Jet Black ink (Wallack’s Art
Supplies, Ottawa, ON) (Vierheilig et al., 1998). Stained roots were stored in water acidified with
vinegar until AMF root colonization was assessed by the magnified grid-line intersection method
(McGonigle et al., 1990) using intersections with arbuscules to indicate colonization. Three
slides, providing a minimum total of 150 intersections were counted for each sample.
3.3.6 Plant analyses
Immediately following field sampling, forage samples (n = 72) were sorted by
composition (alfalfa, grass, weeds, clover) and dried in forced-air ovens at 70°C for 48 h. After
drying, plant samples were weighed to calculate forage yield and ground using an Impeller-Type
Cutting Mill (Type SM1, Retsch, Newtown, PA) to pass through a 1- mm mesh screen. After
mixing, the ground samples were subsampled (~10 g) and further ground (< 0.1 mm) using a
reciprocating bead-mill (Retsch model MM300) for tissue P analysis.
3.3.6.1 Tissue P analysis and P uptake
Plant tissue P concentration (g kg-1) was determined by dry-ashing 0.250 ± 0.010 g
ground tissue and dissolving the ash in a mixture of 30% HCl and 10% HNO3 (Jones and Case,
1990), followed by molybdate-blue colorimetric analysis (Murphy and Riley, 1962). Plant P
uptake (kg P ha-1) was determined by multiplying dry matter yield by tissue P concentration.
3.3.7 Statistics
Twenty-four data points were included in the statistical analysis for all measured
parameters. Where 72 sample determinations were made, the mean of the three samples from
field sub-plots was determined to provide 4 data points per field (4 x 6 field =24 samples total).
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Treatment effects were estimated using the iterative approach of the Restricted Maximum
Likelihood (REML) method using Proc Mixed in SAS (ver. 9.2, SAS Institute, Cary, NC, USA),
which provides the Type 3 fixed effects estimate (F test). The Proc-mixed procedure allowed us
to include 24 data points and to account for the fact that the data was grouped by location.
Treatment effects were estimated using the Proc Mixed procedure using management type as the
single treatment effect and location as a random effect. Homogeneity of error (residuals) was
tested for each model and using the SAS Proc Univariate procedure, the residuals were also
tested for normality as determined by the Shapiro–Wilk statistic (Bowley 2008). If necessary,
transformation of the data was performed to ensure validity of the statistical analysis (residuals
were normal and homogenously distributed). Correlation analysis was used to assess the
relationships among soil and plant parameters. The Proc Corr procedure in SAS was used to
determine Pearson correlation coefficients and corresponding p values (Bowley, 2008). A type I
error rate of P = 0.05 was used for all statistical evaluations.
3.4 Results
3.4.1 Soil phosphorus forms as determined by solution 31P NMR spectroscopy
Solution 31P NMR spectra of NaOH-EDTA extracts of the three organic and three
conventional farm soils are shown in Figure 3.2. Figure 3.3 shows details of the monoester
region for soil extracts from fields Org 2 and Con 2, including, samples spiked with myo-inositol
hexakisphosphate (IHP) (phytate), β-glycerophosphate and α-glycerophosphate. The dominant
peak was at 6 ppm, representing orthophosphate; peaks from 3.7 to 5.8 ppm, include IHP,
mononucleotides, unidentified peaks, scyllo-IHP, glucose-6-phosphate, α- and βglycerophosphate, choline phosphate and unidentified peaks grouped in the broader category
‘Monoester 2’. Smaller peaks were measured for the diesters, which includes diester group 1,
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diester group 2, and DNA, monoester group1, and monoester group 3, phosphonates, and
inorganic polyphosphates and pyrophosphates. See Appendix 2 for a detailed list of chemical
shifts.
Relative proportions of P forms detected in the extracts (Table 3.3) were dominated by
monoesters (39-62%), and orthophosphate (29 to 52%), with smaller percentages of diesters (3.0
to 5.6%), phosphonates (1.1 to 2.0%), and Pi present as pyrophosphate (0.7 to 1.5%) and
polyphosphates (0.8 to1.4%). The monoester group was dominated by unidentified Group 2
monoesters, IHP, and mononucleotides. After correction for the degradation of diesters during
sample preparation, percentage of total monoesters decreased to 20 to 33% of total P present in
the extracts and the diesters increased substantially to 23 to 35%. When Pi is excluded, this
amounts to 43 to 51% and 47 to 53 % of the total Po present in the extracts for monoesters and
diesters, respectively.
3.4.1.1 Relative percentages of soil P forms
A greater proportion of the P was present as orthophosphate in soil extracts from the
conventional fields when compared with those soil extracts from organic fields. Similarly, as
orthophosphate made up the majority of Pi in the extracts, the percentage of total Pi in the
extracts was also greater in soil extracts from conventional fields. The mean percentage of total
Po was numerically greater for soil extracts from organically managed fields (67%) relative to the
conventional comparison (51%), but was not found to differ significantly (P = 0.0534). The total
Pi: Po ratio was significantly greater in soil from the conventional treatment when compared to
soil from the organic treatment. No differences were detected between management types for
the other Pi species detected, namely pyrophosphate and polyphosphate.
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When comparing relative proportions of the various Po compounds in the soil extracts, no
significant differences between management types were found with the exception of the organic
treatment which contained significantly more corrected values for diesters than did the
conventional treatment (34.1 vs. 25.6%).
As the corrected diesters present in the extract were the only form of Po found to be
significantly affected by management regime, the relationships between the proportion of
diesters and field properties were explored. Interestingly, the proportion of corrected diesters
present in the extracts was found to be negatively correlated with Olsen STP (r = -0.69,
P = 0.0002) and positively correlated with the proportion of legumes in the stand (r = 0.80,
P <0.0001; Figure 3.4). Diester components, mononucleotides and α- and β-glycerophosphates
showed the same trends and were also negatively correlated with STP (r = -0.54, P = 0.007
and -0.46, P = 0.024 respectively) and positively correlated with proportion of legumes (r = 0.64,
P = 0.0007 and r = 0.74, P = 0.005), respectively. See Appendix 3 for a complete listing of F
and P values resulting from the statistical analysis of the effect of management on percentages of
soil P forms in the NMR extracts.
3.4.1.2 Concentrations of Soil P forms
Table 3.4 shows the concentrations of P forms found in the NaOH-EDTA soil extracts.
Only three of the parameters compared were found to differ significantly between management
types and were related to the presence of higher concentrations of orthophosphate in the extracts
of conventionally managed soils; mean orthophosphate concentration, total amount of Pi, and the
Pi:Po ratio were all significantly greater for soil extracts from conventional versus organic soils.
Mean orthophosphate concentrations in soil extracts were 113 and 184 mg P kg-1 for organic and
conventional farm soils, respectively, while total concentrations of Pi in the soils extracts were
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not much higher at 122 and 192 mg P kg-1. There were no significant differences between
organic and conventional soils for the concentrations of total Po and for all Po forms identified
(with the exception of the group 1 monoesters) in the NMR extracts, though the mean values
were always numerically greater in the soil extracts from organically managed soils. See
Appendix 4 for a complete listing of F and P values resulting from the statistical analysis of the
effect of management on concentrations of soil P forms in the NMR extracts.
When compound concentrations were examined, the only P form category that was found
to increase with increasing legume composition was the mononucleotides (r = 0.54, P = 0.0067).
Mononucleotide concentration was not significantly correlated with STP but the trend was for
mononucleotides to increase as STP decreased (see Figure 3.5). When the outlier point on
Figure 3.5 with an unusually high mononucleotide concentration compared to all other samples
was removed from the correlation analysis, the relationship became significant (r = -0.44,
P = 0.035).
3.4.2 Soil biological and biochemical properties
No significant differences were found between management types for both alkaline and
acid phosphatase activity and phytase labile P (Table 3.5). Phytase labile P made up 24 and 27%
of total Po in the NaOH-EDTA extracts for organic and conventional soils, respectively, with a
range of 21 to 30% for the field means. The amount of phytase labile P in the soil extracts was
found to be positively correlated with both amounts of myo-IHP and total corrected monoesters
(r = 0.71, P = 0.0001 and r = 0.79, P < 0.0001, respectively).
Microbial biomass P measurements on fresh soil were only made for two of the three
paired comparisons due to the time sensitivity of the tests and personnel limitations. Thus, a test
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for significant differences between management systems was not conducted. Numerically,
values from conventional fields were slightly higher than organic fields (Table 3.5).
Alfalfa in organic fields had greater AMF root colonization (mean of 37%) than alfalfa in
the conventional comparison farms (mean of 23%) (Table 3.5). The AMF colonization of alfalfa
roots was negatively correlated with Olsen STP concentrations (r = -0.65, P = 0.0006) as shown
in Figure 3.6. This was most evident for fields with STP values < 10 mg kg-1.
3.4.3 Forage yield and composition, P concentration and uptake.
Table 3.6 shows forage yield, composition, plant tissue P concentrations and crop P
uptake results. No significant differences in forage yield were found between management
types, though organic yields were numerically slightly lower than conventional yields (mean =
8.0 t ha-1 for organic and 9.5 t ha-1 for conventional, P = 0.349). The yield determined for Org 1
was notably lower than that for the other organic field locations, but it should be noted that this
field only had two cuts of hay removed in the 2009 growing season, while the others had taken
three. The proportion (% composition) of alfalfa and legumes (legumes also included clover) on
organic fields was more than double that on conventional fields (65% vs 30%, respectively).
This corresponds with significantly greater alfalfa yields on organic fields (P = 0.039) (Table
3.6). The percentage of weeds (mean 6.8% of forage DM across all sites) was not found to differ
with management type (P = 0.675). Total forage yield was not significantly related to Olsen
STP concentration (Table 3.7 and Figure 3.8). However, total alfalfa yields were found to be
negatively related to STP (Table 3.7 and Figure 3.8), while total grass yields were positively
correlated to STP (Table 3.7 and Figure 3.8).
Alfalfa tissue P content was significantly lower in plants harvested from organic versus
conventional fields (Table 3.6) at 2.4 g kg-1 and 3.3 g kg-1, respectively. Differences for grass
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were not significant, with tissue P contents averaging 2.3 g kg-1 and 2.7 g kg-1 for organic and
conventional fields, respectively. Relatedly, total P uptake was numerically greater for forage
harvested from conventional fields (27.0 kg ha-1) than organic fields (18.3 kg ha-1), though these
differences were not statistically significant (P = 0.053). Amount of P uptake by alfalfa and
grass were not significantly different between management types; however, alfalfa accounted for
a greater proportion of the total P uptake on the organically managed fields (P = 0.034) (Table
3.6). Tissue P content for both alfalfa and grass was found to be positively related to STP (Table
3.7 and Figure 3.9). For both of these variables there seems to be a levelling off of the seemingly
linear relationship at a STP of ~10 mg kg-1. Relatedly, total forage P uptake was also positively
related to STP (Table 3.7 and Figure 3.10), again showing that after a STP of about 10 mg kg-1,
the relationship seems to level off.
3.5 Discussion
3.5.1 Site and Management characteristics
Indices of plant-available P have been found to be lower in organic systems in
comparison with conventional systems in long-term studies (Oehl et al., 2002; Entz et al., 2004).
Although higher than the organically managed systems, in this study, the STP values of the
conventionally managed soils were not as high as expected. This may in part be explained by the
fact that alfalfa is known to be a crop that decreases available Pi more than do other crops
(Campbell et al., 1993; Entz et al., 2001; Bell et al., 2012). The soils in this study were taken
from 3rd year forage fields and as such, lower available Pi levels might be expected. While two
of the three conventional farms do regularly apply some synthetic fertilizer to their hay fields,
none of the farms had applied any P fertilizer to the fields in the 2008 or 2009 growing season
(the year prior and the year of sample collection for this study). Particularly low values were
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found for soil from Con 2 (STP of 6.8), though this farm had recently reduced its fertilizer P
inputs in order to save costs. The negative P budget supports and helps explain the low STP
values determined for this field site.
3.5.2 Soil phosphorus forms determined by solution 31P NMR spectroscopy
NMR analysis of NaOH-EDTA soil extracts recovered a mean of 40 to 48% of total soil
P across the 6 field soils and there were no significant differences among management type
(mean for organic = 42% and mean for conventional = 45%, P = 0.441). The NaOH extract is
effective at recovering labile to moderately labile Pi and Po; however, more resistant calcium
phosphates are not extracted by NaOH (Tiessen and Moir, 2008). Due to the calcareous nature
of these soils, it is plausible that the majority of this unrecovered P consisted of stable Pi in the
form of calcium associated P. Po recovered by the NaOH-EDTA extraction procedure ranged
from 20 to 37% of total soil P. Given the total P concentrations in these soils (696 to 1170 mg
kg-1), this amounts to Po concentrations ranging from 145 to 448 mg kg-1) (Table 3.1).
Based on the uncorrected NMR spectra showing the relative proportions of P compounds
in the soil extracts (Table 3.1), monoesters and orthophosphate were found to account for the
majority of the total P in the extracts. Other studies have found P monoesters to almost always
be the dominant component of Po, with the myo-IHP (phytate) isomer of IHP being the most
abundant (see Condron et al., 1990; Guggenberger et al., 2000; Quiquampoix and Mousain,
2005). Although it has long been thought that myo-IHP (phytate) represents the vast majority of
Po in soil as it has been regarded to be strongly sorbed and resistant to hydrolysis (Richardson et
al., 2005), recent studies have indicated that myo-IHP may not always be such a dominant
component of Po. This may be at least in part explained by that fact that myo-IHP appears to be
more labile than previously assumed (Young et al., 2013). For example, Doolette et al. (2010)
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found that phytate degraded rapidly upon additions to soil. Other authors have also found that
phytate did not build-up in the soil following additions of phytate rich animal manure (Hansen et
al., 2004; Dou et al., 2009; Hill and Cade-Menun, 2009). Doolette et al. (2009; 2011) also
proposed that phytate was often overestimated due to due to the mis-assignment of resonances in
many 31P NMR studies (Doolette et al., 2009; 2011). This has been shown to be a result of the
degradation of diesters during the NMR extraction process, which results in the formation of
monoesters, some of which have similar chemical shifts to myo-IHP (Doolette et al., 2009). This
issue warrants further confirmation, as in a recent review by Cade-Menun and Liu (2014), it is
reported methodological differences including the use of D2O (as opposed to D2O with NaOHEDTA) as a solvent to re-dissolve free-dried NaOH-EDTA extracts for solution 31P NMR
analysis, may have resulted in the poor separation of phytate peaks from orthophosphate in the
studies by Doolette et al. (2009; 2010; 2011); which could make accurate assessments of phytate
concentrations difficult.
In this study, large differences were observed between the concentrations of uncorrected
and corrected monoesters and diesters (Table 3.1), indicating that significant diester degradation
occurred during sample analysis. Although this correction is not perfect, the corrected values are
presumed to be most accurate. He et al. (2011) compared both uncorrected and corrected values
for monoesters and diesters in humic extracts from soils and found the corrected values to
correlate better with the enzymatic hydrolysis of diesters. Without this correction, the
concentration of diesters in the soil extracts of this study would be greatly underestimated. This
correction is significant as diesters are presumed to be readily mineralizeable forms of Po, with
the potential to provide plants with available P (Condron et al., 1990)
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It is difficult to compare the corrected percentages of diesters obtained here with other
studies of similar soil type and cropping system because until relatively recently, NMR studies
did not correct for diester degradation during NMR sample preparation, and as a result, were
likely underestimating the proportion of diesters and overestimating the percentage of
monoesters in the sample (Makarov et al., 2002; Doolette et al., 2009). The uncorrected values
of diesters reported here are closer to the range (1-15%) of those presented for soil samples in
other studies, but still at the high end of the range of values reported for agricultural soils
(typically less than 4%) (Condron et al., 1990; Bedrock et al., 1994;; Leinweber et al., 1997;
Cade-Menun et al., 2010). A few studies have reported high amounts of diesters in uncultivated
soils. Guggenberger et al. (1996) reported relatively high values for diesters in a permanent
grassland soil, where they represented up to 22% of the total P in the NMR extracts; this was
attributed to it being a microbially-active soil rich in organic matter. Also, in a climosequence
study, Sumann et al. (1998) found diesters to represent up to 37% of the total P in NMR extracts
from an uncultivated Texan soil. In the latter study, they found percent diester P to be
significantly correlated with mean annual temperature and mean annual precipitation. However,
both Guggenberger et al. (1996) and Sumann et al. (1998) dialysed the NaOH extracts before 31P
NMR spectroscopy, effectively removing much of the orthophosphate; thus higher relative
percentages of all Po forms would be expected in the extracts.
The corrected relative percentages of diester P forms in the NMR extracts for our study
(mean of 25.6% and 34.1% for conventional and organic treatments, respectively) are greater
than those reported in other recent studies that have also corrected for diester degradation during
NMR analysis. For example, Cade-Menun et al (2010) found corrected diesters to represent 6.9
and 6.4 % for till and no-till treatments in an Orthic Podzol from Prince Edward Island, Canada.
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Young et al. (2013) found corrected amounts of diesters to account for 15.9 ± 4.4% of the total P
in the NaOH-EDTA extracts in 14 riparian zone soils from northwestern Vermont. Finally, Liu
et al. (2013) found corrected relative amounts of diesters to range from 3.8 to 21.3% in acidic
loam soils under different cropping systems in China. It is evident that by making the correction
for diester degradation that diesters may make up significantly more than thought; it has been
reported that diesters generally do not make up more than 10% of soil Po (Turner et al., 2005).
Monoesters have long been presumed to make up the dominant form of Po in soil and by
correcting for diester degradation, monoester concentrations decrease. In the six fields in this
study, myo-IHP was found to account for a mean of 13.4 to 19.6% of the total Po in the NaOHEDTA soil extracts, which is much less than the 80+ % of Po that inositol phosphates, assumed to
be dominated by myo-IHP, are often assumed to represent (Quiquampoix and Mousain, 2005).
Accordingly, correcting for diester degradation during sample preparation drastically changed
the ratio of monoesters: diesters in the soil extracts; it went from a mean value across all soils of
12.6 before correction to 0.93 after correction. The uncorrected values lie in the range of values
reported for a range of soils in other studies (Condron et al., 1990; Guggenberger et al., 1996;
Canellas et al., 2004; Cade-Menun, 2010); values range from 1.96 in a natural forest soil in
Brazil to 17.4 for a Brown Chernozem in Saskatchewan, Canada (Canellas et al., 2004 and
Condron et al., 1990, respectively).
The mean corrected monoester:diester ratio (0.93) is low compared to other studies, but is
close to the range (1.05 to 3.8) reported by the relatively few studies that have corrected for
diester degradation during NMR analysis of soils extracted using similar methodology (CadeMenun, 2010; Young et al., 2013; Liu et al., 2013) (range was 1.05 to 3.8). Notably, this is the
first time that the author is aware of that a monoester: diester ratio < 1.0 has been reported.
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The mean monoester:diester ratio for all soils in our study was close to 1; thus proportion
of diesters in the samples was roughly equivalent to that of monoesters, which would be unusual
for an agricultural soil based on current assumptions about the prevalence of monoesters and
diesters in soil environments (ie. see Nash et al., 2014, Turner et al. 2003b). This result is
significant because diesters, which include such compounds as phospholipids and nucleic acids,
are presumed to be an easily mineralized source of soil P (Quiquampoix and Mousain, 2005;
Guggenberger, 1996; Turner et al., 2003b). The full significance of an increased proportion of
diesters is not clear. As discussed by Cade-Menun (2005), it has been suggested that diesters
may increase when decomposition rates are low, as in the case of acidic or high moisture soils,
but they have also been positively correlated with microbial biomass P in pasture soils in the UK
(Turner et al., 2003b). Further, Makarov et al. (2002b) found that DNA accumulated in cold, wet
acid soils with low microbial activity but that other diesters, including phospholipids and teichoic
acid, were higher in soils with greater microbial activity. The origin of diesters is also not totally
clear; once assumed to be of microbial origin, as diesters have been shown to be higher in
bacteria than fungi (Bünemann et al., 2008), Makarov et al. (2005) showed that diesters can also
be the dominant P forms in plant material.
This study suggests that it is possible that diesters make up a larger proportion of soil Po
than previously thought. In addition, the soils in this study may be particularly high in diesters
because they were all sampled from perennial (2nd and 3rd year) forage fields containing a
mixture of legumes and grass (predominantly alfalfa and timothy). The uncultivated perennial
system and the presence of the legume may have resulted in increased diesters in the system.
Cultivated soils have been reported to have lower concentrations of diesters than uncultivated
comparisons (Hawkes et al., 1984; Condron et al., 1990) and Mahieu et al. (2000) found diesters
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to increase with the accumulation of crop residues due to perennial cropping. Concentrations of
diesters in comparison to monoesters tend to be higher in natural forest settings, where litter is
accumulating (Canellas et al., 2004; Condron et al., 1990). As diesters are presumed to be
readily mineralizable source of P (Condron et al., 1990; Nash et al., 2014), it follows that
disturbing the soil through tillage may result in diester mineralization.
Legumes have also been reported to increase the relative proportions of diesters in soil
extracts when compared with grass only systems (Canellas et al., 2004; Guggenberger et al.,
1996). In this study, the relative proportion of diesters was found to be significantly and
positively correlated with the percentage of legumes in the forage stand; however, it is not clear
why the presence of legumes may result in a greater proportion of diesters in soil. Guggenberger
et al. (1996) reported greater earthworm abundance in a mixed legume grass system. Since
earthworm casts were found to have the lowest monoester to diester ratio, this may be a possible
mechanism to explain why diesters are increased in legume rich systems. In addition, Zhukov
et al. (2009) discusses how the development of the legume –rhizobium and legume – AMF
relationships involve hundreds of genes of both the plant and microorganisms, thus it is plausible
that soil RNA levels increase as legume content increases. Indeed there also is a positive
correlation between mononucleotides, the majority of which are considered to be formed as a
result of RNA hydrolysis (Makarov et al., 2005), and legume composition of the forage stand.
Both relative proportions and concentrations of orthophosphate were found to be greater
in extracts of soils that had been managed conventionally compared to those from soils that had
been under organic management. The conventional systems in this study had a long-term history
of mineral fertilizer and manure applications whereas the organic fields had a long-term history
of only manure applications (in a semi-composted form). Fertilization treatments in other 31P
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NMR studies have frequently been demonstrated to increase orthophosphate concentrations in
alkaline soil extracts (Cade-Menun, 2005). Turrión et al. (2001) found the concentrations of
NaOH extractable Pi to be higher in soils fertilized with triple superphosphate compared with
natural soils in four forest sites in Western Spain. Roberts et al. (unpublished data) compared
two sets of organic and conventional dairy farms in south western Ontario and, using a modified
Hedley extraction, found NaOH extractable Pi to be greater in the conventionally farmed soils.
No significant differences were found for both relative proportions and concentrations of
inorganic pyrophosphates and polyphosphates in the soil extracts from different management
systems. Both pyrophosphates and polyphosphates have been found in higher amounts in fungi
compared to bacteria (Martin 1983; Makarov et al., 2002, 2005; Bünemann et al., 2008; Koukol
et al., 2008); thus, higher proportions of these compounds may indicate a greater fungal
presence. It is possible then, that AMF would also have increased concentrations of
polyphosphate and pyrophosphate in their structures. In this study, alfalfa in the organic farm
fields was found to have greater AMF root colonization (discussed in section 4.4); however,
pyrophosphate and polyphosphate concentrations were not elevated in these soils. Increased
concentrations of these compounds have also been found in manure (Dou et al., 2009, Hansen et
al., 2004, He et al., 2009), in stems of plants (Noack et al., 2012), in soils with very high total P
concentrations (Dou et al., 2009), and in the fertilizer ammonium polyphosphate (McBeath et al.,
2006), making it difficult to link inorganic polyphosphates with fungal abundance in these soils.
3.5.2.1 Relative percentages of soil P forms in relation to management system
There were no major differences between forms of Po detected between management
types. This is in agreement with the literature where the forms of Po have been found to be
similar in fertilized and unfertilized crop and forest soil plots (Rubaeck et al., 1999, Hawkes et
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al., 1984, Guggenberger et al., 2000; Turrión et al., 2001). It is logical that as the relative
proportions of Pi decrease, the proportions of Po must increase and this is shown by significant
differences detected in the Pi:Po ratio. In this study, sample size and within treatment variability
are likely limiting factors to being able to detect significant differences for many individual Po
forms. In any case, the lower Pi:Po ratio observed for soil extracts from organically managed
fields indicates that organic farms are likely to depend more on Po sources for contributions to
plant-available P.
The finding that greater proportions of the corrected diesters were found in soil extracts
from organically managed fields when compared with those from conventionally managed fields
is likely related to a number of the following factors: 1) a greater proportion of legumes on
organically managed fields (discussed above), 2) lower Olsen STP values on organically
managed fields, or 3) some other aspect of organic management. The negative correlation
between diesters and Olsen STP may be explained by the negative relationship between the
proportion of legumes and STP. Moreover, although differences were not significant, mean
proportions of mononucleotides were greater in all three organic field soils in comparison with
the soil extracts from conventionally managed fields. Because the percentage of
mononucleotides increased as STP decreased, it is possible that an increase in RNA occurs as a
result of increased gene expression under low available Pi conditions. Conditions of P deficiency
are known to invoke a number of different genes in microorganisms (Saleh-Lakha et al., 2005),
supporting this possibility.
3.5.2.2 Concentrations of soil P forms in relation to management system
In the present study, no significant differences were found in concentrations of Po
between soil extracts from organic and conventional fields. This indicates that neither
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management systems is causing Po levels to decline relative to each other. In some studies total
Po in the soil has been shown to be greater under organic management. For example, in a longterm field trial in Switzerland comparing conventional, biodynamic and organic agricultural
practices, Oehl et al. (2004) found concentrations of total Po and ratios of Po to total P to be
greater in organic and biodynamic compared to conventional treatments. In this particular study,
however, the conventional treatments only received mineral fertilizers, while the organic and
biodynamic treatments received manure and composted manure, respectively. While in some
cases, fertilization has been shown to decrease the concentrations of Po compounds, in other
circumstances fertilization may increase soil Po (Cade-Menun, 2005). For example, Condron et
al. (1985) compared long-term fertilized and unfertilized intensively grazed pastures in New
Zealand and found that annual applications of superphosphate increased Po in alkaline NMR soil
extracts for the first 19 years, after which no additional increases were noted over the next 11
years. It was presumed that the associated increased plant yields resulting in increased Po returns
to the soil, combined with microbial immobilization of Pi were the reasons for the increase. In
the study by Condron et al. (1985), the unfertilized control soil received no P inputs, which is
different from the present study where the organic fields received regular additions of manure.
Thus, it appears that the effect of fertilization on soil Po levels may vary depending on the Po
status of the field before fertilization and also on the P budget and forms of P inputs in the
unfertilized system being compared.
Concentrations of mononucleotides and the Group 2 diesters were numerically greater in
all three organic soil extracts when compared to their conventional counterparts, although not
significantly different. As discussed earlier, more legume plants and lower STP concentrations,
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on the organic fields could be the driving factor for greater RNA, represented by
mononucleotides, in soils from these fields.
The values for the myo-IHP:scyllo-IHP ratio were in the range of those reported by
Murphy et al., (2009) who examined non-basaltic sandy loam grassland soils in Ireland (they
reported myo-IHP: scyllo-IHP ratios of 1.2 to 4.4, range here was 1.65 to 3.07). Although not
significant, the trend was for the conventional farms to have a greater myo-IHP: scyllo-IHP ratio,
indicating a greater relative abundance of scyllo-IHP in organically managed soils. Scyllo-IHP
is thought to be generated as a result of microbial activity (Turner et al., 2012), which may
indicate a greater reliance on internal nutrient cycling, which organic farms are trying to
promote.
3.5.3 Soil Biological and Biochemical Properties
In this study, no significant differences in either acid and alkaline phosphatase activity
were found between management types. Oberson et al. (1996) found both acid and alkaline
phosphatase activity to be higher in organic and biodynamic systems when compared to
conventional fields receiving mineral fertilizers. Phosphatase activity is known to be affected by
orthophosphate concentrations, and the presence of organic substrates (Oberson et al., 1996). In
the study by Oberson et al. (1996), Pi in soil solution did not differ across treatments so amounts
of available Pi were not considered to be the reason for the difference in enzyme activity, but
rather the form of nutrients applied (animal manure based vs. mineral fertilizer). The influence
of organic matter supplied via animal manure on phosphatase activity was suggested by the
authors as the reason for the differences in phosphatase activity. In this study, both organic and
conventional fields received animal manure and were also both fairly high in Po and it is possible
that this stimulated phosphatase activity in soils under both management regimes.
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The data in this study suggest that organic and conventional management of dairy farms,
similar in practices to those in this study, does not have a large influence on the phosphatase
activity of the soil. It was hypothesized that organically managed soils would have higher
phosphatase activity because Olsen STP was significantly lower and available Pi has been shown
many times to inhibit phosphatase activity (Bünemann et al., 2011). However, the results in the
literature are not always consistent as the absence of a response to P additions has also been
reported (Bünemann et al., 2011). In this study, no relationship was found between acid or
alkaline phosphatase activity and STP. This does not necessarily mean that STP had no effect on
phosphatase activities but it is possible that the effect was masked by a number of other variables
that may also affect phosphatase activities. For example, in addition to available Pi and the
presence of a suitable Po substrate, phosphatase activity is affected by drainage and distribution
of root biomass (Verchot and Borelli, 2005) and may be inhibited by polyvalent anions or
stimulated by certain cations in the soil. When studying a chronosequence of soils in Hawaii,
Olander and Vitousek (2000) and Treseder and Vitousek (2001) found that N limitation
decreased phosphatase activity, presumably because N is essential for phosphatase synthesis.
The soils used in the present study were collected from forage fields containing a mixture of
grass and alfalfa so N limitation would be expected to be minimal. Legume crops have been
reported to support greater soil phosphatase activity than non-legume crops (Houlton et al.,
2008) and it is possible in this case that crop type had a greater influence on phosphatase activity
than management type. This attribute of legumes further supports that legume-based forages
may play an important role in cycling soil Po.
In this study, phosphatase activity was measured in order to provide an indication of the
potential of the soil to mineralize Po; however, limitations of the assay must be kept in mind. The
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assay uses just one monoester, para-nitrophenyl phosphate and it may not be representative of
the phosphatase activity on other soil P forms (Bünemann et al., 2011). Finally, phosphatase
activity of the bulk soil was measured to provide an indication of the general potential for Po
mineralization; however, it is also possible that the enzyme activities differ in rhizosphere soil,
where they might make the most difference to plant nutrient availability (George et al., 2002, as
cited in Quiquampoix and Mousain, 2005)
Amounts of P released from enzyme additions to soils are often difficult to compare
because of differences in enzymes used, soil types and assay conditions (extractants, pH, etc).
However, the concentrations of phytase-labile P observed in this study were similar to the values
(45-65 mg kg-1) reported by Keller et al. (2012) who used a similar methodology to assess
phytase-labile P in organically and conventionally managed soils at the DOK long-term field
trial in Switzerland. The concentrations are also in the range of sum of phytase-labile P obtained
from sequential extractions of soil using water, NaHCO3 and NaOH on Australian pasture soils
(George et al., 2007). One sample, Org 1, had a relatively high mean value for phytase-labile P at
113 mg kg-1, which is likely related to the fact that this soil had high amounts of both total Po
(448 mg kg-1) and soil organic matter (7.2 %). The fact that no significant differences in
phytase-labile P were observed between soil extracts from organic and conventional treatments,
suggests that in dairy farms such as these, neither management type leads to greater
concentrations of phytase-hydrolysable P. This is in agreement with the organic /conventional
comparison at the DOK trial site in Switzerland (Keller et al., 2012).
Phytase-labile P accounted for 21 to 30% of total Po in the soil extracts. According to the
NMR data using the same soil extracts, only 6.2 to 11.3% of the total Po was present as myo-IHP.
He et al. (2011) explained that the more correct term for the substrate that phytases can
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hydrolyse is ‘phytate-like’. In their study using 31P NMR spectroscopy combined with enzyme
hydrolysis of Nebraskan agricultural soil fractions, no phytate was detected, yet phytate
hydrolysable P was released; it was suggested that phytase was hydrolysing scyllo-IHP or
perhaps non-inositol phosphates forms of Po. Bünemann (2008) also reported that phytase can
hydrolyse more than just phytate including proportions of other phosphate monoesters, inorganic
polyphosphates, organic polyphosphates and some diesters. Thus, it is not surprising that
amounts of phytase-labile P were greater than amounts of IHP (phytate) in the present study.
Though phytase-labile P was found to be positively correlated with myo-IHP concentrations, it
had a better correlation fit (higher r value) with total corrected monoester concentrations. The
corrected monoesters may have a slightly better fit relationship, as it may include additional
compounds, similar to phytate, that phytase is able to hydrolyse.
It is of interest that significant amounts of the total Po were not hydrolysed. Bünemann
(2008) comments that in most studies involving enzyme additions to soil, a large proportion of Po
is usually not susceptible to enzyme hydrolysis and raises the question about the nature of this
residual Po. Bünemann (2008) hypothesizes that it may be protected from hydrolysis by soil
colloids or through complexation with cations, and/or lack simple phosphate ester bonds.
Another possibility is that more diester P exists in certain soils, as was shown by the NMR data
in this study. Diesters have typically been thought to make up a small proportion of total soil Po,
and as such, enzymes such as nucleases and phospholipases that would hydrolyse diesters and
their derivatives, have not been expected to release large amounts of Po. Phytase is not known to
be overly effective at hydrolysing phosphodiesters and diester derivatives such as AMP or
glycerophosphates (Bünemann, 2008). Thus, the use of additional enzymes in conjunction with
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phytase, targeting the hydrolysis of nucleotides, glycerophosphate and a greater range of
monoesters, would be beneficial to more fully understand enzyme labile P in soil.
Mean microbial biomass P for the four field soils ranged from 14.9 to 22.3 mg P kg-1 soil.
These values are in the range of microbial P values reported in the literature for a range of
agricultural and grassland soils (Brookes et al., 1984; Chen et al., 2000). In this study soils from
the conventional farms had numerically greater values than those from the organic fields though
values seemed similar overall. Microbial P values have generally been reported to be higher in
soils from organically-managed systems (see Rosen and Allen, 1997; Mader et al., 2002).
However, both systems in this study had 4 years of grass/legume forage crop in the rotation, and
this is known to promote microbial biomass P (Oberson et al., 1999). Both systems also applied
manure and had similar levels of organic matter which is known to be correlated with microbial
P (Mader et al., 2002). Further, modest (40 kg P ha-1) fertilizer Pi applications have been shown
to increase microbial P (Liu et al., 2008), in a maize-soybean rotation in southwestern Quebec,
while applications of 80 kg P ha-1 caused microbial P to decrease; thus the moderate use of P
fertilizers may have promoted microbial biomass P in conventionally-managed soils. This
indicates that it is not necessarily the management system that affects microbial biomass P, but
also the specific practices employed (i.e. crop type and rotation, amount and form of nutrient
inputs, etc.).
3.5.4 AMF root colonization
Mean AMF root colonization of alfalfa plants ranged from 19 to 42% (Table 3.5). In
this study, AMF root colonization values were determined by counting grid-line intersections of
AMF arbuscules in plant cells. When comparing colonization values with other studies, it is
important to keep in mind that some studies report different measurements (i.e. hyphal
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colonization, any AMF structure) and therefore may present as greater levels of colonization (see
McGonigle et al, 2003; Dekkers and van der Waff, 2008). The values determined here are in the
low-mid range of other values reported in the literature for experiments with perennial legumes.
Mäder (2000) reported AMF colonization rates of 27-53% in the 2nd year of a grass clover
meadow being cut for hay, while Gryndler et al. (2006) reported values ranging from 50.5% to
64.1% for alfalfa in a long-term fertilization experiment in Prague. In these studies, they did not
specify that percent arbuscules was the parameter measured, so likely hyphal colonization or
total AMF colonization was measured. In this case, the arbuscular colonization values would
likely be lower and more similar to what was found in the present study.
Significantly more AMF root colonization, as percent arbuscules, was found for alfalfa
sampled from organically managed as compared to conventionally managed fields. This finding
is in agreement with other studies that have found AMF root colonization and/or spore
abundance to be higher in organic versus agricultural conventional fields (Mäder et al., 2000;
Welsh, 2007 ; Entz et al., 2004; Oehl et al., 2004). This may be explained by a number of
factors, including the use of more diverse crop rotations, the avoidance of chemical pesticides
and lower soil concentrations of soluble nutrients, which are organic agriculture practices that
have been shown to promote the proliferation of AMF (Plenchette et al., 2005; Jansa et al.,
2006). In this study, lower STP values related to a long-term absence of soluble P fertilizer
application is likely an important factor for determining greater AMF abundance in the organic
fields, as AMF root colonization was found to be significantly negatively correlated to STP
values. It is well known that AMF development decreases as STP increases (Hamel and Strullu,
2006) and several studies have shown negative impacts of soluble P fertilizer use on AMF root
colonization in agricultural soils (see Ngosong et al., 2010; Dekkers and van der Waff, 2008 and
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Sheng et al., 2013). The linear relationship in this study was most apparent for soils with an
Olsen STP <10 mg kg-1 (Figure 3.6); above this value, AMF colonization rates appear to level
out. This is logical because it is not expected that AMF root colonization would decline to 0,
even at relatively high STP values. Some AMF are tolerant of high STP levels; for example
Fernandez et al. (2011) did not find a relationship with AMF colonization and STP levels in a
sunflower crop. AMF also provide other benefits to plants (i.e. drought resistance, pathogen
protection) and the degree of root colonization is likely to depend on other factors as well.
AMF are considered to play an important role in organic agriculture and it is generally
assumed that they can at least partially compensate for the lack of fertilizer P inputs (Gosling, et
al., 2006; Dai et al., 2014). However, while colonization is a valuable measurement because it
provides an indication of the potential contribution that AMF may play in plant P uptake, it does
not provide definite information about the species present in the plant root or how beneficial they
are to the plant. Further research has recently been conducted (Chapter 4 of this thesis) to
explore differences in AMF community structure between organic and conventional fields in
order to provide additional insights into potential differences in P uptake efficiencies that might
occur.
3.5.5 Forage Yield, Composition, and P uptake
Many studies have noted decreased yields for a variety of crops when managed
organically in comparison with yields from those crops managed conventionally. In a metaanalysis review of yield comparisons between organic and conventional management, Ponti et al.
(2012) noted that on average organic crop yields were 80% of conventional, but that variation
was substantial. When examined by crop type, organically managed fodder crops including
legume grass forages, were found to have higher yields relative to other crop yields, averaging
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85-89% of conventional yields. In the present study, the mean organic forage yield was 85% of
the mean conventional yield, but no significant differences in yield were noted between
organically and conventionally managed forage fields. It should be noted that the field from Org
1, with the lowest yield of 6089 kg ha-1, only harvested two cuts of hay during this particular
growing season, while all other farms harvested three cuts. All fields produced yields that were
above the county averages for hay yields in 2009 (county yield averages were 6252, 6050 and
5647 kg ha-1 for Wellingtion, Perth and Bruce counties, respectively) (OMAFRA, 2013), with
the exception of Org 1 (yield was 6089 kg ha-1) which yielded just below the county average
yield of 6252 kg ha-1. Again, this was the field that only took two cuts of hay, so the lower yield
is not surprising. The forage yields for the organic farms in this study were higher than average
yields obtained by Main et al. (2013) in a survey of forage production and soil fertility on
organic dairy farms in Ontario (mean yield was 6650 kg ha-1), though it should be noted that
most yields in that study were based on taking two cuts of hay. This suggests that the farms in
this study appear to be comparatively well-managed in terms of being able to maintain high
producing forage fields under organic management.
The relatively high forage yields obtained by the organic farms are somewhat surprising
given the low levels of STP. In this study, mean Olsen STP values as low as 2.8 mg P kg-1 were
still allowing good forage yields (see field Org 2 in Table 3.6) and total forage yield was not
correlated with STP. This is in agreement with the recent findings of Main et al. (2013), who
conducted a two year survey of STP and forage yield and quality on organic dairy farm fields in
Ontario and Nova Scotia (n = 28 for 2009 and 25 for 2008). There are a few factors that might
be responsible in helping to achieve relatively high yields on soils with low STP values. Firstly,
although no soluble P fertilizers were applied on the organic fields, the fields are from mixed
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farming systems with a greater potential for internal nutrient cycling. Berry et al. (2003) reports
greater phosphorus deficits for stockless organic farms compared to organic farms with
livestock. Secondly, different types of crops require varying amounts of available nutrients
throughout the growing season and thus, yield for a given crop type may be more or less affected
by management system. Perennial mixed forages such as these alfalfa/grass mixes may be less
affected by low STP values than annual crops which require greater amounts of P at specific
growth periods (Havlin et al., 1984; Nesme et al., 2014 and references within). Also, there is
some evidence that alfalfa can maintain high yields under organic management. In a survey of
14 organic farms in the eastern portion of the Northern Great Plains, Entz et al. (2001) found
organic alfalfa yields to be higher than Manitoba 10-year average yield values, whereas almost
all other crops had yields lower than the provincial averages.
Data from this study suggest that increased AMF root colonization may in part explain
the ability to maintain good yields at low STP values (<10 mg kg -1). As reviewed by Jansa et al.
(2011), AMF are known to be able to enhance P uptake of the plants they colonise. Thus, AMF
may have played a role in assisting alfalfa obtain sufficient P to maintain yields under low STP
conditions. Although concerns have been reported about low STP values resulting in reduced
amounts of biological N fixation by legumes growing under organic management, simultaneous
increases in AMF root colonization may actually be beneficial by encouraging N-fixation
through the synergistic effects of the tripartite relationship (Subba Rao et al., 1996; Antunes et
al., 2006; Kucey and Bonetti, 1988; Chalk et al., 2006). Main et al. (2013) found no relationship
between forage legume biological N-fixation and STP levels. Finding the balance between being
P deficient and efficiently using the soil biological resources to help cycle nutrients is an area of
increasing research priority.
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Finally, as discussed previously, increased proportions of diesters on organic farms
suggest that this labile source of Po, which is not detected by standard soil P tests, may play a
greater role in supplying plant-available P in soils from organic fields. Improvement to the
measurement of forms of Po including increasing the accuracy and ease of measuring diesters are
needed.
It was a surprising and interesting finding that the organic farms in this study had on
average more than double the amount of alfalfa in the forage fields when compared with that in
the conventional fields. Average legume proportion of forage harvested on organic fields was
65%. This is at the high end of values reported by Main et al. (2013) for organic forage fields
surveyed in Ontario in 2008 and 2009 (mean legume proportion of 62 and 43%, respectively),
perhaps indicating higher typical values on the three organic farms in this study. However, it is
interesting that even in the larger survey with 15-18 organic forage fields, the mean value of 43%
alfalfa for the 2009 growing season (Main et al., 2013) is still higher than the 30% legume
proportion obtained in the present study for conventional fields. A greater proportion of alfalfa
in organic fields corresponded with significantly greater alfalfa yields, while there was a trend
for conventional farms to have higher grass yields. There are a couple of reasons as to why there
might be greater alfalfa on the organic farms in the fields in this study. Firstly, the fields in this
study were second or third year forage fields, and it is a well-known fact that alfalfa is
susceptible to winterkill and particularly more so if harvested during the critical growth period in
the fall (OMAFRA, 2012). Based on the personal interviews with the farmers in this study, the
organic farmers seemed more likely to forego a cut of hay in the fall in the interest of ensuring a
healthy forage stand the following year. This management philosophy may lead to higher
proportions of alfalfa persisting in the years after establishment. Secondly, grasses are known to
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flourish in soils where inorganic N is abundant. In an experiment with perennial ryegrass and
white clover pasture, Ledgard et al. (1996) reported that N fertilization increased grass yields
such that total pasture yield was increased but yields of white clover were reduced. In grassland
fertilization trials in Switzerland, Leibisch (2011) also found that grasses were most abundant in
treatments with high N fertilization. We did not measure any soil N forms in this study;
however, based on fertilizer application histories, all the conventional farms received N fertilizer
additions either to the crop preceding the hay or in one case (Con 1) to the hay itself. Therefore,
it can be assumed that inorganic N levels would be higher in the conventional soils, which could
result in an increase in the competitive ability of grass (Kelling and Matocha, 1990 and the
references cited therein). Finally, it is also possible that native AMF populations helped to
increase the competitiveness and yield of alfalfa to a greater extent in the organically-managed
fields. Wagg et al. (2011) demonstrated that AMF stimulated the legume, Trifolium pratense
yield and competitiveness relative to the grass, Lolium multiflorum. Consistent with reports of
other authors (cited within their study), Wagg et al. (2011) demonstrated that the presence of
AMF increased legume biomass by up to 15 times depending on soil type and planting ratio, but
in no instance did AMF enhance grass yield. In the present study, organically managed systems
were found to have greater levels of root colonization and as such they may benefit more from
this AMF stimulated competition. Further, Collins and Foster (2009) found that when available
Pi was limiting, AMF had more of an influence on the plant community structure and yield;
plants that had a greater degree of mycotrophy showed increased yields compared to other plants
with less or no AMF symbioses. Legumes are known to form strong AMF symbiosis compared
to grasses (Wagg et al., 2011), so it is possible that the low STP conditions in the organic systems
promoted alfalfa growth and yields over grass. Certain AMF species may also promote legume
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yield relative to grass more than others. C. claroideum was found to have a greater yield benefit
to the legume T. pratense when planting ratios of the legume to grass where high, in comparison
to three other AMF species (Wagg et al., 2011). Interestingly, more C. claroideum DNA was
found in the soils from organic systems than conventional this study (Chapter 4 of this thesis).
Alfalfa tissue P contents averaged 2.4 g kg-1 and 3.3 g kg-1 from organic and conventional
fields, respectively. Main et al. (2013) reported organically managed alfalfa tissue P
concentrations of 3.1 g kg-1 and 2.4 g kg-1 in the 2008 (n=18) and 2009 (n=15) growing seasons,
respectively, with a range reported for both years of 1.7 g kg-1 to 3.8 g kg-1. Tissue P content
from alfalfa harvested from the organic fields in this study therefore is within the range found for
organic forage fields in the region. None of the forage fields in this study were found to have
alfalfa tissue P values that were below the critical tissue P value for alfalfa of 2.0 g kg-1, as
provided in a review by Kelling and Matocha (1990). However, the field Org 2 with the lowest
mean STP value of 2.8 mg kg-1, had alfalfa tissue P values of 2.0 g kg-1, which is at the critical
level, but did not seem to be showing any signs of P limitation.
Tissue P concentrations for grass averaged 2.3 g kg-1 for organic fields (field means
ranged from 1.7 to 2.9 g kg-1) and 2.7 g kg-1 for conventional fields (field means ranged from 2.4
to 2.9 g kg-1). In eastern Canada, Bélanger and Richards (1999) found that under non-N-limiting
conditions, N and P concentrations of timothy were related to each other and a formula was
provided to derive optimal P concentrations based on tissue N values. Using their equation and
mean plant tissue N values from this study, optimal P concentrations for timothy were
determined to be a mean of 2.8 g kg-1 and 2.5 g kg-1 for organic and conventionally managed
fields. In a later study, Bélanger and Ziadi (2008) presented equations to calculate critical tissue
P concentrations for a low available Pi site in Quebec, which would be more applicable to the
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organic fields in this study. Four different equations based on N fertilization rate were
determined. Taking a conservative approach by using the equation presented for the 0 N
application rate, optimal P concentrations for timothy were found to be 2.6 and 2.4 g kg-1 for the
organic and conventionally managed systems respectively. In any case, plant samples from both
Org 2 and Org 3 had lower tissue P concentrations than these optimal levels. There is a range of
adequate/optimal plant mineral content values before the so-called critical nutrient level is
reached (Figure A6.1 in Appendix 6) (Marschner, 1995). Kelling and Matocha (1990) presented
critical tissue P values for a variety of other cool season grasses, which ranged from 2.0 to 2.8 g
kg-1. Further, Liebisch (2011) in a survey of grasses in Switzerland, did not find significant yield
increases when P concentrations in grass tissue were above 2.1 g kg-1 and P concentrations above
3.0 g kg-1 were considered luxurious. It is thus quite possible that one of the fields, Org 2, with
grass tissue P concentrations of 1.7 g kg-1 is suffering from P deficiency that may be affecting
grass yield. However, as reported earlier, alfalfa yields and total yields did not appear to be
limited in this field.
Plant tissue P concentrations were greater for alfalfa plants from conventional forage
fields than from organic fields. This is likely explained by the positive correlation noted between
STP and alfalfa tissue P content. Tissue P content for grass was also positively correlated to
STP, however, differences between organic and conventional fields were less (Org mean = 2.3 g
kg-1 and Con mean = 2.7 g kg-1) and were not significant. If STP values were to become lower
than the lowest value in this study (mean of 2.8 mg P kg-1 for field Org 2), it is quite likely that P
deficiencies for both alfalfa and grass may develop (based on extrapolating the relationships of
tissue P to STP in Figure 3.9) and yield would suffer as a result. In this study, both alfalfa and
grass tissue P concentrations appear to level off at STP levels >10 mg kg-1 (Figure 3.9), though
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there are not sufficient data points with higher STP values to verify this trend. However, Main et
al. (2013) also found alfalfa tissue P to be positively correlated with STP only at levels
<10 mg kg-1 with little response at greater STP levels. Thus, a STP value of ≥10 mg kg-1 might
be sufficient for both organic and conventional fields based on tissue P content as an indicator of
alfalfa P sufficiency. At a STP value of 10 mg kg-1, however, conventional fertility management
would recommend P applications to ensure economically optimal yields (OMAFRA, 2009). The
data suggest that these recommendations should be reassessed in order to avoid the overapplication of P fertilizers to conventional alfalfa containing perennial forage fields for both
environmental and economic reasons.
Total plant P uptake was 18.3 and 27.0 kg ha-1 for organic and conventional dairy farms,
respectively. The values obtained for the organic farms are in the range of values reported by
Main et al. (2013) where total P uptake values for forage fields averaged 16.7 and 15.5 kg ha-1
for the 2008 and 2009 growing seasons, with a wide range of values reported (5.8 to
25.1 kg ha-1). Total P uptake was also significantly correlated with STP but this relationship was
not as strong as with crop P concentrations because forage yield is taken into account when
calculating P uptake, which was again similar to the findings of Main et al. (2013). Total P
uptake on organic fields was not significantly different from P uptake on conventional fields
(P = 0.053), but values were greater in the conventional fields in all three of the paired-farm
comparisons. The mean total P uptake for the organic fields was 68% of the conventional fields
and with a greater sample size, differences may become significant. The range of P uptake
values reported above for the broader survey of organic dairy farms (Main et al., 2013) are all
lower than the mean value determined for the conventional fields in the present study. This,
along with greater tissue P concentrations under conventional management and a positive
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correlation of STP with plant tissue P concentration, suggests that P is more plant-available in
the conventionally manged system. However, as discussed earlier, the organic farms overall do
not appear to be P deficient. If similar yields can be achieved on organic farms with lower STP
and plant tissue P concentrations, this suggests a greater crop P-use efficiency in these organic
systems (Munsen and Nelson, 1990). Improved nutrient use efficiency represents a key concept
of ‘sustainable intensification’ or ecological intensification’ (Cassman, 1999), where biological
elements of agroecosystem are managed to operate in more efficiently.
The nutritional value of having greater tissue P concentrations in forage crops should also
be considered. Determining how much P in dairy forage is ideal is not straightforward because
most dairy farmers in Ontario have a dairy nutritionist that adjusts the rations based on forage
tissue P values and milk production estimates. Arrigo (1999, as cited by Liebisch, 2011) stated
that forage should have a minimum of 3.0 g kg-1 P to meet the needs of dairy animals. Given
that P required in dairy rations also depend on milk production expectations, Wu and Satter
(1998) concluded that 3.2 g kg-1 dietary P would likely be sufficient for milk production for lowproducing cows (~7500 kg per lactation, estimated at 308 days) but that 3.7 to 4.0 g kg-1 P would
be recommended for high-producing cows. The organic farms in this study produced an average
of 5700 kg per lactation period or 19 kg d-1 cow-1 so these dairy farmers could provide sufficient
P to their lactating cows with less than 3.2 g kg-1 dietary P. The conventional farms produced an
average of 8700 kg per cow per lactation or 28 kg d-1 cow, and therefore would be expected to
need between 3.2 g kg-1 and 3.7 g kg-1, based on the numbers given in the study by Wu and
Satter (1998). An estimate of total dietary P required for dairy cows producing 19 kg d cow and
28 kg d-1 cow-1 was calculated to be 2.9 g kg-1 and 3.3 g kg-1 was obtained (NRC, 2001 and
personal communication with OMAFRA dairy nutritionist Tom Wright). Thus, based on the
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tissue P values of the forages in this study, it is likely that both the organic and conventional
farms would need minor P supplementation, a common practice on dairy farms in Ontario.
Finally, Lissbrant et al. (2010) questioned the validity of critical tissue nutrient
concentrations reporting that they can be inconsistent and highly variable, reflecting a variety of
environmental and sampling differences that may occur. The authors stated that a new approach
is needed to better understand the relationship between tissue nutrient concentrations and alfalfa
yields, and supported including nutrient concentration ratios when predicting crop yields and
making fertilizer recommendations. Similarly, Liebisch (2011) studied three long-term grassland
fertilization trials in Switzerland and found tissue P concentrations to correlate with grass yields,
but that by incorporating the N:P ratio into a prediction model (used the P Nutrition Index (PNI)
of Duru and Thélier-Huché, 1997), yields could be predicted more accurately. In this study, we
determined the N:P ratios for grass and alfalfa and found significant differences between
management types in both cases. The N:P ratio was significantly higher for both alfalfa and grass
from fields managed organically (13.1 vs 9.9 for alfalfa, and 8.4 vs. 5.7 for grass, respectively).
Although different grass and legume species were studied in the work of Liebisch (2011), N:P
ratios were found to range from 11 to 17, and 5 to 12, for legumes and grasses, respectively. The
N:P ratios for alfalfa determined in our study are in or close to the low end of the values reported
by Liebisch (2011); however, the focus of the work by Liebisch was on P nutrient indicators and
relationships with grass yields. In our study, the organic farms had long-term histories of no
soluble P fertilizer applications; and in Liebisch’s study mean N:P ratios for grasses were found
to be higher in unfertilized sites and were above nine in all cases. The results of his study
suggest an optimal N:P ratio of six to eight for grass yields; a N:P ratio of nine was linked with a
10% reduction in grass yield. Others have reported optimal N:P ratios for grasses to be 9-10
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(Bailey et al., 1997; Parfitt et al., 2005). Güsewell (2004) states that the critical range for N:P
ratios for terrestrial plants is 10-20, above which P may be limited. Thus, if we consider 9-10 to
be the critical N:P ratio for grasses, our data suggest that all fields in the study, with the
exception of the field, Org 2 (N:P ratio of 10.8), have sufficient P concentrations to avoid yield
limitations based on current N supply.
3.6 Conclusions
Despite lower STP levels in the organic fields in this study, forage yields were not found
to be lower than conventional comparisons; and in agreement with other recent results, no
relationship was found between STP and forage yields. Tissue P concentrations for both alfalfa
and grass were positively correlated with STP and were significantly greater for alfalfa under
conventional management. This indicates greater plant P availability as STP increases, and
relatedly, under conventional management. However, alfalfa yields were not reduced at STP
levels as low as 2.8 mg P kg-1, which suggest that acceptable yields for forage production can be
achieved. Further, adequate tissue P concentrations suggest that the organic perennial forages in
this study were able to meet their crop P demands. Greater AMF colonization observed under
organic management may partly explain this. In addition, the 31P NMR data revealed a greater
Po: Pi ratio in the NaOH-EDTA extracts of organically managed soils, indicating that organic P
sources are likely to play a greater role in contributing to crop P nutrition in these systems.
Increased proportions of diesters (corrected percentages) were found in organic systems which
may be linked to lower STP levels, increased percentage of legumes in forages, or some other
aspect of organic management. The relative contributions of both AMF and Po mineralization to
plant P uptake in organic farming systems remain to be further explored, though this is likely to
depend on farm specific management practices.
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Unexpectedly, a greater proportion of legumes and greater alfalfa yields were found
under organic management, both of which were negatively correlated with STP concentrations.
Alfalfa seems to be a crop that can thrive in low levels of Pi and, in addition to its ability for N
fixation, appears to support P uptake through tripartite relationships; it may also be linked with
increased proportions of soil diester P forms. Thus, alfalfa represents an ideal crop for low-input
cropping systems. On the contrary, grass may be more susceptible to P deficiencies for a number
of reasons, including the potential ability of AMF populations to preferentially enhance the
competitiveness of the legume at low STP concentrations.
It should be noted that the organic fields selected for this study were from fields
indicative of low STP and having relatively high yields and are not meant to be representative of
all organically managed forage fields; these fields were selected to better understand potential
biological contributions to plant P uptake under low STP conditions. Although in this study, no
obvious signs of P deficiency were observed for the organically managed fields, if STP
concentrations further decrease, plant tissue P concentrations are expected to decline, likely
resulting in crop P deficiency and yield losses. Finally, as negative field P budgets were
determined for the organic fields in this study, organic farming systems should aim to balance P
losses in order to avoid future P deficiencies.
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3.8 Tables and Figures
Table 3.1. Description of select management practices and soil properties (0-15 cm) of three paired organic (Org) and conventional (Con) dairy
farm forage fields. Within columns, means followed by the same letter are not significantly different (P < 0.05, REML test for fixed effects) .
Field

Crop Rotation1

Fertilizer Applied

Pesticide Use

Estimated P
budget2
(kg ha-1 y-1)

Soil
Texture

OM
(%)

pH

STP3
mg P
kg-1

Total P
mg P
kg-1

Organic P4
mg P kg-1

Org 1

O-B-H-H-H-H

semi-composted
manure

None

-7.2

silt loam

7.2

6.9

6.9

1179

448

Org 2

RC-WW-O-SCC-O-H-H-H-H

semi-composted
manure

None

-4.0

silt
loam/loam

4.0

7.4

2.8

696

217

Org 3

O-O-B/P-H-HH-H

None

-4.8

loam

5.2

7.2

5.5

810

222

5.4a

7.2a

5.1a

895a

296a

semi-composted
manure

-5.3a

Mean
mineral fertilizer and
solid manure

round-up as
needed for
corn

21.2

silt loam

4.7

7.4

17.1

1110

304

Con 2

C-S-C-O/B-HH-H-H

mineral fertilizer and
semi-composted
manure

round-up for
corn,
fungicide for
soybean

-3.0

silt loam

4.8

7.3

6.8

827

272

Con 3

C-B-C-B-CO/P-H-H-H-H

mineral fertilizer, semicomposted and liquid
manure

round-up to
kill hay

3.5

silt loam

4.5

7.5

11.2

699

145

Con 1

C-C-C-H-H-HH

4.7a
Mean
7.2a
7.4a
11.7b
879a
240a
H-Hay, RC- red clover, WW- winter wheat, O-oats, SC- sweet clover, C-corn, B-barley, P- peas, S- soybean
2
Calculated as an annual average (kg P ha-1 yr-1) using data from the last complete rotation. Note that the calculated P balances are a rough
estimate because county yield averages were used for many crops as farm specific data was not available.
3
soil test phosphorus as indicated by NaHCO3 extractable P (Olsen P).
4
0.5 M NaOH-EDTA extractable organic P
1
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Table 3.2. Mean annual temperature, precipitation and growing season data for the three
study site locations
Location2
# frost#°days >
Air Temperature (°C)
Precipitation (mm)
(County)
free days
5°C
Max Min Mean
rainfall snowfall total
946
151
2025
1 (Wellington)
11.2
2.2
6.7
798
148
1070
146
2121
2 (Perth)
12.0
0.9
7.4
851
219
1087
124
1981
3 (Bruce)
12.1
1.4
6.7
820
271
1

obtained from Canadian Climate Normals and Averages for 1981-2010 (Environment Canada, 2014).
data for sites 1, 2, 3 were obtained from Fergus, Stratford and Hanover Weather Stations respectively.
3
accumulation of °C when the mean daily temperature is above 5°C
2
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Table 3.3. Distribution of P forms (relative % of total P) in 0.5 M NaOH-EDTA soil extracts from
three paired organic (Org) and conventional (Con) dairy farm fields calculated from NMR spectra
by integration. If differences between the two treatments were significant (P < 0.05), an asterisk (*)
is shown on the mean organic percentage.

P Species
Inorganic Phosphate
Orthophosphate3
Pyrophosphate
Polyphosphate
Phosphonates
Monoesters (Mono)
Group 1
Group 21
Group 31,5
Myo-IHP (phytate)
Glucose-6-phosphate
α-glycerophosphate
β-glycerophosphate
Mononucleotides3
Choline phosphate3
Scyllo-IHP4
Diesters (Di)
Group 1
Group 23
DNA3
Total Mono
Total Di3
Mono: Di
Corrected2 Total Mono
Corrected2 Total Di
Corrected Mono:Di
Total Pi3
Total Po
Total Pi: Po4
Myo-IHP: Scyllo-IHP
1

Relative Amount (%)
Con Con
Mean
1
2
Org

Org
1

Org
2

Org
3

Con
3

Mean
Con

29.2
1.2
0.8
1.8

32.7
1.3
1.6
1.5

31.0
1.5
1.2
1.4

30.9*
1.3
1.2
1.5

48.0
0.7
1.4
1.4

39.8
1.4
1.0
1.1

51.6
1.0
1.3
2.0

46.5
1.0
1.2
1.5

1.8
17.2
3.5
10.7
1.4
4.7
4.7
10.8
2.3
4.5

1.2
14.4
2.1
11.3
1.3
3.7
3.7
14.8
2.0
4.4

1.7
14.7
1.9
9.3
1.6
4.6
4.6
12.4
1.9
6.8

1.6
15.4
2.5
10.4
1.4
4.3
4.3
12.7
2.1
5.2

1.3
13.6
1.5
9.8
0.9
2.4
2.4
8.7
1.6
3.5

2.5
15.0
1.6
9.5
1.2
4.0
4.0
9.7
2.0
3.5

1.7
8.4
0.9
6.2
1.0
2.9
2.9
9.7
2.1
3.6

1.8
12.3
1.3
8.5
1.0
3.1
3.1
9.4
1.9
3.5

3.3
0.8
1.4
61.7
5.4
12.7
32.8
34.3
0.95
31.2
68.8
0.47
2.45

2.1
0.8
1.4
58.7
4.3
14.1
29.5
33.6
0.88
35.5
64.5
0.55
2.55

2.6
0.6
2.4
59.4
5.6
10.9
30.5
34.5
0.89
33.7
66.3
0.51
1.65

2.7
0.7
1.7
59.9
5.1
12.5
30.9
34.1*
0.91
33.4*
66.6
0.51*
2.22

1.7
0.5
0.8
45.6
3.0
15.5
25.3
23.2
1.09
50.1
49.9
1.02
3.07

1.8
0.6
1.5
53.0
3.9
14.0
27.7
29.1
0.95
42.2
57.9
0.73
2.71

2.3
0.5
1.9
39.4
4.7
8.8
19.6
24.5
0.80
53.9
46.1
1.20
1.71

1.9
0.5
1.4
46.0
3.8
12.7
24.2
25.6
0.95
48.71
51.29
0.98
2.50

excluding identified peaks
corrected values accounting for diester degradation during alkaline extraction (Doolette et al. 2009)
3
statistical analysis was performed using log-transformed data
4
statistical analysis was performed using inverse-transformed data
5
statistical analysis was performed on data transformed using the arcsine transformation
2
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Table 3.4. Concentration of P forms in 0.5 M NaOH-EDTA soil extracts from three paired organic
(Org) and conventional (Con) dairy farm fields. Values were determined by multiplying relative
amounts of each P form (calculated from NMR spectra by integration) by total P in the extract. If
differences between the two treatments were significant (P < 0.05), an asterisk (*) is shown on the
mean organic concentration.

P Species
Inorganic Phosphate
Orthophosphate3
Pyrophosphate3
Polyphosphate
Phosphonates3
Monoesters
Group 13
Group 21,3
Group 31,4
Myo-IHP (phytate)
Glucose-6-phosphate3
α-glycerophosphate3
β-glycerophosphate3
Mononucleotides3
Choline phosphate3
Scyllo-IHP4
Diesters
Group 14
Group 23
DNA3
Total Monoesters3
Total Diesters4
Mono: Di
Corrected2 Mono3
Corrected2 Di3
Corrected Mono:Di
Total Pi3
Total Po3
Total Pi : Po4
Myo-IHP: Scyllo-IHP
1

Amount of P (mg P kg-1)
Con Con Con
Mean
1
2
3
Org

Mean
Con

Org
1

Org
2

Org
3

156
6.4
4.0
10.4

88
3.5
4.1
4.1

96
4.5
3.9
4.3

113*
4.8
4.0
6.3

242
3.5
6.9
7.1

156
5.2
3.8
4.0

153
2.9
4.0
5.5

184
3.9
4.9
5.5

9.8
98.1
21.6
60.4
8.0
27.7
27.7
60.1
13.9
26.5

3.1
38.5
5.8
31.0
3.7
10.1
10.1
40.1
5.4
12.1

5.4
46.5
5.9
29.5
4.9
14.4
14.4
37.6
5.9
20.5

6.1
61.0
11.1
40.3
5.5
17.4
17.4
45.9
8.4
19.7

6.4
67.5
7.3
48.9
4.5
11.8
11.8
43.6
8.2
17.0

9.7
58.9
6.2
36.6
4.7
15.6
15.6
37.7
7.5
13.5

4.7
24.6
2.4
19.3
3.0
9.1
9.1
28.0
6.2
10.7

7.0
50.4
5.3
34.9
4.1
12.2
12.2
36.4
7.3
13.7

19.4
4.8
7.6
354
31.8
12.7
189
196
1.0
166
396
0.47
2.45

5.7
2.3
3.9
160
11.9
14.1
80
91
0.9
96
176
0.55
2.55

8.0
1.8
7.2
185
17.0
10.9
95
107
0.9
105
206
0.51
1.65

11.0
3.0
6.2
233
20.2
12.5
122
131
0.91
122*
259
0.51*
2.22

8.3
2.5
4.2
227
14.9
15.5
126
116
1.1
253
249
1.02
3.07

7.1
2.1
5.8
206
14.9
14.0
108
113
1.0
165
225
0.73
2.71

6.6
1.5
5.4
117
13.5
8.8
59
72
0.8
160
136
1.20
1.71

7.3
2.0
5.1
183
14.4
12.7
97
100
0.95
192
203
0.98
2.50

excluding identified peaks
corrected values accounting for diester degradation during alkaline extraction (Doolette et al. 2009)
3
statistical analysis was performed using log-transformed data
4
statistical analysis was performed using inverse-transformed data
2
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Table 3.5. Soil biological and biochemical parameters including levels of Medicago
sativa (alfalfa) arbuscular mycorryhzal fungal (AMF) root colonization, determined for
three paired organic (Org) and conventional (Con) dairy farm forage fields (0-15 cm).
Statistically significant differences (analysed using the Restricted Maximum Likelihood
(REML) method test for fixed effects) between management type are shown.

Field
Org 1
Org 2
Org 3
Mean
Con 1
Con 2
Con 3
Mean
1

Acid Pase
Alkaline Pase
Phytase Microbial P4
AMF root
activity
activity
labile P
(mg kg-1)
Colonization5
(µmol g-1 hr-1)1 (µmol g-1 hr-1)2 (mg kg-1)3
(%)
3.05
3.94
113
34
2.03
3.49
47
16.2
42
1.89
4.28
53
14.9
35
2.32a
3.90a
71a
15.6
37a
1.66
2.40
1.72
1.93a

4.39
2.52
3.41
3.44a

87
58
44
63a

22.3
17.7
20.0

25
25
19
23b

Acid phosphatase activity measured in µmol para-nitrophenyl phosphate (p-NPP) g-1 soil hr-1
Alkaline phosphatase activity measured in µmol para-nitrophenyl phosphate (p-NPP) g-1 soil
hr-1
3
Phytase labile P in NaOH-EDTA extract.
4
microbial P was only determined for two of the three paired field soils
5
statistical analysis was performed on log-transformed data
a
Within columns, means followed by the same letter are not significantly different (P < 0.05).
2
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Table 3.6. Forage yield, composition, tissue P and P uptake data for three paired organic (Org) and conventional ( Con) dairy
farm forage fields in Ontario, Canada. Statistically significant differences (analysed using the Restricted Maximu m Likelihood
(REML) method test for fixed effects) between management type are shown.

Yield (kg ha-1)
Farm

1
a

Tissue P
content (%)

Forage Composition (%)

Total
Alfalfa
Forage

Grass

Org 1
Org 2
Org 3
Mean

6089
9397
8617
8034a

4018
6691
5007
5239b

1383
2138
3202
2241a

23
23
37
28a

12.1
5.4
3.4
7.0a

66
71
59
65a

66
71
58
65a

Con 1
Con 2
Con 3
Mean

9422
8547
10449
9472a

1639
3089
3188
2639a

7407
3695
6982
6028a

79
43
67
64a

5.7
12.3
1.8
6.6a

17
44
31
30b

17
36
31
28b

P uptake (kg ha-1)

Grass

Total
forage

Alfalfa

Grass

0.27
0.20
0.24
0.24a

0.29
0.17
0.23
0.23a

16.9
17.8
20.2
18.3a

10.9
13.1
12.1
12.0a

4.1
3.6
7.4
5.0a

0.38
0.28
0.34
0.33b

0.29
0.27
0.24
0.27a

29.3
23.0
28.6
27.0a

6.3
8.7
10.8
8.6a

21.2
9.9
17.0
16.0a

Grass Weeds Legumes1 Alfalfa Alfalfa

includes clover if present
Within columns, means followed by the same letter are not significantly different (P < 0.05).
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Table 3.7. Pearson correlation coefficients and
corresponding p values for soil and plant parameters
and Olsen Soil Test Phosphorus for soils from three
organic and three conventional dairy farm fields. A P
value of <0.05 indicates a significant relationship
between STP and the listed variable.
Variable
Acid Pase activity
Alkaline Pase activity
AMF root colonization
Total forage yield
Total alfalfa yield
Total grass yield
Tissue P (alfalfa)
Tissue P (grass)
Total forage P uptake
Total P uptake (alfalfa)
Total P uptake (grass)

r value
0.28
0.33
-0.65
0.36
-0.6
0.72
0.82
0.62
0.8
-0.32
0.81

P value
0.1912
0.1155
0.0006
0.09
0.0018
<0.0001
<0.0001
0.0013
<0.0001
0.132
<0.0001
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Figures

Figure 3.1. Location in southwestern Ontario
of the three paired dairy farms that were
sampled in 2009. The points are numbered to
correspond with the samples referred to in this
study. For example, farms Org (organic) 1 and
Con (conventional) 1 are located near point1.
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Figure 3.2. Example Nuclear Magnetic Resonance spectroscopy output from 0.5 M NaOH-EDTA soil extracts collected from 6 dairy farm forage
fields. One of four composite samples from each field was selected for graphical representation. The main spectra is scaled to the height of the
orthophosphate peaks. The inserted smaller spectra are enlarged to show detail in the pyrophosphate, orthophosphate monoester and
orthophosphate diester regions of the spectra. Spectra were plotted with 7 Hz line-broadening for the main spectra and 1 Hz line broadening for
the finer detail in the 7 ppm to 2.5 ppm (orthophosphate and monoesters) and 2.5 to -4 ppm (diesters and pyrophosphate).
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Figure 3.3. Solution 31P NMR spectra detailing the orthophosphate monoester region for one organically managed and one
conventionally managed forage field from southwestern, Ontario, Canada along with any organic P spikes added (Inositol
hexakisphoshate (myo isomer), α-glycerophosphate, and β-glycerophosphate).
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Figure 3.4. Relative proportion (%) of orthophosphate diesters in 0.5 M NaOHEDTA extracts of soil from six dairy farm forage fields versus available P i (as
indicated by Olsen STP) (top) and the percent composition of legumes in the
forage stand (bottom). Amount of diesters was determined by 31P NMR
spectroscopy and is reported as the corrected amount after accounting for diester
degradation during sample preparation.
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Figure 3.5. Amount of mononucleotides in 0.5 M NaOH- EDTA extracts of soil
from six dairy farm forage fields versus available Pi (as indicated by Olsen STP).
Relative amounts of mononucleotides were determined by 31P NMR spectroscopy
and absolute amounts (mg P kg-1) were determined by multiplying by the total
amount of P in the NMR extract.
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Figure 3.6. Arbuscular mycorrhizal fungal (AMF) root colonization of Medicago
sativa (alfalfa) plants from organic and conventional dairy farm forage fields as
related to Olsen soil test phosphorus values.

Figure 3.7. Total forage yield in kg ha-1 versus soil test phosphorus values (Olsen P)
for three long-term organically managed (Org) and three long-term conventionally
managed (Con) forage fields. Symbols represent each farm field site (four quadrant
averages per field).
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Figure 3.8. Total alfalfa (top) and grass (bottom) yields in kg ha-1 versus soil test
phosphorus values (Olsen P) for three long-term organically managed (Org) and
three long-term conventionally managed (Con) forage fields. Symbols represent each
farm field site (four quadrant averages per field).
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Figure 3.9. Mean Medicago sativa (alfalfa) (top) and Phleum pratense (Timothy
grass) (bottom) tissue P content versus soil test phosphorus values (Olsen P) for three
long-term organically managed (Org) and three long-term conventionally managed
(Con) forage fields. Symbols represent each farm field site (four quadrant averages per
field).

107

Figure 3.10. Total forage P uptake versus soil test phosphorus values (Olsen P) for
three long-term organically managed (Org) and three long-term conventionally
managed (Con) forage fields. Symbols represent each farm field site (four quadrant
averages per field).
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Chapter 4 - Arbuscular mycorrhizal fungi communities from dairy farm soils under
organic and conventional management
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4.1 Abstract
Arbuscular mycorrhizal fungi (AMF) are considered to play a pivotal role in organic
farming systems as they are known to enhance plant phosphorus (P) uptake from soils low in
plant-available P. However, the structure and therefore function of AMF communities may be
altered depending on environment and management conditions. Polymerase chain reactiondenaturing gradient gel electrophoresis (PCR-DGGE), coupled with quantitative real-time PCR
(qPCR) to target specific isolates, was used to explore AMF community structure in soils from
perennial forages (Medicago sativa – Phleum pratense) on three paired, long-term (> 20 y)
organic and conventional dairy farm soils. There were no significant differences in DGGE band
numbers (indicative of species richness) among organic and conventionally managed soils.
However, Analysis of Similarity revealed significant differences in AMF community
composition with both farming system management and farm location having significant effects
(R= 0.71 and 0.91, respectively, p<0.0001 for both). Real-time qPCR indicated greater
abundance of Funneliformis mosseae DNA (ng DNA mg DNA-1) under conventional
management (p = 0.036). There was a trend for greater amounts of Claroideoglomus claroideum
(p = 0.067) and Diversispora celata (p = 0.137) under organic management; recent evidence
supports that the former species may enhance the growth and P-use efficiency of its host plant.
The results of this study support that AMF community assemblages are determined by a
combination of local environmental conditions and farming system management, and
demonstrates for the first time differences in organic and conventional management using dairy
farm soils. This study is also the first to test on North American field soils the qPCR markers
(primers and hydrolysis probes) developed by Thonar et al. (2012) and Wagg et al. (2011a) in
Switzerland.
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4.2 Introduction
Recent studies exploring soil fertility on organic dairy farms in central and eastern
Canada have reported low Olsen soil test phosphorus (STP) concentrations, which is an index of
plant-available phosphorus (P) (Main et al., 2013; Roberts et al., 2008; Chapter 3 of this thesis).
This is consistent with reports from the international community where soil tests used to indicate
plant-available P are low for organic farms (Gosling and Shepherd, 2005; Oberson and Frossard,
2005; Løes and Øgaard, 2001; Condron, 2005). These results may have implications for overall
farm productivity, as soil P deficiencies can reduce crop yields and can negatively affect the
ability of leguminous crops to biologically fix nitrogen from the air (Chalk et al., 2006; Parfitt et
al., 2005). However, some organic farmers have stated that despite low STP concentrations,
their crop yields are acceptable, and it has been suggested that increased soil biological activity,
including the arbuscular mycorrhizal fungi (AMF) symbiosis, is involved in providing the crop
with P not measured by conventional soil P tests (Martin et al., 2007; Main et al., 2013; Chapter
3 of this thesis).
Colonization by AMF is known to enhance P uptake of plants (Jansa et al., 2011). For
this reason, they are considered to play an important role in organic agriculture by enhancing Puse efficiency (Gosling et al., 2006). Evidence supports that AMF development is enhanced
under conditions of low STP (Hamel and Strullu, 2006). AMF development may be further
enhanced in organic farming systems because synthetic fertilizers or pesticides are not used, and
they also tend to employ diverse crop rotations (Plenchette et al., 2005; Jansa et al., 2006;
Gosling et al., 2006; Woodley et al., 2014). Several studies have reported increased levels of
colonization or spore abundance in fields from organically-managed agricultural systems
compared with those under conventional management (Mäder et al., 2000; Entz et al., 2004;
Oehl et al., 2004; Welsh, 2007; Chapter 3 of this thesis). While colonization is a valuable
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measurement because it provides an indication of the potential contribution that AMF may play
in plant P uptake, it does not provide specific information about the species present in the plant
root or how beneficial they are to the plant. It has been shown that different AMF species vary
in their functional abilities including P uptake efficiencies (Smith et al., 2000; Hamel et al.,
2014). Helgason et al. (2002) found that during the growing season of Hyacinthoides nonscripta (common bluebell), plants were colonized by a succession of at least 8 different species
of AMF. The authors proposed that AMF diversity is responsible for a vast array of benefits at
many physiological levels.
Increased diversity of AMF has also been reported in organic agricultural systems, based
on using traditional morphology and spore classification (Oehl et al, 2003; 2004; Bedini et al.,
2013) and on molecular biology techniques (Verbruggen et al., 2010; and Van der Gast et al.,
2010; Dai et al., 2014). This is consistent with increased bacterial and arthropod diversity in
organic farming systems (Mäder et al., 2002; Li et al., 2012; Lynch et al., 2014). AMF diversity
has been positively correlated with above ground plant productivity (Van der Heijden et al.,
1998; Wagg et al., 2011b) and total P uptake in natural systems (Van der Heijden et al., 1998),
and it is plausible that enhanced AMF diversity may also contribute to greater P uptake and crop
yields in low-input agricultural systems. AMF community structure is also important, as even if
two comparison sites have similar species richness, the assemblages of AMF species and their
functional capabilities may differ (Jansa et al., 2006).
Today there are about 230 known species of AMF, which fall phylogenetically within the
Glomeromycota phylum of fungi (Smith and Read, 2008; Helgason and Fitter, 2009 – from
Thonar et al., 2012). Still, relatively little is known about the diversity of AMF in natural and
managed ecosystems primarily due to methodological limitations for detecting, identifying and
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quantifying AMF species in soil (Liang et al., 2008). The traditional method of classifying AMF
diversity consisted of sieving spores from soil, quantifying, and identifying them based on
morphological characteristics (Sanders, 2004). Besides being difficult and time-consuming to
identify spores, this method is problematic as AMF spore numbers do not necessarily accurately
represent the abundance and presence of AMF species (Hijiri et al., 2006). A species could be
present and not sporulating or present in relatively low abundance and producing a large number
of spores (Sanders, 2004).
Molecular biology technologies using the polymerase chain reaction (PCR) to analyze
AMF diversity at the DNA level have the potential to provide more accurate estimates of AMF
community structures and biodiversity. Several PCR-based methods have been developed that
allow analyses of AMF community structures including restriction length polymorphism
(RFLP), denaturing gradient gel electrophoresis (DGGE), and temperature gradient gel
electrophoresis (TGGE) (Liang et al., 2008). While these fingerprinting techniques are useful in
comparing AMF communities under different management practices, Thonar et al. (2012)
describes how molecular approaches targeting AMF that can provide meaningful information at
the species level have been slow to becoming routine practice. This is largely a result of
complications that arise when developing species specific marker sets (primers and associated
hydrolysis probes) because of the high degree of DNA sequence diversity within individual
AMF isolates and because of limited knowledge on the sequence diversity that exists between
species or taxa. Further, deriving meaningful data from methods such as quantitative real-time
PCR (qPCR) is complicated as a result of the multinuclear and multi-genomic cellular
organization of many AMF species (Sanders et al., 2003; Hijiri and Sanders, 2005; Gamper et
al., 2008; Thonar et al., 2012). Thonar et al. (2012) appear to have made a breakthrough in being
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able to accurately detect several AMF isolates using species specific primers and fluorescently
labelled probes with qPCR technology. They have also developed a calibration system by
calculating the number of target gene copies per unit of genomic DNA for each species in order
to allow for a more useful interpretation of the numerical qPCR results.
In this study we employed PCR-DGGE to compare the AMF community structure in soil
from three long-term organically managed forage fields (no soluble P fertilizer application and
low STP) with that of soil from three long-term conventionally managed forage fields (history
of soluble P fertilizer application and greater STP concentrations). In addition, we used the
recently established qPCR protocol and markers (Thonar et al., 2012) targeting select AMF
isolates in soil to determine any differences in species abundance (ng fungal DNA mg total
DNA-1) among management systems. This is the first study that I am aware of which has tested
this qPCR methodology in North American field soils. This research aims to take the first step in
answering the larger question about the role that AMF have in P uptake in organic dairy farm
systems, by first determining if there are differences in AMF community structure between
organic and conventional management. Soils from the study presented in Chapter 3, which
found greater alfalfa root colonization by AMF under organic management, were used.
4.3 Materials and Methods
4.3.1 Site selection and description
Three paired organic and conventional dairy farm fields were selected as described in
Chapter 3, Section 3.3.1. The farms had been consistent in their management practices for > 20
y. A detailed description of farm management practices and select soil characteristics can be
found in Table 3.1 of Chapter 3. The soils were all Grey-Brown Luvisols according to the
Canadian System of Soil Classification (Hoffman and Richards, 1952; 1954; AAFC, 1998).
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Mean annual temperature and precipitation data for the three sites is shown in Table 3.2 of
Chapter 3. AMF root colonization as determined previously is shown in Table 3.5 of Chapter 3.
4.3.2 Soil Sampling
Soil samples were collected from the forage fields of each farm during the 2009 growing
season as described in Chapter 3, section 2.2. After sieving (2 mm), the soil was frozen (-20°C)
until further analysis.
4.3.3 Soil DNA extraction
Frozen soil was lyophilised prior to DNA extraction. DNA was extracted using the
PowerMaxTM Soil DNA Isolation Kit (cat no 12988-10 Mo Bio Laboratories, Inc., Carlsbad, CA)
according to the manufacturer’s instructions with the exception of the following modifications:
i) after addition of the lysis buffer solution (C1), the tubes containing the soil were incubated in a
water bath for 65°C for 12 min, ii) the bead solution tubes were shaken for 20 min as opposed to
10 min. These physical and chemical modifications, in addition to using freeze-dried soil, were
made after consultation with Mo Bio technical staff in an effort to encourage the extraction of
DNA from AMF spores. After conducting a pre-test with varying amounts of soil and checking
for DNA quantity and purity, 5 g of soil was used for each extraction. The presence of DNA was
confirmed by running a gel electrophoresis (1% agarose gel and 3% ethidium bromide) and
visualising under UV light. The original stock of extracted DNA was kept frozen at -80°C, with
working stock subsamples kept at -20°C.
4.3.4 AMF Community Structure
AMF community structure was compared among management systems using polymerase
chain reaction (PCR) - denaturing gradient gel electrophoresis (DGGE). The procedure used
here consisted of a nested PCR according to the method of Gollotte et al. (2004) using the
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universal eukaryotic primer pair LR1-FLR2 followed by a nested PCR with AMF-specific
primers FLR3 and FLR4. A GC clamp was added to the primer FLR3 to prevent complete
denaturation during DGGE. These primers amplify the 5’ end of the large sub-unit (LSU)
ribosomal DNA and were selected as they result in less than 500 bp amplicons (300-380) which
is a general requirement for DGGE analysis (Muyzer and Smalla, 1998), and they have good
specificity for Glomeromycota with relatively good diversity coverage among AMF; they also
allow for good discrimination among AMF at the species level (Mummey and Rillig, 2007) and
have been successfully used by other authors in PCR-DGGE experiments (Miras-Avalos et al.,
2011; Rodriguez-Echeverria et al., 2009, Wijisenghe et al., 2011). DNA from all twelve soil
samples (3 x 4 quadrats) per field were extracted and used for the nested PCR, yielding 72
samples in total. For DGGE analysis, nested PCR products from the same field quadrat were
composited to facilitate the statistical analysis of the gel, yielding 4 samples per field and 24
samples in total.
4.3.4.1 PCR Amplification of AMF DNA
PCR amplification was performed using a Mastercycler epgradient S thermocycler
(Eppendorf, Hamburg, Germany). A total volume of 20 μL containing 2 µL 10x PCR buffer,
200 µM deoxynucleotide triphosphate, 500 nM of each primer, 25 mM MgCl2, 0.4 µL Go Taq
Flexi polymerase (Promega, Madison, WI, USA) and 1 µL of template DNA was used for each
reaction (adapted from Gollotte et al., 2004). The thermo-cycling conditions for the PCR were:
an initial cycle of 3 min at 95°C, 1 min at 58°C and 1 min at 72°C, followed by 35 cycles of 45
sec denaturation at 94°C, 45 sec at an annealing temperature of 61.5°C (annealing temperature
was optimized in a pre-test), and 1 min extension at 72°C, with a final extension at 72°C for 10
min (Van Tuinen et al., 1998). PCR products were run on a 1% agarose gel containing 3%
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ethidium bromide in 1% TAE buffer at 50 V for 20 min and visualised under UV light to confirm
success of amplification in terms of size of product obtained and sufficient quantity. After
confirmation, the PCR products were diluted 50 or 100 times (depending on band brightness)
and used as a template for the nested PCR, which was run under the same conditions as
described above. Positive (DNA extracted from a Rhizophagus irregularis culture (commercial
inoculant from Mikro-Tek Inc., Timmins) and negative (sterile nanopure water) controls were
included in both PCR reactions in place of sample DNA in order to confirm successful
amplification of the targeted DNA.
4.3.4.2 Characterization of AMF Community Structure Using DGGE
Nested PCR products from the same soil quadrat for each field were composited prior to
DGGE analysis. DGGE was performed using a D-Code system (BioRad, Hercules, CA, USA). A
32-well comb was used, allowing all 24 samples and controls to be run on the same gel. DGGE gels
were 8% bis-polyacrylamide in 0.5 xTAE buffer with a 25 to 50% concentration of the denaturant
(7M urea, 40% (v/v) formamide). 6 µl of PCR product mixed with 3 µL of loading dye were loaded
into wells of a stacking gel that was denaturant free. Initial electrophoresis was performed at 20 V
with the pump off until the temperature reached 60°C, after which it was run at 75V with the pump
on for 17 h at 60°C. After electrophoresis, gels were stained with SYBR Green I Dye (Invitrogen,
S7563) diluted 5000 x in TAE buffer (Nakatsu and Marsh, 2007) and visualized under UV light.
Images were viewed and DGGE banding patterns were photographed as described above.
Prominent DGGE bands were excised under UV light, and placed in PCR tubes containing
100 µl sterile nanopure water and kept at 4°C overnight to allow DNA elution. An additional PCR of
the eluted DNA using the FLR3 and FLR4 primers was performed using the same conditions as
described above. The PCR products were cleaned using UltraClean Microbial DNA Isolation kit
(MoBio, Carlsbad, CA, USA) and submitted to the Genomic Facility at the University of Guelph
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(Guelph, ON, Canada) for sequencing using a 3730 DNA Analyzer, Applied Biosystems, CA, USA)
to confirm the amplified product was AMF DNA. Much of the sequencing data obtained was
unreadable due to ambiguous peaks. However, all sequences that were readable corresponded with
AMF DNA. Still, it was difficult to confirm AMF identity at the isolate level with confidence due to
a large number of unknown nucleotide bases. It appears that co-migration of AMF DNA occurred;
such that a given band did not always contain DNA from just one AMF species (see Section 4.5.3.1
for further discussion).

4.3.4.3 Comparison of targeted AMF species in soil using qPCR
Frozen DNA was thawed at 65°C, mixed well, and 100 uL of each sample was dried
down using a DNA 120 SpeedVac (ThermoSavant, Holbrook, NY, USA). Samples were
shipped by mail to ETH Zurich, Echikon Research Station, Lindau, Switzerland, where the
samples were reconstituted with sterile Milli-Q water and PCR work was completed.
The AMF isolates targeted in this study included 6 isolates obtained from Swiss arable
and grassland soils: Rhizophagus irregularis (formerly known as Glomus intraradices) (BEG
158), Claroideoglomus claroideum (formerly known as Glomus claroideum) (BEG 155),
Funneliformis mosseae (formerly known as Glomus mosseae) (BEG 161), Gigaspora margarita
(BEG 152) and Scutellospora pellucida (BEG 153) (Jansa et al., 2002) as well as Diversispora
celata (FACE 234) (Gamper et al.2009). The qPCR method used was that of Thonar et al.
(2012), who developed taxon-specific primers and hydrolysis probes for rapid and specific
quantification of the above AMF isolates, with the exception of that for D. celata, which was
developed by Wagg et al. (2011a). These markers have previously been shown to effectively
discriminate between the target taxa, with no significant cross-amplification recorded (Thonar et
al., 2012). Thonar et al. (2012) also estimated an absolute number of the targeted gene (nuclear
large ribosomal subunit, nLSU) copies per unit of genomic DNA of the different AMF species to
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allow the conversion of LSU copy number to ng DNA in order to provide a baseline for
interpretation of the qPCR results. The cycling conditions were: initial denaturation at 95°C for
15 min, followed by 45 cycles with denaturation at 95°C for 10 sec, annealing at the temperature
optimized for each primer/probe combination for 30 sec, and elongation at 72°C for 1 sec. Each
PCR sample contained a total volume of 9 µL, consisting of 4.55 µL water, 0.18 µL each of
primer 1 and primer 2, 0.04 µL Taqman probe, 1.8 µL Roche Master Mix TaqMan + 2.25 uL
template DNA. qPCR was carried out using a LightCycler 2.0 (Roche Diagnostics, Rotkreuz,
Switzerland). DNA concentrations in samples were determined using UV spectrophotometry
and PicoGreen fluorescence (Singer et al., 1997).
4.3.4.5 Statistical Analysis
Digital images of the DGGE gel were imported into GeneTools (Syngene, Cabridge, UK)
for analysis. In GeneTools, the images were visually analysed to ensure bands assigned by the
software program were appropriate. The corrected DGGE profiles were then imported into
GeneDirectory (Syngene, Cambridge, UK). The data were standardized by expressing the area
under each peak (corresponding to the intensity of each band) as a proportion of the total area,
using 1% minimum peak volume as a threshold for inclusion of a given band in the analysis
(Rees et al, 2004). Cluster analysis using the unweighted pair group with the mathematical
average method (UPGMA) and Dice’s coefficient of similarity were performed to generate a
dendrogram to illustrate the AMF communities detected in the paired organic and conventional
farms. A similarity matrix was created in GeneDirectory and subsequently analysed with Primer
V6 (Primer-E Ltd., Plymouth, UK) using non-metric multidimensional scaling (MDS) and
Analysis of similarity (ANOSIM). MDS was employed to ordinate the sample data and provide
a visual representation of the relationships among samples in three-dimensional plots. The
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goodness of fit of the plots is indicated by a ‘stress’ value that describes how well the
relationships among the samples are represented in space. A stress value closest to 0 indicates
excellent agreement, while a stress value > 0.35 indicates that the positions of sample points are
essentially random (Clarke et al., 1993). A tolerance value of 1% was used for the above
similarity analyses.
A 2-way crossed ANOSIM was used to analyse the data using management (organic or
conventional) and location (the three-paired locations) as factors. ANOSIM provides a p value
indicating whether the treatment groups are significantly different and a global R statistic
between 0 and 1, which indicates how different the AMF community structure is due to an
effecting factor. An R value of 1 indicates that the null hypothesis that DGGE profiles between
treatment groups are not any different from the profiles within a group should be rejected (Rees
et al., 1994).
Statistical analyses comparing the number of bands in the DGGE profiles and the
abundance of the specific AMF isolates determined by qPCR were performed using the
statistical software program SAS ver. 9.2 for Windows (SAS Institute, Cary, NC, USA).
Treatment effects were estimated using the Proc Mixed procedure using management type as the
single treatment effect and location as a random effect. Homogeneity of error (residuals) was
tested for each model and using the SAS Proc Univariate procedure, the residuals were also
tested for normality as determined by the Shapiro–Wilk statistic (Bowley 2008). If necessary,
log transformation of the data was performed ensuring validity of the statistical analysis
(residuals were normal and homogenously distributed). In the case of zeros in the qPCR data set
(values below the detection limit), half of the minimum value in the sample set was added to all
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values before performing data transformation. A type I error rate of P = 0.05 was used for all
statistical evaluations.
4.4 Results
4.4.1 AMF community analysis based on PCR–DGGE
4.4.1.1 Species Richness
Visual observation of the DGGE gel (Figure 4.1) revealed the presence of multiple bands
(a band is presumed to represent a distinct species in each sample (Fromin et al., 2002)). The
number of DGGE bands above the applied threshold (equivalent to a minimum peak volume of
1%) in all the samples ranged from 10 to 17. Mean number of bands (sd) for each of the fields
were as follows: Org 1 = 11.3 (1.3), Org 2 = 13.8 (2.2), Org 3 = 13.3 (1.3), Con 1 = 13.3 (2.6),
Con 2 = 12.5 (1.7) and Con 3 = 12.3 (1.9). No significant differences in number of bands were
found between organically (mean = 12.8) and conventionally (mean = 12.7) managed fields
(F= 0.01, P = 0.93).
4.4.1.2 Analysis of Similarity
The global R statistics generated from the ANOSIM were 0.71 and 0.91 (P < 0.0001) for
the effects of farm management (organic or conventional) and location, indicating that both of
these factors had a significant impact on the AMF community structure. The UPGMA
dendrogram generated using Gene Directory software showing similarity among samples is
shown in Figure 4.2. The dendrogram illustrates that the AMF communities are most similar
among samples from a similar geographical location. It also illustrates the divergence of the
AMF communities among management types within a given location.
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4.4.1.3 Data Ordination
MDS images showing AMF community grouping by management and location are
shown in Figures 4.3 and 4.4. These figures further illustrate that the factors management and
location had significant effects on AMF community structure.
4.4.2 Real-time qPCR results
Results of the qPCR analyses are presented in Table 4.1. Table A7.1 in Appendix 7
shows the F and P values resulting from the statistical analysis testing for the effect of
management on the presence of the different fungal isolates. No significant differences in DNA
concentrations were found among samples for the DNA extracted from soil.
All 72 DNA extracts tested were found to contain detectable amounts of F. mosseae. For
C. claroideum, 70 of 72 samples had detectable amounts. D. celata also had fairly good coverage
with 61 out of 72 samples containing gene copy numbers above the detection limit; most of the
samples with non-detectable amounts were from field Con 3. R. irregularis had moderate
coverage with 42/72 samples containing detectable amounts of the targeted DNA. No detectable
amounts of R. irregularis were found in DNA extracted from soil Org 2. More S. pellucida was
found in fields Org 1 and Con 1, with locations 2 and 3 having many samples with undetectable
amounts. None of the samples analysed in this study were found to contain detectable
concentrations of G. margarita DNA.
Of the qPCR isolates tested, the only species that had significantly different abundance
based on agricultural management was F. mosseae, where conventional systems were found to
contain significantly more fungal DNA as a proportion of total DNA. Amounts of C. claroideum
and D. celata DNA were numerically greater in DNA extracts from organically managed soils
when compared with conventionally managed soils in all three paired-locations (Table 4.1),
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although differences based on management type were not found to be statistically significant (P
= 0.0655 and P = 0.1369 respectively).
4.5 Discussion
4.5.1 Effect of geographical location on AMF communities
AMF community composition was found to be significantly affected by both location and
management, with location having a more dominant effect. The results of this study support a
strong influence of geographical location on AMF species assemblages, with each location being
different from the others (illustrated in Figure 4.4). Other authors have also reported site location
to have a significant impact on AMF communities. For example, Van der Gast et al. (2010)
studied AMF diversity using PCR-TRFLP community fingerprinting of AMF trap cultures
generated from soil from 9-paired organic and conventionally managed fields at different
locations in England. Both management and geographical location were found to affect AMF
diversity; however location had a greater effect than management. The differences were
suspected to result from differences in soil type and crops grown. Soil type has been shown to
affect AMF diversity (Oehl et al., 2010). In the present study, the study sites were selected in an
effort to minimize environmental heterogeneity, and soils were fairly similar in terms of texture,
organic matter and pH among the three locations (Table 3.1 of Chapter 3). However, subtle
differences in soil characteristics are likely to occur and it is possible that soil parameters not
measured have effects on AMF species composition.
Recent studies have confirmed the important influence of geography and local
environmental characteristics on AMF communities. In a comprehensive study that sampled 154
agricultural soils with varying site characteristics across Switzerland, Jansa et al. (2014) explored
the influence of soil characteristics, geography and land use management on the abundance of
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the same AMF isolates used in this study. They found that AMF community composition was
driven mainly by soil properties (ie. pH, texture and soil organic carbon), and geography
(altitude, rainfall and geographical distance), with land use management having a relatively
minor effect. Further, Hazard et al. (2013) analysed AMF community structure in T. repens and
Lolium perenne roots from 40 different locations in Ireland. Using PCR and T-RFLP, it was
concluded that AMF community structure was affected by local site conditions including pH,
rainfall and soil type and not solely geographical distance. Thus, it is possible for local climatic
variations in temperature and precipitation to influence AMF communities. Finally, Bedini et al.
(2013) found unexpected AMF species in conventionally managed agroecosystems and thought
that the diversity at this site might have been influenced by surrounding naturalized areas that
could act as sources of inoculum, with AMF propagules being dispersed by mammals and wind.
It is also possible that the AMF communities are influenced by the local environment and
landscape features of each area.
4.5.2 Effect of farm system management on AMF communities
4.5.2.1 AMF species richness (no. DGGE bands)
In theory, each distinct band that is present on a DGGE gel represents a unique species
(Fromin et al., 2002); thus, by counting bands an estimate of species richness can be obtained
(Nakatsu and Marsh, 2007). However, it is important to remember that this estimate is derived
from PCR products and should not be assumed to be the number of species present in the
original population (Nakatsu and Marsh, 2007). Further, PCR-DGGE methodology is limited in
that it can only accurately detect populations that make up at least 1% of the original population,
thus rare species may be missed (Kowalchuk et al., 2002; Fromin et al., 2002). Nevertheless, the
number of DGGE bands should provide a reasonably accurate lower estimate of diversity of
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AMF species in the soil and it is a simple way to indicate AMF diversity differences among
different populations. The number of DGGE bands (species) counted did not significantly differ
between organic and conventional fields (mean of 12.8 and 12.7, respectively) and are within the
range of those reported for other AMF diversity studies of agricultural soils. In a review by
Douds and Millner (1999), the number of AMF species based on spore identification in twelve
agricultural sites in North America ranged from 3 to 26 with an average of 13.9 species per site.
In other comparative studies using molecular approaches to study AMF communities in
field and horticultural crop systems, greater AMF diversity has been reported under organic
management compared to conventional management (Oehl et al., 2004; Verbruggen et al., 2010;
Van der Gast et al., 2010; Dai et al., 2014). Suggested reasons for greater diversity in organic
systems were potential negative effects on diversity from mineral fertilizer and chemical
pesticide use in the conventional treatments, beneficial effects of using legumes and/or perennial
forage in rotation more frequently under organic management, differences in soil Olsen STP
levels, and more diverse crop rotations in the organic systems (Oehl et al., 2004; Verbruggen et
al., 2010; Van der Gast et al., 2010; Dai et al., 2014).
Based on the above studies, it was anticipated that the organic fields in this study would
have a greater AMF diversity than their conventional comparisons, but instead we found no
difference. This may be the case for a couple of reasons including, the use of diverse crop
rotations including perennial forage at all farm sites, combined with a lack of overly high
available inorganic P levels for the conventionally farmed soils. With the exception of the study
by Oehl et al. (2004), where the crop rotation was the same regardless of management type, all
the organic farming systems in the studies described above included some form of grass-legume
green manure or perennial forage in rotation, whereas the conventional treatment did not. As
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legumes are known to be highly mycorrhizal, and perennial plants in rotation would also
encourage AMF proliferation, the inclusion of legumes in rotation may have positively impacted
AMF diversity in both organic and conventional field soils.
In the present study, a major difference between the organically and conventionally
managed fields was the long term history or absence of fertilizer P use. While P additions to soil
have been known to reduce both colonization and sporulation of many AMF species (Douds and
Millner, 1999), several studies have reported that varying levels of available inorganic P did not
affect AMF diversity (Mathimaran et al., 2005; Hamel et al., 1994; Johnson, 1993). Other
authors have reported that low doses of P did not affect AMF diversity, but at higher doses,
diversity was decreased (Del Mar Alguacil et al., 2010; Gosling et al., 2012). Gosling et al.
(2012) investigated AMF diversity using T-RFLP and cloning in maize, soybean and field violet
along a gradient of Olsen STP (10-250 mg kg-1) and found that diversity was decreased only
when levels of P reached over 25 mg kg-1. In the present study, while still greater than organic
field values, the conventional field soils had moderate Olsen STP values with the highest value
being 17.1 mg kg-1. Thus, it is possible that at higher levels of STP, AMF richness would have
been negatively impacted.
Indeed not all organic / conventional comparisons report greater AMF diversity or soil
microbial diversity under organic management (Lynch, 2014). Galván et al. (2009) compared
AMF diversity in organic and conventionally managed onion fields in the Netherlands using
PCR and cloning and found no significant differences due to management. Other authors have
reported that AMF diversity was more related to management intensity and site history rather
than management type (organic or conventional), with AMF diversity decreasing as management
intensity increased (Oehl et al., 2003; Hijiri et al., 2006). Overall, it appears that low-input
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agriculture with a more diverse crop rotation, including the use of legumes as green manures or
perennial forage, promotes AMF diversity. It is important to remember there are a large range of
possible management practices within both organic and conventional systems; the conventional
farms in this study are not as intensive as some as they do not rely solely on mineral fertilizers
(they also apply manure), are not overly large farms, and employ fairly diverse crop rotations
(farm-dependent) including four years of perennial forage.
4.5.2.2 AMF community structure
Farm system management was also found to have a significant effect on AMF
community assemblages. This is in agreement with the findings of Verbruggen et al. (2010) and
Van der Gast (2010) who conducted organic and conventional comparisons using similar
community fingerprinting techniques (PCR-TRFLP) in the Netherlands and England,
respectively. In their rigorous high-throughput study of organic and conventional wheat farms in
the Canadian prairies, Dai et al. (2014) found differences in AMF sequence reads among the two
farming systems. Oehl et al. (2004) also found the AMF spore communities to differ in
composition based on management, with spores of Acaulospora and Scutellospora spp.
commonly found in natural systems, being more abundant in organic systems. Similarly, Galván
et al. (2009) found Paraglomus spp. and Archaeospora spp. in organically managed onion fields,
but not in conventional farms. These species were noted to be more commonly found in natural
systems. Verbruggen et al. (2010) also reported that AMF communities of organic farming
systems were more similar to those of natural systems in comparison with AMF communities
found in conventionally managed agroecosystems. The results of these studies suggest increased
anthropogenic influences (fertilizer use, limited crop diversity and pesticide application), that
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may occur more commonly in conventional systems, alter AMF communities to a greater extent
than under organic management.
In this particular study, potential reasons why AMF communities from organically and
conventionally managed field soils were found to be different include effects due to different
forms of fertilization, pesticide use and minor differences in crop rotation. The organic fields in
this paper had a long term (>20 y) absence of synthetic fertilizer application and more commonly
applied manure that had been semi-composted (Table 3.1 of Chapter 3). Conventional fields had
long term (>20 y) histories of synthetic mineral fertilizer application. In a review by Jansa et al.
(2006), it was concluded that both N and P fertilization may alter the AMF assemblages in soil
and plant roots, as fertilization appears to affect AMF species differently. Moreover, some AMF
species are more tolerant to high levels of available inorganic P than others (Fernandez et al.,
2011). Even low levels of P additions can cause AMF community shifts. For example, Del Mar
Alguacil et al. (2010) found using PCR cloning in a Venezualan Savanna ecosystem, that
additions of 40 kg P ha-1 in the form of rock phosphate resulted in a shift in AMF community
structure (more Glomus and less Acaulospora). Thus, it is possible that fertilizer use, specifically
N and P fertilizer applications, were responsible for the differences observed in AMF
communities among management type. The organic farms in this study also tended to partially
compost their dairy manure before application, which could also support the development of
distinct AMF species (Jansa et al., 2006).
The results here indicated greater abundance of F. mosseae in soils from conventionally
managed systems in comparison with soils under organic management. There is some evidence
that F. mosseae is more tolerant and can thrive under high P conditions (Troeh and Loynachan,
2009) and has also been associated with higher land-use intensities. Further, in an in-depth
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survey of 154 soils in Switzerland, Jansa et al. (2014) found F. mosseae to be positively
correlated with mineral fertilizer use and the authors suggested this species might be used as a
bioindicator of mineral fertilizer use or overuse. F. mosseae is also known to be a fairly
aggressive species that can quickly colonise roots in early successional stages (Troeh and
Loynachan, 2009; Sýkorová et al., 2007). Perhaps F. mosseae was present in greater amounts in
conventional systems because if certain other AMF are more sensitive to anthropogenic
disturbances like synthetic fertilizer or pesticide application, F. mosseae may have less
competition and therefore a greater chance of colonizing roots.
The results also supported a trend for greater C. claroideum and D. celata abundances
under organic management. Interestingly, Jansa et al. (2014) noted a decrease in abundance of
both of these species, which was associated with the use of mineral fertilizers. Moreover, in a
long-term (>40 y) P fertilization trial of pasture soils in New Zealand, Wakelin et al. (2012)
noted that G. claroideum was a dominant species in the control plot that did not receive P
additions, and it was surmised that this species may have high fitness under low P conditions.
In addition to synthetic fertilizer application, synthetic pesticides, in particular fungicides,
can also affect the community assemblages of AMF in an agricultural system (Jansa et al., 2006).
Though there are limited studies testing the effect of individual pesticides on AMF communities,
in a review by Jansa et al. (2006) it was concluded that pesticides may differentially inhibit AMF
species. In the present study, fungicide use was not that prevalent in the conventional farming
systems, but the use of the herbicide glyphosate (Round-Up) was routine. Effects from
glyphosate on AMF species cannot be ruled out. Chakravarty and Sidhu (1987) tested the effects
of glyphosate on five species of ectomycorhizal fungi (EMF) and found varied species
sensitivity. Although this study was conducted on EMF, it is presumable that AMF species are
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also affected differentially by the herbicide, which may translate to glyphosate induced AMF
community shifts in the field. Only recently has research been conducted to investigate the
effect of glyphosate on AMF communities in the field. Sheng et al. (2012) investigated the
effects of glyphosate in wheat cropping systems in the Canadian prairies on AMF diversity using
PCR-DGGE in combination with sequencing of excised bands, and found that glyphosphate did
impact AMF community structure in the second year of the field trial. This study provided
evidence that glyphosate use may increase the abundance of F. mosseae and reduce other
Glomus spp. Interestingly, in this study, more F. mosseae was detected in soil from conventional
fields where glyphosphate is routinely applied. More research is needed to better understand the
effects of glyphosate use on AMF communities.
Shifts in AMF community structure may also occur with changes to the crop rotation. In
general a greater diversity of crops is associated with greater diversity in AMF communities
(Jansa et al., 2006) and organic farming systems tend to favour more diverse crop rotations
(Gosling et al., 2006). Overall there was no overriding trend with regard to employing a more
diverse crop rotation, so this is not likely a factor affecting AMF communities in this study.
However, the organic farms grew less corn in rotation than the conventional farms (Table 3.1 of
Chapter 3). As AMF diversity is known to be influenced by the diversity of its host crops
(Johnson et al., 1994; Miras-Alvalos et al., 2011), it is possible that a more frequent appearance
of corn in the rotation had an impact on AMF community structure.
4.5.2.3 AMF functional capabilities
Although there is significant evidence that AMF communities differ under organic and
conventional management, the functional differences that these communities may impart is still
unclear. However, here we see some support that AMF from organically managed systems may
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provide yield and P-use efficiency benefits to their host crops. Abundance of C. claroideum
DNA was consistently greater in DNA extracted from soils under organic management in
comparison with conventionally managed soils, though results were not significantly different (p
= 0.067). Interestingly, in a recent publication comparing AMF DNA sequences from soil of 72
organic and 78 conventional wheat fields, Dai et al. (2014) also found sequences belonging to
the Claroideoglomus genus to be greater in soil from organic wheat production systems in
comparison to those under conventional production. In their study, the efficiency of P uptake,
defined as wheat P uptake / P flux (as determined using anion exchange resins), was found to be
greater in organic compared to conventional fields and this efficiency was associated with the
number of Claroideoglomus reads for organic wheat production, indicating a functional
distinction for this group of fungi. Wheat biomass was found to be positively correlated to the
number of Claroideoglomus reads, but negatively correlated with Glomus spp. reads in organic
fields, which was attributed to differences in host crop carbon costs imparted by the fungi.
In another study using radioisotope labelling, Thonar et al. (2011) explored differences in
P uptake among R. irregularis, C. claroideum and G. margarita isolates, and found
C. claroideum to have the greatest P-use efficiency, as it provided more M. trunculata yield per
unit of P taken up. The authors suggested that this is explained by differences in carbon
requirements of the fungi. Similarily, using the same three fungal isolates, Lendenmann et al.
(2011) used isotope tracing (33P and 13C) to further investigate P uptake benefits and carbon costs
to M. trunculata. The authors found R. irregularis and C. claroideum to provide similar yield
benefits, but that R. irregularis had a greater carbon cost to the plant than C. claroideum, again
appearing that C. claroideum promotes greater P use efficiency (plant yield per unit of P taken
up).
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There was also a trend for greater abundances of D. celata in organically managed
systems at each of the three locations, though the overall effect of management on D. celata
abundance was not significant (P = 0.137). In the study by Dai et al. (2014) comparing organic
and conventional wheat fields in western Canada, they did not find greater Diversispora
sequence reads in soil managed organically, but similar to Claroideoglomus, the number of
Diversispora reads were also associated with greater P uptake efficiency in organic wheat fields
indicating perhaps some functional distinction for this group of fungi under organic management
conditions. In addition, using field soil collected from a long-term grassland experiment in
Switzerland, Wagg et al. (2011a) found C. claroideum and D. celata to have the greatest yield
benefit to Trifolium pratense when the planting ratio of the legume to grass (Lolium multiflorum)
was high. This suggests that C. claroideum and D. celata may preferentially benefit the legume
in legume-grass mixtures. This is interesting considering greater legume (alfalfa) yields were
noted for the organic fields where this soil was collected from (see Chapter 3, Table 3.6), while
grass yields were higher in the conventional systems.
Similarly, other authors have provided support that AMF from organic plots may provide
greater benefits to their host crops. While not a strict organic/conventional comparison, in a pottrial growing big bluestem grass inoculated with AMF, Johnson (1993) noted that AMF species
from fields fertilized for 8 years, were inferior in providing benefits (growth and nutrient
exchange) to plants when compared with AMF assemblages obtained from unfertilized fields. In
addition, Scullion et al. (1998) reported that AMF isolated from organically managed grassland
fields provided greater yield and P uptake benefits to Allium ameloprasum and Trifolium repens
under conditions of low nutrient availability.
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4.5.3 Methodological Considerations
4.5.3.1 Difficulties obtaining precise sequence information from DGGE bands
As mentioned previously, much of the sequencing data obtained were difficult to
interpret due to the presence of ambiguous peaks. After exploring different possibilities to
resolve this issue (trying the opposite primer for sequencing, using fresh primers to rule out
frame-shifting, and sequencing directly from diluted excised bands), it is suspected that comigration of DNA occurred and that DNA from more than one operational taxonomic unit
(assumed to be one species) was detected in single excised bands. This was confirmed by
running DGGE gels of PCR products that obtained from DNA eluted from excised bands and
observing the presence of more than one band on the gel. The co-migration of bands belonging
to different species with similar denaturing behaviour is possible (Fromin et al., 2002;
Kowalchuk et al., 2002), and it is also possible that small amounts of DNA of dominant species
becomes generally dispersed in the gel (Nikolausz et al., 2005). Based on the widespread nature
of this problem, the latter seems more likely in this study. It is suggested that confirming AMF
identity at the species level may be difficult using excised bands from DGGE gels.
4.5.3.2 Real-time qPCR results in Ontario field soils
Five out of six AMF species were detected in the Ontario field soils used in this study
using the qPCR method of Thonar et al. (2012). This result is significant as the primers and
probes used for the quantitative detection of these isolates were designed using DNA sequence
data of AMF species isolated from grassland and arable soils in Switzerland. This methodology
has mainly been used to detect these specific isolates in pot trials (for example, see Wagg et al.,
2011a), and more recently in agricultural soils in New Zealand (Wakelin et al., 2012) and
Switzerland (Jansa et al., 2014). This study provides evidence that calcareous soils in Ontario,
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Canada contains these same isolates, further supporting their widespread distribution. Douds and
Millner (1999) and references cited therein, state that it is likely many AMF have a global
distribution with limited amounts of local evolution, as their major evolution occurred during the
time of Gondwanaland. Moreover, Opik et al. (2006) conducted a meta-analysis of 18S rRNA
gene sequences obtained from AMF clone libraries created from environmental samples around
the world and found that many AMF showed a global distribution including sequences related to
R. irregularis, F. mosseae, other Glomus spp. and Scuttellospora spp., however about 50% of
taxa were only detected from single sites which also suggests some local influence on AMF
distribution patterns.
F. mosseae is known to be a widespread species and is one of the most frequent species
cited in agricultural soils around the globe (for example see Oehl et al, 2003; Wang et al., 2008;
Troeh and Loynachan, 2009; Galván et al., 2009; Wakelin et al, 2012; Jansa et al., 2014). This is
in agreement with the fact that it was detected in all 72 soil DNA samples in this study. The
soils in this study all had calcareous parent material, and greater abundances of F. mosseae have
been linked with calcareous soils (Oehl et al., 2010) and with carbonate content and pH (Jansa et
al., 2014).
Detectable amounts of C. claroideum DNA were also found in almost every sample (70
out of 72). C. claroideum is also known to be a fairly frequently detected species in agricultural
soils (Wang et al., 2008; Troeh and Loynachan, 2009; Konig et al., 2010; Wakelin et al, 2012;
Jansa et al., 2014). D. celata was fairly abundant, with 85% of the soil DNA samples yielding
detectable amounts of this fungal species. This is consistent with evidence suggesting that the
AMF of the family Diversisporaceae have global distribution (Gamper et al., 2009; Wakelin et
al., 2012; Jansa et al., 2014). Both R. irregularis and S. pellucida were detected less frequently
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in the soil samples (42/72 and 31/72 samples had detectable amounts of the specific DNA,
respectively) and no significant differences or trends were apparent among management systems.
The frequency of detecting S. pellucida DNA seemed to be affected by sampling location, with
detectable amounts occurring most frequently at location 1, with less in location 2, and only 1
site having detectable amounts at location 3. It is not known why this might be the case, but
potentially some of the reasons mentioned earlier about the effects of location on AMF
community structure may have played a role. Spores of some Scutellospora species have been
commonly found in natural systems (Oehl et al., 2004), and are known to be adversely affected
by P fertilization (Johnson, 1993; Jansa et al., 2006) and to be most abundant under no-till
conditions in more sandy and acidic soils. The soils in this study are tilled during part of the
crop rotation, but not during the forage phase of the rotation. However, the soils are also not
acidic or overly sandy, which are possible reasons for the overall lower abundance of this
species.
In relation to the other species, large amounts of R. irregularis DNA were detected.
However, as it is difficult to correlate amounts of fungal DNA with more traditional biological
units (Gamper et al., 2008), meaningful information cannot be derived by comparing the
amounts of fungal DNA among species. R. irregularis was detected fairly frequently in most
fields, which is not surprising as R. irregularis is known to be a generalist AMF (Sýkorová,
2007). However, there were no detectable amounts of R. irregularis in soils from field Org 2
and reasons for this are unknown. A large range in DNA copy numbers were found in the other
soils with some non-detectable amounts also noted in soils from fields Con 2, Org 3 and Con 3.
However, it is interesting that Org 2 is the field with the lowest STP value (mean of 2.8 mg kg-1
Olsen STP). R. irregularis is also known to be tolerant of high nutrient levels (Douds and
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Millner, 1999), but also has been shown to decrease with P fertilization (Wakelin et al., 2012).
Perhaps it does not do well under very low levels of available soil inorganic P, though there is
little evidence available to support this.
G. margarita DNA was not detected in any of the soils in this study. G. margarita is
known to be sensitive to soil disturbance (such as tillage) (Jansa et al., 2014) and other studies
involving agricultural soils in New Zealand and Switzerland have reported this species to be not
detected or rarely detected (Wakelin et al., 2012 and Jansa et al., 2014, respectively). In addition
evidence supports that G. margarita abundance is associated with sandy soils (Jansa et al., 2014),
while the soils in this study fall under the silt loam and loam classification.
The detection and quantification of five AMF isolates in the Ontario forage fields in this
study provides valuable insight into the AMF communities present and how they are influenced
by management. However, at present the primers and probe sets are limited to these isolates and
there are gaps in the data about the presence and distribution of other AMF species and how they
might be affected by land use and management changes. Thus there is a need to continue to
derive pertinent sequence information for more AMF field isolates (Gamper et al., 2009) and to
develop specific primers for them. High-throughput techniques such as pyrosequencing are also
posed to provide valuable sequence information, however discrimination among AMF is often
not possible at the species level.
4.6 Conclusions
Functional traits of AMF can differ considerably among and within species so it can be
expected that the functional properties of AMF depend on its community structure. In this study,
differences in AMF community composition were detected using PCR-DGGE with both
management and location having significant effects. This study supports that AMF community
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assemblages are influenced by a combination of local environmental conditions and farm system
management. It is possible that these community composition differences impart differences in
P uptake and use-efficiency, which may be related to the ability of organic dairy farms to
maintain adequate forage yields at low Olsen STP levels, however, this remains to be shown
experimentally.
Taxon-specific qPCR results complemented the AMF community structure data obtained
from PCR-DGGE. qPCR targeting select AMF isolates supports that the primer and probes sets
utilised are applicable to field sites outside of central Europe where they were developed.
Interestingly, some differences were found among management type for the specific isolates
measured. More F. mosseae DNA was found under conventional management, a common AMF
species that is fairly resistance to disturbances and can rapidly re-colonise roots, supporting that
conventional practices, including synthetic fertilizer and pesticide use, support a greater
abundance of F. mosseae. There was a trend for greater amounts of C. claroideum and D. celata
in the organic farming systems, which provides some insight into differences in functional
capabilities of the AMF communities in the different farming systems. Both species, but in
particular C. claroideum, have shown evidence of enhancing growth and P-use efficiency of their
host crops and preferentially benefiting legume growth in legume-grass mixtures. At this point
we cannot infer all the functional differences that may exist as a result of organic or conventional
management, however, it appears possible that organically managed forage fields support AMF
communities that promote host crop yield, P-use efficiency and legume development under low
Olsen STP conditions.
With soluble P fertilizer prohibited under organic management, the role of soil biology to
promote efficient nutrient cycling is of paramount importance. AMF have the potential to be
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used to increase crop production and minimize the need for external nutrient additions, but there
is still a long way to go before AMF are considered a routine technology for agricultural
systems. Deriving more information on the AMF communities that exist under different
management conditions will help to increase our understanding of communities that provide
desirable agroecosystem benefits and how to best support their proliferation. It is expected that
research of this kind will help increase P uptake and use efficiencies thereby reducing the need
for P fertilizers in both organic and conventional systems. Understanding AMF species diversity
and how related functional differences impact the growth and quality of crops has the potential to
play a vital role in contributing to more sustainable agroecosystems.
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4.8 Tables and Figures

Table 4.1. Real-time PCR results showing mean ng fungal DNA mg-1 total DNA for AMF
species: F. mosseae (Moss), C. claroideum (Clar), S. pellucida (Scut), D. celata (Div),
R. irregularis (Irreg). The qPCR was performed on DNA extracted from soil from three
paired organic (Org) and conventional (Con) dairy farm forage fields (0-15 cm).
Statistically significant differences (analysed using the Restricted Maximum Likelihood
(REML) method test for fixed effects) between management type are shown.

1

Concentration (ng fungal DNA/ mg total DNA)

Farm

Sample DNA
concentration
(ng/µL)

Moss1

Clar1

Scut1

Div1

Irreg

Org 1
Org 2
Org 3
Mean

12.8
11.7
12.4
12.3a

74.8
100.0
389.4
188.0a

1159
1166
1794
1373a

97.2
8.6
2.0
35.9a

496.6
168.9
108.9
258.1a

2072
nd2
2811
1628a

Con 1
Con 2
Con 3
Mean

14.5
14.0
11.3
13.3a

345.6
208.7
1703.1
752.5b

802
683
654
713a

51.4
16.5
nd2
22.7a

87.7
137.7
22.6
82.6a

2351
3397
1848
2532a

statistical analysis was performed using log-transformed data
nd= not detected
a
Within columns, means followed by the same letter are not significantly different
(P<0.05).
2

146

Figure 4.1. DGGE image of DNA extracted from three organic (O1, O2, O3) and three
conventional (C1, C2, C3) forage field soils and PCR amplified for AMF DNA. The four
samples per field are four unique composite samples from each field (numbers 1-4) and not
analytical replicates. L= 100 bp DNA Ladder (Promega, Madison, WI, USA), SL = internal
standard ladder and +ve = DNA extracted from Rhizophagus irregularis and amplified using the
same primers.
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Figure 4.2. UPGMA Dendrogram showing % similarity (Dice’s coefficient) among
DGGE gel banding patterns obtained from nested PCR products of soil DNA extracts
from three paired organic and conventional forage fields. The four samples per field are
four unique composite samples from each field and not analytical replicates.
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Figure 4.3. Multi-dimensional scaling plot of DGGE profile data based on a
similarity matrix generated by cluster analysis according to the UPGMA
(Dice’s coefficient of similarity) method. The different shapes represent
the management of the forage field that the DNA was extracted from:
green upright triangles (organic), blue upside-down triangles
(conventional). (3D stress of the plot = 0.12).
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Figure 4.4. Multi-dimensional scaling plot of DGGE profile data based on a
similarity matrix generated by cluster analysis according to the UPGMA
(Dice’s coefficient of similarity) method. The different shapes represent
the three study locations: triangles (site 1), squares (site 2), circles (site
3). (3D stress of the plot = 0.12).
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Chapter 5 - Gross organic P mineralization and microbial P uptake rates in forage soils
along a gradient of available inorganic P
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5.1 Abstract
Soil phosphorus (P) tests are designed to indicate plant-available inorganic
orthophosphate (Pi), but fail to account for Pi that may become available through biologicallydriven processes of organic phosphorus (Po) mineralization. This P source may be especially
important in soils where solution and labile Pi are low. In this experiment, gross Po
mineralization and microbial P uptake rates were assessed using labelling with 33P in four
calcareous soils having varying concentrations of Olsen soil test P (STP). The soils were
collected from dairy farm forage fields in Ontario, Canada. In an incubation experiment, rapid
microbial 33P uptake was found for the soils with the lowest available Pi (indicated by both Olsen
STP and water-soluble Pi). The proportion of 33P incorporated into microbial biomass P pool
ranged from 7 to 44% of initial applied 33P after 8 days and was significantly negatively
correlated with water-soluble Pi according to a power type relationship. As concentrations of
Phex did not change, this suggests greatly accelerated P cycling (turnover) in the microbial
biomass pool at solution P concentrations < 0.1 mg P kg-1 soil as a result of biologically-induced
P uptake. Daily gross Po mineralization rates ranged from 0.4 to 2.9 mg P kg-1 soil d-1 and
contributed 11 to 58% of the isotopically-exchangeable P in 8 days. Based on these findings, Po
mineralization has the potential to make a significant contribution to forage P nutrition.
Methodological considerations for using the isotopic dilution method in high P-fixing calcareous
soils with low solution Pi concentrations are discussed.
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5.2 Introduction
A thorough understanding of processes that govern phosphorus (P) availability in soils is
important as too little P in the available orthophosphate (Pi) form can limit crop yields, while
excess Pi can result in off-site environmental degradation (Condron, 2004). P availability has
generally been considered to be governed mainly by physical and chemical processes including
sorption-desorption and precipitation-dissolution; however, biologically driven processes
including organic P (Po) mineralization and microbial Pi immobilization can also play a
significant role in affecting P availability (Bünemann et al., 2012). Determination of the
contribution of Po mineralization to plant-available P would be useful, especially when assessing
soils with low soil test P concentrations. For example, organic agricultural production systems
have consistently been found to be low in indices of plant-available P (Entz et al., 2001;
Condron, 2004; Gosling and Shepherd, 2005; Oberson and Frossard, 2005; Roberts et al., 2008;
Knight et al., 2009; Welsh et al., 2009), but the ability of commonly used soil tests to accurately
predict plant-available P has been questioned (Condron, 2004; Roberts, 2008; Nash et al., 2014).
Po mineralization may play a greater role in contributing to plant-available P in systems such as
these that are low in solution Pi.
Po mineralization has been difficult to measure due to the high reactivity of phosphate
anions in soil solution, which are often rapidly sorbed to soil surfaces following their release
(Frossard et al., 1996). In the past, the measurement of total soil Po over time was used to infer
whether net mineralization occurred (Condron et al., 2005) but extended time periods are needed
for differences to become detectable. The method also does not allow for the detection of the
simultaneous processes that are occurring (i.e. P may be mineralized and subsequently sorbed to
soil constituents and/or immobilized again by soil microorganisms).
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Isotopic dilution techniques using either 32P or 33P have been developed to measure Po
mineralization under steady state conditions (Oehl et al., 2001a). This is done by pairing a shortterm (typically 80-100 min) Isotopic Exchange Kinetics (IEK) batch experiment, with a longer
term (several days or more) incubation experiment to separate the physico-chemical and
biological/biochemical processes that govern the amount of isotopically exchangeable Pi in a soil
system. The IEK experiment establishes a baseline to allow the estimation of the amount of
isotopically exchangeable P due to physico-chemical processes over the length of the incubation
experiment.
The IEK method uses carrier-free radio-labelled P (33Pi) and it is assumed that unlabelled
soil 31Pi, and 33Pi have the same fate in the system (Frossard et al., 2011). After addition of the
labelled isotope, the amount of radioactivity remaining in soil solution is measured several times
during the first 100 min of the batch experiment. From the inverse of the specific activity (SA,
or ratio of 33Pi to 31Pi) in the soil solution at a given time, the amount of isotopically
exchangeable P (termed the E-value) for the time period can be calculated. Using equations
derived by Fardeau et al. (1985), E-values are extrapolated to calculate how much Pi would
become available over a longer period of time. In a longer term incubation experiment, however,
some of the Pi entering the soil solution would be a result of biological mineralization processes
which would lower the SA (by increasing 31P), providing a higher E-value than the one
extrapolated from IEK data. Pi made available by gross Po mineralization can then be
determined by difference in the measured E-values of the incubation experiment and those
extrapolated from the IEK batch experiment.
In addition to Po mineralization, 33P uptake by the microbial biomass pool can also be
measured using isotopic techniques, allowing a better understanding of the role that microbial P
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cycling plays in soil P availability (Oehl et al., 2001b). Assuming that water-extractable Pi is the
sole source of microbial P uptake, microbial Pi immobilization is calculated from the SA of the
microbial biomass pool, the SA of the soil solution and the amount of microbial biomass P. Net
mineralization can then be determined by subtracting microbial Pi immobilization from gross
mineralization. Oehl et al. (2001b) found that P cycled through the microbial biomass faster in
soils under biodynamic and organic management when compared to soil managed
conventionally using synthetic fertilizers. Achat et al. (2009a) and Bünemann et al. (2012) found
rapid microbial P uptake under P-limited conditions, suggesting that microbial P uptake and
subsequent turnover may occur rapidly in soils low in available Pi.
Bünemann et al. (2012) calculated gross Po mineralization on grassland soils from a long
term fertilization experiment in Switzerland. The results supported that available Pi was the
main factor affecting gross P fluxes. External Pi concentrations are known to affect the
expression of P uptake and transport genes in soil microorganisms (Saleh-Lakha et al., 2005;
Bünemann et al., 2012); accordingly, it can be assumed that gross P fluxes in soil would also be
affected by soil solution Pi values. Bünemann et al. (2012) recommended that more studies were
necessary in order to better understand the effect of available Pi on gross P fluxes. Oehl et al.
(2004) recommended further studies to explore the effect of Pi limitation on Po mineralization
and the extent to which Po mineralization can supply P to growing plants.
In this experiment, Po mineralization and microbial P uptake were assessed using isotopic
techniques across a gradient of available Pi (as indicated by both Olsen STP and water-soluble
Pi) in four calcareous soils. The soils were collected from dairy farm forage fields in Ontario,
Canada containing mainly Medicago sativa (alfalfa) and Phleum pratense (timothy-grass). Two
of the soils were collected from farms operating under organic management. Our main objective
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was to explore the effect of available Pi levels on soil biological P fluxes. It was hypothesized
that gross Po mineralization rates would increase with decreasing available Pi levels.
Furthermore, it was anticipated that microbial P cycling will be faster when Pi is low. Finally,
this is the first using isotopic dilution techniques to measure P fluxes in calcareous soils.
5.3 Materials and Methods
5.3.1 Soil Properties
Soils from four different forage fields from southwestern Ontario dairy farms were used
in this experiment. The soils had been collected as part of a larger study as described in Chapter
3 of this thesis, which related Olsen STP and other soil properties to total forage yield and P
uptake on paired organic and conventional dairy farm soils. The soils were all Grey-Brown
Luvisols according to the Canadian System of Soil Classification (Hoffman and Richards, 1952;
1954; AAFC, 1998) and Alfisols according the American system (Soil Survey Staff, 2014). The
farm management practices including average annual P budget are shown in Table 5.1 and
relevant soil and crop properties are listed in Table 5.2. In this particular study, soils from two
organic (soils 1 and 2) and two conventional (soils 3 and 4) dairy farms were selected in order to
provide a gradient of Pi availability including very low Olsen STP values. The soils (0-15 cm)
were sampled from established fields dominantly comprised of M. sativa and P. pratense. The
Olsen STP concentrations of soils used in this study ranged from 2.2 to 13.7 mg P kg-1. After
initial collection and sieving (2 mm), soils were frozen (-20°C) until needed for the incubation
study. From an initial 12 soil samples collected per field (3 from each of 4 sub-plots), 4
composite samples per field were made representing each field at the sub-plot level.
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5.3.2 Experimental Design
The experiment consisted of two main parts: a short-term (100 min) isotopic exchange
kinetics (IEK) experiment and a longer 7-d incubation experiment. The short term IEK batch
experiment allowed the establishment of isotopic dilution over time as a result of physicochemical processes. The incubation experiment with 33P labelled soil provided the measurement
of actual isotopic dilution due to both physico-chemical and biological processes for two
sampling times (day 0 and day 7). Gross Po mineralization was calculated from the difference in
the E-values determined for these two experiments. During the incubation experiment, microbial
biomass 31P and 33P was also determined to provide an indication of microbial P uptake and
turnover.
Before both experiments, the frozen soils were thawed at 4°C and then pre-incubated in
the dark at 22°C for 28 d with gravimetric water content maintained at a level suitable for
microbial activity (20-24%) (equivalent to ~65% field capacity, as estimated using the Soil
Water Characteristics Hydraulic Properties Calculator version 6.02.74 [Saxton and Willey,
2006]). During this period, respiration was measured twice to confirm that the microbial activity
was constant at the onset of the incubation experiment. Due to the time needed for the IEK
experiments and the number of samples to process (n = 16), the incubation experiment was
conducted in two sets. Each set contained half (eight) of the soils with two samples from each
field.
5.3.3 Isotopic exchange kinetics (IEK) experiment
The IEK experiments were done on unlabelled, pre-incubated soil. The details of IEK
methodology have been described elsewhere (Fardeau et al., 1985). Briefly, a soil solution ratio
of 1:10 was created by weighing 10 g (oven dry weight) of soil into 250 mL centrifuge bottles
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(Nalgene) and adding nanopure water to bring the total volume (including soil water) to 99 ml.
The soil solutions were brought to a steady state by shaking end-over-end for 16 h, after which
the solutions were placed on magnetic stir plates and mixed for 10 min before the addition of 1
mL 33P solution to start the experiment (t = 0). The total amount of added radioactivity (R) was
170 kBq (s.d. 5.4). While maintaining constant stirring, ~ 5 mL of each solution was sampled
and immediately syringe-filtered through a 0.2 µm cellulose acetate membrane, at 1, 4, 10, 40,
60 and 80 minutes after the addition of the tracer. Water-extractable Pi (Cp) concentration in the
filtered solution was determined colorimetrically at 610 nm using malachite green (Ohno and
Zibilske, 1991). The radioactivity (r) in the filtrate was measured by liquid scintillation counting
(2500TR, Packard Instrument Company Inc., Meriden, CT). Soil filtrates were analysed in
triplicate.
From the IEK experiment, the following parameters were determined: 1) the
concentration of water-extractable Pi in the filtered soil extract (Cp in mg P kg soil-1); 2) the
amount of radioactivity remaining in the extract after 1 min of isotopic exchange as a ratio of the
radioactivity initially applied (r1min/R); 3) a parameter showing the rate of the decrease of
radioactivity in soil solution with time (n), calculated as the slope of the linear regression
between log(r(t)/R) and log (t); and 4) E1min in mg P kg soil-1 – amount of isotopically
exchangeable P during the first minute of the batch experiment, determined as Cp / (r(1min)/R.
An IEK pre-test using select samples of each of the four soils was conducted in order to
determine whether the inclusion of a microbial inhibitor during the IEK experiment was
necessary. Contrary to the common assumption that P dynamics during the short term batch
experiment are controlled by physico-chemical processes, Bünemann et al. (2012) found
extremely rapid P uptake by the microbial biomass pool in a P deficient soil, necessitating the
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use of HgCl2, a known microbial inhibitor, during the IEK experiment. In this study, HgCl2
additions were made to determine whether potential rapid microbial P uptake had any significant
effect over the 80 min of the test (as described by Bünemann et al. 2012). There were no
significant differences in measured solution Pi or solution 33P due to HgCl2 addition, thus, it was
assumed that the measurements were a result of strictly physico-chemical processes and the use
of a microbial inhibitor during the IEK was indicated to be unnecessary for these soils.
5.3.4 Incubation experiment
In parallel with the short-term batch experiment, the 7-d incubation experiment was
conducted using pre-incubated soil. A seven day incubation was selected as recommended by
Oehl et al. (2001b), to limit effects of re-mineralization of 33P-labelled microbial P. On day 0 and
day 7 of the incubation, samples were taken to determine Pi in solution and in the microbial
biomass. The 33P in both pools was also determined to allow the calculation of gross P fluxes
due to both physico-chemical and biological processes as well as to gain an indication of the rate
of microbial P uptake and release. Soil respiration was measured over the course of the 7-d
incubation to compare with that determined during the pre-incubation period to confirm steady
respiration.
The equivalent of 190 g oven-dry soil was weighed into a bowl for labelling. Five mL of
the 33P (as phosphoric acid) labelling solution was added and the soil was mixed manually for 5
min. Labelling resulted in a concentration of 2.49 (set 1) and 2.72 (set 2) kBq g-1 soil and
increased the soil moisture content slightly to values ranging from 23 to 28% (~75% field
capacity). Two portions equivalent to 10 g dry soil each were removed for the concurrent
measurement of soil respiration. The remainder was weighed into plastic containers and slightly

159

compressed before incubating at 22°C. The moisture content was kept constant throughout the
7-d incubation.
The labeled soil was sampled (weighed and extracted) on day 0 (~7 h after labeling) and
on day 7. Samples were analysed for concentrations of Pi and recovery of added 33P in water
extractable P (Pi) and microbial P. All radioactivity measurements were corrected for decay to
the time of soil labeling. The extraction period of 16 h was added to the sampling time point,
since isotopic exchange continues during extraction (Bünemann et al., 2007). Therefore, all
results from the incubation experiment are shown for 1.2 and 8.1 d after labelling.
5.3.5 Soil Analyses /Analytical Methods
5.3.5.1 Respiration
Respiration was determined by trapping CO2 released from 10 g of soil in 0.2 M NaOH
(Alef et al., 1995) and precipitating it as SrCO3, followed by back titration of the unreacted
NaOH with 0.2 M HCl, using phenolphthalein as an indicator solution. In all cases, the CO2 was
collected over a period of 7 days.
5.3.5.2 Hexanol-labile P (microbial P)
In a pre-test, different methods were compared for measuring soil microbial P. The
method of Morel et al. (1996) using chloroform fumigation was compared with the method of
Kuono et al. (1995) using liquid fumigation with hexanol and simultaneous extraction with anion
exchange membranes, and a modified version using water extraction with liquid hexanol
fumigation. All methods yielded comparable estimates of fumigant labile Pi and the same trends
among samples were evident. In this study, we chose to use the water extraction with hexanol
fumigation because it allowed us to also use the solution Pi values determined for the nonfumigated samples (the control samples) as the water-extractable Pi values required to calculate
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E-values. For this method, 2 g (d. wt.) of soil and 20 mL of nanopure water were placed in 50
mL centrifuge tubes. Fumigated samples received an additional 1 mL of hexanol. Analytical
duplicates were included for all samples. Samples were shaken horizontally for 16 h, after which
they were filtered through 0.2 µm cellulose acetate filters and solution Pi was measured as
described earlier (Section 5.3.3). Microbial P (Phex) was calculated as:
31

Phex (mg P kg-1) = (31Pfum-31Pnonfum)/31Prec

(1)

where 31Pfum and 31Pnonfum are the amount of 31P extracted from fumigated and non-fumigated
samples, respectively, and 31Prec is the fraction of a 31P spike added at the beginning of the
extraction that is recovered in the soil solution after shaking. No conversion factor was applied to
account for incomplete extraction of soil microbial P, as the conversion factor has not been
determined for these soils and this method. A large variation in conversion factors has been
found depending on the soil type and method used (Oberson and Joner, 2005). Thus, the term
hexanol-labile P (Phex) will be used throughout the remainder of this paper for the estimate of
microbial P.
5.3.5.3 Measurement of 33P in Phex (microbial P)
The radioactivity was measured in the filtrate of the non-fumigated and fumigated
samples as described earlier. In addition, two non-fumigated, spiked samples were included: the
first received 25 mg P kg-1 and the second 25 mg P kg-1 with an average of 9.4 MBq 33P kg-1 soil
to calculate the % recovery for both 31P and 33P.
The release of 31P from microbial cells as a consequence of fumigation affects the
recovery of the label in the soil solution due to isotopic exchange reactions (McLaughlin et al.,
1988). This is simulated by the addition of a 31P spike which has been shown to increase the
recovery of the label (Oehl et al., 2001a). Thus, in order to determine the amount of 33P in the
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microbial biomass, it is necessary to correct for the release of 31P from the microbial P pool
(which will release 33P from the soil solid phase). In a pre-test, a linear relationship between the
amount of 31P spike added and 33P recovered was found, thus one P spike addition was
determined to be adequate for this correction. An equation was established for each soil sample
using the non-fumigated samples (no P addition) and the samples receiving a 25 mg P kg-1 31P
spike:
33

Pnonfum + P (in kBq g-1) = a (31Pspike (mg P kg-1)) + b

(2)

where 33Pnonfum + P represents the 33P (in kBq g-1) extracted from non-fumigated subsamples
receiving the 31P spike and where a and b are the slope and intercept, respectively. The amount
of Phex (in mg P kg-1) was then inserted as 31P spike into equation (2) and the resulting value of
extracted 33P was used to calculate the incorporation of 33P in Phex (33Phex) as:
33

Phex (kBq g-1) = (33Pfum – 33Pnonfum +P) / 33Prec

(3)

where 33Pfum is the 33P extracted from hexanol-fumigated subsamples, and 33Prec the recovery of a
separate 33P spike containing the same amount of 31P as the 31P spike.
5.3.6 Calculation of gross P fluxes
Fardeau et al. (1985) provided a formula to describe the isotopic exchange kinetics of P
in a soil-solution system at steady state as:
r(t) / R = r1min / R * (t + (r1min / R)1/n)-n + rinf /R

(4)

where the parameters r1min/R and n are determined in a short-term batch experiment as described
above, and rinf /R is the maximum possible dilution of the isotope in solution at t = infinite which
is approximated by the ratio of Cp to total Pi (in our study calculated as total soil P minus total
NaOH-EDTA extractable Po). The amount of isotopically exchanged P at a given time t, i.e. the
E-value (E(t)), is then calculated from r(t)/R as the inverse of the specific activity in solution:
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E(t) (mg P kg-1) = Cp / (r(t) / R)

(5)

under the assumption that the specific activity of isotopically exchanged P in solution is identical
to the specific activity of isotopically exchanged P in the whole system. In the incubation
experiment, E-values are likewise calculated as the inverse of the specific activities measured in
the water extract.
To calculate cumulative gross Po mineralization, E-values were extrapolated from the
short-term batch experiment using equations (4) and (5) for each sampling time in the incubation
experiment and subtracted from the respective measured E-values calculated from the inverse of
the specific activity in water-extractable Pi.
The quantity of P in a soil pool that has been derived from a labeled P source can be
calculated from the specific activities of the pool and the source, and the amount of P in the pool
(Fardeau et al., 1996). Assuming that water-extractable Pi is the sole source of microbial P
uptake, microbial Pi immobilization at each sampling point was calculated as:
Pi immobilization (mg P kg-1) = (SAPhex/SAH2O) * (Phex)

(6)

where SAPhex is the specific activity of hexanol-labile P (indicating microbial P), SAH2O is the
specific activity in water-extractable Pi, and Phex is the amount of hexanol-labile P (in mg P kg-1).
Net Po mineralization was then derived as gross Po mineralization minus Pi immobilization.
5.3.7 Statistics
Statistical analyses were performed using the statistical software program SAS ver. 9.2
for Windows (SAS Institute, Cary, NC, USA). The Proc Corr procedure in SAS was used to
determine Pearson correlation coefficients among parameters determined by the IEK batch
experiment (Bowley, 2008). In this study, available Pi in the soils was indicated by both Olsen
STP and water-soluble Pi, which were positively correlated for these soils (r = 0.96, P < 0.0001);
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as such, relationships between P flux parameters and water-soluble Pi were analysed. Regression
statistical methods were used to evaluate relationships among parameters during the incubation
experiment and water-soluble Pi levels. After visual inspection of scatterplots, the SAS
procedure Proc Glm or Proc Nonlin were used for linear and nonlinear regression respectively
(Bowley, 2008). Using the SAS Proc Univariate procedure (Fernandez 1992; Bowley 2008),
homogeneity of error (residuals) was tested for each model. The residuals were also tested for
normality as determined by the Shapiro–Wilk statistic. Models with the best fit statistics and
homogeneity of residuals were selected to represent the data. If heterogeneity of variance was
observed, transformation of the data was conducted to see if the assumptions of the regression
analysis could be better met. In the case of non-linear regression analysis, pseudo R2 values
were calculated according to the method of Efron (1978). Analysis of variance (ANOVA) was
used to determine significant differences among the data using the Proc Glm SAS procedure
(Bowley, 2008). Homogeneity of error (residuals) was analysed as described above. A multiple
mean comparison test was performed using Tukey’s HSD (honest significance difference) test. A
type I error rate of P = 0.05 was used for all statistical evaluations.
5.4 Results
5.4.1 Isotopic exchange kinetics batch experiment
Mean values for parameters determined during the IEK batch experiment are presented in
Table 5.3. The full range of values from individual soil samples can be found in Appendix 8. Cp
values ranged from a mean of 0.03 (soil 1) to 0.24 (soil 4). Mean n values ranged from 0.31 (soil
4) to 0.37 (soil 1). The parameter r1min/R ranged from a mean of 0.09 to 0.14 and E1min values
ranged from 0.39 to 1.61. Cp and E1min values were observed to follow the same trend as the
Olsen STP concentrations previously measured and presented in Table 5.2. Similarly, r1min/R was
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lowest in soil 1 and highest in soil 4. Parameter n, representing the rate of decrease of
radioactivity in soil solution with time was lowest in farm 4 soil and greatest in soil from farm 1,
indicating a slower rate of decrease with higher Cp concentrations.
Pearson correlation coefficients among select parameters determined from the IEK
experiment can be found in Appendix 9. Water-soluble Pi concentrations (Cp) were positively
correlated with previously measured Olsen STP concentrations (r = 0.96, P < 0.0001). The
parameter E1min followed the same pattern and was positively correlated with both Cp and Olsen
STP (r = 0.97, P < 0.0001 and r = 0.93, P < 0.0001 respectively). The rate of the decrease of
added radioactivity in solution with time (n) was negatively correlated with Cp and Olsen STP (r
= -0.94, P < 0.0001, and r = -0.89, P < 0.0001 respectively). Similarly, r1min/R was significantly
positively correlated with Cp and Olsen STP concentrations (r = 0.70, P < 0.01 and r = 0.76, P
< 0.01). The E-values extrapolated for 1 and 8 days were also positively correlated with Cp and
Olsen STP (see Appendix 9 for r values).
5.4.2 Incubation Experiment
Changes in soil respiration from the last week of the pre-incubation to the week of the
incubation experiment were small (data not shown), indicating that a basal respiration rate had
been achieved. CO2 release rates for the 16 samples are shown in Table 5.3. The CO2 release
rates from the four soils were not significantly different from each other, with mean respiration
rates during the incubation experiment ranging from 13.1 to 17.1 mg C kg-1 soil d-1.
Table 5.4 lists the data collected during the incubation experiment including amounts of P
and 33P in water extracts and in Phex after 1 and 8 d of soil labelling. Regression analysis revealed
that the percentage of 33P, of the initial amount added, found in water was positively and linearly
related to water-soluble Pi concentrations (P values are < 0.0001 for both sampling times).
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Figure 5.1 shows the percentage of the 33P label found in the Phex pool versus watersoluble Pi. After one day of incubation, there was no significant relationship between these two
variables, however, the soil with the lowest water-soluble Pi (soil 1) had the greatest amount of
33

P in the Phex pool. The percentage of 33P found in the Phex pool increased over time (d1 to d8)

for all soils and this increase was most pronounced for those soils with low (< 0.1 mg P kg-1)
water soluble Pi values. After 8 d of incubation, the amount of 33P found in Phex decreased as
water-soluble Pi increased, and the untransformed data were found to follow a power type
relationship (Y = aXb) (see Figure 5.1, top right). Regression analysis of the log transformation
of both the x and the y variables provided the best fitting model to describe the relationship and a
significant and negatively correlated linear relationship was found (p < 0.001, R2 = 0.82) (Figure
5.1, bottom right).
Extrapolated and measured E-values for 1 and 8 d after soil labelling are presented in
Table 5.5. For all 16 samples, measured E-values were greater than extrapolated E-values for 1
and 8 d after labelling. ANOVA analysis revealed that the measured E-values were significantly
greater (p < 0.0001) than the extrapolated E-values for both sampling times.
Cumulative gross Po mineralization and immobilization after one and eight days of soil
labelling, along with daily rates are shown in Table 5.5. Calculated rates for daily net Po
mineralization are also shown. Relationships between gross Po mineralization and water-soluble
Pi are shown in Figure 5.2 (top). Regression analysis found a significant positive linear
relationship between gross Po mineralization and water-soluble Pi for day 1 (P = 0.0004, R2 =
0.60), and day 8 (p = 0.002, R2 = 0.52). There appears to be a potential outlier data point with
relatively high water-soluble Pi and gross Po mineralization, which is most apparent at the 8 days
after labelling sampling time. When this outlier point is not included in the regression analysis,
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no significant relationship is found between Gross Po mineralization and water-soluble Pi for the
8 d sampling time.
No significant relationships between gross Pi immobilization and water-soluble Pi for
either sampling day (p = 0.7581 for day 1, and 0.058 for day 8) (Figure 5.2). Although not
significant, 8 days after labelling, there appears to be a trend of slightly more cumulative Pi
immobilization occurring with decreasing water-soluble Pi concentrations.
Net Po mineralization versus water-soluble Pi is shown in Figure 5.2. There was a
significant positive linear relationship between net Po mineralization and water-soluble Pi for
both day 1 and day 8 (p = 0.0003, R2 = 0.63, and P = 0.0003, R2 = 0.62, respectively). Again,
there seemed to be one data point with relatively high water-soluble Pi and net Po mineralization.
It is difficult to know whether this point is an outlier or not as we do not have a larger sample
number with data points in this region. The regression analysis was tested with this data point
removed, linear regression was still significant for all three relationships (p = 0.0037, P = 0.034
and P = 0.0364) but the R2 values indicate that the relationships were weaker (R2 = 0.50 and 0.30
for day 1 and day 8, respectively).
Across all soil samples, gross Po mineralization was found to account for 6.6 to 61.3 %
and 11.3 to 57.7 % of the total isotopically exchangeable P (Emeas) after 1 and 8 d of soil
labelling, respectively (see Table 5.5). No significant differences in percent contribution were
found among the four soils. Mean percentages for all soils were 41.9% and 35.2% after 1 and 8
d, respectively.
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5.5 Discussion
5.5.1 Isotopic Exchange Kinetics Parameters
The results from the IEK batch experiment followed the expected trends. Cp and E1min
increased with increasing STP concentrations with lowest amounts in soil 1 and highest amounts
in soil 4. Soils 1 and 2 were collected from organic fields that had not applied soluble P
fertilizers in over 20 years. Soil number 4 had significantly greater water-soluble Pi
concentrations than the other soils. This soil was collected from the only field to have a positive
mean annual P budget over the past 8 years (Table 5.1).
Parameters n and r1min/R are related to Pi sorption and buffering capacity of the soil
(Frossard and Sinaj, 1998). They are also dependent on soil type and organic matter content, but
these factors are similar among soils in this study and are expected to play a minimal role.
However, the soils in this study are all calcareous, neutral pH soils which are known to be high
P-fixing.
The parameter r1min/R describes the proportion of radioactivity (of the original amount of
33

P added (R)) remaining in soil solution after 1 min of isotopic exchange. Added 33Pi would be

fixed more quickly when available Pi is limited; accordingly r1min/R was lowest in soil 1 and
greatest in soil 4. This finding of a positive correlation of r1min/R with Cp is consistent with the
results of other authors (for example see Achat et al., 2009b).
Overall, the r1min/R values for all the soils in this study were low (ranging from 0.09 to
0.14) compared to those observed in other studies. For example, Bünemann et al. (2012)
compared grassland fertilization treatments on a non-calcareous Swiss soil (classified as a loam
Cambisol) and found the range of r1min/R values to be 0.18 to 0.36. The low 0.18 value was
obtained from a soil that had not received any added P for 18 years. In another study of
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grassland soils from southern Australia, the range of r1min/R values was 0.57 to 0.89. LópezHernández et al. (1998) using eight low P-sorbing soils (Mollisols) of different textures found
r1min/R values to range from 0.33 (shale with very low Cp (0.06) to 0.87 (aridic Arguistolls).
Finally, in a study involving 58 Quebec soils that ranged in their P-adsorption capacity, Tran et
al. (1988) found r1min/R values to be negatively related to the maximum phosphate adsorption
capacity and P buffering capacity. It was also reported that soils with r1min/R < 0.20 tend to be
soils that fix much of the P after a fertilizer is applied to it, whereas soils with r1min/R values
>0.40 tend to not fix much of added P (Tran et al., 1988). The low r1min/R values obtained in this
study indicate that these calcareous southern Ontario soils fix Pi very rapidly upon its addition to
soil solution. This result is logical as soil P-fixing capacity is related to exchangeable calcium
content (Tran et al., 1988). The high P-fixing nature of these soils is supported by the results of
the other IEK parameters including relatively high n values, and low Cp, and E1min values.
The parameter n describes the rate of decrease of radioactivity in soil solution over time.
It is logical that when more exchangeable Pi is present in the soil, the rate of decrease should be
lower. Accordingly, it was observed that n was significantly lower in soil 4, which had the
greatest Cp and E1min levels and was negatively correlated with Cp and Olsen STP. This is again
consistent with the findings of other studies (i.e. see Achat et al., 2009b). Using field soils (n =
58) collected in Quebec, Canada, Tran et al. (1998) found n to be positively related to a soils
maximum P sorption capacity and reported that the range of n values for soils fall within 0 and
0.5, where n values close to 0 indicate soils that are already rich in available P and n values close
to 0.5 are low in available P and will fix much of any added P. In general, the soils in this study
had relatively high n values, ranging from 0.293 to 0.390, which indicates a fairly high rate of
fixation compared to other soils. In the previously mentioned study with Swiss soils, Bünemann
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et al. (2012) found n values to range from 0.304 to 0.423. The 0.423 value was for a very low P
soil with no P fertilizer added for 18 y, likely resulting in a soil with a high P-sorption capacity.
Bünemann et al. (2007) determined the range of n values for the southern Australian soils to be
0.116 to 0.230. Finally, López-Hernández et al. (1998) reported n values ranging from
0.11(aridic Arguistolls) to 0.34 (shale with very low Cp (0.06) in their study of the effect of
texture on low-P sorbing Mollisols.
The amount of isotopically available P in 1 min (E1min) is a good estimate of the quantity
of phosphate ions in soil solution that is available to plants without chemical transformation.
Frossard et al. (1994) deemed soils with E1min values less than 4 mg kg-1 to be low in available P.
This is similar to the results obtained by Gallett (2001) who concluded E1min values less than 5
mg P kg-1 were limiting to crop production. The E1min values determined from the batch
experiment in this study ranged from 0.3 to 2.2 mg P kg-1 soil. According to government
recommendations (OMAFRA, 2009), most of the soils in this study are categorized as low (<10
mg kg-1) in Olsen STP for the growing of perennial forages; however the fields they were
collected from were still yielding well, and crops did not appear to be P deficient based on plant
tissue P concentrations and overall crop vigor. Soil 4, with the highest E1min value (mean of
1.61), in particular had a positive P budget of 3.5 kg P ha-1 yr-1 and the highest Olsen STP (mean
of 11.2, s.d. 1.8), which would be classed as having a medium response to P fertilizer application
(OMAFRA, 2009). However, this E1min value is still low compared to E1min values reported in
other studies involving non-calcareous soils. For example, in a Swiss study, Oehl et al. (2001b)
found the E1min value of a soil (Typic Hapludalf) from a long-term biodynamically-managed field
experiment with no mineral P fertilizer additions since 1978 and a P balance of -6.4 kg P ha-1 yr-1
to be 4.0 mg kg-1. This difference is likely explained by the high P-fixing nature of these
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calcareous soils. It may be the case that the above conclusions about E-values being limiting
when less than 4 or 5 mg kg-1 may not always apply to high P-fixing calcareous soils, and/or
soils that depend on soil biology to help provide sufficient P for crop uptake.
Expectedly, the different measures of Pi availability (Cp, Olsen STP, and E1min)
determined in this study were found to be positively correlated (Appendix 9). Although not the
focus of this paper, the highly correlated relationship between Olsen STP and E1min (r = 0.93, P
< 0.0001) provides support that the Olsen STP test, commonly used in southwestern Ontario
calcareous soils and in many neutral pH soils around the world, is a good indicator of
immediately available Pi in these soils.
5.5.2 Incubation experiment
As outlined by Oehl et al. (2001b), the soil system must be at a steady sate in order to
determine basal gross Po mineralization. In this study, respiration rates exhibited minimal
changes from the last week of the 28-day pre-incubation to that determined during the 7-day
incubation experiment, indicating that a steady-state had been achieved. Water-soluble Pi and
Phex concentrations showed minimal variation from the first sampling point (1 day after soil
labelling) to the end of the incubation experiment (8 days after soil labelling), again supporting
that the system was at a steady-state and in the absence of flush effects (Bünemann et al., 2007).
5.5.2.1 Amount of 33P in different pools
Working under the assumption that 33P and 31P behave similarly in a soil system,
measuring the remaining 33P in solution at different sampling periods, provides an indication of
how quickly added Pi is removed from soil solution. The percentage of the initial 33P added
remaining in soil solution was very low (range was 0.4 to 1.7%) for all soils after just 1 day of
soil labelling. The percentages tended to decrease slightly more after 8 days (range was 0.2 to
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1.3%). It is evident that most of the removal happened in the first day. In fact, according to the
determined r1min/R values, the amount of 33P remaining in solution after 1 min was 8.3 to 16.5 %,
indicating that most of the 33P removal from solution occurred within the first minute following
isotope addition. These results confirm that the soils in this experiment are high P-fixing and
remove almost all Pi very rapidly from soil solution. This is in agreement with the IEK
parameters (specifically n, and r1min/R) previously discussed and is likely explained by the fact
that all the soils in this study are calcareous. The percentage of 33P added remaining in solution
decreased as water-soluble Pi decreased for both sampling days, supporting that Pi removal from
solution was most rapid in soils with low solution Pi. Although some of the Pi removal could be
a result of biological uptake (which appears to be greater in low available Pi soils), most can be
assumed to be from rapidly occurring physico-chemical processes which are influenced by the
amount of solution Pi, the amount of P sorbed to the soil solid phase, and the strength that the P
is sorbed or fixed to the soil solid phase.
One day after soil labelling, the range of 33P found in the Phex pool ranged from 1.4 to
32.4% of the initially added radioisotope. Soil 1 with the lowest water-soluble Pi concentrations
had the highest recovery of 33P in the Phex pool (Table 5.4 and Figure 5.1). At this first sampling,
this was the only soil with data points with notably high (>20 %) amounts of the label present in
the Phex pool. Eight days after soil labelling, the negative relationship between 33P in the Phex
pool and water-soluble Pi concentrations was significant and more samples had relatively high
amounts of 33P in Phex (values ranged from 6.9 to 43.7 %), with 11 of 16 subsamples having
>20% of the label in Phex. These recovery percentages are in the upper end of the those reported
by similar studies, where amounts of 33P recovered in the Phex or Pchl pool in soils labelled with
carrier-free 33Pi ranged from 2 to 46% (Achat et al., 2009a; Bünemann et al., 2004, 2012; Oehl et
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al., 2001b, 2004; Oberson et al., 2001), indicating a rapid and extensive uptake of solution Pi by
the microbial biomass in these forage soils under steady state conditions.
The absolute amount of label recovered in the Phex pool depends on the size of the
microbial P pool. Some studies have found greater recoveries of 33P in treatments that had the
highest microbial biomass (for example see Bünemann et al., 2004). In this study, greater P
uptake does not appear to be dependent on the size of the microbial P pool. In fact, some of the
soils with the lowest microbial biomass had the greatest amounts of 33Phex (see Table 5.4),
indicating that the result is more related to an increased rate of P uptake by the soil microbial
biomass.
Legumes in the agricultural system may contribute to an enhanced uptake of P by the
microbial P pool. For example, Oberson et al. (2001) also found rapid movement of P into the
Pchl pool after labelling a P-deficient Colombian Oxisol with carrier-free 33P. Two days
following labelling, 25, 10 and 2% of the added 33P were found in the Pchl pool of soil from
grass-legume pasture, native savannah and continuous rice systems. Interestingly, the most 33P
recovered in the microbial biomass pool was found in soil from the grass-legume pasture and
suggests a higher and more rapid microbial P turnover in this system. In soils labelled with
carrier-free 33P Bünemann et al. (2004) also found the recovery of 33P to be greater in soil from a
maize-legume rotation than in soil from a continuous corn cropping system. Oberson et al.
(2011) states that even in low available P soils, microbes are limited by C and N rather than P
and by supplying N-rich organic matter, legume residues may help increase microbial P cycling.
Oberson et al. (2001) concluded that by supporting a higher rate of P uptake and cycling through
the microbial biomass pool, grass-legume pasture systems helped promote P cycling and
efficient use of fertilizer P inputs in a high P-fixing Oxisol. Given the high levels of productivity
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found in these systems, the microbial biomass was not regarded as a pool that was in competition
with the plants, but as a key component of the P cycle, promoting efficient nutrient use. The
soils in the present study were collected from alfalfa-grass forage fields and some of the legumederived organic matter may have helped to support rapid microbial P uptake. While this may
help explain some of the overall high levels of microbial P uptake, it does not explain differences
in 33P uptake by Phex pools across the soils, which appear to be inversely dependent on available
Pi content.
The relationship between the amount of 33P found in Phex and water-soluble Pi follows a
power type relationship (Figure 5.1) and it appears that rather than a gradual development, there
is a threshold level of water-soluble Pi (somewhere < 0.1 mg P kg-1) where a dramatic increase in
the amount of label found in Phex occurs. These results indicate that when soil solution Pi
concentrations are very low, a rapid uptake of P into the microbial biomass occurs. Bünemann et
al. (2012) also reported rapid P uptake by the microbial biomass for a P-limited soil (fertilized
only with N and K), so much so that a microbial inhibitor had to be used during the 100 min IEK
batch experiment to ensure that the Pi removal effects were solely from physico-chemical
processes. In this study, the necessity of using a microbial P inhibitor was investigated during an
IEK pre-test on select soil samples and was determined to be unnecessary. However, the rapid
tracer uptake observed by individual soil samples (1a, 1b and 1c) in the incubation experiment
after 1 day of labelling suggests that the use of a microbial inhibitor would have been desirable
for these three individual soil samples. Without the use of a microbial inhibitor, rapid 33P uptake
by the microbial P pool would affect the parameters determined in the IEK batch experiment
which allow the extrapolation of E-values due to physico-chemical processes for the entire
length of the incubation experiment. Rapid 33P uptake by the microbial biomass pool would
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have resulted in an overestimation of the extrapolated E-values for these samples causing an
associated underestimation of gross Po mineralization.
The observed dramatic increase in microbial P uptake could be explained by a biological
response of soil microbes to low solution Pi levels. It has been established that soil
microorganisms have developed systems to assist them in P uptake, including the induction of
phosphate-specific transport systems, production of phosphatase enzymes and promotion of the
dissolution of insoluble P minerals (Saleh-Lakha et al., 2005). Bünemann et al. (2012 and the
references therein), discuss that low available Pi conditions can cause genes coding for high
affinity Pi transport systems to be expressed in microorganisms. In this study, it is plausible that
phosphate-specific transport systems were activated by low available Pi conditions accelerating
the uptake of Pi from solution and hence the uptake of the 33P label. It also appears, based on the
high amounts of 33P found in Phex, that although most of the added 33P was quickly sorbed and
removed from solution (discussed earlier in this section), it was still fairly labile and able to reenter soil solution P and be accessed by soil microbes.
The relationship observed between 33P incorporation into Phex and water soluble Pi
(Figure 5.1) support that rapid P uptake is promoted under low available Pi conditions. If the
microbial P (Phex) pool remains constant (as was the case in this experiment), then remineralization of Phex should be equal to the immobilisation of Pi by microbial biomass (Achat et
al., 2009a). Thus, our results indicate that faster P turnover occurs under conditions of low soil
solution Pi.
5.5.3 P fluxes
Measured E-values were significantly greater than extrapolated E-values for both
sampling times, indicating that Pi was released into solution due to Po mineralization during the
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7-d incubation. Therefore, prediction of P availability strictly based on Pi pools and physicochemical processes can be inaccurate because it fails to account for Po mineralization. Po
mineralization, and specifically microbial P turnover, may help to sustain plant-available P,
which would be especially important in strongly P-sorbing soils (Oberson et al., 2011).
Gross Po mineralization rates were found to range from 0.4 to 2.9 mg P kg-1 d-1.
Bünemann et al. (2012) presented a summary table of studies using similar isotopic dilution
techniques and reported the range of daily gross Po mineralization rates to range from 1.0 to 8.2
mg P kg-1d-1 (Bünemann et al., 2012). In this study, Pi immobilization rates ranged from 0.5 to
1.6 mg P kg-1 d-1, which was within the range of rates previously reported (0.2 to 8.2 mg P kg-1 d1

(Bünemann et al., 2012). Finally, calculated net Po mineralization rates, which in our study

were found to range from -0.6 to 2.4 mg P kg-1 d-1 are also similar to the 0.6 to 2.7 mg P kg-1 d-1,
range reported in the literature (Bünemann et al., 2012). However, in our study five out of the
sixteen soils had negative net Po mineralization rates (Table 5.5). Negative rates for net Po
mineralization have not yet been reported in other studies; however, this would be possible if Pi
immobilization was greater than gross Po mineralization. It is likely that these negative values
result from high rates of immobilization in these low available Pi soils. Bünemann et al. (2012)
also reported fluxes to be dominated by Pi immobilization in grassland soils, especially in the no
P fertilizer treatment. Alternatively, Pi immobilization values and resultantly net mineralization
may be inaccurate due to cumulative errors related to the analytical procedures involved in using
this method with low Cp and high P-fixing calcareous soils (see discussion in Section 5.5.5).
In this study, gross Po mineralization was found to account for an average of 41.9%
(range 6.6 to 61.3%) and 35.2% (range 11.3 to 57.7%) of the total isotopically exchangeable P
(Emeas) after 1 and 8 days of soil labelling, respectively (see Table 5.5). These proportions are in
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the upper end of the range of values found in similar studies. For example, in a long-term
management trial in Switzerland (DOK trial) comparing biodynamic, organic and mineral
fertilizer treatments, Oehl et al. (2004) found gross Po mineralization in all cases to account for
<10% of total isotopically exchangeable P measured after 24 h (E24hrs). In a southern Australian
soil (Red Chromosol taken from an arboretum site under a tree) with 353 mg kg-1 total P and
54% of this present as Po, Bünemann et al. (2007) determined gross Po mineralization to account
for 8-11% of E24h. In another study comparing P fluxes in a long-term, permanent grassland
experiment in Switzerland (Cambisol from canton Zurich), Bünemann et al. (2012) found gross
Po mineralization to contribute 77 and 43% after 1 d, and 68 and 51% after 8 d of incubation for
unfertilized and fertilized P treatments, respectively. These soils were collected from the top 5
cm and based on the high contributions of Po mineralization to available Pi, the authors
emphasized the importance of microbial processes in P dynamics in grassland soils.
5.5.3.1 Relationships of P fluxes with available Pi
It was hypothesized that gross Po mineralization would increase as available Pi decreased,
as is suggested by literature supporting that enzyme activity and/or microbial P cycling may
increase as available Pi decreases (Quiquampoix and Moussain, 2005 and Oehl et al., 2001b). In
our study, the opposite trend was observed after 1 day of soil labelling; gross Po mineralization
increased with increasing available Pi. After 8 days, this was still the trend, however, the
relationship was not very strong (R2 = 0.52, see Figure 5.2), and when the potential outlier data
point was removed, there was no longer a significant relationship between the two variables.
Perhaps, as indicated by this study after 1 day of soil labelling, at very low water-soluble
Pi levels there is a trend for gross Po mineralization to increase as available Pi increases. This
could be because the soil microorganisms are so P-deprived that they quickly take up any
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additional Pi that is released and are not contributing to Po mineralization. It is important to
remember that this study included a relatively small range of low available Pi concentrations; it is
possible that if a greater range of Pi concentrations were included, the more typical trend of gross
Po mineralization increasing as available Pi decreases might have been observed.
As discussed above, it is also possible that gross Po mineralization was underestimated in
the lowest available Pi soils (~ < 0.10 mg P kg-1 water-soluble P). An incubation period of seven
days was selected for this study as recommended by Oehl et al. (2001b), to limit effects of Po remineralization and subsequent immobilization. However, with such rapid uptake of the 33P label
in the lowest available Pi soils (soil 1 a, b, and c), it is assumed that some Po was re-mineralized
by the microbial P pool during the time period of the incubation experiment. There is evidence
that P taken up by microbes can be quickly released back into soil solution as Pi. Macklon et al.,
(1997) found complete hydrolysis of microbial P compounds in less than 8 h, which is a shorter
period than the first extrapolation time point (1.2 days). If 33P were re-mineralized by the
microbial P pool, this would have the effect of re-introducing 33P to the soil solution which
would raise the rt /R and subsequently result in a lower Emeasured value (as Emeas = water-soluble Pi
/ (rt /R)). Therefore, the calculation of gross Po mineralization (Emeas- Eext) would be further
underestimated in these soils. If this is the case, then it seems probable that there would no
longer be a positive relationship with gross Po mineralization and water-soluble Pi.
Although not significant, the weak negative relationship between Pi immobilization and
water-soluble Pi that was observed is logical because if readily available Pi was limiting, a rapid
uptake of available Pi would be expected. Soil 1 with the lowest mean Olsen STP and watersoluble P, had the highest mean Pi immobilization for both sampling times. Greater amounts of
33

P in the microbial P pool at low water-soluble Pi concentrations (Figure 5.1) supports that when
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Pi is low, a rapid uptake of available Pi may occur, resulting in Pi immobilization. Bünemann et
al. (2012) found gross P fluxes in a P fertilization trial in grassland soils to be dominated by
microbial Pi immobilization and that immobilization increased in the absence of P fertilization.
One day after soil labelling, net Po mineralization was shown to increase with watersoluble Pi concentrations. As net Po mineralization is calculated from the difference in gross Po
mineralization and gross Pi immobilization, this result is expected as gross Po mineralization was
observed to increase and Pi immobilization decrease slightly with increasing water-soluble Pi
concentrations. After 8 d, the significant positive relationship is still apparent, however, the lone
data point with relatively high water-soluble Pi and net Po mineralization makes it difficult to
know how accurate and precise this relationship is. If this data point is removed from the
analysis, the relationship becomes a fairly weak linear association. In order to discuss this
relationship with more confidence, a larger sample size with a greater range in water-soluble Pi
concentrations, specifically containing more soils with higher concentrations, would be needed.
If gross Po mineralization was underestimated for samples in the low end of the range of
available Pi concentrations, then Net Po mineralization (GPmin - Pimm) would also be
underestimated. This would have the potential effect of making the positive relationship
between net Po mineralization and water-soluble Pi no longer significant.
5.5.4 Implications of P fluxes for agroecosystems
Bünemann et al. (2012) discuss that while the determination of gross Po mineralization is
important for understanding the role of soil biological processes in soil P fluxes, only net Po
mineralization indicates the amount of P that actually becomes available for plant uptake
(Bünemann et al., 2012). However, Stevenson (1986) explains that whether or not
mineralization or immobilization is the dominant process occurring, both processes are occurring
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continuously in the soil and contributing to the turnover of Po and potential P available for plant
uptake. Moreover, in high P-sorbing soils, as is the case in this study, accelerated microbial P
uptake and subsequent turnover would help to provide P in a form that is plant-available
(Oberson et al., 2011).
In the study by Oehl et al. (2001) which compared long-term biodynamic, organic and
mineral-fertilized treatments, they also included a non-fertilized control that was the lowest in
available Pi. In their study, the non-fertilized treatment was found to have the most rapid uptake
of the 33P label initially, and the authors suggested that a rapid P uptake could be the early signs
of P deficiency for soil microbes. It is logical that while a faster microbial P cycling may help
keep P in a more available form for plants, in the long-term, some form of P inputs would be
needed to sustain agricultural production. Finding the appropriate level (and form) of external P
inputs that maximize soil biological processes supporting P-use efficiency is an area that
deserves further research.
5.5.5 The use of the isotopic dilution method in high P-fixing calcareous soils
5.5.5.1 The issue of low Cp concentrations
In a recent review, Bünemann et al. (2014) discuss how very low Pi availability can
impede the determination of IEK parameters needed to establish the baseline for isotopic dilution
due to physico-chemical processes over time, and comment that more isotopic dilution studies
using high-P sorbing acid or calcareous soils are needed. The calcareous soils used in this study
showed evidence of being high P-fixing soils with very little P in soil solution. Low absolute Cp
concentrations run the risk of introducing more error as a small change in Cp concentration can
lead to greater variation of extrapolated E-values. For example, Bünemann et al. (2007)
determined greater CV in Cp concentrations (2-10%) especially in the case of low absolute
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values, which lead to higher variation in extrapolated E-values (6-16%). In this study, Cp
concentrations were quite low when the Cp was measured in triplicate for one soil sample, (0.02,
0.03, and 0.04 mg P kg-1). These concentrations are very low and approaching the detection
limit (0.01 mg P kg-1) for this method. Even though the concentrations are measured accurately,
the CV for the Cp is great and can have implications for determined E-values. Perhaps for high
P-fixing soils, the method for the IEK may need to be modified, perhaps by measuring a slightly
different pool of P than the water-soluble P. Randriamanantsoa et al. (2013) recently
demonstrated that the detection limit for water-soluble Pi could be lowered to 0.3 and 0.8 µg P L1

for pure goethite and Malagasy soils, respectively, by using a hexanol concentration method for

phosphate in soil solution. In an additional experiment, the use of 0.01 M NaHCO3 was explored
as an extractant in place of H2O for both the IEK and the incubation experiment. However, this
method was not found to be suitable for use in isotopic dilution studies as it suffered from
analytical problems, including the interference of colloids and other substances during
colorimetric and increased analytical variation (Randriamanantsoa et al. (submitted, as
summarized by Bünemann et al., 2014).
In our study, the Cp concentrations were above the detection limit and, despite some
extrapolated E-values having relatively high CV, the extrapolated E values were determined
using the IEK parameters that were the average of three analytical replicates and should still be
considered fairly reliable. Still, the hexanol concentration method proposed by
Randriamanantsoa (2013) is a good option to consider for future isotopic dilution studies with
calcareous soils.

181

5.5.6 General methodological considerations and limitations of this study
5.5.6.1 Issues with 33P recovery percentages
Bünemann et al. (2004) describe how the use of 31P and 33P spikes to correct for amounts
of 31P and 33P extracted from fumigated samples, in addition to correcting for P sorption of nonfumigated samples, is a laborious approach. In this experiment, the 31P and 33P spike recovery
values used in calculations were quite low (recovery of 31P and 33P ranged from 3.2 to 8.6% and
1.4 to 8.7% of added P, respectively). In almost all cases, the 33P spike recovery was lower than
the 31P spike recovery and averaged 71% and 74% of the value of the 31P recovery 1 and 8 days
after soil labelling. The 31P recovery values were highly repeatable with low standard deviations
within laboratory replicates (standard deviations were 0.1 to 0.4 % for 31P). The 33P laboratory
duplicates for each sample had much greater variability with standard deviations ranging from
0.02% to 2.6%. In theory, if operating under the assumption that 33P and 31P behave the same in
the soil system, the recovery values of 33P should be the same as 31P. The results observed here
are likely in part due to greater sample error as a result of more dilutions involved in making the
33

P measurements and more terms (each possibly introducing more error) involved in the

calculations. However, Bünemann et al. (2004) also found the average recovery of 33P spikes to
be significantly less than 31P spike recoveries on 4 out of 7 sampling dates. It is possible that 33P
behaves slightly different than 31P in the soil system, however, at this point there is little
evidence to support this and the former reason for greater sample error seems more plausible.
The use of the 33P spike recovery values in subsequent calculations presents the risk of
introducing more error to other parameters including % label in Phex, SA Phex, Pi immobilization,
and net mineralization. Some variables such as Pi immobilization have the risk of being affected
by cumulative errors because of using Phex twice in the calculation (Pimm = SAPhex/SAH2O *
Phex).
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5.5.6.2 Potential error due to unknown Kp factor
We did not convert Phex values into microbial P because we did not have the Kp factor
specific to this soil. The Phex values discussed can be assumed to be indicative of the soil
microbial P, but are likely underestimations due to incomplete recovery of the microbial P pool
(Brookes et al., 1982). By not applying a Kp factor, microbial Pi immobilization would be
underestimated and relatedly, net Po mineralization would be overestimated (Bünemann et al.,
2012). Achat et al. (2009a) explored the application of a range of Kp factors to their data and
showed that even when a Kp factor is off just a little (0.45 vs. 0.50), it can have significant
effects on determining the respective contributions of mineralized P pools (i.e. re-mineralization
through the microbial P pool or mineralization of dead soil organic matter).
5.6 Conclusions
This study is the first time soil biological P fluxes have been explored across a gradient of
available solution Pi concentrations. Gross Po mineralization was shown to release significant
amounts of isotopically exchangeable Pi; in some cases amounts were equal to or greater than
amounts of Pi that became available due to physico-chemical processes. Contrary to our
hypothesis, gross Po mineralization was not inversely related to water-soluble Pi concentrations,
but was calculated to increase as water-soluble Pi concentrations increased. However, this
relationship needs further analysis, as it appears that gross Po mineralization was underestimated
in three soil samples with very low water-soluble Pi concentrations due to very rapid microbial
tracer uptake which would have invalidated the IEK baseline used for extrapolating E-values.
The rapid incorporation of 33P into the microbial P pool (Phex) indicates that important P
cycling occurs under steady-state conditions and that this cycling is accelerated under low
available Pi conditions. Rapid uptake of the radioisotope without changing microbial P
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concentrations suggest an accelerated turnover of the microbial P pool when available soil Pi is
low (water soluble Pi < ~ 0.1 mg P kg-1, which is related to an Olsen STP value of < ~ 4 mg P kg1

for the forage soils in this study) under steady state conditions. Rapid microbial P cycling may

help provide P to plants under low Pi conditions, by promoting a rapid uptake and also release of
P from the microbial P pools. A faster microbial P turnover could help provide plants with Pi at
a steady rate and may also prevent labile Pi from becoming further involved in sorption or
precipitation reactions. This may be particularly relevant to promoting greater internal P cycling
and nutrient use efficiency in low-input systems and high P-fixing soils. The ability of the
microbial biomass P pool to act as a source of plant-available P under conditions of low water
soluble Pi and increased microbial P turnover deserves further analysis.
Future isotopic dilution studies using soils with low Cp concentrations need to consider
the possibility of very rapid microbial tracer uptake and subsequent re-mineralization, which
may invalidate the IEK baseline used for extrapolation and cause errors in the measured Evalues. In the future, it would also be informative to combine this type of isotopic dilution study
with molecular biology approaches to quantify gene expression and proteins related to microbial
P uptake in order to help provide a mechanistic explanation for some of the trends seen in this
study. This study is also the first of its kind conducted on calcareous P-fixing soils. It is evident
from the n, r1min/R and percentage of 33P recovered in the soil solution, that these soils rapidly
remove added Pi from solution due to physico-chemical processes. Methodological challenges
including low Cp concentrations and low Pi spike recoveries need to be further explored and
addressed when using these methods on high P-fixing soils.
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5.8 Tables and Figures
Table 5.1. Description of select management practices of the farm fields sampled.

Soil
Description

Location
(County)

Farm
Management
type

1

Perth

Organic

2

Bruce

Organic

3

Perth

Conventional

Pesticide
Use

P budget2
(kg P ha-1 y-1)

Semi-composted
manure

None

-4.0

Semi-composted
manure

None

-4.8

Crop Rotation1

Fertilizer Applied

RC-WW-O-SCC-O-H-H-H-H
O-O-B/P-H-HH-H

C-S-C-G-H-HH-H

synthetic fertilizer and
semi-composted
manure

Round-Up
for corn,
fungicide for
soybean

-3.7

synthetic fertilizer,
Round-Up to
4
Bruce
Conventional
semi-composted and
3.5
kill hay
liquid manure
1
G - grain, H- Hay, RC- red clover, WW- winter wheat, O-oats, SC- sweet clover, C-corn, B-barley, P- peas, S- soybean
2
Calculated as an annual average using data from the last complete rotation. Note that the calculated P balances should be
used only as a rough estimate because county yield averages were used for crops for which farm specific data were not
available.
C-B-C-B-CO/P-H-H-H-H
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Table 5.2. Mean values (standard deviation) of select soil properties and productivity indicators for the four soils used in the study.
Soil

1

Soil
Texture1

Total C2

Inorganic
C

Olsen STP4
pH3

-1

(g C kg )

-1

(mg P kg )

(g C kg-1)

5

Total P
(mg P kg-1 )

Organic P6

Microbial
C7

Forage

(mg C kg-1)

(kg ha-1)

yield8

-1

(mg P kg )

Total P
uptake
(kg ha-1)

1

silt
loam/loam

22.6 (1.3)

4.1 (0.04)

7.4 (0.05)

2.8 (0.6)

684 (61)

216.2 (32)

539 (30)

9397 (760)

18 (1.7)

2

loam

25.2 (2.8)

4.5 (0.10)

7.2 (0.33)

5.5 (1.6)

781 (109)

222 (51)

744 (60)

8617 (310)

20 (2.5)

3

silt loam

23.6 (1.7)

6.0 (0.15)

7.3 (0.17)

6.8 (3.3)

809 (81)

273 (23)

813 (137)

8547 (340)

23 (4.3)

4

silt loam

25.9 (5.2)

6.9 (0.29)

7.5 (0.52)

11.2 (1.8)

729 (135)

145 (45)

522 (54)

10449 (1460)

29 (4.4)

Particle size distribution was measured by the pipette method (Sheldrick and Wang, 1993)
Total C was measured using a Costech ECS4010 elemental analyzer (Costech Analytical, Valencia California) at the University of
Saskatchewan Stable Isotope Facilities.
3
pH was measured as a soil-water saturated paste (Miller et al. 1997)
4
Soil test phosphorus as indicated by NaHCO3 extractable
P (Olsen STP)
5
Total P was determined according to the wet digestion method of Anderson and Ingram (1993)
6
NaOH-EDTA extractable organic P (Bowman and Moir, 1993)
7
Microbial biomass C was determined according to the chloroform fumigation method using a kC factor of 0.35 (Voroney et al., 2008)
8
Determined for the 2009 growing season based on 3 cuts (except for soil 2 with 2 cuts)
2
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Table 5.3. Mean values (standard error) for parameters determined from the isotopic exchange
kinetics batch experiment and soil respiration rates measured during the 7 -day incubation
experiment for each of the four soils.
1

a

Cp

Soil
description

(mg P kg-1)

1

n2

r1min/R3

0.03a (0.03)

0.37a (0.01)

2

0.07a (0.03)

3
4

E1min

4

CO2 release
rate

(mg P kg-1)

(mg C kg-1
soil d-1)

0.09a(0.01)

0.39a (0.08)

15.3a (2.0)

0.37a (0.01)

0.13b (0.01)

0.55a (0.08)

13.1a (2.0)

0.10a (0.03)

0.35a (0.01)

0.12ab (0.01)

0.76a (0.08)

15.9a (2.0)

0.24b (0.03)

0.31b (0.01)

0.14b (0.01)

1.61b (0.08)

17.1a (2.0)

Within columns, means followed by the same letter are not significantly different (Tukey HSD
P < 0.05).
1
Cp = water-extractable Pi
2
n = slope of linear regression between log (r(t)/R) and log (t)
3
r1min/R=amount of radioactivity remaining in the extract after 1 min of isotopic exchange
divided by the initial amount of radioactivity
4
E1min =amount of isotopically exchangeable P during the first minute of the experiment
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Table 5.4. Measured amounts of water-soluble P i (PH2O), and microbial P (indicated by hexanollabile P (P hex)), pools found in the 16 soil samples 1 and 8 days after the onset of incubation (soil
labelling). The amount of 33P, expressed as a percentage of the initial amount of 33P added, in each
of these pools for both sampling times is shown.

Soil
description

1

2

3

4

Sample

a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d

PH2O
(mg P kg-1)
d1
0.02
0.06
0.02
0.07
0.07
0.15
0.09
0.10
0.21
0.26
0.09
0.03
0.40
0.64
0.22
0.32

d8
0.05
0.06
0.05
0.07
0.05
0.16
0.07
0.11
0.21
0.29
0.12
0.05
0.39
0.71
0.23
0.35

PH20
(% label)
d1
0.42
0.40
0.36
0.44
0.53
0.67
0.66
0.53
0.84
1.07
0.42
0.49
1.26
1.72
0.91
1.57

d8
0.23
0.27
0.26
0.22
0.31
0.47
0.32
0.42
0.62
0.77
0.43
0.25
1.05
1.28
0.55
1.02

Phex
(mg P kg-1)
d1
12.6
12.2
10.8
14.7
20.6
26.6
26.1
26.0
21.2
25.1
21.7
14.8
21.6
17.0
18.0
16.5

d8
11.8
9.5
10.2
11.1
20.2
26.9
24.4
24.7
18.7
24.7
19.6
15.4
21.4
16.2
18.6
15.2

Phex
(% label)
d1
27.0
32.4
27.0
12.2
3.7
1.4
9.7
2.5
9.5
5.8
7.9
9.0
5.5
2.8
3.0
9.4

d8
30.6
33.1
32.7
43.7
25.1
15.0
36.3
29.9
22.1
12.6
24.0
42.8
14.3
6.9
20.5
16.2
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Table 5.5. Gross P fluxes including gross P o mineralization (P min) and P i immobilization (P imm) determined for the 16 soil samples
during the incubation experiment. Values were calculated using the isotopic dilution approach with the baseline extrapolated from the
short-term batch experiment.
Soil
description

Sample

1

a

2

3

4

Extrapolated
E-value
(mg P kg-1)
d1
d8
4.8
9.6

Measured
E-value
(mg P kg-1)
d1
d8
5.1 22.6

Cumulative gross P
min
(mg P kg-1)
d1
d8
0.3
13.1

Cumulative gross P
imm
(mg P kg-1)
d1
d8
1.4
7.0

Daily gross P
min
(mg P kg-1 d-1)

Daily gross P
imm
(mg P kg-1 d-1)

Daily net P
min
(mg P kg-1 d-1)

1.60

0.86

0.75

b

6.3

13.2

16.4 21.1

10.1

7.9

5.1

6.9

0.98

0.85

0.13

c

5.5

10.9

6.9

20.6

1.4

9.7

1.8

7.2

1.19

0.88

0.30

d

8.5

17.5

16.6 30.4

8.0

12.9

1.9

13.3

1.60

1.65

-0.05

a

6.8

13.0

13.7 17.5

6.9

4.5

0.5

4.5

0.55

0.56

0.00

b

9.2

19.7

22.4 34.3

13.2

14.5

0.3

5.1

1.80

0.63

1.17

c

7.1

14.2

13.0 20.9

5.9

6.8

1.2

7.6

0.83

0.93

-0.10

d

11.5

23.2

18.8 26.2

7.2

3.0

0.5

7.9

0.37

0.98

-0.61

a

10.9

21.6

25.3 34.6

14.5

13.0

2.4

7.7

1.61

0.96

0.65

b

13.6

24.4

24.4 38.3

10.7

13.9

1.5

4.8

1.70

0.59

1.11

c

11.1

22.2

22.2 28.8

11.1

6.6

1.8

6.7

0.82

0.83

-0.01

d

5.6

11.0

6.8

18.2

1.2

7.3

0.7

7.1

0.89

0.87

0.02

a

14.3

25.0

31.3 37.5

17.1

12.6

1.7

5.1

1.54

0.63

0.92

b

18.6

32.6

37.5 55.7

18.9

23.2

1.1

3.8

2.87

0.47

2.40

c

18.8

33.7

25.6 42.0

6.7

8.3

0.9

8.8

1.02

1.08

-0.06

d

12.3

22.9

20.6 35.1

8.3

12.2

1.9

5.3

1.51

0.66

0.85
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Figure 5.1. Proportion of 33P label added found in the hexanol-labile P pool (Phex) pool versus water
soluble P at 1d (left) and 8 d (right) after soil labelling. Both untransformed data (top) and logtransfomed data (bottom) are shown; the log-log relationship was found to best represent the relationship
among the data at the day 8 sampling time. The shapes indicate the different soils in the study soil 1 ( ),
soil 2 ( ), soil 3 (O), soil 4 (+).
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Figure 5.2. Gross Po mineralization (top), Pi immobilization (middle), and net P mineralization (bottom)
in relation to water –soluble Pi after 1 and 8 days of soil labelling with 33P. If relationship between the
variables was found to be significant, the linear regression equation is shown. The shapes indicate the
different soils in the study soil 1 ( ), soil 2 ( ), soil 3 (O), soil 4 (+).
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Chapter 6 – Conclusions
The overall goal of this thesis was to gain a better understanding of the role that soil
biology plays in contributing to plant-available P in perennial forages within organic dairy
systems. In the field experiment described in Chapter 3, it was determined that forage yields
were not lower in organically managed systems when compared with those managed
conventionally, despite their soils having lower Olsen STP concentrations. Relatedly, no
relationships between forage yields and Olsen STP concentrations were observed, which is
consistent with other recent studies of long-term organic dairy farms. Tissue P concentrations of
both grass and alfalfa increased with STP and supported that plant-available P was greater under
conventional management; however organic tissue P concentrations were not lower than critical
levels, with the exception of one farm (Org 3) where timothy may have a P deficiency.
Interestingly, a greater proportion of legumes (predominantly alfalfa) in the forage sward was
present in organic systems. Arbuscular mycorrhizal fungal (AMF) root colonization of alfalfa
was greater in organic systems and was negatively correlated with Olsen STP. In addition, the
31

P NMR data revealed a greater Po: Pi ratio in the NaOH-EDTA extracts of organically managed

soils, indicating that organic P sources are expected to play a greater role in contributing to crop
P nutrition in these systems. Increased proportions of diester P forms, which are regarded as
easily mineralizable, were also found in NMR extracts of organic soils. Finally, as negative field
P budgets were observed for the organic fields in this study, organic farming systems should aim
to balance P inputs and outputs to avoid P deficiencies and yield losses.
In the second experiment (Chapter 4), the same soils collected in Chapter 3 were used
and the AMF community structure was explored using PCR-DGGE. Both management and
location were found to have significant effects on AMF community structure, supporting existing
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literature that AMF community composition is influenced by local environmental conditions and
by farm system management. There was a trend for greater amounts of C. claroideum and D.
celata fungal DNA in the organically managed soils, which provides insight into potential
functional differences of the AMF communities in the different farming systems. Both species,
but in particular C. claroideum, have shown evidence of enhancing growth and P-use efficiency
(plant yield per unit of P taken up) of their host crops. At this point we cannot infer all the
functional differences that may exist as a result of organic or conventional management,
however, it is possible that organically managed forage fields support an AMF community
structure with a greater relative ability to promote P-use efficiency.
In the final research chapter of this thesis (Chapter 5), gross Po mineralization was shown
to release significant amounts of isotopically-exchangeable Pi over a 7-day incubation. This
confirms that a chemical extraction to indicate labile soil Pi would fail to account for Pi that may
become available from biological mineralization. An interesting finding was the rapid
incorporation of added 33P into the microbial P pool (hexanol-labile P), which was negatively
related to solution Pi concentrations. Rapid uptake of the radioisotope without changing
microbial biomass P concentrations suggest a rapid turnover of the microbial P pool when
available soil Pi is low (water soluble Pi < ~ 0.1 mg P kg-1, which is related to an Olsen STP
value of < ~ 4 mg P kg-1 for the forage soils in this study) under steady state conditions. A faster
microbial P turnover may help to provide plants with a supply of Pi and may also prevent labile
Pi from becoming further involved in sorption or precipitation reactions under conditions of low
solution Pi, but this remains to be shown experimentally. More studies are needed to advance the
current methods in measuring gross and net Po mineralization, to better understand the effect of
solution Pi concentrations on soil biological P fluxes in relation to providing Pi for plant uptake.
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In addition, methodological challenges of using isotopic dilution methods in high P-fixing soils
need to be further addressed.
The research presented in this thesis indicates that soil biological processes play an
important role in maintaining sufficient P for plant uptake in organic perennial forages with low
concentrations of low labile soil Pi (as indicated by both Olsen STP and water-soluble Pi). AMF
root colonization and the rate of P uptake and release from the soil microbial biomass were found
to be enhanced when these pools of soil Pi concentrations were low. Po mineralization and AMF
both have the potential to assist in sustaining sufficient forage yields and maintaining plant tissue
P concentrations, though the relative importance of these contributions remain to be
demonstrated. While these biological mechanisms may compensate for lower soil solution and
labile Pi pools, it should be stressed that this ability depends on farm management; for example,
practices such as balancing field P budgets, maintaining or increasing soil organic matter levels,
and employing farm management practices that promote AMF, should assist in maximizing
biological contributions to P uptake.
This thesis highlights the suitability of perennial leguminous crops for forage production
under organic or low-input management. In this study, perennial alfalfa yields were able to
thrive under organic management and conditions of low STP; potential reasons for this include:
1) having a high degree of mycotrophy (AM symbiosis), which would benefit crop P uptake and
yield also appears to increase legume competitiveness relative to grass under conditions of low
STP; 2) being a perennial crop which is less likely to be affected by low STP concentrations than
annual crops and able to take advantage of established AMF associations; 3) being an
uncultivated leguminous crop, which may promote greater proportions of labile orthophosphate
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diesters and AMF development; and 4); fixing nitrogen, which may help promote phosphatase
production by ensuring adequate N supply, which could help access organic forms of P.
It is evident that the standard soil test used to make P fertility recommendations to
farmers does not accurately capture all potential sources of plant-available P in perennial forages
on organic dairy farms. Given the potential enhanced contribution of AMF and the likely greater
reliance on organic P mineralization in low STP organic forage systems, the suitability of the
standard Olsen STP for making P fertility recommendations in these soils is questionable. It is
evident that other measurements are needed to gain a better understanding of amounts of plantavailable P from all sources, and to make better farm management recommendations. Based on
current knowledge, other parameters that would likely be useful in combination with the Olsen
STP include the P budget of the field, total soil P, total organic P, expected AMF contribution to
P uptake, and crop observation. Expected AMF contribution to plant P uptake in a soil might be
assessed by a soil measurement (i.e., a specific bioassay); alternatively, P supply could be
predicted using a model based on factors such as crop rotation, management practices, cropping
history, and soil organic matter concentrations. More research is needed to better delineate the
pertinent factors to best predict plant-available P for field crops on organic farms. Although this
may depend on total P stocks in the soil, in general, a good starting point for managing P on
organic farms would be to avoid negative field P budgets, as P deficits are not sustainable in the
long-term. A better understanding of P availability and assessment in organic perennial forages
would likely be applicable to other organic and/or low-input cropping systems depending on soil
properties, crop type and farm-specific management practices.
AMF have the potential to be used to increase crop production and minimize the need for
external nutrient additions, but there is still a long way to go before AMF are considered a
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routine support technology for agricultural systems. By routine support technology, I am not
referring to inoculating fields with AMF, but that the indigenous AMF community is considered
and recognized as a key component in P fertility management decisions. More information on
the AMF communities that exist under different management conditions will help to increase our
understanding of AMF taxon that provide desirable agroecosystem benefits and how to best
support their proliferation. It is expected that research of this kind will help increase P uptake
and use efficiencies, thereby reducing the need for amendments to provide plant-available P in
both organic and conventional systems.
Efficient P management will be a necessary component of future agriculture as a whole,
due to looming P fertilizer shortages, and also because of the associated environmental impacts
(P losses to adjacent waterways) that occur when there is excess soluble and labile soil P in
agricultural systems. Soil P transformations are complex and involve a myriad of abiotic and
biotic processes that must be taken into account to make accurate management recommendations
to farmers. Only a comprehensive understanding of the components of soil P and their dynamics
will ensure the efficient management of P resources in agriculture.
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Appendices
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Appendix 1

Field P outputs and inputs were calculated in kg ha-1 for every year of the last complete
crop rotation. P inputs were calculated based on farm records of P applications and included
manure or composted manure, phosphate rock and conventional P fertiliser. P outputs were
determined by multiplying crop yield and crop P removal data.
To obtain the P content of the manure applied to the field, composite samples of each
manure source (solid, liquid, semi-composted) were collected from each farm and submitted to
Agrifood Laboratories (Guelph, ON) for total P analysis.
Yield averages, by county, were obtained from the Ontario Ministry of Agriculture Food
and Rural Affairs (OMAFRA) (2013) and through personal communication with Steve Duff,
senior economist with OMAFRA and were used for yield estimates with the exception of the
year 2009, where the farm-specific data from this study was used. For farm Org 2, where a
longer rotation was used, provincial yield averages were used if county specific data were not
available. Crop yield data obtained from OMAFRA were corrected for moisture content
assuming 10% moisture for hay, 15.5% moisture for corn, and 70% for silage corn (Steve Duff,
OMAFRA, personal communication) to express estimates on a dry weight basis. A value of
15% moisture was assumed for all other grain crops where exact moisture content was not
available.
P removal estimates were obtained from OMAFRA publication 811 (OMAFRA, 2009)
for all crops, with the exception of hay where the P removal determined from the P uptake values
obtained in the present study was assumed for all years of the rotations where hay was grown.
When a range of average P removal values for a given crop was provided by OMAFRA, the
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mean value was used for conventional farms and the low end of the range was used for organic
farm estimates. This decision was made based on the results of this study where significantly
lower tissue P and P uptake values were found for the forage crops grown on the organic farms.
The mean annual P budget was then determined by subtracting the mean annual P outputs from
the mean annual P inputs. The calculated P balances are only intended to provide readers with
an estimate because county yield averages were used for many crops, as farm specific data were
not available.

203

Appendix 2

Table A.2.1 Chemical forms of phosphorus and the chemical shift associated with their
resonance signal generated from solution 31P NMR spectroscopy analysis of NaOH-EDTA
extracts of soil from six forage fields in southwestern Ontario.
Chemical Species
Chemical shift (ppm)
Orthophosphate
6.0 ± 0.00
Pyrophosphate
-4.04 ± 0.06
Polyphosphate
-3.89 ± 0.13, -5.80 ± 0.47, -8.12 ± 0.49, -11.51 ± 0.77, 12.98 ± 0.54, -15.75 ± 0.73, -17.70 ± 0.73, -19.54 ± 0.77,
-21.61 ± 0.86, -23.70 ± 0.060, -25.48 ± 0.31, -26.35 ±
0.25, -27.70 ± 0.61
Phosphonates
27.55 ± 0.92, 24.65 ± 1.11, 20.58 ± 0.77, 19.69 ± 0.20,
18.64 ± 0.16, 17.70 ± 0.24, 16.18 ± 0.46, 14.57 ± 0.40,
11.92 ± 0.83, 8.88 ± 0.65, 7.47 ± 0.38
Inositol hexakisphosphate
5.52 ± 0.04, 4.54 ± 0.03, 4.17 ± 0.06, 4.06 ± 0.02
(phytate)
Glucose-6-phosphate
5.26 ± 0.04
Alpha-glycerophosphate
4.87 ± 0.02
Beta-glycerophosphate
4.64 ± 0.07
Various mononucleotides
4.45 ± 0.03, 4.35 ± 0.04, 4.26 ± 0.03
including AMP
Choline phosphate
3.89 ± 0.05
Scyllo-inositol
3.70 ± 0.04
hexakisphosphate
Orthophosphate monoesters 6.65 ± 0.03, 6.55 ± 0.03, 6.42 ± 0.03, 6.33 ± 0.03, 6.23 ±
group 1 (from 7 to 6 pppm) 0.02, 6.17 ± 0.01
Orthophosphate monoesters 5.78 ± 0.03, 5.62 ± 0.10, 5.34 ± 0.03, 5.08 ± 0.06, 4.97 ±
group 2 (from 5.8 to 3.7
0.06, 4.78 ± 0.22
ppm)
Orthophosphate monoesters 3.55 ± 0.04, 3.43 ± 0.04, 3.29 ± 0.05, 3.14 ± 0.06, 2.98±
group 3 (from 3.6 to 2.5
0.06, 2.83 ± 0.07, 2.67 ± 0.08
ppm)
Orthophosphate diesters
2.31 ± 0.11, 2.14 ± 0.10, 1.79 ± 0.17, 147 ± 0.12, 1.18 ±
group 1 (from 2.5 to -0.60
0.08, 0.88 ± 0.13, 0.55 ± 0.16, 0.33 ± 0.08, 0.13 ± 0.06,
ppm)
0.01 ± 0.07, -0.14 ± 0.03, -0.23 ± 0.06, -0.34 ± 0.05, 0.49 ± 0.04
Orthophosphate diesters
-1.02 ± 0.06, -1.21 ± 0.08, -1.43 ± 0.05, -1.70 ± 0.15, group 2 (from -1.0 to -3.60 2.03 ± 0.10, -2.52 ± 0.17, -3.09 ± 0.19, -3.56 ± 0.14
ppm)
DNA
0.67 ± 0.07, -0.85 ± 0.08
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Appendix 3

Table A.3.1. Results of the Type III test of fixed effects generated from the Proc Mixed
procedure in SAS when differences between organically and conventionally managed soils
were analysed for relative amounts of P forms found in soils extracts analysed by 31P
solution NMR spectroscopy.
Variable
F
P
DF num
DF
den
Orthophosphate1
22.85
0.041
1
2
Pyrophosphate
2.53
0.2529
1
2
Polyphosphate
0.01
0.9291
1
2
Phosphonates
0.03
0.883
1
2
1
Monoesters group 1
0.23
0.6785
1
2
Monoesters group 2
2.4
0.2614
1
2
Monoesters group 33
9.16
0.0941
1
2
Inositol hexakisphosphate (phytate)
5.43
0.1451
1
2
Glucose-6-phosphate
6.09
0.1323
1
2
Alpha-glycerophosphate
4.22
0.1762
1
2
Beta-glycerophosphate
4.22
0.1762
1
2
Various mononucleotides including AMP1
12.76
0.0702
1
2
1
Choline phosphate
0.41
0.5863
1
2
4
Scyllo-inositol hexakisphosphate
13.5
0.0667
1
2
DNA1
2.69
0.2426
1
2
Orthophosphate diesters group 1
5.92
0.1355
1
2
1
Orthophosphate diesters group 2
1.64
0.3289
1
2
Total Monoesters
12.05
0.0739
1
2
Total Diesters1
4.16
0.1781
1
2
Monoester: Diester ratio
0.02
0.9023
1
2
Corrected Monoesters
6.73
0.122
1
2
Corrected diesters
22.2
0.0422
1
2
Corrected Monoester: Diester ratio
0.35
0.6124
1
2
Total Pi1
20.11
0.0463
1
2
Total Po
17.23
0.0534
1
2
2
Pi: Po ratio
1.08
0.0482
1
2
IHP: Scyllo ratio
1.08
0.4073
1
2
1

statistical analysis was performed using log-transformed data
statistical analysis was performed using inverse-transformed data
3
statistical analysis was performed on data transformed using the arcsine transformation
2
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Appendix 4
Table A.4.1 Results of the Type III test of fixed effects generated from the Proc
Mixed procedure in SAS when differences between organically and conventionally
managed soils were analysed for concentration of soil P forms found in soils
extracts analysed by 31P solution NMR spectroscopy.
Variable
F
P
DF num DF den
1
Orthophosphate
45.67 0.0212
1
2
1
Pyrophosphate
0.71
0.4887
1
2
Polyphosphate
0.83
0.4575
1
2
Phosphonates1
0.1
0.7811
1
2
1
Monoesters group 1
0.22
0.6883
1
2
1
Monoesters group 2
0.3
0.6389
1
2
Monoesters group 32
2.1
0.2843
1
2
Inositol hexakisphosphate (phytate)
0.95
0.4326
1
2
1
Glucose-6-phosphate
0.78
0.4714
1
2
1
Alpha-glycerophosphate
0.64
0.5091
1
2
Beta-glycerophosphate1
0.64
0.5091
1
2
Various mononucleotides including AMP1 6.31
0.1286
1
2
1
Choline phosphate
0
0.972
1
2
2
Scyllo-inositol hexakisphosphate
0.96
0.4304
1
2
DNA1
0.51
0.5502
1
2
Orthophosphate diesters group 12
0.23
0.6816
1
2
1
Orthophosphate diesters group 2
0.7
0.4921
1
2
1
Total Monoesters
0.73
0.4819
1
2
Total Diesters2
0.2
0.6994
1
2
Monoester: Diester ratio
0.02
0.9123
1
2
1
Corrected Monoesters
0.52
0.5446
1
2
1
Corrected diesters
0.97
0.4291
1
2
Corrected Monoester: Diester ratio
0.32
0.6304
1
2
Total Pi1
41.16 0.0234
1
2
1
Total Po
0.72
0.4854
1
2
2
Pi: Po ratio
19.24 0.0482
1
2
IHP: Scyllo ratio
1.09
0.4053
1
2
1

statistical analysis was performed using log-transformed data
statistical analysis was performed using inverse-transformed data

2
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Appendix 5

Table A.5.1. Results of the Type III test of fixed effects generated from
the Proc Mixed procedure in SAS when differences between soil
chemical, biological and plant parameters among organically and
conventionally managed forage fields were analysed.
Variable
F
P
DF num DF den
Olsen soil test phosphorus
26.43
.0358
1
2
Soil organic matter
0.62
0.5146
1
2
pH
1.69
0.3232
1
2
Total P
0.00
0.9851
1
2
Total Organic P
0.75
0.4767
1
2
AMF root colonization
23.40
.0402
1
2
Phosphatase activity (acid)
0.82
0.461
1
2
Phosphatase activity (alkaline) 1.02
0.419
1
2
Phytase Labile P
0.55
0.536
1
2
Total forage yield
1.47
0.349
1
2
Total Alfalfa yield
24.40
0.039
1
2
Total Grass yield
8.67
0.099
1
2
Total P uptake
17.49
0.053
1
2
P uptake (Alfalfa)
9.81
0.089
1
2
P uptake (Grass)
11.71
0.076
1
2
Tissue P (Alfalfa)
87.62
.0112
1
2
Tissue P (Grass)
1.89
.3034
1
2
% alfalfa composition
35.62
0.027
1
2
% legumes
24.28
0.039
1
2
% weeds
0.24
0.675
1
2
% grass
10.74 0.0819
1
2
Total N uptake
0.80
0.465
1
2
N uptake (Alfalfa)
23.06
.0407
1
2
N uptake (Grass)
6.36
0.128
1
2
Tissue N (Alfalfa)
23.20
.0405
1
2
Tissue N (Grass)
18.11
.0510
1
2
N:P ratio (Alfalfa)
71.42
.0137
1
2
N:P ratio (Grass)
30.04
.0317
1
2
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Appendix 6

Figure A6.1. Relationship plant tissue nutrient content levels and yield, growth
of plants. Below the critical deficiency level, visible deficiency symptoms are
expected, followed by a decrease in plant growth and yield.
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Appendix 7

Table A7.1. Results of the Type III test of fixed effects
generated from the Proc Mixed procedure in SAS when
differences from the qPCR results for ng fungal DNA mg-1
total DNA for different AMF isolates among soil DNA
extracts from as affected by management (organic vs.
conventional) were analysed.
Variable / isolate
F
P
DF
DF
num
den
DNA
0.91
0.440
1
2
concentration
F. mosseae
26.29
0.036
1
2
C. claroideum
13.79
0.067
1
2
S. pellucida
0.21
0.689
1
2
D. celata
5.84
0.137
1
2
R. intraradices
00.89
0.445
1
2
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Appendix 8

Table A8.1. Parameters determined from the isotopic exchange kinetics batch experiment
for all 16 soil samples.
Soil
Cp
E1min*
Sample
n
r1min/R
-1
description
(mg P kg )
(mg P kg-1)
1
a
0.023
0.377
0.083
0.28
b
0.039
0.373
0.093
0.41
c
0.030
0.379
0.091
0.32
d
0.043
0.368
0.074
0.58
2
a
0.056
0.355
0.115
0.49
b
0.070
0.390
0.134
0.53
c
0.063
0.376
0.152
0.42
d
0.097
0.368
0.126
0.77
3
a
0.117
0.354
0.143
0.82
b
0.182
0.324
0.148
1.23
c
0.068
0.371
0.094
0.72
d
0.039
0.368
0.106
0.36
4
a
0.238
0.308
0.165
1.44
b
0.345
0.293
0.155
2.23
c
0.170
0.328
0.102
1.66
d
0.185
0.321
0.155
1.20
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Appendix 9

Table A9.1. Pearson correlation coefficients for isotopic
exchange parameters derived from the batch experiment and
E-values extrapolated for 1 and 8-day time periods.
Parameter
Cp
Olsen STP
E1min
Cp
1.00***
0.96***
0.97***
n
-0.94***
-0.89***
-0.92***
r1min/R
0.70**
0.76**
0.55*
E1min
0.97***
0.93***
1.00***
E1d
0.88***
0.92***
0.96***
E8d
0.84***
0.89***
0.92***
Note: *indicates r value is significant at a P value of 0.05
** indicates r value is significant at a P value of 0.01
*** indicates r value is significant at a P value of
<0.0001

