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Abstract

Commercial lignite-derived products for use in agriculture are produced and used
globally and a number of these products are manufactured from Victorian lignite
coal. In marketing these products, manufacturers make claims of plant benefits
including increased crop yield, enhanced root development and increased nutrient
uptake and improvements in soil health by chelation of cations, pH buffering and
promotion of beneficial soil bacteria and fungi. There is little evidence of published
scientific studies that support these claims and of those that are available, few

focus on those derived from Victorian lignite coal.

To investigate these claims, eight commercial products based on either raw-lignite
or humate were sourced from three manufacturers. Raw lignite coal was also
obtained directly from the mine. Chemical characterization of these products
showed considerable variability in the humic acid (HA) concentration, ranging from
4 to 75% and in the inorganic components, particularly potassium, which ranged

from 0.1 to 17%.

In a glasshouse study six lignite-derived products were applied at the
manufacturer’s recommended rate to two soil types. Shoot and root growth of two
pasture species, lucerne (Medicago sativa L.) and ryegrass (Lolium multiflorum
Lam.), shoot nutrient concentrations, soil pH, microbial biomass and mycorrhizal
colonization analyses showed inconsistent results between the two soil types and
the two pasture species. There was no clear evidence of a link between the HA and
nutrient concentrations of the products, and pasture growth and soil health

responses.

In a second glasshouse study, three lignite-derived products were applied at and in
excess of the manufacturer’s recommended rate to a mildly acidic, sandy soil. Raw
lignite coal and a lignite-mineral blend did not promote a lucerne growth response

however application of soluble humate granules (SHG) at rates up to 20 kg/ha



promoted shoot and root growth, with maximum benefit attained at 20 kg/ha; five-
times the manufacturer’s recommended rate. Application rates beyond 20 kg/ha
did not provide additional growth benefits but importantly, resulted in a significant
decrease in shoot nitrogen concentration with no concurrent loss in lucerne
biomass. Application of SHG at 20 kg/ha also coincided with a delay in the
appearance of chlorotic symptoms in lucerne shoots, and an increase in soil pH. A
subsequent incubation study indicated that soil pH increases were driven by the

pasture rather than product application.

To further investigate the effect on lucerne and ryegrass growth and to assess
interactions with soil nitrogen species, SHG was applied at 20kg/ha to a sandy, low
organic matter soil in outdoor mesocosms. Significantly, the product promoted
early-stage shoot and root growth of ryegrass. Enhanced root growth was observed
particularly at a lower soil depth which could enable the pasture to access moisture
in drought conditions. The promotion of ryegrass growth coincided with the earlier
provision and higher overall concentration of soil ammonium. At this application

rate, in these conditions, a growth benefit was not identified for lucerne.

To investigate the manufacturer claims that commercial lignite-derived products
promote beneficial soil bacteria and to further investigate the effect on soil nitrogen
dynamics, the response of the soil bacterial community to the addition of SHG at 20
and 300 kg/ha was assessed by high-throughput 16S rRNA amplicon sequencing.
The abundance of the nitrogen-cycling families  Rhodospirillaceae,
Hyphomicrobiaceae, Bradyrhizobiacea, Beijerinckiaceae, Burkholderiaceae and
Nitrosomonadaceae increased while Nitrospiraceae remained unchanged. Other
bacterial families whose abundance increased  significantly  were
Xanthomonadaceae, Sinobacteraceae and Chitinophagaceae while the abundance
of Gemmataceae, Streptomycetaceae and Ktedonobacteraceae decreased. These
results indicate that the addition of SHG changed the soil bacterial community

structure.

Vi



The work presented in this study demonstrates that pasture growth and soil health
benefits can be gained by the soil application of Victorian-lignite derived products.
These benefits are highly dependent on the pasture species, soil type and product
application rate, highlighting the need for farmers to evaluate these products within
their individual environmental constraints and management systems. This work also
indicates the need for manufacturers to reassess the product application rates that

are recommended to farmers.

Vi
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1 Introduction

1.1 Background

The world’s population is expected to reach 9.1 billion people by 2050, an increase
from the current 7.2 billion (Food and Agriculture Organization of the United
Nations, 2009, Worldometers, n.d.). With an increasing population there is
unprecedented demand on arable land worldwide to produce more food, fibre and
fuel to meet market needs (Erb et al., 2012, Bommarco et al., 2013, Robertson et
al., 2014). Demand for cereals for both food and animal feed are projected to reach
3 billion tonnes annually by 2050, up from 2.1 billion tonnes in 2009 (Food and
Agriculture Organization of the United Nations, 2009). In addition to food demands,
the biofuel market which is growing in response to the need for fuel security and
reduced greenhouse gas emissions, competes for arable land to produce feed

stocks (Rathmann et al., 2010, Luckert, 2014).

There is a growing awareness that increased agricultural production needs to be
achieved in an environmentally sustainable manner (Tilman et al., 2011, Godfray
and Garnett, 2014). In recent decades, much of the increase in agricultural
production has come from the use of inorganic fertilizers. In 2015, worldwide
demand for fertilizers is predicted to be in excess of 190,000 thousand tonnes
(nitrogen, phosphorus and potassium combined) with that of nitrogen fertilizer
alone representing 113,000 thousand tonnes (Food and Agriculture Organization of
the United Nations, 2011). Excessive or poorly-timed nitrogen fertilizer application
can lead to a loss of nutrients from production with nitrate being leached into
waterways or lost as the potent greenhouse gas nitrous oxide (Fageria, 2010, Chan,
2010, Hoben et al., 2011, Meng et al., 2005). Nitrate, the product of ammonium
nitrification, is not well retained in soils and the combined effects of crop biomass
removal and nitrate leaching can lead to the development of acidic soil conditions

(Bolan et al., 1991) .



Worldwide it is estimated that 50% of arable land is acidic. Acidic soils limit
agricultural productivity due to increased availability of aluminum which retards
root growth, restricting access to water and nutrients (Bohn et al., 2002). Other
plant essential nutrients including nitrogen, phosphorus, potassium and manganese
become less available for plant uptake (Lucas and Davis, 1961). In these limiting
conditions, a number of crop and pasture species will not grow successfully.
Leguminous pasture species including lucerne and clover don’t tolerate acidic
conditions due to decreased rhizobia abundance and therefore nodulation,
restricting the ability to fix nitrogen (Andrew, 1976). The net result of soil acidity is
decreased plant growth, reduced profitability and increased requirement for

fertilizers to sustain productive agriculture (Robson, 2012) .

Soil organic matter (SOM), of which carbon is the main component, is made up of
plant and animal material in various stages of decay and is recognized as a key
attribute of soil fertility. The SOM content of soils varies from 1% or less in sandy
soils to nearly 100% in peat (Tipping, 2002). It affects the properties that influence
soil productivity; physical (aggregation (Tisdall and Oades, 1982)), chemical (cation
exchange capacity (Parfitt et al., 1995)) and biological (microbial activity (Schnirer
et al., 1985)). Changes in SOM depend on the climate, soil texture, land
management and inputs including organic amendments. Production of the soil
greenhouse gases nitrous oxide and carbon dioxide can be controlled to some

extent by SOM management (Merino et al., 2004).

Humic substances (HS) form the largest component of soils, generally in the range
of 60-80% of the SOM (Stevenson, 1994) and play a pivotal role in soil productivity.
They can improve soil aggregation and structure (Piccolo et al.,, 1997), increase
water retention (Piccolo et al., 1996), improve the bioavailability of plant-essential
nutrients (Chen et al., 2004a), bind heavy metals (Clemente and Bernal, 2006) and
provide an energy source for the microbial community (MacCarthy, 2001). Whether

by changing the soil properties or by direct action on the plant itself, the plant



benefits include stimulation of root and shoot growth and enhanced nutrient
uptake (Chen and Aviad, 1990); however, the mechanisms have not been fully

resolved.

Some agricultural practices implemented to increase productivity such as increased
stocking rates and integrated crop-livestock systems can lower soil organic matter
and HS levels (Hiltbrunner et al., 2012, Houlbrooke, 2011). While to some extent the
SOM and HS content of soils can be maintained by land management, to reduce
reliance on inorganic fertilizers and increase productivity, the use of organic
amendments is growing in popularity (Jackson et al., 2008, Quilty and Cattle, 2011).
Soil amendments containing high concentrations of humic substances extracted
from a range of sources including vermicompost, urban and green wastes and

lignite coal have been of interest for some time.

Humic substances can be separated into components by solubility in alkali and acid
and can be extracted from a range of sources including soil (Hayes et al., 1975),
vermicompost (Atiyeh et al., 2002), urban organic waste (Jindo et al., 2012) and
lignite coal (Frost et al., 1959). A number of chemical methods can be used (Hayes
et al., 1975), but typically and as defined by the International Humic Substances
Society (IHSS) alkaline extraction of a substrate is performed with potassium
hydroxide, with the resulting humic acid (HA) salt in solution referred to as a
humate (International Humic Substances Society, 2008). The insoluble organic
component is referred to as humin and is separated from the alkaline extract. The
extract is then treated with acid and the pH adjusted to between pH 1-2. The
precipitate obtained is defined as the HA component. The low molecular weight
acids remaining in solution are referred to as the fulvic acid (FA) after removal of
other water soluble polar compounds. Hence FA, is soluble in both alkalis and acids.
To simplify terminology, humic substance (HS) will be used to refer to the naturally
occurring component of SOM and humic acid (HA) will be used to refer to the

product of alkaline extraction.



Lignite coal, also referred to as brown coal, is a particularly rich source of HS and is
used for the commercial production of humic-based amendments that are available
worldwide. Broadly, there are two product categories; those that contain raw
lignite coal blended with plant essential nutrients and marketed as a raw soil
conditioner or a lignite-mineral blend, and those that are comprised of the
potassium salts of HA and FA, referred to as humates, derived from lignite coal.
Fulvic acids have beneficial plant growth effects (Rauthan and Schnitzer, 1981,
Mylonas and Mccants, 1980) however, in lignite they are present in much lower
concentrations than the humic acid and so the product cost is higher. For this
reason FA products are marketed only on a small-scale, and for specialized
applications such as application to ornamental plants while humates and/or humic
acid rich amendments are used for larger scale agricultural applications. Although
processes between manufacturers differ, humates liberated from the coal by
alkaline extraction are combined with plant essential nutrients and sold as a liquid,

or dried to form soluble granules or powder, or slow-release pellets.

The soluble granules or powder and liquid forms can be applied directly to the soil
or as a foliar spray, while the slow-release pellets are applied only to the soil. The
products are generally supplied with a recommended application rate which can
range from as little as 4 kilograms to in excess of 1 tonne per hectare depending on
the form of product (e.g. liquid, solid, slow release pellets) and the application
method used (e.g. fertigation, foliar spray, top-dressing). The use of lignite-derived
products in conjunction with fertilizers is recommended by some manufacturers,
particularly for products which are not formulated with plant essential nutrients. To
avoid excessive supplementary inorganic fertilization, knowledge of the humate

product composition is important.

Presented here is an overview of HS structure and chemistry and interactions with
soil nutrients. The effects of HA on key indicators of soil health, plant growth and

plant nutrition when applied to the soil as raw coal or humate are also discussed.



Humic acid from a number of sources will be explored but particular emphasis will

be placed on that derived from lignite coal.

1.2 The structure and chemistry of humic substances

The chemical structure of HS is complex and as such assigning a chemical definition
has been an issue of some contention. There have been a number of hypothetical
models proposed including polymeric assemblages (Swift, 1999, Schulten and
Schnitzer, 1993, Stevenson, 1994, Schulten et al., 1991, Hayes et al., 1989) and
more recently a supramolecular structure model in which lower molecular weight
molecules are held together by hydrogen bonding and hydrophobic interactions
(Piccolo, 2002). Since this model was proposed, to further characterize the small
molecular components of the supramolecular HS, a ‘Humeomics’ approach was
developed (Nebbioso and Piccolo, 2012, Nebbioso and Piccolo, 2011, Nebbioso et
al., 2014). This chemical method reduces the complexity of the HS by sequentially
separating smaller components from the bulk material without breaking the carbon
backbone. Instead weak interactions, ester and ether bonds are targeted. The more
simple products from each chemical fractionation step can then be characterized
and to date this has been done by gas chromatography/mass spectrometry (GC-
MS), liquid chromatography-mass spectrometry (LC-MS) and nuclear magnetic

resonance (NMR) spectroscopy.

Spectroscopic methods including infrared (IR), fluorescence and NMR have enabled
the identification of structural characteristics of HS. Aromatic and aliphatic
structures dominate (Hatcher et al.,, 1981, Miano et al., 1988), and carbonyl,
carboxyl, methoxyl and phenolic groups have been identified (Yonebayashi and

Hattori, 1989, Senesi et al., 1991).



1.3 Soil effects of humic acid

1.3.1 Complexing properties of humic acid in soil

Humic acid forms complexes with metals and cationic soil nutrients by ionization at
proton disassociating groups including carboxylic and phenolic groups. This
increases plant-availability of soil nutrients from less soluble hydroxides, particularly
iron, zinc and manganese (Chen et al., 2004a), potentially contributing to increased

plant growth.

Organic amendments can minimise nutrient losses, particularly inorganic nitrogen
(e.g. Suddick et al., 2011, Tuomisto et al., 2012, Knowles et al., 2011, Steiner et al.,
2010). Research by Ahmed et al. (2006) demonstrated increased soil ammonium
(approx. 30%) following HA application however the source of the HA was not
identified and the application rate was not clearly stated. There is scope to
investigate the capacity of humate to bind and retain plant-essential nutrients such

as inorganic nitrogen species.

1.3.2  Effect of humic acid on key indicators of soil health

The term ‘soil health’ is widely used to describe the general condition or quality of
the soil resource. Biological (e.g. microbial activity), chemical (e.g. organic matter
content) and physical (e.g. soil texture) attributes influence the productivity of the
soil with in an agricultural context is the capacity of the soil to support the growth
of crops or pasture. The effect of HA on key indicators of soil health such as pH and
the soil microbial community have been less scrutinized than other areas. Often the
focus of published studies is not on soil effects but rather plant shoot and root
growth and nutrient uptake, and so changes in soil properties are not reported (e.g.
Verlinden et al., 2009) or if the application rate was low, changes in soil properties
may not be detectable. Also, studies may be conducted in nutrient solution (e.g.

Adani et al., 1998, Ayuso et al., 1996) or in solid media other than soil (e.g. Abdel-



Mawgoud et al., 2007, Arancon et al., 2006) and so there is no opportunity to

measure changes in soil health.

Acidic soils can substantially limit agricultural productivity and impact more widely
on ecosystem function. It has been estimated that up to 50% of the world’s arable
land is acidic. Remediation techniques include addition of gypsum and/or lime,
bioremediation and incorporation of amendments such as compost, manure and
biochar (Smith et al., 1994, Qadir et al., 2007, Jalali and Ranjbar, 2009, van Zwieten
et al., 2010a). Few studies focus on the use of lignite-derived humate to ameliorate
acidic soil; however one study showed that addition of raw lignite coal increased
soil solution pH by 1.5 units (Yazawa et al., 2000). This result was unexpected and
unexplained by the authors, as the pH of the coal and the soil were the same, and
so according to the model of amendment buffering capacity proposed by Wong et
al. (1998), no proton transfer was expected. Given this result and the high cation
exchange capacity of HA (Varanini and Pinton, 1995) further investigation of the pH

buffering capacity of humate is warranted.

Soil microbes, including mycorrhizal fungi have an essential role in the turnover and
acquisition of nutrients for plant growth (Smith and Read, 2010). The microbial
community composition and abundance is sensitive to the application of organic
soil amendments (Anderson et al., 2011, Paranychianakis et al., 2013, Valdrighi et
al., 1996, Visser, 1985a). Microbial-driven changes in nutrient cycling not only effect
plant growth but can also influence soil greenhouse gas emissions (van Zwieten et

al., 2009).

Following application of soil-derived HA to two soil types, using selective growth
media, Visser (1985b) identified increases in abundance of amylolytic, proteolytic
and denitrifying microbes. In a similar study also using selective growth media,
Visser (1985a) found increases in starch decomposers, aerobic cellulose

decomposers and nitrifiers. Also in response to addition of soil-derived HA, Puglisi



et al. (2009) analysed the rhizosphere microbial community by denaturing gradient
gel electrophoresis (DGGE) and showed that the composition of the microbial
community changed in response to the addition of size-fractionated HA compared
to the bulk material. Phospholipid fatty acids (PLFA) analysis showed increases in
the total PLFA and those associated with bacteria and fungi in a low organic matter
soil in response to application of a range of lignite-derived commercial humate

products (Hartz, 2010).

Traditional culture techniques including the use of selective media rely on the
growth of microbes within the supplied environment, and only a very small
proportion of soil bacteria (1%) and fungi (17%) can be cultured (Kirk et al., 2004).
Biochemical techniques such as enzyme and PLFA analysis, and molecular
techniques, such as DGGE, while offering more comprehensive information have
their own inadequacies (Steffan et al., 1988, Zhou et al., 1996, Kirk et al., 2004,
Jumpponen, 2007, Muyzer and Smalla, 1998). Although DGGE can be highly
reproducible (Puglisi et al., 2009), the methodological constraint of a limited
number of wells in the gel prevents comparisons of a large number of samples.
Newer molecular techniques such as next-generation sequencing can provide
abundance information on microbes identified to the species level, as has been
done for biochar amendments (Anderson et al.,, 2011). In combination with
guantitative polymerase chain reaction (qPCR) analysis of specific gene copies such
as amoA present in nitrifying bacteria, microbial community functional changes can

be identified.

1.4 Plant growth and nutrition effects of humic acid

1.4.1 Plant growth response to humic acid
Soil amendment with HA from various sources has been demonstrated to stimulate
shoot and root growth and vyield of a variety of crops including grains and

vegetables. (e.g. Eyheraguibel et al., 2008, Puglisi et al., 2009, Lee and Bartlett,



1976, Nardi et al., 2002, Arancon et al., 2006, Piccolo et al., 1993). The application
of lignite-derived HA has also shown to benefit shoot and root growth of a range of
crops including tomatoes (Adani et al., 1998), maize (Ertani et al., 2011, Olk et al.,
2013), cucumber (Mora et al., 2010), potatoes (Verlinden et al., 2009) and wheat
(Tahir et al., 2011). Studies on the effect of HA on pasture species are rarely
reported however field studies of application of a commercial product to ryegrass
and mixed species grasslands showed variable growth and nutrient uptake results
across a range of soil types (Verlinden et al., 2010, Verlinden et al., 2009). Generally,
high economic value is placed on pasture-based commodities, and so potential

growth benefits from HA application would be of interest to farmers.

With growth benefits dependent on the origin of the HA, application rate, crop type
and soil type (Rose et al., 2014), the mechanisms for improved plant growth in
response to HA application have not been fully determined. There is evidence to
indicate that HA has both direct and indirect effects on the plant. Humic acid is
claimed to induce auxin- and gibberellin-like effects on plants (Nardi et al., 1994,
Muscolo et al., 1999), and to increase production of the plasma membrane proton
pump (H*-ATPase) which both promotes cell elongation and enhances ion transport
across the cell membrane (Nardi et al., 1991, Canellas et al., 2002). Despite these
claims in the literature, compounds that could be identified with hormone-like
behavior have not been isolated (Chen et al., 2004b). There is evidence for indirect
effects which include improved soil properties such as aggregation and water
holding capacity (Piccolo et al., 1997, Piccolo et al., 1996), and increased availability

of plant essential nutrients (Chen et al., 2004b).

The rate at which HA is applied is important for optimal plant growth. Typically
there is an upper limit at which maximal growth benefits are seen, with a
depressive or lack of effect at rates that exceed this (Rose et al., 2014). The
suggested reason for reduced shoot and root growth at high concentrations is the

accumulation of HA at cell wall pores which restricts root water and nutrient uptake



(Asli and Neumann, 2010). Manufacturers of lignite-derived products recommend
an application rate; however, previous studies have identified that these rates are
generally too low to elicit an agronomic benefit (Feibert et al., 2003, Hartz, 2010,

Duval et al., 1998).

1.4.2 Plant nutrition response to humic acid

The effect of HA on plant nutrient uptake is variable depending on the nutrient, the
soil type, crop type and source of HA. To illustrate this variability, studies of lignite-
derived HA showed decreased nitrogen uptake in canola grown in soil amended
with milled leonardite (Akinremi et al., 2000), whereas sugarcane, okra, and
cucumber in soil or hydroponic conditions increased shoot nitrogen uptake, ranging
from 20 to 40% compared to the control (Govindasmy and Chandrasekaran, 1992,
Kirn et al., 2010, Abad et al., 1991). Another study on tomatoes showed no change
in shoot nitrogen (Adani et al.,, 1998), whereas soil-derived HA applied to corn
resulted in an increase or decrease in shoot nitrogen depending on the applied rate

(Tan and Nopamornbodi, 1979).

Phosphorus uptake can also be variable following application of HA. An increase in
phosphorus was detected in tomato shoots (8% increase compared to the control)
(Adani et al., 1998) and cucumber shoots (66% increase compared to the control)
(Abad et al., 1991) but not in sugarcane shoots (Govindasmy and Chandrasekaran,
1992). Clearly mechanistic studies on the effect of HA on soil nutrient cycling are

required.

In conclusion, the structure of soil humic substances is not fully known however
significant contribution to understanding has been made using NMR techniques and
more recently a “humeomics” approach. Complexes formed between HA and soil
nutrients improve plant-availability and this same attribute could also decrease
nutrient loss. Binding of soil inorganic nitrogen species such as ammonium by

lignite-derived coal has not been well explored and the capacity for lignite-derived
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HA to buffer pH has not been fully determined. While some progress has been
made, effects on the soil microbial community are largely unknown, but advances in
molecular analytical techniques could be used to gain further insights. Humic acid
can improve plant growth through direct or indirect interactions and potential
growth benefits for pasture species have not been well studied. The uptake of
nutrients is not consistent between crops and mechanistic studies are needed to

investigate effects on nutrient cycling.

1.5 Study context

Australia has extensive lignite coal resources, estimated to be 20.5% of worldwide
lignite reserves (Thielemann et al., 2007). In the state of Victoria, there are
estimated to be 400 billion tonnes, with the largest deposit being in the Gippsland
Basin area (Li, 2004). It is relatively inexpensive to mine due to a shallow
overburden averaging only 10-20 m. In comparison with world standards, Victorian
brown coal is of high quality, being low in nitrogen, sulphur, ash and heavy metals
(Perry et al., 1984). Its high moisture content (Perry et al., 1984) increases transport
costs and so at present the primary use is for electricity generation at power
stations located close to the mine. With such an abundant, high quality, easily

winnable resource, other applications are of interest.

A range of commercial lignite-derived products are manufactured from Victorian
lignite and are marketed to farmers as having above- and below-ground benefits for
a range of pasture and crop types. In marketing these products manufacturers make
claims of agronomic benefits including:

e Increased crop vyield;

e Improved soil structure;

e Enhanced root development;

e Increased nutrient uptake due to increased cell permeability;

e Promotion of beneficial soil bacteria and fungi;

e Chelation of cations;
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e Faster seed germination;
e Suppression of some diseases ;

e Reduced plant uptake of some heavy metals including cadmium, lead,
aluminum and fluoride; and

e pH buffering capacity to help neutralize the problems associated with pH
extremes.

There is very little evidence of published complete scientific studies that support
these claims. It is likely that the high chemical variability of commercial humate
products and the complexities of assessing the interactions between the soil, plant
and product contribute to this. Of the available studies that evaluate plant growth
and soil health following amendment with commercial lignite-derived products, few

focus on those produced from Victorian lignite.

In Australia, grazing livestock and livestock products have high economic value. In
Victoria, milk, cattle and sheep are the top three agricultural commodities (National
Farmers' Federation, 2011). The success of pasture growth is intrinsic to the value of
these commodities. Growth benefits for ryegrass following amendment with HA
have been previously identified. The HA derived from manure, compost,
decomposed sawdust, straw and peat to ryegrass resulted in increases in shoot and
root growth (Asenjo et al., 2000, Bidegain et al., 2000, Fortun et al., 1985) and a
commercial product, Humifirst, derived from Canadian lignite also increased root
and shoot growth however results were variable across soil types (Verlinden et al.,
2010). Estimates suggest that 3 million hectares or 23% of Victoria’s agricultural
soils are affected by loss in productivity due to acidity with the most strongly acidic
soils occurring in permanent pasture areas. There is scope to further investigate the
growth response of pasture species to commercial Victorian lignite products in a

range of soil types.
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1.6 Study aims

With a continual interest in amelioration of acid soils and increased crop yields
there are a number of aspects in which the use of commercial Victorian lignite-

derived products can be further investigated. The objectives of this study were to:

e Source a range of commercial Victorian lignite-derived products from a
number of manufacturers and assess their physicochemical properties;

e Assess the shoot and root growth and nutrient uptake of selected pasture
species relevant to farming practice in Victoria in response to soil application
of commercial lignite-derived products; and

e |nvestigate the effect on key indicators of soil health including soil pH and
the soil microbial community.

It is anticipated that research outcomes will help to better understand the effect of
lignite-derived products on pasture growth and nutrition, and soil health. With an
improved understanding of the fundamentals involved, it should be possible for
manufacturers to develop more effective products and for farmers to make an
informed decision of how these products could be integrated into their current

management practices for improved crop production.

1.7 Thesis overview

This thesis describes changes to key indicators of soil health and growth and
nutrient uptake responses of selected pasture grasses to soil amendment with a
range of Victorian lignite-derived products in the tightly controlled environment of
the glasshouse, and then in semi-controlled conditions in outdoor plots. To further
investigate potential mechanisms of pasture growth promotion, soil nitrogen
cycling was also investigated in the outdoor plots. Finally, using molecular
techniques, the microbial response to the addition of a humate product at a range

of application rates was investigated in an incubation study.
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The physicochemical characteristics of nine commercial Victorian lignite-derived
products are presented in Chapter 2. The products were sourced from three
manufacturers and were assessed by wet chemistry, solid-state *C NMR and ICP

(inductively coupled plasma) techniques.

The manufacturers of Victorian lignite-derived commercial products market the
products with a recommended application rate. A glasshouse screening study was
performed with a selection of products applied to two soil types into which ryegrass
and lucerne were sown. While the primary focus of this study was on plant growth
and nutrition, key measures of soil health were also monitored. Chapter 3 is a

published paper describing this study and key findings.

Chapter 4 presents a second glasshouse study and an incubation study. In the
glasshouse study a subset of products were applied at, and well in excess of, the
manufacturers recommended rate. Again the focus for this study was pasture
growth (lucerne) and nutrient uptake, with soil pH also measured. Significantly,
lucerne nitrogen uptake was reduced in the presence of commercial soluble humate
granules. Changes in soil pH were also detected and an incubation study without
plants was conducted to identify if these changes were driven by the plant or as a

result of humate product addition.

While glasshouse studies were important for initially identifying plant and soil
responses and assessing parameters such as product application rate, an outdoor
plot study was conducted to assess plant growth and soil health in an open
environment. Results of the previous two glasshouse studies were used as a guide
to select one humate product, one application rate and one soil type into which
ryegrass and lucerne were sown. Over a 7 month period pasture growth and soil
health were monitored. To identify potential mechanisms for improved pasture

growth, soil mineral and inorganic nitrogen species, and nitrogen losses in soil
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leachate and as nitrous oxide were also measured. This study is presented in

Chapter 5.

To further investigate mechanisms for improved plant growth an incubation study
was conducted to assess the response of the soil microbial community to a humate
product applied at three rates. Abundance increases were detected in a number of
bacterial families associated with nitrogen cycling. The molecular method used was
next-generation sequencing which has not been previously applied to microbial
studies with commercial humate products. This study is presented in Chapter 6 in

the form of a manuscript which has been submitted for publication.

Chapter 7 brings together the key findings from the experiments conducted

throughout the thesis and presents areas for future research.
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2 Characterization of commercial Victorian lignite-derived

products

Abstract

Commercial lignite-derived products (LDPs) reportedly promote growth of a range
of crops, however, the mechanisms of stimulation are not known. The LDPs are
generally of two types; raw-lignite or humate based. Plant essential nutrients may
be added during formulation and so chemical variation between the products
would be expected. Manufacturers do not disclose product formulation information
and so chemical analysis is required. The physicochemical properties of nine LDPs
were determined by humic acid extraction, pH, inductively coupled plasma-optical
emission spectrometry (ICP-OES) and 3¢ solid state nuclear magnetic resonance
(**C NMR) spectroscopy. Based on the chemical and data acquired it was possible to
identify the LDPs as being raw lignite —based or humate-based. Considerable
variability was detected in the inorganic components and HA concentrations. This

variability in chemical composition would be expected to result in varying effects on

plant growth.

2.1 Introduction

Commercial lignite-derived products are marketed to farmers as having above- and
below-ground growth benefits for a range of pasture and crop types. These
products are manufactured from lignite or leonardite. Leonardite is often found in
association with lignite and is formed by the oxidation of lignite from prolonged
exposure to air. From here on in, for the purpose of clarity, lignite and leonardite
will be referred to collectively as lignite. Broadly, there are two commercial product
categories; those that contain raw lignite and those that are comprised of the
potassium salts of humic (HA) and fulvic (FA) acids (humates) derived from lignite
coal. Crushed or milled lignite alone can be used as a soil amendment, or combined

with plant essential nutrients and marketed as a raw soil conditioner or a lignite-
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mineral blend. Humate products are generally manufactured by subjecting lignite to
an alkaline extraction or digestion process, thereby extracting or ‘liberating’ the HA
and FA. The processing often involves elevated temperature in generating the
alkaline digest which causes some breakdown in the lignin structure (Durie, 1991).
The complete separation of the HA and FA from the rest of the matrix adds
considerably to the processing costs. In some cases, centrifugation or passive
settling of suspended solids is used. While the product manufacturing process
varies between manufacturers, the HA in the form of humate are generally
combined with plant essential nutrients and sold as a liquid, or further processed to
a dried state. The formulations available on the market are varied in composition
and it is difficult to obtain information about them without undertaking extensive

analysis.

Fulvic acids have been shown to have beneficial plant growth effects (Rauthan and
Schnitzer, 1981, Mylonas and Mccants, 1980). The FA component can be separated
from the HA by acidification, as they by definition are soluble in water whereas HA
are not. However, the concentration of FA in lignite coal is much lower, and so this
increases their product cost considerably. For this reason FA products are marketed
for small-scale, specialized applications such as ornamental plants. Although the
humate product manufacturing process has not been disclosed, it is unlikely that FA

would be removed, and so these products would contain both HA and FA.

The component of LDPs considered to be the plant growth promoting ingredient is
the HA (Rose et al.,, 2014). At present there is not a standardized method to
guantify HA concentration in commercial humate products; however, progress has
been made towards protocol development (Lamar et al., 2013). The plant essential
nutrients added during product formulation may also have an impact on plant
growth, and so it is important to identify the elements present and their
concentrations. Soil pH is a critical factor in plant growth success (Lucas and Dauvis,

1961) and so the pH of an applied product should also be known.
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This chapter provides an overview of the physicochemical properties of nine
selected commercial LDPs as have been determined by wet chemistry methods
including extraction of the HA from the products themselves, product pH, elemental
analysis by ICP-OES and structural information about carbon forms and distribution

by *C NMR spectroscopy.

2.2  Materials and method

2.2.1 Lignite-derived product descriptions and physicochemical characterization
Seven solid and two liquid LDPs were sourced from three manufacturers; two
water-soluble solid humate products (one granulated and one powdered), two
lignite-mineral blends, one granulated slow-release humate product, one humate
soil conditioner, two liquid humate products and raw lignite coal sourced directly
from the mine (otherwise known as ‘run-of-mine’ coal (ROM)) in the Latrobe Valley,
Victoria. These products were selected as they are claimed to contain raw or
extracts of Victorian lignite, and are representative of the product types that are
currently available on the market®. A description of each product and abbreviations

by which each product will be referred to is included in Table 2.1.

! This was an independent study and no financial or in-kind support was received
from companies who manufacture LDPs. Manufacturer details have been
deliberately omitted however can be disclosed to thesis examiners if requested.
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Table 2.1 Lignite-derived product (LDP) descriptions and abbreviations.

LDP Product description Abbreviation Manufacturer/  Lignite origin
supplier
ROM lignite coal Raw coal ROM A Morwell,
Victoria
Lignite-mineral Raw coal with mineral LMB1 B Victoria,
blend 1 additives Australia
Lignite-mineral Raw coal with mineral LMB2 B Victoria,
blend 2 additives Australia
Humate soil Raw coal with mineral HSC C Victoria,
conditioner additives Australia
Slow-release Granulated raw coal SR C Victoria,
granulated with mineral additives Australia
humate
Soluble humate Dried humate SHG D Victoria,
granules Australia
Soluble humate Dried humate SHP D Victoria,
powder Australia
Liquid humate 1 Liquid humate LH1 D Victoria,
Australia
Liquid humate 2 Liquid humate LH2 C Victoria,
Australia

Sample preparation prior to analysis

The lignite coal (ROM) was crushed and sieved at <2 mm prior to analysis and the
liquid products (LH1 and LH2) were oven-dried at 30°C until there was no moisture
remaining. For elemental analysis by ICP-OES, carbon and nitrogen determination
by dry combustion and carbon structural analysis by *C NMR, a sub-sample of each
product was ground to a fine powder using a mortar and pestle. Humic acid

concentration and pH were determined on each product in an ‘as received’ state.

Measurement of pH
With the exception of the liquid products LH1 and LH2, pH was determined in 5 g
subsamples suspended in deionized water (1:5 w/v), using a TPSWP-81 meter and

probe (TPS Pty Ltd, Springwood, QLD). The pH of LH1 and LH2 was measured
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directly on the undiluted product. Each measurement was in performed in

triplicate.

Moisture content
With the exception of the liquid products LH1 and LH2, a 10 g sub-sample of each
product was oven-dried at 105°C for 48 hours. The moisture content (%) was

calculated by the weight difference before and after drying.

Humic and fulvic acid concentrations

A 5 g sub-sample was used to determine HA content by repeated alkaline extraction
using a modification of the IHSS method (International Humic Substances Society,
2008), as follows. To each product, 0.1M HCI was added to give a 10:1 acid to LDP
ratio (V/W). The slurry was then shaken at 120 rpm for 1 h and allowed to settle for
12 h. The supernatant was removed and retained for estimation of FA. Under an N,
atmosphere, 0.1M NaOH was added to the solid residue at a ratio of 100:1 (v/w).
The slurry pH was adjusted to 12.6 with 1M NaOH and shaken at 120 rpm for 4 h
(Hayes et al., 2008). The pH of the slurry was reduced to 9 using 1M HCI, and the
solids allowed to settle for 16 h. The supernatant was removed and retained, and
alkaline extraction of the remaining solid repeated a further seven times until the
supernatant was a pale brown color. The supernatants were pooled, and the HA
precipitated by pH adjustment to 1-2 with 1M HCIl. The HA was then dialyzed in
cellulose membrane dialysis tubing MWCO 12000 (Sigma-Aldrich, St Louis, MO,
USA) in deionized water until the conductivity of the surrounding water was less
than 20 uS/m. The HA was then oven dried at 37°C and weighed. This was repeated
in triplicate for each LDP. The ash content of the HA was determined by
thermogravimetric analysis (TGA) with a sub-sample of each triplicate heated from
ambient temperature to 550°C at a rate of 10°C/min. An estimation of FA content
was made from analysis of the carbon in the retained supernatant by dichromate

digestion (Cai et al., 2011), giving an upper limit for FA content.
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Elemental analysis

One subsample of each product was analysed for total carbon, hydrogen and
nitrogen by dry combustion (by The Campbell Microanalytical Laboratory,
University of Otago, Dunedin, New Zealand:
http://neon.otago.ac.nz/consulting/microlab/; accessed April 2014). The second
subsample was analysed for aluminium, calcium, iron, potassium, magnesium,
manganese, phosphorus and zinc by ICP-OES (by Waite Analytical Services,
University of Adelaide, Urrbrae, S. Aust.: http://www.adelaide.edu.au/was/;
accessed April 2014).

2.2.2 13CNMR

Cross-polarization magic angle spinning (CP-MAS) B3¢ NMR spectra were generated
on a Bruker Avance 400 (9.4 Tesla magnet) with a 4 mm multinuclear solid state
probe operating at a B¢ frequency of 100.6 MHz. A sub-sample of each product was
packed into 4mm ZrO; rotors with a Kel-F cap, and spun at 10000 Hz. Scans with
1500 data points were collected over an acquisition time of 25 ms, with a 3 sec
delay and a 2 ms contact time. The spectra were collected and processed using
Bruker’s Topspin 2.1 program. Spectra were referenced to a glycine external
reference. The spectra were area normalized and integrated to cover the following
chemical shift ranges; 0-48 (aliphatic), 48-93 (C-O, C-N), 93-112 (anomeric), 112-162
(aromatic) and 162-188 ppm (carbonyls of ketones, quinines, aldehydes and

carboxyls) (Canellas et al., 2010).
2.3 Results

2.3.1 Lignite-derived product physicochemical properties

The LDPs varied considerably in chemical and organic composition (Table 2.2). The
pH of the raw lignite-based products ranged from 4.2 to 5.5 and of the humate
products, 9.4 to 10.8. Of the raw lignite-based products, ROM had the highest

moisture content (51.9% w/w), and LMB1 had the lowest (3.8% w/w). There were
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clear differences between products in the HA concentration which ranged from 13.9
to 82.3%. Alkaline treatment of LMB2 did not result in HA extraction. As the focus of
this thesis is commercial products derived from lignite, this product did not fit that
criteria and will therefore not be discussed further. The estimated FA concentration
was generally higher in the raw lignite-based (ROM, LMB1, HSC and SR) products
(2.9 to 6.1%) than the humate (SHG, SHP, LH1 and LH2) products (0.1 to 2.9%).

Of the raw lignite-based products, ROM, SR and HSC were highest in carbon
concentration at 66.4, 56.5 and 56.1% respectively, and LMB1 the lowest at 26%. Of
the humate products, SHG and SHP had similar values of 47.5% and 42.1%
respectively, with lower carbon concentration in the liquid products LH1 (38%) and
LH2 (37.2%). The hydrogen concentrations ranged from 2.7% of LMB1 to 4.9% of
HSC. The nitrogen concentrations were generally very low, as would be expected
from Victorian lignitic coal-derived material and ranged from 0.5% of LH1 to 1.3% of
SHG. Compared to the other LDPs, LBM1 had a considerably higher percentage of
sulphur (1.7%).

There was also considerable variability in the inorganic components of the LDPs
(Table 2.3). Whilst ROM and HSC had similar carbon and nitrogen concentrations,
(Table 2.2), the levels of inorganic components were quite different. Product HSC
had considerably higher concentrations of all elements measured, compared to
ROM. The humate products SHG, SHP, LH1 and LH2 contained elevated potassium,
and LMB1 contained high concentrations of calcium, phosphorus, manganese and

zinc.
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Table 2.2 Physicochemical properties and organic composition of the LDPs.

Residue after

pH Moisture HA" FA"  HA extraction’ C H N S
LDP__ (H,0) (%) (%) (%) (%) (%) (%) (%) (%)
ROM 4.5 51.9 67.4 6.1 67.5 66.4 4.8 0.7 0.2
LMB1 5.2 3.8 3.9 2.9 66.8 26.0 27 1.0 1.7
LMB2 5.5 43 * * n.a. n.a. na. n.a. n.a.
SR 4.2 6.2 71.4 5.8 17.1 56.5 35 1.2 04
HSC 4.8 39.5 23.0 4.3 253 56.1 49 0.6 0.6
SHG 9.4 4.5 66.3 2.9 25.7 47.5 42 13 0.3
SHP 10.4 9.1 75.4 1.0 0 42.1 45 0.7 0.2
LH1 10.6 n.a. 224 0.1 n.a. 38.0 38 0.5 0.3
LH2 10.8 n.a. 6.3 0.2 n.a. 37.2 32 0.9 0.5
* No humic or fulvic acids extracted
# Ash-free content
n.a. not applicable
A Estimation of FA by carbon concentration
+ Percentage of initial LDP mass
Table 2.3 Inorganic components of the LDPs.
LDP Al Ca Fe K Mg P Mn Zn
(%) (%) (%) (%) (%) (%) (mg/kg)  (mg/kg)
ROM <0.1 0.5 0.2 <0.1 0.2 <0.1 56 3
HSC 0.6 13 0.7 0.1 0.3 0.1 220 67
SR 0.6 0.3 0.4 0.1 0.1 <0.1 43 13
LMB1 1.1 15.7 1.7 0.2 0.8 5.3 550 510
SHG 1.0 1.0 1.0 8.5 0.1 <0.1 73 20
SHP 2.9 0.1 0.2 16.9 0.2 <0.1 5 5
LH1 1.8 0.1 0.3 15.7 0.3 <0.1 68 7
LH2 1.0 1.3 1.2 12.4 0.1 <0.1 85 32

24



2.3.2 13CNMR

All NMR spectra (Figure 2.1) were dominated by peaks in the chemical shift regions
of 0-50 ppm and 110-160 ppm. The spectra of the raw lignite-based products ROM
and HSC were similar in appearance, both with minor peaks at 56 and 155 ppm.
There was the suggestion of peaks at the same positions for product LMB1 however
this was difficult to determine due to excessive background noise. Spectra of

products SR, SHG, SHP, LH1 and LH2 also had minor peaks at 155 and 175 ppm.

The *3C distribution in different regions of the NMR is given in Table 2.4. The
relative carbon distribution across all chemical shift regions was similar in ROM and
HSC. The spectra of LMB1 and LH1 were dominated by aliphatic carbon and SHG, SR
and LH2 were dominated by aromatic carbon. There was a relatively even

distribution of aliphatic and aromatic carbon in product SHP.
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Figure 2.1 *C NMR spectra of LDPs. * Peaks are not clearly defined due to excessive
background noise.
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Table 2.4 Integrated carbon distribution (%) in **C NMR spectra.

Chemical shift range (ppm)

0-48 48-93 93-112 112-162 162-188
aliphatic C-O,C-N anomeric aromatic aldehydes,
carboxyls

Normalized carbon distribution (%)

ROM 34.9 12.6 7.7 39.6 51
LmMB1 49.8 12.4 5.0 30.7 2.1
HSC 39.7 9.6 6.0 37.8 6.9
SR 28.5 5.0 7.2 53.2 6.2
SHG 21.2 4.7 4.6 60.6 9.0
SHP 44.3 1.3 4.0 38.9 11.4
LH1 44.5 6.8 4.4 34.3 10.0
LH2 25.1 3.2 53 57.2 9.2

2.4 Discussion

The considerable differences in chemical composition between LDPs may be
attributed to the origin of the parent material, whether the product is raw lignite or
potassium humate-based, extraction or digestion conditions (e.g. concentration of
alkali used, time and temperature of reaction) and nutrient additions made during

the product formulation process.

2.4.1 Lignite-derived product physicochemical properties

The extensive pH range of the LDPs was due to extraction conditions. Generally the
pH of each product was within two distinct ranges; 4.2 to 5.5 (ROM, HSC, SR and
LMB1) and 9.4 to 10.8 (SHG, SHP, LH1 and LH2). Products in the lower range were
raw lignite-based, and those in the alkaline range were humate based with the high

pH due to excess alkali carried over into the product from the extraction process.

Victorian lignite coal had a high moisture content, as was the case in both the raw
lignite-based products ROM (51.9%), and HSC (39.5%). These two products had
similar organic but differed in inorganic concentrations which verified the

manufacturer’s claim that HSC contained crushed lignite coal plus plant essential
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nutrients. Product SR also contained lignite coal but its moisture content was
substantially lower than would be expected for lignite coal. This product was in the
form of a well-compressed pellet and so moisture may have been eliminated during
manufacturing. The inorganic components were at similar concentrations to those

in ROM, indicating the addition of little if any plant essential nutrients.

Product LMB1, a raw lignite-based product, contained a low concentration of
lignite. This was indicated a low concentration of extracted HA (3.9%). The elevated
calcium, iron, magnesium, phosphorus, manganese and zinc concentrations
suggested the addition of plant essential nutrients, which reflects the labelling of

this product as a lignite-mineral blend.

Products SHG and SHP contained dried humate, and so the moisture content would
not be expected to be high. The source of elevated potassium concentration of both
products is likely from the potassium hydroxide extraction process (Durie, 1991).
Apart from potassium, phosphorus and nitrogen were at low concentrations and
the additional nutrient value of these products would be minimal, particularly at the

very low recommended application rates.

The large variation in HA concentration between the products was due to the
amount of raw lignite or humate incorporated during product formulation. There
does not appear to be any standard or industry guidelines that set lower or upper
limits for the HA content of agricultural products. The relatively low estimated
concentration of FA in each product is unlikely to make a significant contribution to
plant growth (Rauthan and Schnitzer, 1981) due to the low manufacturer
recommended application rates, which in the products here ranged between 4

kg/ha and 1 t/ha.

Overall, the concentrations of nutrients added during product formulation were low
relative to straight chemical fertilizers. For example di-ammonium phosphate
fertilizer generally contains 18% nitrogen and 20% phosphorus, which are
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significantly higher concentrations than those of the LDPs studied here (0.5-1.3%
nitrogen and <0.1 to 5.3% phosphorus). Taking into account the low manufacturer
recommended application rates of LDPs and the requirement for application of
conventional fertilizers in conjunction with LDPs, it is unlikely that these nutrients, if

they are in fact plant-available, will make a significant contribution to plant growth.

2.4.2 13C NMR

All the spectra were dominated by signals in the aliphatic (0-48 ppm), aromatic
(112-162 ppm) and carboxyl (162-188 ppm) regions, as is typical of lignite, humic
acid and commercial humic products (Pang et al., 1990, Canellas et al.,, 2010,
Rumpel et al., 1998, Mao et al., 2013). While all spectra showed weak absorptions
in the anomeric region (93-112 ppm), Victorian lignite does not contain any
substantial carbohydrate residue, having long been lost in the coalification
processes (Hedges et al., 1985, Wilson et al., 1987). Very weak signals in this region
are likely to be caused by highly oxygen substituted carbon associated with lignin-

type structures.

The spectra of the raw lignite-based products ROM and HSC appeared similar
suggesting they were derived from the same lignite source. Both spectra had peaks
in the chemical shift regions of 56 and 150 ppm, which are typically associated with
the distribution of carbon atoms in lignin (Rumpel et al., 1998, Canellas et al., 2010,
Hatcher, 1987, Kelemen et al., 2002), and methoxyl groups (56 ppm) on aromatic
rings of lignin structures (Spaccini and Piccolo, 2007). The peaks in the LMB1
spectrum were in similar positions however the migration of the aliphatic peak
towards lower chemical shift values indicated a higher concentration of shorter
chain aliphatics (Kelemen et al., 2002) suggesting that the lignite may be derived
from a different source. Peak positions in this spectrum were difficult to determine
due to excessive background noise likely due to a relatively high Fe content.
Interference by paramagnetic cations such as iron has been identified in other B¢

NMR studies of organic matter (Oades et al., 1987, Skjemstad et al., 1994). Product
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SR, also raw lignite-based was likely derived from a different seam to the other raw

lignite products as it had a higher concentration of aromatics.

Generally, spectra of the humate products showed at a peak at 155 ppm which
indicated carbon bonded to phenolic groups. As these products were manufactured
by extraction in an alkaline environment, the presence of hydroxide groups would

be expected (Tan et al., 1992).

The humate products SHP and LH1 were very similar in chemical structure and
composition making it likely that SHP was a dried-down version of LH1. Product SHG
was sourced from the same manufacturer and was reportedly a dried-down version
of LH1 however this is unlikely given the differences in proportions of aromatic and
aliphatic components. The spectra of product SHG is more similar to products SR
and LH2 which were sourced from a different manufacturer. Similarities between
the spectra of the humate product LH2 and SR suggest that the LH2 product was a

potassium hydroxide extract of raw lignite derived from the same source.

It has been demonstrated that the proportions of aliphatic and aromatic carbons in
a HA extract can differ from the parent material (Pang et al., 1990) however little
evidence of this was seen here. In Pang et al. (1990), Loy Yang and Yallourn lignitic
coals were treated with sodium hydroxide and the extracted HA had higher
aromatic and lower aliphatic proportions compared to the respective parent
materials. The authors hypothesized this to be due to the aliphatic microbial-
derived components being more resilient to extraction. This does not explain the
reverse trend for Bacchus Marsh lignite coal in which the extracted HA had lower
aromatic and higher aliphatic proportions compared to the parent material.
Regardless, assumptions regarding the parent material of humic acid extracts

should be made cautiously.
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2.5 Conclusion

By comparing the chemical and structural composition data between products and
with published studies, it has been possible to confirm the LDPs as being raw lignite
—based (HSC, SR and LMB1) or humate-based (SHG, SHP, LH1 and LH2).
Considerable variability was detected in the inorganic components and the HA
concentrations. This variability in chemical composition would be expected to result
in varying effects on plant growth. With the exact mechanism of plant promotion
unknown, plant growth studies in glasshouse and field environments are required
to demonstrate the efficacy of each product. These results will be important in

selecting products for the following chapters.
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Abstract. Commercial products derived from lignite (brown coal), sold mainly as humate preparations, are widely
promoted as plant growth stimulants leading to higher crop yields. These products are also claimed to improve key indicators
of soil health including soil pH and microbial biomass. In a glasshouse setting, we investigated the effect of six lignite-
derived amendments applied at the manufacturer’s recommended rate on the early-stage growth of two pasture species,
lucerne (Medicago sativa L.) and ryegrass (Lolium multiflorum Lam.). We used two soil types common to south-eastern
Australia, and following an 8-week growing period, assessed soil pH, microbial biomass carbon and mycorrhizal
colonisation as key indicators of soil health. We hypothesised that humic acid (HA) and macronutrients derived from
the products would positively influence pasture growth and soil health indicators. Although significant growth effects were
observed in response to some products, the effects were inconsistent across pasture and soil types. Treatment effects on
tissue nutrient accumulation were rare, with the exception of increased potassium in ryegrass in one soil amended with raw
brown coal, and decreased nitrogen in lucerne in the same soil amended with a granulated, slow-release humate product.
Further, we found no consistent trends in mycorrhizal colonisation or microbial biomass carbon in response to individual
treatments. Given the variable responses of the plant species and soil types to the amendments used here, we emphasise the

need for further mechanistic studies to help understand how these amendments can be used to greatest effect.
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Introduction

There is increasing recognition of the need to produce more
food on less land, with fewer external inputs (Kremen and Miles
2012). Much of'the increase in food production in recent decades
has come from the use of inorganic fertilisers. However, with
global fertiliser resources dwindling, and increasing concerns
about the energy-intensive nature of fertiliser production, there
is a need to look to alternative methods to increase agricultural
production in a sustainable manner (Tilman et al. 2002).
Furthermore, excessive or poorly timed fertiliser application
can lead to not only a loss of nutrients from production, but
nutrients being leached into waterways or lost as the potent
greenhouse gas nitrous oxide (N,0), and a deterioration of soil
quality (Meng et al. 2005; Chan 2010; Fageria 2010; Hoben
et al. 2011). There is a need to develop farming systems that
maximise nutrient-use efficiency.

Healthy soils are the cornerstone of maintaining and
enhancing agricultural productivity (Sparling et al. 2006).
However, some agricultural practices that are implemented to
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increase productivity, such as increased stocking rates and
integrated crop—livestock systems, can, if inadequately
managed, lead to reduced soil health via soil compaction, and
a lowering of fertility and organic matter levels (Hiltbrunner
et al. 2012; Houlbrooke 2011). Loss of organic matter is of
particular concern, as organic matter is vital for maintaining the
physical structure and stability of soils, as well as providing an
energy source for soil microbial communities that drive key soil
ecological processes. To help overcome impacts of agricultural
intensification on soil health, there has been renewed interest in
an agricultural paradigm that places greater reliance on soil
organic amendments that improve fertiliser-use efficiency
while increasing levels of soil organic matter (Jackson et al.
2008; Quilty and Cattle 2011).

Humic substances (HS) are naturally occurring, highly
complex, organic mixtures predominantly formed by
biochemical reactions that occur during the decay of plant,
animal and microbial matter (MacCarthy 2001). They make up
a significant component of soil organic matter and can improve
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soil properties such as aggregation (Piccolo ef al. 1997) and
water-holding capacity, and act as a nutrient ‘reservoir’ by
complexing macro- and micro-nutrients (Canarutto et al. 1996;
Chen et al. 2004a; Imbufe et al. 2005; Ferreras et al. 2006;
Alagdz and Yilmaz 2009). The application of HS to soil has
been found to stimulate seed germination, and increase the
growth and yields of a variety of important agricultural species
(Lee and Bartlett 1976; Piccolo et al. 1993; Nardi et al. 2002;
Arancon et al. 2006; Eyheraguibel et al. 2008; Puglisi et al.
2009). However, the effect of adding HS to plants and soils
varies with the origin and concentration of the HS applied,
and the species of plant and soil type to which it is applied
(Rose et al. 2014). Consequently, it is difficult to generalise
about the mechanisms by which HS affect plants and soils.
Nevertheless, several mechanisms have been suggested,
including ‘hormone-like’ effects (Muscolo et al. 1998, 2013;
Chen et al. 2004a); however, this is the subject of ongoing
debate, and there is a need for further detailed studies of a
range of HS on more plant species and soil types (Rose et al.
2014).

Lignite (also known as brown coal) is widely used to
manufacture a wide range of commercial HS products.
Leonardite is often found in association with lignite and is
formed by the oxidation of lignite from prolonged exposure to
air. Lignite and leonardite are commonly marketed either in
‘raw’, ‘run-of-mine’ state or in the form of humic acid (HA)
that has been extracted under alkaline conditions (Demirbas
et al. 2006). Leonardite or lignite-derived product (LDP) can
be formulated as soluble or slow-release granules and powders,
or as liquids that are applied directly to the soil or as a foliar
spray (Adani et al. 1998; Verlinden et al. 2010; Celik et al.
2011; Seyedbagheri et al. 2012; Olk et al. 2013). Products
vary in concentration of HA (generally 25-85%), and
additional nutrients are commonly incorporated during
product formulation. In many instances, these products are
applied at the manufacturer’s recommended rate, with little
knowledge of optimal rates, timing and methods of application
for a given plant-soil combination. This lack of informed
application can lead to suboptimal outcomes, and highlights
the need for direct investigation of the impacts of a range of
HS on plants and soils.

Pastures support high-value animal-based production
systems. Although there is an emerging trend towards the use
of HS in the pasture sector in Australia and beyond, relatively
few studies have investigated the effect(s) of LDP on the
growth of pasture plant species. That said, some insights have
been gained; for example, the shoot and root growth of
ryegrass (Lolium multiflorum Lam.) has been found to be
increased following application of HA derived from manure,
compost, decomposed sawdust, straw and peat in both soil and
hydroponic-based systems (Asenjo et al. 2000; Bidegain et al.
2000). Similarly, in a field study, there was an increase in
the biomass of ryegrass plants following application of
commercial LDPs; however, results were variable across soil
types (Verlinden et al. 2010). Several other studies of impacts of
LDP on arange of crop and pasture types have been reported, but
most have been conducted in hydroponic or sand culture
experiments rather than soil. Further, although it is often
claimed that the addition of HS will improve soil health, to our
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knowledge there have been no studies of the impacts of
HS on common measures of soil health in pasture soil. For
example, the effects of HS on the formation of arbuscular
mycorrhizae (AM) appear not to have been assessed. Given
that both AM and HS can affect plant growth and nutrition,
this is an important knowledge gap. If LDPs are to become a
viable strategy for pasture improvement, the recommendations
provided to farmers must be sufficiently robust to return
positive results under a wide variety of soil and management
conditions.

Here we present results of a glasshouse study in which we
sought to determine the effects of six commercial LDPs
applied at the manufacturer’s recommended rate on pasture-
based systems. We hypothesised that higher applied rates of
product-derived HA and macro-nutrients would result in
positive plant growth and soil health effects. Effects measured
were on: (i) the early-stage growth and nutrient contents of
ryegrass and lucerne grown in two pasture soils; and (i7) soil
pH, microbial biomass carbon and mycorrhizal colonisation as
indicators of soil health.

Materials and methods
Characterisation of LDPs

We assessed six LDPs sourced from three manufacturers: two
water-soluble solid humate products (A and B); one lignite-
mineral blend (product C); one granulated, slow-release
humate product (D); one humate soil conditioner (E); and
brown coal sourced directly from the mine (otherwise known
as ‘run-of-mine’ coal) (F) in the Latrobe Valley, Victoria. Key
physicochemical properties of the products were quantified as
follows. The pH was determined in 5-g subsamples suspended
indeionised water (1 : 5 w/v), usinga TPS WP-81 meter and probe
(TPS Pty Ltd, Springwood, QId). An additional 5-g subsample
was used to determine HA content by repeated alkaline extraction
using a modification of the IHSS method, as follows. To each
product, 0.1 M HCI was added to give a 10: 1 acid: LDP ratio
(v/w). The slurry was then shaken at 120 rpm for 1 h and allowed
to settle for 12 h. The supernatant was removed and discarded.
Under N, atmosphere, 0.1 NaOH was added to the solid
residue at a ratio of 100:1 (v/w). The slurry pH was adjusted
to 12.6 with 1 M NaOH and shaken at 120 rpm for 4 h (Hayes
etal. 2008). The pH of the slurry was lowered to 9 using 1 m HCI,
and solids were allowed to settle for 12-16h. The supernatant
was removed and retained, and alkaline extraction of the
remaining solid repeated a further seven times until the
supernatant was a pale brown colour. The supernatants were
pooled, and HA precipitated by pH adjustment to 1-2 with 1m
HCI. The HA was then dialysed in cellulose membrane dialysis
tubing MWCO 12000 (Sigma-Aldrich, St Louis, MO, USA) in
deionised water until the conductivity of the surrounding water
was <20uSm™'. The HA was then oven-dried at 37°C and
weighed. This was repeated in triplicate for each LDP. For
each of the six products, a sample was ground to a fine
powder using a mortar and pestle, homogenised and divided
into two subsamples. The first subsample was analysed for
total C, H and N by dry combustion (by The Campbell
Microanalytical Laboratory, University of Otago, Dunedin,
New Zealand: http://neon.otago.ac.nz/consulting/microlab/;

36


http://neon.otago.ac.nz/consulting/microlab/

Lignite-derived amendments and pasture growth

accessed October 2013). The second subsample was analysed for
Al, Fe, K, Mn, P, S and Zn by radial view inductively
coupled plasma-optical emission spectrometry (by Waite
Analytical Services, University of Adelaide, Urrbrae, S. Aust.:
www.adelaide.edu.au/was/; accessed October 2013). LDP
composition is shown in Table 1.

Soil collection and characterisation

Two soils were used in this study. The first, a Dermosol (Isbell
2002), was collected from grazed pasture near Stony Creek,
Gippsland, in south-eastern Victoria (38°35'55"'S, 146°3'7"E),
and the second, a Podosol, from a vegetable farm recently
converted from pasture in Cranbourne, Victoria (38°11'6”'S,
145°18'50"E). These soils are referred to as Stony Creek (SC)
and Cranbourne (CB) soils hereafter. The SC soil was acidic
and had high organic matter content (11.3%), whereas the CB
soil was mildly alkaline and had low organic matter content
(2.4%). Both soils were collected in July 2011, from the 0-20 cm
soil layer. Immediately following collection, the soils were air-
dried and sieved to 2 mm. Subsamples (200 g) of each soil were
then analysed for a range of key physicochemical properties
(Table 2) (Environmental Analysis Laboratory, Southern Cross
University, Lismore, NSW: http://scu.edu.au/eal/; accessed
October 2013). Based on this soil analysis, it was decided to
fertilise before use in the plant growth experiment; both soils
received N, P and K at 100, 40 and 60 kgha ', respectively.

Plant growth experiment

Plastic, free-draining pots (16 cm diameter) were filled with
800 g of SC or 1.1 kg CB soil. These masses were selected to
match the field bulk densities for the two soils, which were
l.1gem™> (SC) and 1.3gem > (CB). To each soil, the six
LDPs were applied separately, following the manufacturer’s
recommended rate (Table 1). This approach was taken for two
reasons. First, this best replicates the decision that is faced by
farmers about when and how to apply these products. Second,
the chemical composition of these products was highly variable
(see Table 1) and so normalising application rates to a single
property, e.g. % C or nutrient content, would necessitate the
application of some products at unrealistic rates. The LDPs
were mixed carefully into the top 1 cm of soil to simulate soil
incorporation during pasture renovation or establishment, by
topdressing before smudging, harrowing or aeration as per
standard farming practice. The experiment also included a

Table 1.
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control treatment, in which the soils were not amended with
LDP. The pots were then left to equilibrate for 3 days before
the sowing of seeds.

To five replicate pots of each treatment, 10 seeds of either
lucerne (Medicago sativa L.) cv. Aurora or ryegrass (Lolium
multiflorum Lam.) cv. Bealey were sown to ~2 mm below the soil
surface. Thus, there were 140 pots in total. Although lucerne is a
leguminous plant, N fertiliser was supplied to avoid any
interactions between LDPs and rhizobial symbionts. The
plants were then transferred to a glasshouse on the Monash
University Clayton campus and grown from September to
November 2011. The pots were arranged in a completely
randomised design with their position rotated every 2 days.
Conditions in the glasshouse were as follows: light levels
maintained with supplemental lighting (16h daylength),
average 228 + 14 umolm s ™'; temperature 23.54 1.6°C day
and 22.2 £ 1.5°C night. Plants were watered to field capacity
determined following Asghari and Cavagnaro (2012) with
tapwater as required, usually every 2 days. Seed emergence
was determined as the number of seeds that emerged within
7 days post-seeding, and at this time, plants were thinned to two
per pot.

Plant harvesting and analysis

To examine the effects of LDPs on the early stages of growth
of these pasture species, there was one destructive harvest at
8 weeks post-seeding. This was done to determine the efficacy
of these products at the pasture establishment phase. The plants
and soil were carefully removed from the pots. The soil was
gently shaken from the roots, after which the shoots and roots
separated. The roots were then thoroughly washed with water
to remove any adhering soil, and rinsed with reverse osmosis
water. The roots were then divided into two subsamples. The
whole shoots and a subsample of the roots of each plant were
oven-dried for 3 days at 55°C, following which shoot dry weight
(SDW) and root dry weight (RDW) were determined. The dried
plant material was then ground to a fine powder and nutrient
concentrations were determined by radial view inductively
coupled plasma-optical emission spectrometry (by Waite
Analytical Services). The second subsample of roots was used
to assess the percentage of root biomass colonised by
mycorrhizae, using the gridline-intersect method (Giovannetti
and Mosse 1980), after the roots were cleared in KOH (10% w/v)
and stained with Trypan blue (omitting phenol from all reagents)
(Phillips and Hayman 1970).

Description and composition (%) of lignite-derived products (LDPs)

ROM, Run of mine; HA, humic acid. Application rates as recommended by the LDP manufacturer, except for product F, for which no recommended
application was rate provided and rate was determined by an estimate of economic viability

Element
C H N S P K S Mg Ca Fe Al

Product Application pH  Moisture HA
rate (ha ')
Soluble humate granules (A) 4kg 9.4 4.5 50.2
Soluble humate powder (B) 10L 10.4 9.1 82.3
Organic—mineral blend (C) 1t 5.2 3.8 13.9
Slow-release granules (D) 50kg 42 6.2 75.3
Humate soil conditioner (E) 1t 4.8 39.5 26.1
ROM lignite coal (F) S5t 4.5 51.9 68.4

475 419 132 033 0.02 850 270 0.14 095 1.04 1.00
42.1 445 0.73 023
260 274 098 1.70 5.30 023 059 084 157 1.65 1.09
565 3.5 121 04 0.02 0.07 1l.64 0.07 030 035 0.61
56.1 495 055 0.61 0.10 0.08 020 031 1.29 0.71 0.56
664 4.84 0.66 0.21

0.001 1690 026 020 0.10 023 290

0.0001  0.02 0.07 024 049 020 0.01
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Table 2. Physicochemical properties of the soils before the addition

of lignite-derived products (LDPs)

Cranbourne Stony Creek
pH (water) 8.0 52
Organic matter (%) 2.4 11.3
Carbon (%) 1.4 6.5
Nitrogen (%) 0.1 0.5
Calcium (mgkg ") 1691 824
Iron (mgkg ") 104 528
Potassium (mg kg) 157 87
Manganese (mgkg ") 4 37
Phosphorus (Colwell) (mgkg ™) 86 49
Sulfur (mgkg ™) 52 20
Zinc (mgkg™") 3.5 7
Texture Sandy Loam

Soil analyses

Soils were refrigerated at —20°C immediately following
harvest. As-harvested soils were analysed for microbial
biomass carbon (MBC) by chloroform fumigation (Vance
et al. 1987). Subsamples of each soil (10g) were fumigated
with ethanol-free chloroform for 24 h, in a sealed desiccator in
the dark. Non-fumigated subsamples (10 g) were also stored in a
dark environment for this period. The following day, the
desiccator was evacuated to remove chloroform from the soils.
The fumigated and non-fumigated soils were extracted with
0.5m K,SO,4 at a 1:3 (w/v) ratio and filtered. The carbon
content of the filtered product was determined by TOC-V
CPH/CPN total organic carbon analyser (Shimadzu Corp.,
Kyoto, Japan). Soil pH was determined by suspension of
an air-dried soil subsample (5 g) suspended in deionised water
(1:5 w/v), using a TPS WP-81 meter and probe.

Calculations and data analyses

Because of differences in plant growth between soils, the plant
biomass and MBC data were used to calculate plant responses
relative to the control, following Eqn 1:

mean — mean of control

% response = ( ) x 100 (1)

mean of control

Initially, all biomass, tissue nutrient and soil characterisation
data were analysed by three-way analysis of variance (ANOVA);
factors in the analysis were plant, soil type and product. Because
of size asymmetry between the two species (i.e. large differences
in plant size masking other effects), all data were then re-analysed
by two-way ANOVA with factors in the analysis being soil
type and product. Where significant differences were found,
pairwise comparisons were made using Tukey’s honestly
significant difference (HSD) test. To explore further the
responses to treatments, 95% confidence intervals (Cls) were
calculated for plant biomass, mycorrhizal colonisation and
MBC. These were then used to compare responses relative to
zero; data with 95% confidence interval greater or lower than
zero were considered significantly different. All data were
analysed using JMP statistical software (JMP®, Version 10;
SAS Institute Inc., Cary, NC, USA).

K. R. Little et al.

Results
LDP and soil characterisation

The LDPs varied considerably in chemical composition,
reflecting differences in the source of lignite, extraction
techniques and the addition of nutrients during formulation
(Table 1). There were clear differences in the HA content of
the products, ranging from 13.9% to 82.3% on a dry-weight
basis (Table 1). Products A and B contained high levels of
potassium and product C contained higher concentrations of
sulfur, phosphorus and calcium than other products.

The two soils had differing physiochemical properties
(Table 2). The CB soil had low levels of carbon and key plant
nutrients. The SC soil was more acidic, with particularly high
concentrations of iron and manganese.

Growth and nutrition
Ryegrass growth and nutrition

The effect of LDP on SDW varied considerably among the
treatments and soil types (Fig. 1, Table 3). ANOVA indicated a
significant interaction (P=0.04) between soil type and product,
with products A, B and F showing inconsistent growth effects in
the two soils. Further, in the CB soil, treatment with product A
resulted in significant (as indicated by 95% CI) shoot growth
depression, but this was not the case in the SC soil. Products B
and D had no significant effect (as indicated by 95% CI) on SDW
in CB soil; however, they caused a negative growth response in
SC soil. Overall, there were no strong positive ryegrass-
shoot growth responses (as indicated by 95% CI) to any LDP
in either soil.

The effects of LDP on RDW varied between the two soils
(Fig. 1), and ANOVA (Table 3) indicated no significant main
effects or interactions of LDP and soil type. Interestingly,
analysis by 95% CI showed that product C gave a significantly
positive root growth response in the CB soil, whereas the
reverse was true in the SC soil. In addition, taking into
account both root and shoot data (Fig. 1), product A in the CB
soil caused a reduction in SDW, but there was no apparent
effect on RDW.

The concentration of potassium in the shoots of the
ryegrass plants was influenced by both LDP and soil type, as
indicated by a significant interaction (P=0.005) between
these two factors (Table 3). Specifically, in CB soil, product F
significantly  increased shoot potassium concentration
compared with product E and the control, whereas in SC soil
there was no effect. Similarly, for shoot sulfur concentration,
there was a significant interaction effect (P=0.02). However,
using Tukey’s pairwise comparisons, we could not identify
which treatment means differed significantly; this reflects the
more conservative nature of the Tukey’s test than the
ANOVA. There was a significant main effect of LDP on shoot
nitrogen concentrations. Product C increased tissue nitrogen
concentration compared with product D; however, neither
differed significantly from the control. Although there were no
further effects of LDP on tissue nutrition, there were significant
differences between the effects of each soil on plant nutrient
uptake, especially in terms of manganese (higher uptake in SC)
and aluminium (higher in CB) (Tables 3 and 4).
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Fig. 1.

L

LDP

Dry weight of (a) shoots (SDW) and (b) roots (RDW) of ryegrass grown for 56 days in

soils amended with lignite-derived products (LDP). Letters along x-axis refer to individual LDPs as
indicated in Table 1. Values are percentage change compared with the control value. Actual data are
included in the Supplementary information (at journal website). Grey bars represent Cranbourne soil,
white bars Stony Creek soil. Bars with the same lower case letter are not significantly different at
P=0.05 as assessed by Tukey’s HSD. *Indicates significant difference from zero as assessed by

95% confidence interval. Error bars are + s.e.

Lucerne growth and nutrition

Similar to ryegrass, the effect of LDP on the SDW of lucerne
varied considerably (Fig. 2). ANOVA indicated a significant
main effect of soil type, with lucerne shoot growth higher in
CB soil than SC soil. Products B and C gave a significant
growth increase (indicated by 95% CI) in CB soil, whereas
only product B had a positive effect in SC soil. Similarly, the
RDW oflucerne was largely unaffected by LDP addition (Fig. 2).
Only product C caused a positive root growth effect, but this
occurred only in CB soil.

With regard to plant nutrition, ANOVA identified a significant
interaction (P=0.05) between LDP and soil type for shoot
nitrogen concentration (Tables 3 and 4). Specifically, in CB
soil, lucerne treated with product E contained lower
concentrations of nitrogen than the control. For the other
nutrients, there was no significant effect on shoot tissue
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nutrients (Table 4); however, as for ryegrass, soil type did
have an effect, particularly for aluminium, iron and potassium
(higher uptake in CB soil) and manganese (higher in SC soil)
(Tables 3 and 4).

Soil biological and physiochemical properties
Ryegrass mycorrhizal colonisation

The effect of LDP on mycorrhizal colonisation was
significant, yet variable, between soil types and among
products (Fig. 3). ANOVA indicated a significant interaction
(P=0.01) between LDP and soil type. Colonisation was
generally higher in SC soil; however, application of product A
resulted in higher colonisation in CB soil. Comparing products
in each soil type, application of product A resulted in a significant
increase in colonisation in CB soil compared with products B, C,
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Table 3. ANOVA summary table for all response variables
Factors in the analysis were soil and lignite-derived product (LDP) addition
treatment. Both main effects and interaction terms are indicated. *P <0.05;

**P<0.01; ***P<0.001; n.s., not significant (P>0.05)

Ryegrass Lucerne

Soil LDP Soil x Soil LDP Soil x

LDP LDP
Shoot dry weight ALK ** *** ns.ns.
Root dry weight n.s. ns. NS ns. ns. ns.
Shoot Al concentration ** s, n.s. **  ns. ons.
Shoot Ca concentration n.s. n.s. n.s. **n.s. n.s.
Shoot Fe concentration ns. ns. ns. ¥ ns. o ons.
Shoot K concentration K ps. * *** ns. o ons.
Shoot Mg concentration K ns. o ons. ¥ ns. o ons.
Shoot Mn concentration *EE s, n.s. *EE ns. n.s.
Shoot P concentration FEEX s, n.s. *¥**  ns.ons.
Shoot S concentration *Ens. * * s, ns.

Shoot Zn concentration FEE s, n.s. *¥*E ns. n.s.

Shoot N (%) * * n.s. *E * *

Shoot C (% ns. ns n.s * ons n.s
Mycorrhizal colonisation Hkdk ko * Ak n.s.
Microbial biomass C FEEX s, n.s. n.s. ns.  ns.
Soil pH *** ns. o ons. **%* ns. o ons.
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E and F. In SC soil, there was no significant change compared
with the control.

Lucerne mycorrhizal colonisation

The ANOVA indicated main effects of product (P=0.01) and
soil type (P<0.0001) on mycorrhizal colonisation in lucerne
(Table 3). Product A increased mycorrhizal colonisation in CB
soil but not in SC soil (Fig. 3). Interestingly, application of LDP
to SC soil had an overall negative effect on colonisation, with
significant decreases on application of products B, C, D and F.

Microbial biomass carbon

For ryegrass, ANOVA indicated a significant interaction
(P<0.001) between LDP and soil type for MBC. In CB soil,
the addition of LDP generally had a positive effect on microbial
biomass (Fig. 4). In particular, products A, B, C, E and F promoted
MBC significantly, as verified by 95% CI. By comparison, when
LDP was applied to SC soil, there was no significant MBC
response. For lucerne, there were no significant main or
interactive effects (Table 3), and so regardless of soil type, the
application of LDP did not significantly promote or depress
MBC (Fig. 4).

Table 4. Nutrient composition of ryegrass and lucerne shoot tissue harvested at 56 days post-seeding, grown in Cranbourne (CB) and Stony
Creek (SC) soils amended with lignite-derived products (LDPs)
Mean values are indicated (n=>5) and values in parentheses are & s.e. Within columns, means followed by the same letter are not significantly different at
P=0.05 as assessed by Tukey’s HSD

Plant Soil LDP Al Fe K Mn P S Zn %C %N
(mgkg™) (mgkg™)  (gkg)  (mgkg) (gkg) (gkg) (mgkg)
Ryegrass  Cranbourne A 90(26)  90(19) 21.8(0.7)ab  26(2)  3.0(02) 19(0.1) 38(3) 404 (0.4) 0.7(0.1)
B 49(10)  65(6)  22.6(L4ab  23(1)  26(0.1) 27(02) 37(1)  40.7(1.0) 0.9(0.1)
c 6935  84(20) 240(1.3)ab  24(2) 29(0.1) 23(02) 38(2) 398(0.7) 1.0(0.1)
D 54(15) 61(8)  213(1.5@b  24(3) 28(0.1) 19(02) 32(2) 39.6(0.5 0.6(0.1)
E 44(18)  65(9)  198(0.7)b  23(3) 29(0.1) 21(02) 38(3) 407(L.1) 08(0.1)
F 37 (4) 58(4)  256(12)a  20(2)  3.1(0.1) 27(03) 36(2)  405(0.5) 0.9 (0.1)
Control  69(33)  79(19) 212(04)b  24(2) 28(02) 24(02) 36(3) 39.6(0.8) 0.8 (0.1)
Stony Creek A 26(13)  6921)  79(03)c  149(9)  25(0.1) 22(0.1) 56(4)  39.7(0.9) 0.9 (0.1)
B 22(8) 66 (9) 73(03)c  148(7)  24(0.1) 18(0.1) 59(4)  40.9(03) 0.8(0.1)
c 31200 7525  79(0.6c  131(13) 26(0.1) 19(0.1) 55(2)  408(0.7) 1.0(0.1)
D 26(12)  7421) 6904  155(8) 22(0.1) 18(02) 53(5)  41.8(0.9) 08(0.1)
E 16 (5) 68(15)  73(0.5c  145(11) 22(0.1) 19(0.1) 52(5) 413(0.7) 0.8(0.1)
F 23(11)  67(12)  63(0.6c  152(11) 2.1(0.1) 19(0.1) 56(2) 40.1(1.1) 0.9(0.1)
Control 14 (2) 68 (9) 86(0.7c  152(5) 2.6(0.1) 20(0.1) 63(5  403(02) 1.1(0.1)
Lucerne  Cranbourne A 5627) 76(17)  17.5(1.0) 2002)  31(0.1) 220.1) 27@Q2) 392(0.6) 1.3(0.1)abc
B 33 (6) 798)  18.4(0.8) 20(1)  28(0.1) 21(02) 26(1)  40.8(0.7) 1.4 (0.1)abe
c 84(52)  172(105) 17.0(0.5) 20(1)  3.0(0.1) 19(0.1) 252)  395(0.9) 1.4 (0.1)abc
D 58(21) 103 (19)  16.9(0.9) 243)  29(09) 24(02) 26(2) 40.0(0.6) 1.2(0.1)bc
E 53(10)  88(9)  17.1(13) 200)  29(02) 22(0.1) 26(1) 40905 1.2(0.1)c
F 45(17) 10121 17.3(0.7) 202)  3.1(0.1) 2202 27(1)  405(0.9) 1.5(0.1)abe
Control 41 (11)  93(14)  17.9(0.6) 23(2)  29(0.6) 27(04) 27(1) 412(0.8) 1.8(0.1)a
Stony Creek A 11.(1) 49 (3) 9.8 (0.8) 124(8) 22(0.1) 18(0.1) 34(4)  41.1(0.8) 1.4(0.1)abe
B 17 (5) 54 (8) 8.6 (0.4) 150 (19)  2.1(02) 2.1(02) 31(4)  41.5(0.6) 1.4(0.1)abc
c 9(1) 4702)  10.6(0.6) 155(5)  2.5(02) 2.1(02) 35(3) 423(13) 1.6(0.1)abe
D 18 (3) 59(11)  88(0.3) 139(12)  19(02) 2.0(0.1) 32(3)  405(0.3) 1.5(0.1)abc
E 11(1) 55 (6) 8.9 (0.4) 163 (14)  2.0(02) 20(0.1) 37(3) 41.1(02) 1.6(0.1)abe
F 15 (3) 59 9) 9.8 (0.4) 177(22)  23(0.1) 20(0.1) 36(3) 41.0(0.4) 1.7(0.1)ab
Control 15 (2) 52(3) 9.2 (0.4) 144(11)  20(0.1) 19(02) 33(3) 41.4(03) 1.5(0.1)abc
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LDP

Dry weight of (a) shoots (SDW) and (b) roots (RDW) of lucerne grown for 56 days in

soils amended with lignite-derived products (LDP). Letters along x-axis refer to individual LDPs
as indicated in Table 1. Values are percentage change compared with the control value. Actual data
are included in the Supplementary information (at journal website). Grey bars represent Cranbourne
soil, white bars Stony Creek soil. No significant difference was detected at P=0.05 as assessed by
Tukey’s HSD. *Indicates significant difference from zero as assessed by 95% confidence interval.

Error bars are + s.e.

Soil pH

The ANOVA indicated a significant main effect of soil type
but not product on the post-harvest soil pH (Table 3). The pH of
CB soil was higher than that of SC soil (Table 5). Forboth ryegrass
and lucerne, application of LDP to both CB and SC soils did not
have a significant effect on soil pH as shown by ANOVA and
95% CI.

Discussion

Variable responses in terms of both early-stage pasture growth
and measures of soil health to the application of six commercially
sourced LDPs to two different soils and pasture species were
observed. This finding highlights the need for soil- and plant-
specific optimisation when applying these amendments.

Soil and LDP characterisation

The considerable differences in chemical composition between
LDPs may be attributed to the origin of the parent material, the
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extraction technique, and additions made during the product
formulation process. For example, the comparatively high
concentrations of potassium in products A and B are likely an
artefact of the extraction process. By contrast, the relatively
elevated phosphorus and calcium contents of product C reflect
the labelling of the product as a humate—fertiliser blend, in
which minerals are probably added during the formulation
process.

Numerous studies indicate the importance of HS application
rate to plant nutrient availability and the magnitude of the plant
growth response (Tan and Nopamornbodi 1979; Adani et al.
1998; Atiyeh et al. 2002; Albayrak and Camas 2005; Tahir et al.
2011). In this study, the HA content of the LDPs varied
between 13.9% and 82.3%; therefore, using the manufacturer’s
recommended application rate resulted in a wide range of HA
rates actually applied. Investigating the rate of application of
HA in isolation is important, and is worthy of further
consideration (Rose et al. 2014).



H Crop & Pasture Science

351
(a)
30
251

20 abed

151 abcd

bed|

.Q

K. R. Little et al.

ab

% abed

bed

ca

701 (b)

60

Mycorrhizal colonisation (%)

50 1 ab

40

30 1

20

ab

Control I A I B

LDP

Fig. 3. Mycorrhizal colonisation in roots of (a) ryegrass and (b) lucerne grown for 56 days in soils
amended with lignite-derived products (LDP). Letters along x-axis refer to individual LDPs as
indicated in Table 1. Bars with the same lower case letter are not significantly different at P=0.05 as
assessed by Tukey’s HSD. ANOVA showed a significant main effect of soil type irrespective of
LDP application (see text for results). There was also a significant main effect of LDP application
irrespective of soil type; these differences are indicated by letters above bars connected with a
horizontal line to indicate where soil types should be pooled over LPD treatment. Grey bars represent
Cranbourne soil, white bars Stony Creek soil. Error bars are + s.e.

Effect of LDPs on shoot growth

The effect of LDPs on the growth of ryegrass was not consistent
between soils, with no observable trends on shoot and root
dry-matter accumulation. Despite products A, B and F having
relatively high HA contents (50.2, 82.3 and 68.4%, respectively),
inconsistencies between the growth effects in each soil may
suggest that soil type rather than HA content is an important
factor in the performance of these products (Rose et al. 2014).

Product B was the only LDP that consistently improved
lucerne shoot growth in both soil types. However, this result
was not reflected in the ryegrass, suggesting that this effect may
depend on plant species, as has been seen in other HA studies
(Akinremi et al. 2000; Lodhi 2013). Product B is a soluble
humate, recommended by the manufacturer to be applied as a
liquid, and so for this plant type, it may have been more readily
accessible. Similarly, Verlinden e al. (2009) reported higher

shoot yield of permanent grassland in field trials, and Italian
ryegrass in pot trials, with a liquid humate product than the
solid form. Thus, mode of application may be an important
consideration.

Effect of LDPs on root growth

With respect to root growth, treatment of both lucerne and
ryegrass in the sandy CB soil with product C increased
biomass by 28% and 45%, respectively. Although this product
is a mineral blend high in phosphorus and calcium, leaf-tissue
nutrient analysis indicated that these elements were not elevated,
and so this effect of increased biomass is unlikely to be due to
increased uptake. Interestingly, this same product reduced the
root growth of both pasture types in SC soil, indicating a soil-
dependent effect. Previous studies indicate variable shoot and
root growth effects in soils with differing organic matter content,
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Fig. 4. Microbial biomass carbon (MBC) associated with (@) ryegrass and (b) lucerne grown for 56 days
in soils amended with lignite-derived products (LDP). Letters along x-axis refer to individual LDPs as
indicated in Table 1. Values are percentage change compared with the control value. Actual data are
included in the Supplementary information (at journal website). Grey bars represent Cranbourne soil, white
bars Stony Creek soil. Bars with the same lower case letter are not significantly different at P=0.05 as
assessed by Tukey’s HSD. *Indicates significant difference from zero as assessed by 95% confidence
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interval. Error bars are + s.e.

with more pronounced growth effects in soils with low organic
matter content (Kunkel and Holstad 1968; Lee and Bartlett 1976;
Fagbenro and Agboola 1993). The effects observed in this study
may therefore be related to the difference in organic matter
levels between the two soils; however, there were differences
also in pH, texture and nutrient content. The precise mechanisms
for root stimulation—inhibition remain unknown.

Effect of LDPs on ryegrass and lucerne nutrition

Previous studies have shown varied responses in the uptake of
macro- and micro-nutrients, which could be related to crop type,
growing media or source of HA (Tan and Nopamornbodi 1979;
Ascaso et al. 1985; Fagbenro and Agboola 1993; Adani et al.
1998; Akinremi ez al. 2000; Verlinden eral. 2009; Verlinden et al.
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2010). Despite differences in chemical composition and
application rates of LDPs, the only differences identified in
nutrient uptake for this study were in potassium and nitrogen.
A significant increase in shoot tissue potassium was seen in
ryegrass in CB soil with product F. Some studies have shown
increases in potassium in a range of crop types (Verlinden et al.
2009; Yolcu et al. 2011; Tahir ef al. 2011), whereas others have
shown no change (Tan and Nopamornbodi 1979; Pilanal and
Kaplan 2003; Liu et al. 1998). Product F did not have a high level
of inherent potassium, so it was not the source. Despite elevated
potassium in products A and B, no tissue accumulation was
detected in ryegrass or lucerne treated with these products. This
may be due to the low application rate or the availability of
product-derived potassium for plant utilisation.
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Table 5. Post-harvest pH of soils following 56 days of ryegrass or
lucerne growth
LDP, Lignite-derived product, as indicated in Table 1. Values in parentheses

are £s.e.
Soil LDP Soil pH ryegrass Soil pH lucerne
Cranbourne A 7.57 (0.03) 7.49 (0.07)
B 7.69 (0.04) 7.67 (0.03)
C 7.62 (0.04) 7.59 (0.01)
D 7.58 (0.05) 7.56 (0.05)
E 7.61 (0.04) 7.64 (0.03)
F 7.52 (0.03) 7.58 (0.04)
Control 7.60 (0.05) 7.57 (0.04)
Stony Creek A 4.75 (0.02) 4.66 (0.08)
B 4.69 (0.02) 4.63 (0.07)
C 4.73 (0.03) 4.72 (0.02)
D 4.67 (0.02) 4.58 (0.04)
E 4.70 (0.05) 4.69 (0.02)
F 4.65 (0.02) 4.61 (0.03)
Control 4.64 (0.03) 4.60 (0.03)

Application of LDP to both ryegrass and lucerne had an
effect on shoot nitrogen concentration. In ryegrass,
accumulation of nitrogen was significantly higher in ryegrass
treated with product C than product D. Product D is a slow-
release product and may not have had time to elicit an effect in
the short growing period. In lucerne, a decrease in tissue
nitrogen resulted from application of product E to CB soil
compared with the control, yet this was not accompanied by a
growth reduction. This result is in agreement with Akinremi et al.
(2000), who found decreased nitrogen uptake in canola grown
in soil amended with milled leonardite. Some studies have
contrasting results, showing the application of HA to increase
tissue nitrogen concentration in a range of crops (Cimrin et al.
2001; Verlinden et al. 2009; Verlinden ef al. 2010) or showing
increase or decrease depending on the application rate (Tan and
Nopamornbodi 1979). As has been demonstrated for plant
growth (Rose et al. 2014), nutritional effects may also be
dependent on the origin and rate of HA application, crop and/
or soil type. More investigation into the effect of HA on nutrient
cycling is required.

Indicators of soil health

Because of their complex chemical nature and high carbon
content, HA-containing LDPs are likely to interact directly and
indirectly with soil microorganisms. Research on these
interactions is limited, despite extensive knowledge about the
general role of soil microorganisms in plant health. The formation
of AM between a specialised group of soil fungi and most plant
species enables enhanced uptake of essential plant nutrients
that can improve plant growth (Smith and Read 2010). It has
been hypothesised that the presence of HA influences nutrient
availability for plant uptake (Chen et al. 2004b).

Product A had a stimulatory effect on mycorrhizal
colonisation of ryegrass in both soils, and of lucerne in CB
soil. Although studies into the effect of HA on mycorrhizal
colonisation are limited, a similar stimulatory effect was seen
by Gryndler et al. (2005) in maize roots. For lucerne, products B,
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C, D and F had a depressive effect on colonisation in SB soil.
Vallini et al. (1993) reported a similar effect; however, that was
at an HA concentration of 3000 mg kg, which is well above the
concentrations used here. Levels of colonisation were similar to
those previously reported for pasture (Ryan and Ash 1999), with
a lower percentage of roots colonised in the ryegrass, which may
be due to its fine, branched root structure, more easily able to
access nutrients (Schweiger et al. 1995).

Interestingly, with the exception of product D, MBC was
increased by LDPs with ryegrass in CB soil but there was no
significant response with lucerne, or with either plant type in SC
soil. MBC is a sensitive measure to monitor changes in soil
organic matter status (Sparling 1992); hence, a lack of effect of
the LDPs on MBC in the high-organic matter SC soil is not
unexpected, because the soil already has high levels of
HS. Limited studies have investigated the effect of HA on the
soil microbial community; however, it has been found in nutrient
culture medium that the structure of the humic product plays a
role in promotion or suppression of populations within the soil
microbial community (Visser 1985).

Conclusions

Application of a range of commercially available LDPs to
lucerne or ryegrass in two contrasting soils gave variable
results in terms of plant growth and soil health measures.
There was no clear, consistent link between HA and nutrient
content of the products and positive plant growth and soil health
indicator effects. In agreement with others, it is possible that
application rates were too low to elicit a significant agronomic
response (Duval er al. 1998; Feibert et al. 2003; Chen et al.
2004b; Hartz 2010), Further investigation is needed into the
mechanistic interaction between the LDP and the plant, and
the impact on nutrient cycling. This, along with studies that
include a wide range of application rates and longer term
glasshouse and field studies, may enable the matching of each
LDP with specific soil and plant types in specific environmental
settings.
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4 Effect of application rate of lignite-derived soluble humate
granules on the early-stage growth of lucerne, and key

indicators of soil health.

Abstract

The application rate of humic acid (HA) is important to the plant growth response.
Commercial lignite-derived products (LDP) are marketed with recommended
application rates which may be based on the crop type but are more often than not
a generic value. This chapter describes two studies; a glasshouse and an incubation
study. In the glasshouse study, a lignite-mineral product and ‘run of mine’ lignite
coal did not improve early-stage lucerne shoot or root growth despite application at
a range of rates at, and in excess of, the manufacturer’s recommendation. At an
application rate of 20 kg/ha, five times that recommended by the manufacturer,
soluble humate granules (SHG) produced a significant positive growth effect in both
the lucerne shoots and roots, compared to the control. At this application rate, a
significant delay in the appearance of chlorotic symptoms was observed along with
an increase in soil pH which decreased availability of soil manganese and
aluminium. Correlations between soil pH and calcium, phosporus and zinc were also
identified. Significantly, with increasing application rate of SHG, there was a
concurrent decrease in plant tissue nitrogen with no loss of lucerne biomass. This
result implies a potential reduction in nitrogen-based fertilizer usage when applied
in conjunction with humate products. In the incubation study, investigation of pH
changes identified initially in the glasshouse study showed that soil pH was driven

by the plant rather than SHG application.

4.1 Introduction

Humic acid addition to soil has been shown to improve root and shoot growth and
yield of a range of crops including grains, vegetables, trees and flowers

(Eyheraguibel et al., 2008, Puglisi et al., 2009, Nardi et al., 2002, Arancon et al.,
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2006, Piccolo et al., 1993, Fagbenro and Agboola, 1993, Nikbakht et al., 2008).
While the effect varies with the origin of the HA, species of plant treated and soil
type, the concentration of HA added is also of importance. Studies conducted in
soil or solid growth media indicate that the soil application rate of HA required to
promote shoot and root growth ranges from 30 mg/kg to in excess of 4000 mg/kg
(Khaled and Fawy, 2011, Tahir et al., 2011, Paksoy et al., 2013, Atiyeh et al., 2002,
Sharif et al., 2002, Arancon et al., 2006). A trend commonly identified in these types
of studies is an application rate at which a peak plant growth benefit is achieved,
with application rates in excess of this providing no additional benefit (Rose et al.,

2014).

A number of mechanisms have been proposed to account for the stimulatory
effects of HA including a direct hormonal effect on the plant and increases in cell
permeability (Canellas et al., 2002, Ertani et al., 2011, Nardi et al., 2007, Cacco and
Dell’Agnola, 1984, Piccolo et al., 1992) and indirect effects including modification of
soil nutrient availability and enhanced uptake of selected ions (Chen et al., 2004a,
Chen and Aviad, 1990) . The effect of HA on the uptake of specific ions is complex
and it is difficult to identify consistent trends due to variability of the origin of the

HA, the concentration applied and the type and pH of the soil or culture medium.

Manufacturers of commercial LDPs claim soil health improvements by buffering soil
pH and promotion of beneficial soil bacteria and fungi. The formation of arbuscular
mycorrhizas enables enhanced uptake of plant essential nutrients which can
improve plant growth (Smith and Read, 2010) and the soil microbial community
plays a significant role in nutrient cycling. Few studies focus on the effect of HA on
these key indicators of soil health. Given that a hypothesis for plant growth
promotion in response to HA application is increased nutrient availability for plant
uptake (Chen et al., 2004b), further investigation of the effect of HA on soil pH and

the soil microbial community is warranted.
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This chapter describes two experiments; a glasshouse study and an incubation
study. In the glasshouse study, as a continuation of the outcomes described in
Chapter 3, three products were applied to a sandy, low organic matter soil at the
manufacturer’s recommended rate and at significantly higher rates. The LDPs
selected were soluble humate granules (SHG), run of mine lignite coal (ROM) and
lignite-mineral blend (LMB1) as being representative of the product types available

on the market. The aims of this experiment were;

e To determine if applying an LDP above the manufacturer recommended rate
promotes lucerne growth and to identify an optimal application rate;

e To assess lucerne shoot nutrition at higher LDP application rates; and

e To determine if higher LDP application rates have an impact on key

indicators of soil health.

Lucerne growth promotion was assessed by shoot and root biomass measurements,
and overall plant health assessed by shoot tissue nutrient analysis and the
appearance of chlorotic symptoms at the leaf margin. The key indicators of soil
health measured were soil pH, microbial biomass carbon (MBC) and mycorrhizal

colonization.

As an extension of the glasshouse study, an incubation study was conducted in
which the SHG product was applied at a range of rates to the same acidic, sandy soil
as used in the glasshouse study and then incubated for six weeks. The aim of this
experiment was to determine if addition of SHG had an impact on soil pH in the

absence of lucerne.
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4.2 Materials and methods

4.2.1 Characterization of lignite-derived products and soil

The three LDPs selected were ‘run of mine lignite’ (ROM), soluble humate granules
(SHG) and lignite-mineral blend (LMB1). The analyses used to characterize the
physiochemical properties of these products have been described in detail in
Chapter 2, Section 2.2. The analyses conducted included pH, moisture content, HA
concentration, organic and inorganic element concentrations and structural

characterization of the organic constituents by solid state *C NMR.

The soil used for this study was a Podsol, collected from a vegetable farm recently
converted from pasture in Cranbourne, Victoria (38°11’6”S, 145°18’50”E). The soil
was collected in November 2011, air-dried and sieved to <2 mm. A 200 g sub-
sample was then analysed for a range of key physicochemical properties
(Environmental Analysis Laboratory, Southern Cross University, Lismore, NSW:
http://scu.edu.au/eal/; accessed July 2014). The soil was of sandy texture, mildly
acidic (pH 5.8), with low organic matter content (1.9%) (Table 4.1). Based on this
soil analysis nitrogen (urea), phosphorus (triple superphosphate) and potassium

(sulphate of potash) were added at 100, 40 and 60 kg/ha respectively.
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Table 4.1 Soil physicochemical properties prior to fertilizer addition and
amendment with LDPs.

pH (H,0) 5.8
OM (%) 1.9
C (%) 1.1
N (%) 0.1
P (Colwell) 62
K (mg/kg) 97
Ca (mg/kg) 839
Fe (mg/kg) 104
Mn (mg/kg) 5
S (mg/kg) 18.4
Zn (mg/kg) 21
Texture Sandy

4.2.2 Glasshouse study: Lucerne growth and key indicators of soil health

A glasshouse experiment was conducted from January to March, 2012 on the
Monash University Clayton campus. Conditions in the glasshouse were controlled as
follows: light levels maintained with supplemental lighting (16 h day length)
averaged 220 = 17 umol m? s, and the temperature was 25.2 + 1.8°C during the
day and 23.3 *+ 1.4°C at night. Plastic pots (16 mm diameter) were filled with 800 g
of soil. The appropriate amount of LDP (Table 4.2) was applied to the top 200 g of
soil to simulate spreading of the product in an agricultural setting. Each amendment
and rate was replicated five times, making a total of 70 pots. The soil was left to
equilibrate for three days after which 10 lucerne (Medicago sativa L.) seeds were
sown approximately 2 mm below the soil surface. Pots were arranged in a complete
randomized design with their position rotated every two days. Plants were watered
to field capacity according to Asghari and Cavagnaro (2012), with tap water as

required, usually every two days. At seven days post-seeding, plants were thinned
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to two per pot. During the growing period, plants were visually inspected for the
appearance of chlorotic symptoms (yellowing at the leaf margin). Plants were

defined as chlorotic if a minimum of five leaves were affected.

Table 4.2 Application rates of soluble humate granules (SHG), ‘run of mine’ coal
(ROM) and lignite-mineral blend (LMB1). The underlined value is the manufacturer’s
recommended application rate.

LDP Application Actual mass of LDP added
rate (g/kg soil)
SHG (kg/ha) 4 0.004
8 0.008
20 0.02
50 0.05
100 0.1
ROM (t/ha)* 2 2
5
10 10
25 25
LMB1 (t/ha) 1 1
10 10

*ROM has no manufacturer recommended application rate and so rates were based
on economic and practical considerations.

Plant harvesting and analysis

To determine the effects of application rates of LDP at the early-stage growth
phase, plants were destructively harvested six weeks post-seeding. The plant and
soil were removed from the pots, soil gently shaken from the roots, and the shoots
and roots separated. The roots were thoroughly washed with deionized water and
divided into two sub-samples. The shoots and a sub-sample of the roots of each

plant were oven dried for three days at 55°C following which the shoot dry weight
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(SDW) and root dry weight (RDW) were determined. The dried shoot material was
then ground to a fine powder and nutrient concentrations were determined by ICP-
OES by Waite Analytical Services, University of Adelaide, Urrbrae, S. Aust.:
http://www.adelaide.edu.au/was/; accessed April 2014). The second sub-sample of
roots was used for assessment of mycorrhizal colonization, using the gridline
intersect method (Giovannetti and Mosse, 1980), after the roots were cleared in
KOH (10% w/v) and stained with trypan blue (omitting phenol from all reagents)
(Phillips and Hayman, 1970).

Post-harvest soil analysis

Immediately following harvest, the soils were refrigerated at 4’C. Microbial biomass
carbon (MBC) was quantified by 24 hour chloroform fumigation (Vance et al., 1987).
Briefly, a 5 g sub-sample of each soil was fumigated with ethanol-free chloroform
for 24 h in a sealed desiccator kept in the dark. An additional 5 g sub-sample of each
soil to be used as a non-fumigated baseline was also stored in a dark environment
for 24 h. The following day, the desiccator was evacuated to remove chloroform
from the soils. The fumigated and non-fumigated soils were extracted for 1 h with
0.5 M K,SO4 at a 1:3 (w/v) ratio and filtered with Whatman qualitative filter paper,
grade 5. The total organic carbon of the filtered product was determined by
dichromate digestion (Cai et al., 2011). The post-harvest soil pH was determined by
suspension of an air-dried soil sub-sample (5 g) suspended in deionized water (1:5

w/v) using a TPS WP81 meter and probe (TPS Pty Ltd, Springwood, QLD).

4.2.3 Incubation study: Effect of soluble humate granules (SHG) on soil pH

An incubation study was conducted to further investigate the response in soil pH
following amendment with SHG. The same soil was used as for Experiment 1 (air-
dried and sieved to < 2mm), with the same fertilizer regime (nitrogen, phosphorus
and potassium applied at 100, 40 and 60 kg/ha of respectively). The SHG was added
to 100 g aliquots of soil at rates equivalent to 0, 4, 8, 20, 50 and 100 kg/ha in sterile

250 mL polypropylene microcosms and thoroughly mixed. Five replicates were
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prepared of each application rate, giving a total of 30 microcosms. Following mixing,
deionized water was sprayed onto the soil surface using a misting bottle, until a soil
moisture content equal to 60% field capacity was achieved. The opening of each
microcosm was loosely covered with a plastic cap to minimize moisture loss, while
allowing gas exchange. The microcosms were then incubated at 25°C in the dark for
six weeks during which time the soil moisture content was maintained at 60% of

field capacity, as described above.

Following the six week incubation period, the microcosms were destructively
harvested by removing the soil and mixing it (for each microcosm separately)
thoroughly. Soil pH was determined in triplicate by suspension of an air-dried soil

sub-sample (5 g) in deionized water (1:5 w/v) using a TPS WP81 meter and probe.

Calculations and data analysis

All data was analysed using JMP statistical software (JMP®, Version 10, SAS Institute
Inc., Cary, NC). One-way ANOVA was used to investigate the effect of application
rate on lucerne biomass, nutrient content of shoots, post-harvest soil pH, MBC and
mycorrhizal colonization. Where significant differences were found, pairwise
comparisons were made using Tukey’s honestly significant difference (HSD).
Correlations between the post-harvest soil pH and lucerne shoot nutrition were

investigated using the Pearson product-moment correlation.

Where stated, shoot dry weight and shoot nitrogen concentrations were used to

calculate plant responses relative to the control following equation 1 (Eq. 1).

mean—mean of control

% response = ( ) x 100

mean of control

(Eq. 1)
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4.3 Results

4.3.1 Glasshouse study: Lucerne growth and key indicators of soil health

Physicochemical properties of the lignite-derived products

The physiochemical properties of the products ROM, SHG and LMB1 have been
presented previously in Chapter 2 (Tables 2.2 and 2.3). Briefly, the LDPs varied
considerably in chemical composition. There were large differences in the pH of the
products, the most alkaline being SHG (pH 9.4) with ROM being moderately acidic
(pH 4.5). The moisture content of ROM was highest of the three products (51.9%)
with SHG and LMB1 being comparatively low in moisture at 4.5 and 3.8%
respectively. There were differences in the HA content of the products, ranging
from 3.9% for LMB1 to 67.4% for ROM. LMB1 had a significantly higher S content
(1.7%) and higher concentrations of calcium, iron, magnesium, phosphorus, copper,
manganese and zinc compared to the other products. SHG had a relatively high

potassium content (8.5%).

Lucerne root and shoot growth

At the application rate of 20 kg/ha, SHG promoted lucerne shoot and root growth
compared to the untreated control (Table 4.3). There was no further growth benefit
at the higher application rates of 50 and 100 kg/ha. Lucerne grown in soil amended
with ROM and LMB1 did not show a significant increase in shoot or root growth
(Table 4.3). As these products did not have a significant impact on lucerne growth at
these application rates, the inorganic and organic shoot nutrient data and soil
health results (pH, MBC and mycorrhizal colonization) have been included in

Appendix 2. No significant differences were identified in any of the data sets.
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Table 4.3 Dry weight of shoots (SDW) and roots (RDW) of lucerne grown in LDP
amended soil. Mean values are indicated (n=5) and values in brackets are * s.e.
Values allocated the same letter within each LDP type were not significantly

different at the P<0.05 level as assessed by Tukey’s HSD.

LDP  Application rate (kg/ha) SDW (g) RDW (g)

SHG 0 2.00°(0.16) 0.56°(0.07)
4 2.76%°(0.30) 0.67°°(0.03)
8 2.43%°(0.20) 0.62°°(0.05)

20 2.93%(0.09) 0.81%(0.06)

50 1.86%(0.13) 0.52°(0.06)
100 1.97°(0.03) 0.697°(0.04)

Application rate (t/ha)

ROM 0 2.00%(0.16) 0.56°(0.07)
2 2.39°(0.12) 0.81%(0.04)

5 2.33%(0.32) 0.74%(0.17)

10 2.05%(0.19) 0.66%(0.11)

25 2.16%(0.24) 0.62%(0.11)

LMB1 0 2.00°(0.16) 0.56°(0.07)
1 2.33%(0.08) 0.82°(0.05)

2 2.43%(0.18) 0.91%(0.13)

5 2.48%(0.25) 0.88%(0.15)

10 2.57°(0.12) 0.79%(0.06)

Lucerne nutrition

The application rate of SHG had a significant effect on the lucerne shoot
concentrations of aluminium, calcium, manganese, magnesium, potassium,
phosphorus and sulphur (Table 4.4). Specifically, SHG applied at 20 kg/ha reduced
the concentration of aluminium, manganese, magnesium and phosphorus
compared to the control, and increased the concentration of calcium. Compared to
untreated plants, significant decreases in the potassium and sulphur concentrations

of the lucerne shoots were seen at the highest application rate of 100 kg/ha.
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Analysis by ANOVA indicated a significant effect of application rate on iron
concentration (P=0.04); however, this was not identified by Tukeys HSD, which

reflects the conservative nature of this type of statistical analysis.

Table 4.4 Inorganic nutrient composition of lucerne shoot tissue. Mean values are
presented (n=5) and values in parentheses are * s.e. Values allocated the same
letter were not significantly different at the P<0.05 level as assessed by Tukey’s
HSD.

SHG

¢ Al Ca Fe Mn Zn Mg K P S

(::/hz) (mg/ke)  (g/ke)  (mg/ke)  (mg/ke) (mg/ke) (e/ke)  (e/ke)  (e/ke)  (e/ke)
o 45% 8.3° 109 182° 52 3.8° 252° 35  302°
(6) (0.7) (13) (18) (4) (0.1) (0.6) (0.1) (0.1)

. 16“  14.1° 133 92" 43 3.4 242° 26° 286%
(3) (0.8) (24) (21) (4) (0.2) (0.9) (0.1) (0.2)

o 33" 9.4° 143 183° 47 40° 24.0° 3.4° 284%
(1) (0.4) (12) (8) (4) (0.2) (0.9) (0.1) (0.2)

20 12¢ 12.3° 75 47° 36 29° 232°  25°  243%®
(2) (0.6) (10) (8) (3) (02) (1.1) (0.1) (0.2)

50 45® 9.3° 126 156™ 49 35" 250° 34° 26.2%
(5) (0.6) (30) (24) (4) (0.3) (0.9) (0.2) (0.2)

100 52° 9.5° 75 140™ 44 3.6 19.4° 36 214
(6) (0.2) (5) (3) (3) (0.6) (0.7) (0.1) (0.1)

Analysis by ANOVA of the organic composition of the lucerne shoots indicated that
SHG application rate had no significant effect on shoot carbon concentration (Table
4.5). There was a trend of decreasing nitrogen concentration of the shoots with
increasing application rate of SHG, with 50 and 100 kg/ha significantly less than the

control.
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Table 4.5 Organic composition of lucerne shoot tissue. Mean values are presented
(n=5) and values in brackets are * s.e. Values allocated the same letter were not
significantly different at the P<0.05 level as assessed by Tukey’s HSD.

SHG application

rate ¢ N
(kg/ha) %) %)
0 41.7 (0.4) 3.0(0.2)°
4 40.4 (0.4) 2.7(0.2)%®
8 41.8(0.4) 2.5(0.2)%
20 41.6(0.3) 2.7(0.2)%*
50 40.2 (0.3) 1.9(0.1)
100 40.7 (0.4) 1.3 (0.1)°

Analysis of the lucerne SDW together with the shoot tissue nitrogen, both
expressed as a percentage difference compared to the control, indicated that with
increasing application rate of SHG, the concurrent decrease in shoot tissue nitrogen
at the higher application rates of 50 and 100 kg/ha was not accompanied by a loss

in shoot biomass compared to the control (Figure 4.1).

Analysis by ANOVA indicated a significant difference in post-harvest soil pH with
application rate. Further analysis by Tukeys HSD indicated significantly higher pH in
soil amended with 4 and 20 kg/ha SHG, compared to 8, 50, 100 kg/ha and the
unamended control (Table 4.6). There was a significant correlation between the

post-harvest soil pH and SDW (Pearson r=0.68, P<0.0001).
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Figure 4.1 Shoot dry weight (SDW) and shoot tissue nitrogen concentration of
lucerne with increasing application rate of SHG. Data is expressed as percentage
compared to the control. Mean values are presented (n=5) and error bars represent
ts.e.

Table 4.6 Post-harvest pH of SHG amended soil. Mean values are presented (n=5)
and values in brackets are + s.e. Values allocated the same letter were not
significantly different at the P<0.05 level as assessed by Tukey’s HSD.

SHG application rate Soil pH

(kg/ha)
0 4.5° (0.1)
4 4.9° (0.1)
8 4.6° (0.1)
20 4.9° (0.1)
50 4.5° (0.1)
100 4.6°(0.1)
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There were significant correlations between post-harvest soil pH and lucerne shoot
nutrients (Table 4.7). Significant negative correlations were identified with soil pH
and manganese, zinc, magnesium, phosphorus and aluminium and a positive
correlation with calcium. There was no significant correlation of soil pH with

potassium or sulphur.

Table 4.7 Correlation (Pearson) coefficients of post-harvest soil pH and nutrient
content of lucerne shoots grown in soil amended with SHG.

Al Ca K Mg Mn P S Zn
Post-
harvest -0.79° 075 -0.0002 -0.57  -0.82°  -0.88°  -0.09 -0.49
soil pH

Significant correlation at the*0.01 level, ** 0.001 level and ***0.0001 level.

During the growing period, the lucerne leaves were evaluated for the appearance of
chlorotic symptoms at the leaf margin (Figure 4.2). The maximum delay before the
observation of symptoms (32 days) was associated with an application rate of 20

kg/ha of SHG (Table 4.8).

Figure 4.2 Lucerne leaves displaying chlorotic symptoms (yellowing at the leaf
margin).
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Table 4.8 Number of days post-seeding until the appearance of chlorotic symptoms.
Values in brackets are + s.d.

SHG application rate (kg/ha) 0 4 8 20 50 100
Days until chlorotic 17 26 16 32 20 17
symptom appearance 1 @ @O @O 2@ (@

Microbial biomass carbon (MBC) and mycorrhizal colonization
There was no significant difference in MBC with SHG application rate (Table 4.9).
There was a significant increase in mycorrhizal colonization of lucerne roots grown

in soil amended with 20 kg/ha SHG.

Table 4.9 Microbial biomass carbon (MBC) and mycorrhizal colonization of lucerne
grown in soil amended with increasing application rates of SHG. Mean values are
presented (n=5) and values in brackets are + s.e. Values allocated the same letter
were not significantly different at the P<0.05 level as assessed by Tukey’s HSD.

SHG application

rate MBC Mycorrhizal colonization
(ke/hal) (mg C/g dry soil) (%)
0 22.8%(6.2) 2.0°(1.3)
4 12.1%(3.0) 8.8°(3.8)
8 21.2°(2.5) 0.8°(0.5)
20 7.6%(2.9) 24.8%(7.6)
50 14.9%(3.6) 1.2°(0.7)
100 16.3%(3.4) 2.6°(1.9)
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4.3.2 Incubation study: Effect of soluble humate granules (SHG) on soil pH
Following a six week incubation period, no significant difference was detected in the

pH of soils treated with increasing application rates of SHG (Table 4.10).

Table 4.10 Soil pH following six weeks incubation with SHG. Mean values are
presented (n=5) and values in brackets are + s.e.

SHG application rate Soil pH
(kg/ha)

0 4.1(0.1)

4 4.2 (0.1)

8 4.2 (0.1)

20 4.2 (0.1)

50 4.1(0.1)

100 4.2 (0.1)
Pre-incubation pH 4.6 (0.1)

4.4 Discussion

Variation in chemical composition between products SHG, ROM and LMB1 may be
attributed to the origin of the parent material, the source and form of HA and plant-
essential nutrients added during product formulation (see also Chapter 2). The
comparatively high concentration of potassium in SHG is most likely a consequence
of the HA extraction process involving alkaline treatment of the lignite. The
relatively elevated phosphorus and calcium concentrations of LMB1 reflect the
labelling of the product as a lignite-fertilizer blend, in which minerals are

incorporated during formulation.

A low organic matter soil was selected for this study because published precendents
and the product screening study described in Chapter 3 indicate that the growth-
promoting ability of HA can be masked in high organic matter soils (Lee and Bartlett,
1976, Duplessis and MacKenzie, 1983). Although lucerne is an nitrogen-fixing
leguminous pasture species, nitrogen-fertilizer was added to suppress any
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involvement of rhizobial symbiosis as this was not a focus of the study and

interactions with HA could have confounded interpretation of results.

Despite product ROM having the highest HA content (67.4%), a lack of growth
benefit even at the higher application rates could be a result of recalcitrance of the
product and minimal bioavailability of the HA. Product LMB1 also contained raw
lignite, albeit at a low concentration (indicated by 3.9% HA) and similarly the HA
may not have been in a plant/soil/microbial accessible form. Application of SHG
resulted in a positive growth response up to an application rate of 20 kg/ha and as
this product was soluble, the HA would have been immediately available and thus

had a positive impact on the plant, soil and/or microbial activity.

Although product LMB1 had high concentrations of plant-essential nutrients, it did
not induce a significant growth response in lucerne shoots or roots. At a product
application rate of 10 t/ha, the calculated phosphorus application was 500 kg/ha.
Lucerne has limited phosphorus uptake efficiency that will result in shoot growth
promotion, and the applied rate here was well in excess of that (Gourley et al.,
1993). Prior to LMB1 application, the phosphorus concentration in the soil was
optimal for lucerne growth, and so the product-derived addition gave no further
benefit. Further study to assess this product on plant growth under phosphorus-
deficient conditions, in comparison with conventional phosphorus-fertilizers would

be worthwhile.

The identification of a peak SHG application rate (20 kg/ha) at which an optimal
growth response was identified has been observed in other studies (Rose et al.,
2014). It has been hypothesized that growth promotion at high HA concentrations
cannot occur due to an accumulation of HA at the root cell wall surface which
narrows or blocks cell wall pores, thereby restricting plant access to water and

nutrients (Asli and Neumann, 2010).
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While the carbon concentration of the lucerne shoots remained constant, the
nitrogen concentration decreased significantly with increasing application rate of
SHG. With no associated loss in biomass at application rates of 50 and 100 kg/ha
this finding would be of interest to farmers as it suggests nitrogen fertilizer savings.
A similar decrease in barley tissue nitrogen with increasing application rate of HA
derived from a range of sources was identified by Ayuso et al. (1996). The trend was
more subtle than the 60% decrease in nitrogen concentration observed here but
the application rates used were comparatively lower. As has been demonstrated by
binding of plant essential nutrients such as iron and zinc to HA (Chen et al., 2004a),
it is possible that the binding of positively-charged inorganic nitrogen species such
as ammonium onto the cation exchange sites on the HA may limit availability. This
proposed mechanism requires further investigation. Also, further analysis of the
amino acid and protein contents of the lucerne shoots would be required to
determine if a lower nitrogen content pasture would meet the nutritional

requirements of livestock.

There was a strong correlation between lucerne shoot growth and post-harvest soil
pH. The SHG product, in solution, had a pH of 9.4 but at low application rates
addition of this product would not be expected to directly alter the soil pH due to
the soil’s buffering capacity. Instead, the soil pH changes were driven by the lucerne
rather than SHG product application as was confirmed in the incubation study.
Possible contributors to the increase in soil pH identified in the glasshouse study
could include root exudates which are composed of a range of organic molecules
including those that contain carboxylate groups (Dakora and Phillips, 2002) and
utilization of hydrogen ions associated with nitrogen-fixing in the lucerne nodules.
The application of nitrogen fertilizer to the soil prior to planting should have
suppressed nodulation however this was not assessed in the study. In the
incubation study, a decrease in soil pH from the pre-incubated soil compared to the

final post-harvest soil was likely due to the activity of the soil microbial community
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who produce organic acids to perform mineralization functions (Arshad and

Frankenberger Jr, 1991, Landeweert et al., 2001).

With the exception of potassium and sulphur, the significant differences identified
in the aluminium, calcium and manganese nutrient concentrations of the lucerne
shoots were not correlated with application rate. It has been well established that
the availability of soil nutrients for plant uptake is dependent on soil pH (Lucas and
Davis, 1961). The increase in soil pH identified at 20 kg/ha SHG would have
decreased the availability of aluminium, a well-known inhibitor of root elongation

resulting in depressed crop yields (Munns, 1965), resulting in increased growth.

Lucerne, like other pasture species can display chlorotic symptoms when grown in
compromised soils. Chlorosis, as indicated by yellowing at the leaf margin, can
indicate toxicity or deficiency of plant essential nutrients. The extension of time
before chlorotic symptoms were identified in plants grown in soil amended with 20
kg/ha of SHG is likely due to decreased availability of manganese and aluminium
due to the increase in soil pH at this application rate. This is verified by reduced

amounts of these nutrients in the lucerne shoot tissue.

Magnesium is generally expected to behave in a similar way to calcium in plant
tissue (Lucas and Davis, 1961); however, in this study there was decreased uptake
at 20 kg/ha compared to the control. This could be accounted for by findings from a
nutritional study on another type of legume, soybeans, which demonstrated that
when calcium is available for plant uptake a competitive uptake mechanism may
limit the uptake of magnesium, resulting in a lower than expected magnesium
concentration in the shoot tissue (Leggett and Gilbert, 1969). The negative
correlation between soil pH and phosphorus has not been identified previously in
this type of study. It is generally accepted that in acidic soil, as pH increases,
phosphorus becomes more available due to release from complexes with aluminum

and iron. Humic acid has been shown to increase the uptake of phosphorus (Adani
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et al.,, 1998) however in this case there is the added complexity of soil pH

differences at the different application rates.

The significant differences in potassium and sulphur content of the lucerne shoot
are related to a product application rate effect rather than associated with soil pH
changes. Sulphur is required for production of the amino acids cysteine and
methionine. With decreased nitrogen uptake at the higher application rates, there
may be less requirement for sulphur. Amino acid analysis of the lucerne shoots
would be required to investigate this further. As for sulphur, potassium also
decreased with increasing application rate which has been identified previously
(Paksoy et al., 2013) but not accounted for. The complexity of interactions between
the plant, microbial community and amendment highlights the requirement for

further nutrient cycling studies.

In the study described in Chapter 3 there was no significant MBC response to the
soil addition of SHG at the manufacturer’s recommended rate, a similar result to
that observed by Albiach et al. (2000). As demonstrated here, increasing the
application rate did not change this. For comparison, studies of the impact of a
range of application rates of commercial HA products on MBC were not able to be
located. An increase in MBC could be expected in response to supplying additional
carbon to the soil (Schnirer et al., 1985) and variability in the MBC data may have
masked a significant response. Verification of the soil microbial community
response using an alternative method such as a molecular-based technique is

warranted.

At an application rate of 20 kg/ha, SHG had a stimulatory effect on mycorrhizal
colonization of lucerne compared to the control but there was no correlation with
product application rate. While studies of the effect of HA on mycorrhizal
colonization are limited, a similar stimulatory effect was seen by Gryndler et al.

(2005) in maize roots. It has been demonstrated that mycorrhizal associations form
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in low phosphorus soils conditions in an attempt to improve phosphorus acquisition
(Watts-Williams and Cavagnaro, 2012). There was a negative correlation between
phosphorus content of the lucerne shoots and mycorrhizal colonisation (r=-0.59,
P=0.0007) and so it is likely that the change in mycorrhizal colonization was due to

the soil nutritional status rather than the application of SHG.

4.5 Conclusion

Application up to 20 kg/ha of SHG had beneficial growth effects on lucerne shoot
and roots with maximum growth benefit obtained at 20 kg/ha. This application rate
coincided with a delay in the appearance of chlorotic symptoms in lucerne which
further correlated with an increase in soil pH and inversely with plant tissue
aluminium and manganese concentrations. Increasing the SHG application rate
above 20 kg/ha resulted in decreased shoot nitrogen with no loss in biomass. Soil
microbial biomass was not influenced by SHG and changes in mycorrhizal
colonisation were more likely driven by the soil nutrient status than SHG
application. Further investigation is needed into the mechanistic interactions

between the soil nutrients (particularly nitrogen), the LDP and the plant.
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5 Effect of soil amendment with lignite-derived potassium
humate on pasture growth and nitrogen cycling in

mesocosm conditions

Abstract

The environmental impacts of nitrogen losses from agricultural systems are
significant. The impact of commercial lignite-derived products on soil nitrogen pools
and mitigation of losses has not been extensively explored. A mesocosm study was
undertaken for a period of seven months to investigate the effect of soluble humate
granules (SHG) on soil organic and inorganic nitrogen pools and nitrogen losses
through leaching and nitrous oxide emissions. In conjunction, the growth and
nutrient status of lucerne and ryegrass were investigated to determine if the 20
kg/ha SHG application rate identified in the glasshouse as being optimal for lucerne
shoot and root growth (Chapter 4) was effective in natural environmental
conditions. An earlier provision and higher overall concentration of soil ammonium
was identified in soil amended with SHG and this coincided with a significant early-
stage shoot growth benefit for ryegrass along with promotion of roots particularly

at a lower soil depth.

5.1 Introduction

Nitrogen fertilizer use, primarily in the form of ammonium, has increased
dramatically over the past 20 years as farmers strive to increase productivity to
meet the demands of a growing population. Since 1990, in Australia alone, yearly
usage of nitrogen fertilizers has increased from 440 kt (elemental nitrogen
equivalent) per year to 900 kt in 2009 (Australian Bureau of Agricultural and
Resource Economics and Sciences, 2013). In 2012, widespread use across all
Australian agricultural commodities resulted in nitrogen-based fertilizers being
applied to a total of 32.3 million hectares of land, with ammonium phosphate
application covering the largest proportion at 12.4 million hectares (Australian

Bureau of Statistics, 2013). Determining ways in which we can use nitrogen fertilizer
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more efficiently through the reduction of environmental losses would be beneficial

environmentally and financially.

Nitrogen losses, through leaching and nitrous oxide emission, as a result of
excessive or poorly-timed fertilizer application can have detrimental effects on the
environment. When applied to soil in the ammonium form, nitrogen is relatively
immobile. When fertilizer ammonium is converted to nitrate, it will readily move
with the soil water, and losses by leaching can be significant. This can result in the
water quality of rivers, estuaries and reservoirs being compromised resulting in
eutrophication, algal bloom and fish poisoning (Di and Cameron, 2002). Drinking
water contaminated with high concentrations of nitrate can be toxic to humans and
livestock (e.g. Gulis et al., 2002, Weng et al., 2011, Costagliola et al., 2014). Nitrous
oxide is produced in soils during nitrification (Bremner and Blackmer, 1978); the
aerobic conversion of ammonium to nitrate, and denitrification; the anaerobic
conversion of nitrate to nitrous oxide and dinitrogen, which dominates during and
after periods of heavy rainfall (Wijler and Delwiche, 1954). Nitrous oxide is a
greenhouse gas and contributes to the depletion of the ozone layer (Ravishankara
et al., 2009). While dinitrogen is not a greenhouse gas, its loss from the soil means
less fertilizer nitrogen is available for plant-uptake. It has been estimate that up to
50% of applied nitrogen can be lost due to leaching and gaseous emissions (Smith et

al., 1990).

A number of strategies can be used to reduce nitrogen losses from soil, with organic
amendment application being one. Some strategies that have been previously used
to reduce nitrogen requirements include: growing nitrogen-fixing legume cover
crops such as clover or lucerne (Smith et al., 1987), strategic fertilizer application
based on seasonal or grazing regimes (Cameron et al., 2013), and application of
nitrification inhibitors to mitigate nitrous oxide emissions (e.g. Zaman and
Blennerhassett, 2010, Luo et al., 2013). The use of organic amendments has also

been shown to minimise nitrogen losses (e.g. Suddick et al., 2011, Tuomisto et al.,
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2012, Knowles et al., 2011, Steiner et al., 2010). As an example, biochar can mitigate
nitrate leaching by adsorbing ammonium and slowing its oxidation to nitrate
(Clough et al., 2013). The humic acid (HA) in commercial lignite-derived products
(LDPs) has similar cation binding properties to biochar, and may have similar
attributes in regulating nitrate and ammonium in soils. There has been no published
data on nitrogen fertilization regulation with LDP. However, research by Ahmed et
al. (2006) found an increase in soil ammonium with humic acid application. In
addition, the research presented in Chapter 4 showed a significant decrease in
nitrogen concentration in lucerne shoot tissue (up to 56% less compared to the
control with no depression in shoot or root growth). This suggests that the LDP was
able to reduce ammonium and/or nitrate availability, thereby reducing
environmental losses. Irrespective of this research, the capacity for LDPs to affect

soil nitrogen pools and losses has not been well explored.

This study was designed to investigate the effect of an LDP on soil nitrogen pools,
nitrogen losses and growth and nutritional responses of ryegrass and lucerne. A
mesocosm approach was undertaken to enable the control of variables such as soil
type and inputs, while exposing the study to natural environmental conditions. Soil
nitrogen pools were assessed by measuring total and mineralizable nitrogen,
ammonium and nitrate, and nitrogen losses were assessed by measuring
ammonium and nitrate in soil leachate, and nitrous oxide emissions. Soil pH was
also assessed as it can impact nitrogen cycling. Repeated sampling from the

mesocosms occurred at regular intervals for a period of seven months.
The specific research questions this study addressed were;

e Does the application of SHG have an effect on nitrogen pools and losses over
time or irrespective of time? and
e Does the application of SHG have an effect on lucerne or ryegrass growth

responses over time or irrespective of time?
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The research from this study will demonstrate whether an LDP has the capacity to
bind nitrogen in the form of ammonium and/or nitrate in the soil, thereby reducing

losses by leaching and nitrous oxide emissions.

5.2 Materials and method

5.2.1 Experimental layout and set-up

The LDP selected for this study was in the form of commercially-available soluble
humate granules (SHG). The analyses used to characterise the physiochemical
properties of this product have been described in detail in Chapter 2, Section 2.2
and its attributes are available in Chapter 2, Tables 2.2 and 2.3. The analyses
conducted included pH, moisture content, HA content, organic and inorganic
element concentrations and structural characterisation by *C NMR. Briefly, the
product was alkaline (pH 9.4), the moisture content was 4.5%, the HA content was

50.2% and the potassium content relatively high at 8.5%.

The study was conducted at the Monash University, Clayton, Victoria campus in the
grounds of the glasshouse facility (Figure 5.1). It was set out in six square
mesocosms constructed of wood; measuring 2.2 x 2.2 x 1 m. The treatments used in
this study were plus or minus SHG, with either lucerne or ryegrass seeds sown into
the surface making a total of two treatments with two different pasture types. Each
plot had each of these treatments, whereby each plot was divided in half with
plastic-coated board that was impervious to moisture transfer. They were then
divided again with string to delineate plant types. Study conditions were replicated
in each of the six plots, in a randomized complete block design, (Figure 5.2), making

a total of 24 individual plots as quarters in each of the six mesocosms.
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Figure 5.1 Positioning of the six replicated mesocosms within the grounds of the
glasshouse facility at Monash University, Clayton campus.
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Figure 5.2 Allocation of SHG application and pasture species to the six replicated
mesocosms.
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The soil used in the trial was a Podosol (Isbell, 2002), sourced from a vegetable farm
recently converted from pasture in Cranbourne, Victoria (38°11’6”S, 145°18’50”E).
Due to the sandy nature of the soil and the absence of large aggregates or pieces of
organic debris, it was used in an as-received condition. A 200 g composite sub-
sample, taken from the six mesocosms, was analysed for a range of key
physicochemical properties (Environmental Analysis Laboratory, Southern Cross
University, Lismore, NSW: http://scu.edu.au/eal/; accessed July 2014). These are
listed in Table 5.1.

Table 5.1 Soil physicochemical properties prior to amendment.

pH oM C N Fe K Mn P (Colwell) Zn Texture
(H,0) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
5.84 1.9 1.1 0.1 104 97 5 62 2.1 Sandy

Prior to application of the treatments, sampling devices were installed to enable the
measurement of gas flux from the soil. In each quarter plot, a ring of high density
polyvinyl chloride (PVC) pipe (200 mm diam and 70 mm high) was pressed into the
soil with the top 4 cm protruding. The exact location within each quarter plot is
shown in Figure 5.3. The PVC ring remained in the soil for the duration of the study
and provided a base onto which a gas collection chamber could be attached at each
sampling time point. No pasture was allowed to grow within the ring area, though
sub-soil root growth below the base was possible. The gas collection chamber was
constructed from PVC pipe (200 mm diam and 150 mm high) which was enclosed at
one end with a PVC cap. A rubber septum (20 mm diam.) and plastic pressure valve

was inserted into the cap and sealed with gas-tight tape (Figure 5.4).

Lysimeters were installed to collect soil leachate. Construction was based on Deery
et al. (2006). Briefly, PVC pipe (40 mm diam) was cut to 150 mm lengths. A ceramic
tensiometer tip (Hi-flow, size 4, Cooinda Ceramics, Bayswater, Victoria), was glued
with Araldite to one end, with care taken to ensure that the glue did not run into
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the ceramic cup, thereby reducing the sampling surface area. A PVC cap (40 mm
diam) with a hole drilled in the center to accommodate an low-density polyethylene
(LDPE) extraction tube (5mm diam), was fixed to the other end of the pipe. To
ensure good adhesion, the PVC pipe surface was first treated with Protek Priming
Fluid followed by Protek PVC Cement For Pressure Pipes. The LDPE extraction tube
was cut to 600 mm lengths, with one end cut at a 45° angle to prevent vacuum
adhesion to the bottom of the ceramic cup. This end was fed through the drilled
hole in the PVC cap and pushed through the length of the pipe until it was
positioned in the bottom of the ceramic cup. Where the LDPE extraction tube
entered the cap, Loctite Super Glue was applied to prevent moisture entry. A 1-way
stopcock with luer connection (Cole Palmer, part number EW-30600-05) was
pushed into the extraction tube to facilitate soil solution retrieval. A constructed
lysimeter is shown in Figure 5.5. One lysimeter was installed into each plot quarter
(total of 24) at a soil depth of 400 mm. The location within each plot quarter is

shown in Figure 5.3.

Soil gas chamber
base ring

Lysimeter
extraction tube

Figure 5.3 Positioning of the soil gas chamber base ring and lysimeter within each
mesocosm quarter. This was replicated in all 24 plots. Distance A=1m,B=1.1m, C
=0.4mand D =0.6 m.
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Pressure release Gas-tight

valve syringe
Septum
PVC cap Gas
_ collection
PVC pipe chamber

Figure 5.4 A soil gas collection chamber fixed to the base ring, showing gas sampling
via syringe through the septum.

Extraction
PVC cap tube
PVC pipe
Stopcock
Ceramic cup

Figure 5.5 A constructed lysimeter for collecting soil leachate showing the PVC cap
and pipe, ceramic cup, LDPE extraction tube and stopcock components.
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After installation of the sampling tools, diammonium phosphate fertilizer (DAP) was
uniformly applied to the surface of each plot at a rate of 50 kg/ha, as is
recommended for pasture establishment (N.S.W. Department of Primary Industries,
1997). To one half of each mesocosm, 20 kg/ha of SHG was applied to the soil
surface as solid granules (Figure 5.2). The DAP and SHG were then manually
incorporated into the top 2 cm of soil. Then, using wooden pegs and stringline
divides for plant species, ryegrass (Lolium multiflorum Lam. cv. Bealey) and lucerne
(Medicago sativa L. cv. Aurora) seeds were then sown at rates of 30 kg/ha and 20
kg/ha respectively into randomly assigned quarter sections of each mesocosm

(Figure 5.2). The seeds were gently incorporated into the top 1 cm of soil.

Weather monitoring

Rainfall and daily maximum temperature readings were recorded by monitoring
equipment permanently installed at the study site. Over the study period (April
2013 until October 2013) the maximum daily temperature averaged over each
month was highest in April (20.4°C) and lowest in June (14.5°C). The sampling time
point at 56 days after seeding (DAS) (June) was preceded by two weeks of above-

average rainfall, resulting in a higher soil moisture content (11%) (Figure 5.6).
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Figure 5.6 Total monthly rainfall, soil moisture content and mean monthly
maximum air temperature for the duration of the study. Numbers in brackets refer
to days after seeding (DAS).

5.2.2 Sampling and analysis

Sampling overview

From each mesocosm quarter (Figure 5.2), soil gas emissions and soil leachate were
sampled at the time of seed sowing (0 DAS) and then 7, 14, 28, 56, 84, 112, 140, 168
and 196 DAS. The ryegrass and lucerne shoots were first cut and collected at 112
DAS and this was repeated at 140, 168 and 196 DAS. Ryegrass and lucerne root

biomass was assessed at 112 and 196 DAS. Details of collection and analysis follow.
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Soil sampling and analysis

Soil was collected at each sampling time point (0, 7, 14, 28, 56, 84, 112, 140, 168
and 196 DAS), using a 25 mm diameter soil auger. In each mesocosm quarter, five
soil cores were collected at a depth of 0-10 cm, and then combined to form a
composite sample representative of that quarter. Immediately following collection,
each soil sample was passed through a 2 mm sieve and refrigerated at 4°C for

analysis the following day.

A sub-sample of the fresh 2mm sieved soil was used for moisture content
determination by drying overnight at 105°C, after which the moisture content was
determined by mass difference before and after drying. A second sub-sample of the
fresh 2mm sieved soil was used for determination of ammonium and nitrate
concentrations, and rates of potentially mineralizable N (PMN) by anaerobic
incubation as follows. Inorganic nitrogen was extracted from 7 g of soil with 2M KClI
and then measured colorimetrically using a modified method as described in
(Forster, 1995) for ammonium and in Miranda et al. (2001) for nitrate. For PMN
determination, 10 mL of deionized water was added to 7 g of soil in a 50 mL
centrifuge tube, following which the headspace of the tube was filled with N,. The
soil was incubated for 7 days at 37°C, after which 10 mL of 4M KCl was added and
the ammonium concentration was analysed as described previously. The rate of
PMN of the soil was expressed as the difference between the ammonium extracted

from the fresh soil and the ammonium extracted following the 7 day incubation.

The remaining soil was then allowed to air-dry. The soil pH was determined by
suspension of an air-dried soil sub-sample (5 g) suspended in deionized water (1:5
w/v) using a TPS WP81 meter and probe. A second sub-sample of air-dried soil was
ground to a fine powder and then total carbon and total nitrogen measured by dry

combustion in an ANCA GSL 2 elemental analyzer (Sercon Ltd., UK).
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Soil gas collection and analysis

At each sampling time point, a gas collection chamber was fixed onto each base ring
with gas tight tape. Immediately following attachment of the gas chamber, a sample
of soil gas was collected using a 25 mL gas-tight syringe (SGE, 25MDR-LL-GT) to
penetrate the rubber septum (Figure 5.4). The gas sample was drawn up into the
syringe barrel and the sample then introduced into a pre-evacuated 12 mL
Exetainer vial with grey silicon septum (Labco, UK). This process was then repeated
at 20, 40 and 60 min intervals. Gas samples were analysed for nitrous oxide using an
Agilent 7890A gas chromatograph (GC) fitted with a Gilson (GX271) autosampler.
Linear interpolation of the gas concentrations collected at 0, 20, 40 and 60 min
were used to calculate the final CO, and N,O flux. The nitrous oxide flux was
calculated according to the method and equations detailed in Van Zwieten et al.

(2012).

Soil leachate collection and analysis

At each sampling time point, negative pressure was applied to each lysimeter by
attaching a clean 50 mL polypropylene (PP) syringe to the stopcock and removing as
much air as possible. The lysimeters were left under negative pressure for 6 hours
after which, via the stopcock, a clean 50 mL PP syringe was used to withdraw the
soil solution that had accumulated in the ceramic cup (Figure 5.7). Following
filtration through a 0.45 um syringe filter (LabTek, L7196), the leachate was
analysed for ammonium and nitrate using the methods described previously for the

soil.
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Figure 5.7 Retrieving the soil leachate through the LDPE extraction tube from the
installed lysimeter.

Ryegrass and lucerne shoot and root sampling

At 112 DAS, the ryegrass and lucerne had grown sufficiently for grazing. For
ryegrass, this was to the 3-leaf stage (Fulkerson et al., 1997, Fulkerson and
Donaghy, 2001) and for lucerne to approximately 15-20 cm in height (Fraser et al.,
2004). To simulate grazing, the ryegrass and lucerne shoots were cut at 5 cm from
the soil surface, and the cut biomass collected. The sampling was also repeated at
196 DAS. At both times, the shoots were oven-dried at 55°C and weighed to
determine the shoot dry weight (SDW). The dried shoot material was then ground
to a fine powder and nutrient concentrations (iron, potassium, manganese,
phosphorus and zinc) were determined by inductively coupled plasma-optical
emission spectrometry by (Waite Analytical Services, Urrbrae, S. Aust.:

http://www.adelaide.edu.au/was/; accessed April 2014).

To assess root biomass, at 112 and 196 DAS, using a 25mm diameter auger, five soil
cores were taken from each mesocosm quarter. Before being combined to form a
composite sample, each core was divided into two parts; 0-10 and 10-30 cm soil
depths (48 samples in total). Samples were weighed and a small sub-sample was

removed for moisture content determination by mass difference before and after
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drying overnight at 105°C. The remainder of the sample was washed through a
2mm screen, with the roots retained on the screen. The roots were then dried at
55°C and weighed. The RDW was expressed as the mass of dry roots per mass of dry

soil.

5.2.3 Statistical analysis

Data was analysed using JMP statistical software (JMP®, Version 10, SAS Institute
Inc., Cary, NC) and SPSS Statistics 20 (IBM SPSS Statistics for Windows, Version 20,
IBM Corp., Armonk, NY). To understand the differences between the products over
time, all pasture and soil data were analysed by two-way ANOVA; factors in the
analysis were time and product, with plant types analysed separately. Each
mesocosm was included in the statistical model as an individual block. Where
significant differences were found, pairwise comparisons were made using Tukey’s
honestly significant difference (HSD) or Students t-test (root dry weight data).
Repeated measures restricted maximum likelihood (RM REML) was used to
determine if the application of SHG had an effect on pasture and soil attributes
irrespective of time. For the model the fixed factor was product (SHG amended or

unamended), with time as the repeated measure (covariate).

5.3 Results
5.3.1 Soil nitrogen pools, losses and pH

Nitrogen pools over time - total and mineralizable nitrogen (PMN), ammonium
and nitrate

There was no significant (P>0.05) interaction between time and SHG treatment on
soil PMN, ammonium or nitrate concentrations, or total nitrogen for either the
ryegrass or the lucerne plots (Table 5.2, 5.3 and 5.4). Although not significant, in the
ryegrass plots (Table 5.3) a peak concentration of ammonium in the SHG amended
soil occurred at 7 DAS (4.11 ug/g dry soil) compared to 28 DAS (4.03 pg/g dry soil) in

the unamended soil.
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Table 5.2 Total soil nitrogen concentration (%) in the ryegrass and lucerne plots.
Mean values are presented (n=6). Values in brackets are * s.e. No significant
differences were identified. DAS = days after seeding

Soil N (%)
Ryegrass Lucerne
Without Without
DAS With SHG With SHG
SHG SHG

0 0.04 (0.01) 0.05(0.01) 0.05(0.01) 0.07(0.01)

7 0.05(0.01) 0.07(0.01) 0.06(0.01) 0.06(0.01)
14 0.07 (0.01) 0.05(0.01) 0.04(0.01) 0.05(0.01)
28 0.06 (0.01) 0.05(0.01) 0.05(0.01) 0.06(0.01)
56 0.05(0.01) 0.05(0.01) 0.05(0.01) 0.05(0.01)
84 0.04 (0.01) 0.04(0.01) 0.06(0.01) 0.07(0.01)
112 0.05(0.01) 0.04(0.01) 0.06(0.01) 0.08(0.01)
140 0.05(0.01) 0.07(0.01) 0.04(0.01) 0.05(0.01)
168 0.05(0.01) 0.04(0.01) 0.05(0.01) 0.04(0.01)
196 0.07 (0.01) 0.08(0.01) 0.07(0.01) 0.08(0.01)

Table 5.3 Soil potentially mineralizable nitrogen (PMN), ammonium (NH,*-N) and
nitrate (NOs-N) concentrations in the ryegrass plots. Mean values are shown (n=6).
Values in brackets are + s.e. No significant differences were identified.

DAS PMN (ug/g dry soil) NH,"-N (ug/g dry soil) NO;-N (ug/g dry soil)
With SHG Without With SHG Without With SHG Without
SHG SHG SHG
0  2.06(0.70) 1.93(0.50) 2.24(0.51) 2.24(0.51) 9.81(0.71)  9.81(0.71)

7  151(0.99) 2.86(0.90) 4.11(0.58) 2.55(0.65) 12.15(2.19) 10.59 (1.78)
14  1.82(0.71) 0.67(0.25) 2.45(0.88) 2.72(0.92) 13.04(1.95) 12.19(2.31)
28 2.60(1.04) 1.79(0.63) 2.83(0.56) 4.03(0.83) 17.89(3.93) 13.65 (1.99)
56 0.96(0.71) 2.25(0.55) 2.89(0.42) 2.33(0.34)  1.62(0.70)  0.33(0.18)
84  2.09(0.72) 4.09(1.10) 2.22(0.28) 1.45(0.39)  0.03(0.03) 0.32(0.32)
112 5.17(0.42) 4.96(0.42) 1.27(0.16) 1.38(0.14)  0.02(0.01) 0.27(0.27)
140  0.99(0.19) 1.13(0.17) 1.66(0.18) 1.17(0.13)  0.02(0.02)  0.67 (0.67)
168  3.01(0.43) 3.35(0.33) 0.02(0.24) 0.02(0.13)  0.24(0.16)  0.46(0.19)
196 0.82(0.41) 0.33(0.11) 1.20(0.24) 0.76(0.21)  0.87(0.87)  0.00 (0.00)
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Table 5.4 Soil potentially mineralizable nitrogen (PMN), soil ammonium (NH4"-N)
and nitrate (NO3-N) concentrations in the lucerne plots. Mean values are shown
(n=6). Values in brackets are * s.e. No significant differences were identified.

DAS PMN (ug/g dry soil) NH,"-N (ug/g dry soil) NO;-N (ug/g dry soil)
With SHG Without With SHG Without With SHG Without SHG
SHG SHG

0 1.50(0.76) 1.05(0.27) 3.01(0.99) 5.08(1.53) 12.73(2.52) 11.59(2.34)
7 1.90(0.77) 1.35(0.40) 3.75(1.08) 3.46(0.63) 10.30(0.65) 10.77 (1.41)
14 1.42(0.80) 2.10(0.74) 6.37(3.55) 4.48(1.29) 12.83(1.39) 10.87 (1.10)
28 1.90(0.77) 2.34(0.65) 3.20(0.89) 2.48(0.45) 11.98(1.19) 15.43(2.99)
56  1.64(0.82) 1.05(0.64) 3.03(0.48) 4.17(0.98) 2.97(1.98)  1.90(0.76)
84  2.97(1.05) 3.01(0.86) 1.74(0.16) 1.51(0.35)  0.14(0.09)  0.58 (0.46)
112 5.24(0.62) 4.69(0.29) 1.19(0.14) 1.16(0.18)  0.00(0.00)  0.00 (0.00)
140  0.82(0.31) 0.70(0.20) 1.47(0.35) 1.26(0.15)  0.10(0.09)  0.08 (0.07)
168  2.85(0.51) 3.22(0.78) 0.03(0.03) 0.11(0.07)  0.18(0.05)  0.15(0.04)
196  0.73(0.26) 0.82(0.25) 1.03(0.15) 0.98(0.11)  0.11(0.06)  0.10(0.04)

Nitrogen losses over time - leachate and nitrous oxide emissions.

There was a significant difference in nitrate concentration in the leachate at 7 DAS
(P=0.02), with 457 ppm in the SHG amended soil compared to 342 ppm in the
unamended soil in the ryegrass plots. For both ryegrass and lucerne, amendment
with SHG did not significantly change the ammonium concentration leached from
the soil at any of the sampling time points (Figure 5.8 and Figure 5.9). The nitrate
concentrations in the soil leachate collected at 84 DAS and both the nitrate and
ammonium concentrations collected at 112, 140, 168, 196 DAS were at the very
lower detection limit of the assay and so are not included in Figure 5.8 and

Figure 5.9.
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Figure 5.8 Ammonium (NH,"-N) (A) and nitrate (NO5-N) (B) concentrations in the
soil leachate from the ryegrass plots. Grey bars represent SHG amended soil, white
bars are unamended. Mean values are presented (n=6). Error bars are + s.e.
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Figure 5.9 Ammonium (NH,"-N) (A) and nitrate (NO3-N) (B) concentration in soil
leachate from lucerne plots. Grey bars represent SHG amended soil, white bars are
unamended. Mean values are presented (n=6). Error bars are + s.e.

At each sampling time point, amendment with SHG had no significant effect on the
soil emissions of nitrous oxide from either the ryegrass or lucerne plots
(Figure 5.10). From 112 DAS for ryegrass and 140 DAS for lucerne there was a trend

of decreasing emissions at each time point.
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Figure 5.10 Nitrous oxide (N,O-N) soil emissions (A) ryegrass (B) lucerne from SHG
amended and unamended soils. Grey diamonds represent SHG amended soil, white
squares are unamended. Mean values are presented (n=6). Error bars are * s.e.

Soil pH over time
Amendment with SHG did not have an impact on the soil pH measured at any of the

sampling time points from the ryegrass or lucerne plots (Table 5.5).

Table 5.5 Soil pH of the ryegrass and lucerne plots. No significant differences were
identified. Mean values are presented (n=6). Values in brackets are * s.e. No
significant differences were identified.

Soil pH
DAS Ryegrass Lucerne
With SHG Without SHG With SHG Without SHG
0 5.29(0.10) 5.38 (0.09) 5.35(0.11) 5.20(0.10)
7 5.31(0.08) 5.36 (0.08) 5.29(0.10) 5.39(0.09)
14 5.29(0.10) 5.41 (0.10) 5.42(0.13) 5.29(0.06)
28 5.29(0.10) 5.43 (0.07) 5.34(0.12) 5.30(0.09)
56 5.31(0.09) 5.47 (0.07) 5.40(0.12) 5.35(0.10)
84 5.62 (0.14) 5.77 (0.08) 5.77(0.12) 5.62(0.08)
112 5.26 (0.12) 5.30(0.10) 5.20(0.14) 5.23(0.11)
140 5.34(0.12) 5.33(0.10) 5.29(0.11) 5.26(0.08)
168 5.37(0.12) 5.48 (0.10) 5.35(0.15) 5.36(0.09)
196 5.47 (0.11) 5.49 (0.12) 5.42(0.15) 5.41(0.15)
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Soil nitrogen pools over all time - total and mineralisable nitrogen (PMN),
ammonium and nitrate.

Overall, where time was a covariate in the REML model, there was no significant
effect of SHG amendment on the soil nitrogen concentration in either the ryegrass
or lucerne plots (Table 5.6). In the ryegrass plots there was a significantly higher
concentration of ammonium in those that had been amended with SHG (Table 5.7).
No such trend was observed for the lucerne plots and no other significant
differences were identified in PMN, ammonium or nitrate for either pasture species
(Table 5.7). Irrespective of time, in the ryegrass plots, amendment with SHG
resulted in a higher nitrate concentration in the soil leachate (Table 5.8). This was
not observed in the leachate from the lucerne plots and there were no significant
differences in the leachate ammonium concentration from both the ryegrass and
lucerne plots (Table 5.8). The application of SHG had no effect on the overall nitrous
oxide emissions from either the ryegrass or lucerne plots (Table 5.9). Irrespective of
time, the application of SHG did not significantly change soil pH in either the

ryegrass or lucerne plots (Table 5.10).

Table 5.6 Soil nitrogen concentration in the ryegrass and lucerne plots, irrespective
of sampling time. Mean values are presented (n=60). Values in brackets are * s.e.
The abbreviation ‘n.s.” indicates P>0.05.

Soil N (%)
Treatment Ryegrass Lucerne
With SHG 0.05 (0.01) 0.05(0.01)
Without SHG 0.05(0.01) 0.05(0.01)
P value n.s. n.s.
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Table 5.7 Soil potentially mineralizable nitrogen (PMN), ammonium (NH,*-N) and
nitrate (NOs-N) concentrations in the ryegrass and lucerne plots, irrespective of
sampling time. Mean values are shown (n=60). Values in brackets are * s.e. The
abbreviation ‘n.s.” indicates P>0.05.

PMN NH,*-N NOs3-N

(ug/g dry soil)  (ug/g dry soil) (ug/g dry soil)
Ryegrass
With SHG 2.10(0.26) 2.18 (0.20) 5.77 (1.00)
Without SHG 2.34 (0.25) 1.78 (0.27) 4.63 (0.78)
P value n.s. 0.03 n.s.
Lucerne
With SHG 2.10(0.26) 2.48 (0.43) 5.29 (0.80)
Without SHG 2.03 (0.23) 2.47 (0.31) 5.19 (0.86)
P value n.s. n.s. n.s.

Table 5.8 Soil leachate ammonium (NH.") and nitrate (NO3) concentrations
collected from the ryegrass and lucerne plots, irrespective of sampling time. Mean
values are presented (n=24). Values in brackets are + s.e. The abbreviation ‘n.s.’
indicates P>0.05.

Ryegrass Lucerne
NH,'-N (ppm) ~ NO;-N (ppm)  NH,'-N (ppm) NOs-N (ppm)
With SHG 0.37 (0.09) 358.13 (33.63) 0.21(0.03) 293.33
(26.87)
Without SHG 0.25 (0.04) 282.93 (30.37) 0.22(0.04) 317.93
(21.36)
P value n.s. 0.01 n.s. n.s.

Table 5.9 Nitrous oxide (N,O-N) emissions from the ryegrass and lucerne plots.
Mean values are presented (n=60). Values in brackets are + s.e. The abbreviation
‘n.s.” indicates P>0.05.

N,O-N emissions (pg/m>.h)

Ryegrass Lucerne
With SHG 6.38 (0.61) 7.56 (0.82)
Without SHG 6.82 (0.91) 6.98 (0.56)
P value n.s. n.s.
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Table 5.10 Soil pH of ryegrass and lucerne plots, irrespective of sampling time.
Mean values are presented (n=60). Values in brackets are + s.e. The abbreviation
‘n.s.” indicates P>0.05.

Soil pH
Ryegrass Lucerne
With SHG 5.35(0.03) 5.37 (0.03)
Without SHG 5.41 (0.03) 5.37 (0.03)
P value n.s. n.s.

5.3.2 Ryegrass and lucerne growth and nutrition

Ryegrass and lucerne growth and nutrition over time

At 112 DAS there was a significant increase in the SDW of ryegrass grown in soil
amended with SHG compared to unamended soil (P=0.001) (Figures 5.11, 5.12
and 5.13), equivalent to a growth increase of approximately 48%. This growth
benefit was not evident at 140 and 168 DAS, with no significant difference between
the ryegrass SDW in amended soil compared to unamended soil. Although not
significant, at 196 DAS, there was a trend of more shoot growth in the unamended
soil. The SDW of lucerne grown in soil amended with SHG was not significantly
different at any of the sampling time points. At 112 DAS there was a significant
increase in ryegrass root dry weight (RDW) in response to SHG amendment at both
0-10 (P=0.04) and 10-30 cm (P=0.02) soil depths (Table 5.11 and Figure 5.14). The
root biomass of the SHG-amended ryegrass at 10-30 cm depth was more than
double that of ryegrass that had not received SHG. There was no significant
difference in lucerne root biomass at either soil depth (Table 5.11). Application of
SHG did not result in a response in the concentration of any of the analysed

nutrients in the ryegrass or lucerne shoots (Tables 5.12 and 5.13).
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Figure 5.11 Shoot dry weight (SDW) of ryegrass (A) and lucerne (B) in soil amended
with 20 kg/ha of SHG compared to unamended soil. Grey diamonds represent SHG
amended soil, white squares are unamended. Mean values are presented (n=6).
Error bars are + s.e. * indicates a significant difference at that sampling time point.

Figure 5.12 One of the mesocosms at 112 DAS, just prior to ryegrass and lucerne
shoot sampling. The front half of the plot was amended with 20 kg/ha of SHG and
shows an increase in the shoot growth of ryegrass (front right corner) compared to
the unamended soil (back left corner).
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Figure 5.13 Top view of ryegrass plots at 112 DAS growing in unamended (A) and

SHG amended soil (B).

Table 5.11 Root dry weight (RDW) of ryegrass and lucerne at 0-10 and 10-30 cm soil
depths. Mean values are presented (n=6). Values in brackets are + s.e. * indicates a

significant difference at that soil depth.

RDW RDW

(g/g dry soil) (g/g dry soil)

With SHG Without SHG

DAS 112 196 112 196

Pasture species and sampling depth (cm)

Ryegrass 0-10 0.20* 0.61 0.14* 0.73
(0.03) (0.03) (0.03) (0.10)

Ryegrass 10-30 0.13* 0.34 0.06* 0.32
(0.04) (0.04) (0.01) (0.02)

Lucerne 0-10 0.07 0.22 0.09 0.26
(0.01) (0.04) (0.04) (0.05)

Lucerne 10-30 0.03 0.14 0.05 0.13
(0.01) (0.02) (0.02) (0.04)
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With SHG

Without SHG

Figure 5.14 Root biomass of ryegrass with and without SHG at 112 DAS at 0-10 and
10-30 cm soil depths.

Table 5.12 Ryegrass shoot nutrient concentrations at 112, 140, 168 and 196 DAS.
s.e. No significant

Mean values are presented (n=6). Values in brackets are

differences were identified.

Days after seeding (DAS)

112 140 168 196
With Without With Without With Without With Without
SHG  SHG SHG SHG SHG SHG SHG SHG
C (%) 386 401 382 407 415 410 408 421
(15)  (13) (1.5)  (0.6)  (0.8) 02) (0.6) (0.5)
N (%) 2.9 2.9 2.9 2.9 3.0 32 29 2.7
(02)  (0.2) 02) (02) (0.2) (0.2) (0.2) (0.2)
Fe 1043 1043 111.0 1068 1045 96.3 1023  94.8
(mg/kg)  (42)  (5.1) (16) (57) (7.1 2.8) (4.5) (3.5)
K 332 320 360 367 317 345 300 335
(g/kg) (1.9  (2.0) 2.1) (24) (14 (1.2) (L5 (1.9)
Mn 93.7 992 1358 1213 1375 1337 1202 103.0
(mg/kg)  (142) (16.6)  (23.2) (186)  (24.0)  (27.9) (19.1) (18.6)
p 4.8 45 4.9 4.8 3.9 42 35 3.7
(g/kg) (03)  (0.1) 0.1  (02) (0.1) (0.2) (0.3) (0.2)
Zn 532 525 463 405 407 453 465 413
(mg/kg)  (41)  (5.0) .00 (17) (1.3 (1.4) (8.9 (2.2)

93



Table 5.13 Lucerne shoot nutrient concentrations at 112, 140, 168 and 196 DAS.
Mean values are presented (n=6). Values in brackets are * s.e. No significant
differences were identified.

Days after seeding (DAS)

112 140 168 196
With  Without With Without  With  Without With  Without
SHG SHG SHG SHG SHG SHG SHG SHG
C (%) 39.3 40.2 40.2 42.1 43.5 42.1 43.9 42.9
(1.1) (1.5) (1.4) (0.7) (0.7) (0.5)  (0.6) (0.5)
N (%) 3.9 3.9 34 3.6 4.3 4.3 5.0 4.9
(0.3) (0.3) (0.2) (0.2) (0.1) (0.2) (0.1) (0.2)
Fe 122.3 126.0 116.5 118.8 135.0 138.7 120.7 131.2
(mg/kg) (4.6) (4.2) (5.8) (6.5) (4.6) (7.7)  (3.8) (9.5)
K 28.8 28.2 31.7 30.5 33.0 33.0 31.8 33.2
(s/ke) (1.6) (0.8) (1.5) (0.4) (2.6) (1.4) (1.4) (0.9)
Mn 101.8 104.5 96.0 92.3 99.7 100.2 73.8 82.7
(mg/kg)  (26.7) (26.8) (27.5)  (19.6) (22.8) (15.8) (11.8)  (15.4)
P 4.4 4.1 4.4 4.3 4.8 4.7 4.9 4.8
(s/ke) (0.2) (0.1) (0.2) (0.1) (0.2) (0.2)  (0.3) (0.2)
Zn 74.3 73.3 77.7 79.2 99.2 98.0 90.0 92.8
(mg/kg) (3.6) (2.1) (3.7) (5.7) (5.6) (7.8) (5.9) (6.9)

Ryegrass and lucerne growth and nutrition overall

Overall, where time was a covariate in the REML model, there was no significant
effect of SHG amendment on the shoot dry weight of the ryegrass or lucerne (Table
5.14). There was a ryegrass root growth benefit (P=0.003) at 10-30cm soil depth,
with 0.24 g/g dry soil with SHG amendment compared to 0.19 g/g dry soil without
(Table 5.15). There were no significant differences in the shoot nutrient

concentrations of the ryegrass or the lucerne (Table 5.16).
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Table 5.14 Shoot dry weight (SDW) of ryegrass and lucerne, irrespective of sampling
time. Mean values are presented (n=24). Values in brackets are * s.e. The
abbreviation ‘n.s.” indicates P>0.05.

Treatment  Ryegrass SDW (g) Lucerne SDW (g)

With SHG 116.65(4.30) 42.72(1.88)
Without SHG 118.07 (7.91) 44.84 (2.30)
P value n.s. n.s.

Table 5.15 Root dry weight (RDW) of ryegrass and lucerne grown, irrespective of
sampling time. Mean values are presented (n=12). Values in brackets are £ s.e. The
abbreviation ‘n.s.” indicates P>0.05.

Pasture species and sampling depth (cm)
Treatment Ryegrass RDW (g/g dry soil)  Lucerne RDW (g/g dry sail)

0-10 10-30 0-10 10-30
With SHG 0.40 (0.07) 0.24 (0.04) 0.15(0.03) 0.08 (0.02)
Without SHG 0.43 (0.10) 0.19 (0.04) 0.18 (0.04) 0.09 (0.02)
P value n.s. 0.003 n.s. n.s.

Table 5.16 Ryegrass and lucerne shoot nutrient concentration irrespective of time.
Mean values are presented (n=12). Values in brackets are + s.e. No significant
differences were identified.

Ryegrass Lucerne

With Without With Without

SHG SHG SHG SHG
C (%) 39.8 (0.6) 40.9 (0.4) 41.7 (0.6) 41.8 (0.1)
N (%) 2.9(0.1) 2.9(0.1) 4.1(0.2) 4.2 (0.1)
Fe (mg/kg) 105.5 (2.3) 100.6 (2.3) 123.6 (2.6) 128.7(3.7)
K (g/kg) 32.7 (0.9) 34.0 (1.0) 31.3(0.9) 31.2 (0.6)
Mn (mg/kg) 121.8 (10.2) 114.3 (10.2) 92.8 (11.0) 94.9 (9.5)
P (g/kg) 4.3(0.2) 4.3 (0.1) 4.6 (0.1) 4.5(0.1)
Zn (mg/kg) 46.7 (1.8) 44.9 (1.7) 85.3(3.1) 85.8 (3.5)
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5.4 Discussion

5.4.1 Nitrogen pools and losses.
The application of SHG increased the pool of soil ammonium but not nitrate. The
loss of nitrate in the leachate was increased from the soil amended with SHG, and

there was no effect on the soil nitrous oxide emissions.

The peak identified in the soil ammonium concentration at 7 DAS in the SHG
amended soil compared to 28 DAS in the unamended soil suggests earlier
availability for plant uptake. The possible mechanisms by which this earlier peak
occurred could be of a chemical or microbial nature. Chemically, the addition of
potassium inherent in the SHG product (8.5% potassium), may have displaced
ammonium from the surface of the soil particles (Martin et al.,, 1946). This
mechanism is the basis for the widely accepted soil ammonium analysis technique
in which potassium chloride is used to displace the ammonium from the soil
(Forster, 1995). An alternative or complimentary mechanism may be an increase in
the transformation rate of organic nitrogen to ammonium due to stimulation of
decomposer soil microbes in response to addition of the carbon in the product.
Further information would be gained from molecular analysis of the soil microbial

community to determine the abundance of decomposer microorganisms.

Overall, there was an increase in the soil ammonium concentration. Similar
increases were identified in an incubation study with HA of unknown origin (Ahmed
et al., 2006) and a glasshouse study in which HA derived from peat was applied to
maize (Kasim et al., 2009). Accumulation of ammonium is likely due to the cation
exchange capacity of HA at the carboxylic and phenolic hydroxyl groups (Schnitzer
and Skinner, 1965). The application of SHG made no difference to the overall soil
nitrate concentration which is consistent with the findings of Ahmed et al. (2006) in
which peat-derived HA was applied to soil in an incubation study. However, in a

glasshouse study conducted by Ahmed et al. (2012) in which palm oil mill effluent-
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derived HA was applied to maize there was a decrease in soil nitrate, the reasoning
being that the HA bound the ammonium making it unavailable for transformation to
nitrate. The HA application rate was approximately 10 times that used here and so a

higher concentration of ammonium bound to the HA would be expected.

The overall higher concentration of nitrate in the soil leachate from the SHG
amended ryegrass plots was unexpected. Being an anion, nitrate is unlikely to be
retained by binding to the HA, but it is not clear why nitrate loss would be
promoted. It is possible that the higher ammonium concentration in the soil under
HA treatments also stimulated nitrification, but the additional nitrate was leached
rather than accumulating in the topsoil. There is no published precedent for this
observation and the controlled conditions of a column leaching study are necessary

for further investigation.

The application of SHG had no significant effect on nitrous oxide emissions which is
in agreement with findings by Mukherjeenet al. (2014) who applied commercial
coal-derived HA at 7.5 t/ha in a field setting. Although that study showed a trend
towards lower emissions, high variability in the data reduced the likelihood of
identifying significant differences. In this study, as would be expected, lower nitrous
oxide emissions were measured towards the end of the study when the soil was
becoming depleted of ammonium and nitrate resulting in reduced rates of

nitrification and denitrification (Dalal et al., 2003).

5.4.2 Ryegrass and lucerne shoot and root growth and nutrition

The application of SHG promoted shoot and root growth in ryegrass but not
lucerne. There was no difference in shoot nutrition for either pasture type. The
growth response identified in the ryegrass may be due to the earlier availability of
ammonium in the soil. Ryegrass responds well to ammonium and will preferentially
take it up over nitrate (Griffith and Streeter, 1994). Lucerne, a nitrogen-fixer, was

not affected because it is able to self-produce its own nitrogen requirements.
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There are other factors that may have affected lucerne growth. In the glasshouse
study described in Chapter 5, lucerne shoot and root growth was promoted (a
46.5% increase in shoots and a 30.9% increase in roots) by the SHG product applied
at the same 20 kg/ha rate as here. The glasshouse study was conducted in optimal,
tightly-controlled environmental conditions whereas this study was conducted in
outdoor plots subject to environmental variation. Pasture-sowing was in April
(Autumn) which provides ideal conditions for ryegrass but not for lucerne which
ideally would be established in Spring. In addition, the pH of the soil (pH 5.3) was at
the very lower limit of the tolerable range for lucerne growth (pH 5.3 to 8.0) (Staley
et al., 1989, Latta et al., 2002) . During the pasture-establishment phase, lucerne is
sensitive to acidic conditions due to the increased availability of inorganic elements
such as aluminium (Wheeler and Dodd, 1995), and decreased survival rates of
nitrogen-fixing microbes that are associated with nodulation (Pijnenborg et al.,

1990).

In the early-stages of ryegrass establishment, the application of SHG had a positive
effect on shoot growth however this benefit was not sustained. A similar result was
observed in a field study in which commercial humic products were applied to
grasslands (no species details given) and a positive growth effect was seen in the
first cut, but not in the second (Verlinden et al.,, 2009). In agreement with the
conclusion reached by the authors, this could be due to depletion of water-soluble
carbohydrates by the initial burst of growth, leaving less reserves for regrowth

(Fulkerson and Donaghy, 2001).

Early-stage promotion of ryegrass root growth, particularly at the lower soil depth,
may improve pasture survival rates during drought when extensive exploration by
roots could draw on water reserves deep in the soil profile (Jupp and Newman,
1987). The promotion of root growth in response to the application of HA from a
range of sources has been identified in numerous studies (e.g. Canellas et al., 2002,

Atiyeh et al., 2002, Adani et al., 1998). With the demonstrated ability of HA to bind
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nutrients (Chen et al., 2004a) it is possible that the roots needed to explore further

to find adequate nutrition for growth.

The lack of uptake response in the ryegrass shoot nutrients is in partial agreement
with Adani et al., (1998) who observed no change in nitrogen, potassium and iron
concentrations in tomato plants following application of a commercial HA product.
In the same study, an increase in phosphorus concentration was identified but this
was not observed here. Studies conducted by Hartz (2010) and Atiyeh et al., (2002)
also observed no change in shoot nitrogen concentrations upon application of a
commercial HA formulation to lettuce, and vermicompost-derived HA to tomatoes.
Other studies show contrasting results in nitrogen concentration, with it increased
in some crops (Verlinden et al., 2009, Verlinden et al., 2010, Cimrin et al., 2001),
decreased in others (Akinremi et al., 2000) and increased or decreased depending
on the application rate (Tan and Nopamornbodi, 1979). There is little consistency in
nutrient concentrations and as has been demonstrated for plant growth (Rose et
al., 2014), nutritional effects may also be dependent on the origin and rate of HA

application, crop and/or soil type.

5.4.3 Limitations and further research

The lack of significant findings in soil organic nitrogen and inorganic nitrogen
concentrations may be due to high variation in the data set. In field conditions,
environmental factors such as temperature, moisture and spatial variability
contribute to high analytical variation (Ros et al., 2011, Bhogal et al., 1999). An
increase in the number of replicates would assist in reducing variability but with the
time and labour intensive nature of these assays, it is not always practical. These
assays are better suited to glasshouse and incubation studies in which spatial and
temporal variability are reduced by pre-treatment of soils by sieving and
homogenising, and controlled temperature and moisture (Ros et al., 2011, Smith

and Li, 1993).
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The use of suction lysimeters comes with very high spatial variability (Weihermiiller
et al.,, 2007, Keeney and Olson, 1986). Only the soil solution in the immediate
vicinity is collected and so variables such as root density around the lysimeter can
influence data variation. Strategies to overcome this could include installation of
additional lysimeters to increase the number of replicates, use of a ceramic plate
rather than a cup to cover more surface area or the use of resin bags that adsorb

cations and anions (Keeney and Olson, 1986).

The periodic nature of gas sampling may result in missing data capture, resulting in
a lack of significant trends. Static flux chambers are cheap and easy to use and it’s
possible to miss a flux event because of the periodic nature of the sampling.
Although automated chambers are expensive, they provide near-continuous

measurements of gas fluxes so that such events are not missed.

Further research could include additional field and laboratory studies. In the field,
reapplication of the SHG product and DAP would show if further surges in ryegrass
growth are possible. The application of SHG at higher rates would identify if the soil
ammonium pool is further increased and the identification of abundance and
functional changes in the soil microbes associated with nitrogen cycling could
provide information about the mechanisms involved. In the laboratory, a column
leaching study would verify the finding of higher nitrate in leachate, which is

important when considering the environmental impact of SHG.
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5.5 Conclusion

The earlier provision and higher overall concentration of soil ammonium in soil
amended with SHG and the increase in shoot and root growth of ryegrass are likely
related. Investigation of the soil microbial community could assist in identifying the
mechanisms involved. The early-stage promotion of ryegrass roots particularly at
the lower soil depth could be beneficial in circumstances of low water availability.
The promotion of nitrate loss from SHG amended soil could be verified in a column

leaching experiment.
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Abstract

Commercial lignite-derived humate products for agriculture are promoted as plant
growth stimulants and are also claimed to promote beneficial soil bacteria. Humic
acid derived from sources other than lignite has been shown to increase the
abundance (plate counts) of nitrogen-cycling bacteria but to our knowledge humate
from lignite has not been investigated in this way. In an incubation study we
investigated the effect of commercial soluble humate granules on soil bacteria using
a metagenomic approach. We hypothesised that the addition and application rate
of this product would alter microbial activity and influence the abundance of
families associated with nitrogen-cycling. Investigation of bacterial diversity by high-
throughput 16S rRNA amplicon sequencing showed that increasing the humate
application rate increased microbial activity and had an effect on bacterial phyla,
with Proteobacteria promoted at the expense of Chloroflexi. The abundance of the
nitrogen-cycling families Rhodospirillaceae, Hyphomicrobiaceae, Bradyrhizobiacea,
Beijerinckiaceae, Burkholderiaceae and Nitrosomonadaceae increased while
Nitrospiraceae remained unchanged. Other bacterial families whose abundance
increased  significantly were Xanthomonadaceae, Sinobacteraceae and
Chitinophagaceae while the abundance of Gemmataceae, Streptomycetaceae and
Ktedonobacteraceae decreased. These results suggest altered soil nitrogen-cycling
which could contribute to the growth promotion of crops and pasture commonly

associated with humate application.

6.1 Introduction

Global demand for food, fibre and fuel is growing, and this trend is expected to
continue as the global human population increases in number (Erb et al., 2012,
Bommarco et al., 2013, Robertson et al.,, 2014). These demands necessitate an
increase in global agricultural production however these increases must be made in
a time of significant environmental change and in a sustainable manner (Tilman et

al., 2011, Godfray and Garnett, 2014). Management practices that involve the use
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of organic-based fertilizers and biostimulants, including humic substances, are being
promoted as one means to achieve this goal (Quilty and Cattle, 2011, Calvo et al.,

2014).

There is substantial evidence demonstrating that humic substances can increase
plant growth and crop yields (Rose et al., 2014, Olk et al., 2013) through a variety of
mechanisms (Trevisan et al., 2010). For example, Chen et al. (2004a) proposed that
one of the major mechanisms by which humic substances promote plant growth is
via increased micronutrient availability, and that this results in larger root systems
through nutritional feedback. Alternative hypotheses suggest that humic substances
possess hormone-like activities that can directly stimulate root branching and
enhanced nutrient uptake (Trevisan et al., 2010, Mora et al., 2010). It has also been
suggested that humic addition may have an impact on soil microbial communities,
which may have consequences for soil nutrient cycling (Pascual et al., 1999, Visser,

1985b, Visser, 1985a).

Humic substances can interact with soil and fertilizer nitrogen through both abiotic
and biotic mechanisms, with significant implications for plant growth. For example
Al-Kanani et al. (1990) showed that humic substances reduced urea hydrolysis from
urea—ammonium nitrate and also retarded the formation of nitrate in soil, implying
urease- and nitrification inhibition activity. Reduced urea hydrolysis in soils treated
with humics has been linked to biological buffering properties of the humic
substances on microbial communities and enzyme activities (Dong et al., 2009).
Similarly, by formulating a nitrogen/phosphorus/potassium (NPK) fertilizer with
humic substances, Erro et al. (2007) were able to reduce ammonia volatilization and
nitrogen leaching with respect to an NPK control fertilizer, leading to increased
plant growth. Humic substances applied together with nitrogen-fixing bacteria were
also shown to promote root colonization by the bacteria and subsequently

improved plant growth (Canellas et al., 2013). Given the central role that microbes
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play in the soil nitrogen cycle, changes in nitrogen cycling with humic addition may

be due to impacts upon soil microbes.

Despite knowledge that microorganisms play a key role in regulating nitrogen
transformations, the availability or other macro and micronutrients, and plant
growth, there is little information about the direct impacts of humic substances on
soil microbial communities (Blinemann et al., 2006). Of the few studies available,
some show that humic substances increase the growth of some microbial groups
(Vallini et al., 1993, Valdrighi et al., 1996), whilst other studies show minimal (Kim et
al., 1997, Albiach et al., 2000) or even negative (Whiteley and Pettit, 1994) impacts
on microbial communities and activity. Even less information is known about the
impacts on specific microbial functional groups involved in mediating nitrogen
transformations, and most of this information comes from culture-dependant

studies (Valdrighi et al., 1996, Visser, 1985a).

While culture-dependant studies are important in investigating microbial
communities in changed environments they are biased in their evaluation of
microbial diversity by selecting specific populations and are limited with only a small
proportion of microorganisms being culturable (Hill et al., 2000). Recent advances in
sequencing technologies provide a considerable amount of taxonomic information
and have changed our understanding of microbial diversity in the environment. A
high-throughput 16S rRNA amplicon sequencing technique has been used to study
microbial communities in grassland and forest soils (Roesch et al., 2007, Lauber et
al., 2009, Nacke et al., 2011), activated sludge (Sanapareddy et al., 2009, Yu and
Zhang, 2012), and freshwater sediments (Roske et al.,, 2012, Wang et al., 2012).
These studies demonstrate that the method can be reliably applied to a variety of
matrices and can detect changes in microbial groups that represent as little as 0.1%

of the population.
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Here we present the results of a study in which we sought to determine the effect
of a commercial lignite-derived potassium humate product on the soil microbial
community. Lignite-derived humate was used because it is widely available and
represents the most common form marketed to farmers. We hypothesised that the
addition of soluble humate granules (SHG) would alter the activity and composition,
and influence the abundance of families associated with soil nitrogen cycling. We
also hypothesised any effect of SHG would be depend on application rate, as has
been shown in numerous plant-based studies. These hypotheses were tested in a
microcosm-based experiment in which soil respiration, inorganic nitrogen pools and
bacterial diversity were determined by a high-throughput 16S rRNA amplicon
sequencing technique. To our knowledge this is the first study of the metagenomic

responses of soil communities to SHG application.

6.2 Materials and methods

6.2.1 Soil collection and characterization

The soil used for this study was a Podosol, collected from a vegetable farm recently
converted from pasture in Cranbourne, Victoria (38°11’6”S, 145°18’50”E). The soil
was collected from the 0-10 cm soil layer, air-dried and sieved to < 2 mm. The soil
was analysed for organic matter (OM), carbon and nitrogen by dry combustion, pH
in 1:5 water, Colwell phosphorus by bicarbonate extraction, potassium by
ammonium acetate extraction, and ammonium and nitrate by KCl extraction (by
The Environmental Analysis Laboratory (EAL), http://scu.edu.au/eal/) and are
presented in Table 6.1. Based on this analysis, we added N, P and K at 100, 40 and
60 kg/ha respectively to match typical fertilization practice for pasture-based

systems.
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Table 6.1 Physicochemical properties of the soil prior to the addition of nitrogen,
phosphorus and potassium fertilizers and soluble humate granules (SHG).

+

pH oM C N P (Colwell) K NH, NO;
Texture
(H20) (%) (%) (%) (mg/kg) (mg/kg)  (mg/kg)  (mg/kg)
6.0 1.6 0.9 0.1 31.0 81.0 8.3 4.7 Sandy

6.2.2 Lignite-derived organic amendment

The lignite-derived amendment was a commercially-available granulated soluble
potassium humate (SHG) product. Key physicochemical properties of the product
were quantified as follows: pH was determined in triplicate 5 g sub-samples
suspended in deionized water (1:5 w/v) using a TPS WP81 meter and probe. An
additional 5 g sub-sample was used for humic acid (HA) content determination by
repeated alkaline extraction using a modification of the International Humic
Substance Society (IHSS) method (Swift, 1996), as follows. To each product, 0.1M
HCl was added to give a 10:1 acid to SHG ratio (v/w). The slurry was then shaken at
120 rpm for 1 h and allowed to settle for 12 h. The supernatant was removed and
discarded. Under an N, atmosphere, 0.1M NaOH was added to the solid residue at a
ratio of 100:1 (V/W). The slurry pH was adjusted to 12.6 with 1M NaOH and shaken
at 120 rpm for 4 h (Hayes et al., 2008). The pH of the slurry was reduced to 9 using
1M HCI, and the solids were allowed to settle for 12 h. The supernatant was
removed and retained and alkaline extraction of the remaining solid was repeated a
further seven times until the supernatant was a pale brown colour. The
supernatants were pooled and HA precipitated by adjustment to pH 2 with 1M HCI.
The humic acid was then dialysed in cellulose membrane dialysis tubing MWCO
12000 (Sigma-Aldrich, St Louis, MO, USA) in deionized water until the conductivity
of the surrounding water was less than 20 uS/m. The HA was then oven dried at
37°C and weighed. This procedure was undertaken in triplicate. A sub-sample was
ground to a fine powder using a mortar and pestle, homogenised and divided into

two. The first sub-sample was analysed for total carbon, hydrogen and nitrogen by
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dry combustion (by The Campbell Microanalytical Laboratory, University of Otago,
Dunedin, New Zealand: http://neon.otago.ac.nz/consulting/microlab/; accessed
April 2014). The second sub-sample was analysed for phosphorus and potassium by
inductively coupled plasma-optical emission spectrometry (by Waite Analytical
Services, University of Adelaide, Urrbrae, S. Aust.:
http://www.adelaide.edu.au/was/; accessed April 2014). The product composition

is shown in Table 6.2.

Table 6.2 Physicochemical properties of the soluble humate granulated (SHG)
product.

pH Moisture HA C N Ca Fe K P S Al
(H,0) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
9.4 4.5 50.2 475 13 83 47 85 01 03 1.0

6.2.3 Microcosm set up and monitoring

The SHG was added to the soil at rates of 0, 20 and 300 kg/ha. These rates span the
range of additions typically used by farmers (Rose et al., 2014). The treatments
were applied by thoroughly mixing 0, 2 and 30 mg of SHG granules in 100 g of soil in
sterile 250 mL polypropylene microcosms. Five replicates were prepared of each
application rate, giving a total of 15 microcosms. Following mixing, deionized water
was sprayed onto the soil surface using a misting bottle, until a soil moisture
content equal to 60% field capacity was achieved. The opening of each microcosm
was loosely covered with a plastic cap to minimise moisture loss, while allowing gas
exchange. The microcosms were then incubated at 25°C in the dark for six weeks
during which time the soil moisture content was maintained at 60% of field

capacity, as described above.

Soil respiration in the microcosms was measured at 0.08, 1, 4, 7, 14, 21, 28 and 42
days after the start of the experiment as follows. With the lid loosely covering the

microcosm opening, an initial gas sample was taken from the headspace. Prior to
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taking the sample, the air in the headspace was mixed by filling and emptying a 5
mL gas-tight syringe (SGE, 25MDR-LL-GT) back into the microcosm. Then, a 2 mL gas
sample was taken and injected into a CO, gas analyser (LICOR, LI-820, USA). The
microcosm was sealed immediately with the lid and left for 90 min at room
temperature (21 + 1°C) before taking the next gas sample through a central rubber
septum in the lid of the microcosm, again mixing the air before taking the sample
(Smith et al., 2012). Prior measurements of this soil had established a linear CO, flux
over this time period (data not shown). Measured CO, concentrations were

converted to mg/mz/h according to van Zwieten et al. (2010b) .

6.2.4 Harvesting and soil analysis

At the conclusion of the incubation period (42 days), the microcosms were
destructively harvested by removing the soil and mixing it (for each microcosm
separately) thoroughly. The soil from each microcosm was then divided into four
sub-samples. The first sub-sample was frozen at -20°C immediately for DNA
metagenomic analysis (see below). The second sub-sample (10 g) was weighed,
dried at 105°C (until constant mass was achieved), weighed again, and gravimetric
moisture content calculated. The third subsample (7 g) was shaken with 2M KCI for
30 mins at 200 rpm, centrifuged at 3000 rpm for 10 mins, and the supernatant
analysed for ammonium and nitrate (plus nitrite) using the methods of Forster
(1995) and Miranda et al. (2001). The fourth sub-sample was air-dried and used for
pH determination in triplicate 5 g sub-samples suspended in deionized water (1:5

W/V) using a TPS WP81 meter and probe.

6.2.5 DNA extraction and sequencing analysis

Soil genomic DNA was extracted using the PowerSoil® DNA Isolation Kit (MoBio
Laboratories), following the manufacturer’s procedure with the only exception
being a double wash with Solution C5 on the spin filter prior to DNA elution. Yields
and purity of the DNA were determined by NanoDrop (Thermo Scientific, MA, USA)

at 260 and 280 nm. High fidelity PCR was performed on each genomic DNA
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template (normalized input of 20 ng) using NEBNext high fidelity PCR mastermix
and lllumina-compatible primers targeting the V3-V4 region of microbial 16S rDNA
(Klindworth et al., 2012, Bartram et al., 2011). The PCR conditions involved an initial
denaturation step at 98° C for 30 sec followed by 30 cycles of 98° C for 10 sec, 60° C
for 30 sec and 72° C for 30 sec and ended with an extension step at 72°C for 1 min.
The PCR products were separated on a 2% TAE agarose gel and the band
corresponding to the size of approximately 600 bp was excised and purified using
QlAquick gel extraction kit (Qiagen, Hilden, Germany). The gel purified products
were quantified using KAPA library quantification kit (KAPA Biosystems, Cape Town,
South Africa), normalized and pooled in equal molar amounts. The final pooled
library was denatured and subsequently sequenced on the MiSeq (2 x 250 bp

paired-end run).

6.2.6 Bioinformatics

Each pair of fastq files generated for each sample were overlapped and trimmed (4
bp from 5' end) using PandaSeq (Masella et al., 2012). The generated output was
subsequently dereplicated, clustered at 97% identity cutoff and chimera-filtered
using UPARSE (Edgar, 2013) with a slight modification e.g. for uchime_ref, the
default gold.fa reference was replaced with the more comprehensive Greengene
OTU database (gg_otu97). Taxonomy assignment, abundance estimation, diversity
metric calculation and PCOA plot construction were performed using QIIME 1.8

(Caporaso et al., 2010).

6.2.7 Calculations and statistical analysis.

All data were analysed using JMP statistical software (JMP®, Version 10, SAS
Institute Inc., Cary, NC). All microbial data is expressed as relative abundance (%).
Prior to analysis, microbial abundance data was arcsin transformed however
untransformed data is presented for ease of interpretation. All microbial abundance
and soil characterisation data were analysed by one way ANOVA and where

significant differences were found, pairwise comparisons were made using Tukey’s
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honestly significant difference (HSD). The post-incubation ammonium data was
highly variable and so the Students t-test was used to identify significant differences

between treatments.

6.3 Results

6.3.1 Soil physicochemical properties

The addition of SHG did not have a significant (P>0.05) impact on soil pH,
ammonium or nitrate concentrations (Table 6.3). Although there were also no
significant differences in soil ammonium concentrations identified in the ANOVA,
there was a trend towards a decrease in ammonium concentration with SHG
addition. Further analysis of soil ammonium concentration data using targeted
Students t-tests, revealed that concentrations were significantly (P=0.05) lower in
the 300 kg/ha addition treatment compared to the unamended control. No other

differences were revealed in this targeted analysis.

Table 6.3 Post-incubation ammonium (NH4'-N), nitrate (NO3-N) and pH of soil
amended with SHG at 0, 20 or 300 kg/ha. No significant differences were identified
by ANOVA analysis but post-incubation NH,"-N concentration in unamended soils
compared to soil amended with 300 kg/ha of SHG were significantly different
(P=0.05) by Students t-test*.

SHG application NH;*-N NOs-N Soil pH
rate (ug/g dry soil) (ug/g dry soil)
(kg/ha)
0 6.64" (+1.39) 291.2 (+23.9) 4.12 (+0.03)
20 6.35 (+0.79) 275.5 (#8.1) 4.17 (+0.01)
300 3.51° (x0.30) 274.3 (£11.7) 4.14 (+0.02)
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6.3.2 Microbial activity

The cumulative CO, respired (Figure 6.1) was significantly higher for SHG amended
soils. This increase in cumulative respiration was evident at 14 days in the soil
receiving 300 kg/ha and only at the end of the experiment in soil amended with

SHG at a rate of 20 kg/ha.
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Figure 6.1 Cumulative CO, calculated from CO, flux measured at 0.8, 1, 4, 7, 14, 21,
28 and 42 days during the incubation period from unamended and soils amended
with 20 and 300 kg/ha of SHG. @ represents 0 kg/ha, & represents 20 kg/ha and

[0 represents 300 kg/ha amendment with SHG. Values allocated different letters
are significantly different at the P<0.05 level as assessed by Tukey’s HSD. Values
without allocated letters were not significantly different at the P<0.05 level. Mean
values are presented (n=5) and error bars represent # s.e.
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6.3.3 Soil bacterial activity, diversity and composition

Levels of bacterial diversity (Shannon) and evenness (Simpson) (Table 6.4) were
generally high (Chau et al., 2011, Fierer and Jackson, 2006) and richness (Chao1l)
moderate (Morales et al., 2009). Although there were no differences in these
indices among SHG addition treatments, there were distinct differences in the
microbial community structure of each of the treatments. Analysis of the soil
bacterial community structure by PCOA showed general clustering patterns
between unamended and SHG amended soils (Figure 6.2). With the exception of
two outliers, the unamended soil was well separated from the soil amended with
300 kg/ha of SHG. PC1 explained 66.6% of the variability, and PC2 explained 15.5%

of the variability.

Table 6.4 Indices of Shannon diversity, richness and Simpson evenness. Mean
values are presented (n=5) and values in brackets are * s.e.

SHG application rate Richness Diversity Evenness
kg/ha Chaol Shannon Simpson

0 1976 (+47) 8.7 (£0.1) 0.994
(£0.0002)

20 1954 (+35) 8.5 (+0.1) 0.993
(£0.0003)

300 1980 (+42) 8.5 (+0.1) 0.993
(£0.0007)

P value 0.89 0.16 0.08
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Figure 6.2 PCOA analysis of the soil bacterial community in soils amended with 0, 20
and 300 kg/ha of SHG. Soils amended with 300 kg/ha of SHG are clustered towards

the left of the plot and unamended soils clustered towards the right of the plot. A
represents 0 kg/ha,. represents 20 kg/ha and il represents 300 kg/ha.

6.3.4 Microbial community composition

Bacterial phyla abundance

Sequences belonging to 25 different bacterial phyla were identified (Figure 6.3). The
dominant phyla detected were Actinobacteria (28.4-35.2% across all samples),
Proteobacteria (20.8-30.9%), Chloroflexi (5.8-11.1%), Planctomycetes (5.8-8.4%),
Acidobacteria (8.3-9.9) and Gemmatimonadetes (3.8-4.0%). Phyla representing less
than 2.5% of the microbial community, including unclassified sequences (0.94-
1.17% across all samples) were classified as Other (12.3-16.5% across all samples).
The application of SHG had an effect on the proportions of phyla in each soil

microbial community. The application of SHG significantly promoted the abundance
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of Proteobacteria (P=0.008) which represented 21% of the total bacterial diversity
in unamended soil and 31% in soil amended with 300 kg/ha of SHG. The application
of SHG significantly reduced the abundance of Chloroflexi (P=0.01) which
represented 11% in unamended soil and 6% in soil amended with 300 kg/ha. The
abundance of phyla Actinobacteria (P=0.13), Planctomycetes (P=0.12),
Acidobacteria (P=0.07) and Gemmatimonadetes (P=0.13) were not significantly

altered by the application of SHG.
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Figure 6.3 Relative abundance of bacteria phyla with application rate of SHG. Mean
values are presented (n=5). Phyla representing less than 2.5% of the microbial
community in each soil were classified as ‘Other’.

Bacterial family abundance
Bacterial families with a role in soil nitrogen cycling responded differently to SHG
application. The abundance of Rhodospirillaceae (P=0.02), Hyphomicrobiaceae
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(P=0.027), Bradyrhizobiacea (P=0.0006), Beijerinckiaceae (P=0.005),
Burkholderiaceae (P=0.0076) and Nitrosomonadaceae (P=0.020) increased
significantly with SHG addition. The exception to this was Nitrospiraceae (P=0.54),
which did not respond to SHG addition (Figure 6.4).

There were a number of other bacterial families whose abundance changed
significantly with SHG addition. Specifically Xanthomonadaceae (p=0.03),
Sinobacteraceae (P=0.017) and Chitinophagaceae (P=0.02) increased and
Gemmataceae (P=0.026), Streptomycetaceae (P=0.0099) and Ktedonobacteraceae

(P=0.037) decreased with increasing SHG application rate (Figure 6.5).
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Figure 6.4 Abundance of soil bacterial families associated with nitrogen cycling in
response to amendment with SHG. Black bars represent unamended soil, grey bars
amendment with 20 kg/ha SHG and white bars 300 kg/ha SHG. Mean values are
presented (n=5) and error bars represent * s.e. Within each bacterial family, values

allocated the same letter were not significantly different at the P<0.05 level as
assessed by Tukey’s HSD.

118



~
]

6 - a
—_5 - ab a
X a
] _
gt b
2 a a
<2 - aba
b a by b
0 - | | W=

(4 < (4 < (] < <
e’b Q:b e’b Q,’b Q”b Q:b Q”b
O e O O O O O
2 & & @ 2 D G
) & > ? ) <

\Q/ X N (Q 9 X

00 (& ,b(a Q Q fb(‘
3 il & <O & & &
&° S o & © & &
> Y o) & e
© 3 &

Bacterial family

Figure 6.5 Abundance of other soil bacterial families in response to SHG
amendment. Black bars represent unamended soil, grey bars amendment with 20
kg/ha SHG and white bars 300 kg/ha SHG. Mean values are presented (n=5) and
error bars represent + s.e. Within each bacterial family, values allocated the same
letter were not significantly different at the P<0.05 level as assessed by Tukey’s

HSD.

6.4 Discussion

The application of SHG stimulated microbial activity and altered the community
composition. Cumulative respiration was greater with the addition of SHG in both
the 20 and 300 kg/ha treatments likely due to stimulation of microbial activity by
the addition of a carbon source, in this case the SHG product. While microbial
community richness and diversity remained the same, there was a trend of
evenness decreasing with application of the product. Multivariate analysis revealed

that the composition of the soil microbial community was strongly influenced by
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application of the SHG product, with clustering of the unamended soil well

separated from that amended with 300 kg/ha of SHG.

In addition to changes in the diversity and activity of the soil microbial community
there were also changes at the level of bacteria phyla. We detected 25 bacterial
phyla across all three amendment conditions (0, 20 and 300 kg/ha) with
approximately 85% belonging to a narrow variety which were Actinobacteria,
Proteoacteria, Chloroflexi, Planctomycetes, Acidobacteria and Gemmatimonadetes;
phyla that are commonly dominant in soil (Janssen, 2006, Fierer et al., 2007), some
which are important in soil nitrogen cycling. In particular, in response to SHG
application an increase in abundance of Proteobacteria (Philippot et al., 2007),

largely at the expense of the Chloroflexi phylum.

Microbial community compositional changes were also detected in bacterial
families. With the application of SHG, the abundance increase of the symbiotic
dinitrogen fixers Hyphomicrobiaceae, Bradyrhizobiacea, Beijerinckiacea, and
Burkholderiaceae and the free-living dinitrogen-fixers Rhodospirillaceae (Madigan et
al., 1984) suggests an increased rate or capacity for microbial contribution to plant-
available ammonium. Increases in soil ammonium have been identified in response
to the addition of humic acid in previous studies (Ahmed et al., 2006, Kasim et al.,
2009). In this study, while there was no accumulation of ammonium in the
amended soil, given the aerobic conditions and increase in abundance of the
nitrifying bacteria Nitrosomandaceae, we could speculate that nitrification was also

occurring.

There was no accumulation of soil nitrate which would be expected in light of the
increases in abundance of Burkholderia, Nitrosomanas, Bradyrhizobium,
Hyphomicrobium and Rhizobium which can both fix dinitrogen and denitrify
(Philippot et al., 2007). These results complement those of a culture-dependant

study in which HA isolated from a loam soil to selective media stimulated activity of
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denitrifying bacteria (Visser, 1985a). Biochar amendment also stimulates
denitrifying bacteria (Nielsen et al., 2014) and reduces nitrous oxide emissions as
shown by increases in gene copy numbers of nirK, nirS and nosZ (Wang et al., 2013).
With HA stimulation of denitrifying bacteria as shown in this study, there are
grounds to investigate gene copy numbers and denitrification rates through
isotopic-nitrogen studies (Meijide et al., 2010, Baggs, 2008) to determine possible

changes to nitrous oxide emissions.

Amendment with SHG and the resulting increased abundance of nitrogen cycling
bacteria could be beneficial for farmers, particularly if nitrous oxide emissions are
reduced. Potentially, the increased availability of inorganic nitrogen species due to
the increased microbial activity could contribute to the growth promotion of crops
and pasture commonly associated with HA application (e.g. Ferndndez-Escobar et
al.,, 1996, Adani et al., 1998, Atiyeh et al., 2002, Rose et al., 2014). This may also
explain the increased nitrogen concentration in shoot tissue as has been identified
in a number of studies (Verlinden et al., 2010, Verlinden et al., 2009, Cimrin et al.,

2001, Little et al., 2014).

With application of SHG there were significant changes in the abundance of other
bacterial families. Acidobacteriaceae increased in abundance with increasing SHG
application rate. These bacteria are found in a wide range of environments and
constitute a large component of the soil bacteria. They grow more prevalently in
soil that is less than pH 6 which explains their prevalence here (Sait et al., 2006).
Their function in the soil has not been fully resolved but there is suggestion that
they play a role in biogeochemical cycling of carbon and are capable of nitrification

(Ward et al., 2009, Quaiser et al., 2003).

Members of Xanthomonadaceae vary widely in function including pathogenic
species and those that produce compounds that can suppress the growth of

pathogens (Kyselkova and Moenne-Loccoz, 2012). Sinobacteraceae are not well
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described but are of the same order as Xanthomonadaceae. There is the suggestion
that they could also play a role in the inhibition of plant pathogens (Naushad and
Gupta, 2013). As there were no specific species of these families identified, the
implications of increased abundance with SHG application are not clear. Similar
increases in abundance were identified in response to biochar addition (Anderson
et al., 2011). Chitinophagaceae which are characterized as being free-living and
saprophytic (Kdmpfer, 2011) with the ability to produce chitinases to degrade chitin
(Del Rio et al., 2010). The increase in abundance of this family with application of
SHG suggests the potential to increase the rate of liberation of nutrients from soil

organic matter.

Generally the presence of Streptomycetaceae in soil is considered to be of benefit
due to their role in mineralisation of plant and animal matter (Schrempf, 2008)
however there are pathogenic strains such as Streptomyces puniciscabiei (Loria et
al., 2006). In this study, Streptomyces represented 57% of the sequences however
as there were no specific species of these families identified, the implications of

their decreased abundance is not clear.

Gemmataceae, a member of the Planctomycetes phylum has been isolated from a
diverse range of environments (Fuerst and Sagulenko, 2011, Wang et al., 2002). It is
known that reproduction is by budding, and that this family is unique in that no
peptidoglycan is found in the cell walls (Konig et al., 1984) but investigation of the
role that this bacteria plays in soil is in its infancy. Similarly, Ktedonobacteriace, a
member of the Chloroflexi phylum has not been well characterized, with a pure
culture of a strain from this family only recently achieved (Cavaletti et al., 2006).
Consequently the impact of decreased abundance of these families in response to

the addition of SHG is not able to be determined.
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6.5 Conclusion

Soil amendment with SHG increased microbial activity and altered the microbial
community composition, with the higher application rate having the most impact.
The increased abundance of families of dinitrogen-fixing, nitrifying and denitrifying
bacteria implies a greater potential for nitrogen-flux through the soil system.
Further quantification of associated functional genes (nif, amoA, nirS, nirK and nosZ)
combined with biochemical measurements of process rates are needed to confirm

the extent of any alterations to nitrogen cycling.
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7 General discussion, conclusion and future research

7.1 General discussion

This thesis describes the findings of a cross-disciplinary study to characterize a
range of Victorian lignite-derived products, the growth response of pasture species
and effects on key indicators of soil health. As is common in research conducted in
plant/soil systems, there were challenges such as variability in the chemical
composition of the products, sampling from highly heterogeneous environments
and inherent differences between glasshouse and field studies. As well as the
challenges, working within this biological system has presented the opportunity to
apply advancements in molecular biology tools to study the soil bacterial

community response to humate amendment.

Scientific studies were needed of the commercial lignite-derived products currently
available to farmers. The products studied here were chemically complex. The
source of the lignite coal, method of humate extraction, identity and concentration
of nutrient additives were not disclosed by the manufacturers. Often humic acid
(HA) extracts are prepared by the researchers themselves and so the source and
extraction method are known and the nutrient additions are controlled. Due to the
high variability of nutrient concentrations between products, the application rates
used in each study could not be normalized to a single property, e.g. % HA as this
would have resulted in the application of some products at unrealistic rates and
potentially excessive additions of nutrients. The approach taken was to initially
screen the products for pasture growth improvements using the manufacturer’s
recommended application rate (Chapter 3). These results were then used to define

the range of application rates for subsequent experiments (Chapters 4, 5 and 6).

In the glasshouse study presented in Chapter 4, the effect of application rate of

soluble humate granules (SHG) on the growth of lucerne at an application rate of 20
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kg/ha resulted in an increase in lucerne shoot and root growth. In the outdoor
mesocosms (Chapter 5) despite the same soil type, product and application rate, a
shoot or root growth benefit for lucerne was not observed. As other studies have
also shown, extrapolation of results from glasshouse trials to field trials is not
always possible (Bell et al., 2000, Zeller et al., 2010, Birch et al., 2007). The likely
reason for the differences observed here is that the glasshouse conditions are
tightly controlled and so seasonal changes had no impact on lucerne growth. This
along with a regular watering regime resulted in the maintenance of optimal
conditions for pasture growth for the duration of the experiment which was not the

case in the outdoor mesocosms.

The addition of HA to soil reportedly enhances the plant uptake of nutrients (Chen
et al., 2004a) however little evidence of this was seen here. For example, increased
uptake of potassium was detected in ryegrass in a low organic matter soil (Chapter
3) but this result was not replicated in ryegrass grown in a similar soil in the
mesocosms (Chapter 5). In each case, soil amendment was with a different product
type (run-of-mine (crushed) lignitic coal and soluble humate granules (SHG)
respectively) suggesting that nutrient effects could depend on the product type or
form. The most interesting result was that of lucerne nitrogen uptake. Both the
application of humate soil conditioner (Chapter 3) and SHG (Chapter 4) decreased
nitrogen uptake and for SHG application rate was an important factor, with
decreases seen only at the higher rates. In the mesocosm study in which SHG was
applied at 20 kg/ha (Chapter 5), no change in lucerne shoot nitrogen concentration
was detected which was consistent with the findings in Chapter 4, with shoot
nitrogen decreases only occurring at the higher application rates of 50 and 100
kg/ha. These results suggest that the SHG product binds nitrogen species in the soil,

which may have an impact on nitrogen cycling.

Further evidence of interaction of the SHG product with soil nitrogen species were

identified in both the mesocosm (Chapter 5) and the metagenomic studies (Chapter
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6). In the mesocosm study, in the amended soils, the increase in soil ammonium
indicated that the product may bind ammonium thereby increasing the soil
concentration. In the metagenomic study in which next-generation sequencing was
applied to DNA extracted from SHG amended soils, a wide range of bacterial species
were present; however, significant abundance increases occurred mainly in those
associated with nitrogen cycling. The evidence here of an interaction of SHG with
soil nitrogen species provides a basis for further research into nitrogen cycling and
plant-availability and mechanistic studies to identify if pasture growth increases can

be attributed to product induced changes in soil nitrogen status.

When a landholder is considering the use of lignite-derived products, the financial
cost for maximum agronomic benefit must be taken into account. For example, the
application of SHG resulted in significantly less nitrogen in lucerne shoots (Chapter
5) and while this may suggest nitrogen fertilizer savings, the observation was only
made at the higher application rates of 50 and 100 kg/ha, which is approximately 12
and 25 times respectively the manufacturer recommended application rate.
Generally the application rate recommended by manufacturers is low, likely for
economic viability (Hartz, 2010, Jones et al., 2007). It is recommended that farmers
conduct their own trials or seek to consult an agronomist to ascertain if the

products can provide benefits within their specific soil and pasture system.

The responses of key indicators of soil health including soil pH, mycorrhizal
colonization and microbial biomass carbon (MBC) to the application of commercial
lignite derived products were varied with no consistent changes detected. Soil pH
was measured in product amended soils from glasshouse (Chapters 3 and 4),
incubation (Chapter 4) and mesocosm (Chapter 5) studies and across all conditions
there was no evidence that any of the products influenced or buffered soil pH in
acidic soils as is claimed by manufacturers. Mycorrhizal colonization, which enables
the enhanced uptake of nutrients, was stimulated or depressed depending on the

applied product or soil type (Chapter 3) and the application rate was also shown to
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have an effect (Chapter 4), with SHG applied at 20 kg/ha only stimulating
colonization. This was linked to the soil phosphorus status rather than product
application. Product application had little effect on soil MBC (Chapters 3 and 4).
Increases were detected in the lower organic matter soil as would be expected
when a carbon source is added to a low carbon background (Chapter 3) but
interestingly increasing the SHG application rate did not further increase the MBC
(Chapter 4). While there were no strong trends identified, the addition of these
products was not detrimental to soil health from any of the aspects considered

here.

7.2 Limitations

Soil is a complex and highly heterogeneous environment and as such, issues of
representative sampling arise. Studies showing significant spatial variability
particularly of gas emissions and nitrogen transformations in soil are numerous (e.g.
Laverman et al., 2000, Savage and Davidson, 2003, Fang et al., 1998). At the
conclusion of pot and incubation studies, the soil can be thoroughly mixed before
sampling to decrease analytical variability (Ros et al., 2011, Smith and Li, 1993). In
field conditions, one way to account for high spatial variability is to increase the
number of sampling replicates. This is not always practical due to the time and
labour intensive nature of the assays. Alternatively taking a number of soil cores
and combining them to form a composite sample can be effective (Ros et al., 2011,
Bhogal et al., 1999, Laverman et al., 2000) and it was this approach that was taken

when soil sampling the mesocosms (Chapter 5).

The sequencing of DNA fragments by next generation sequencing is followed by
bioinformatics-based analysis to pre-process, cluster, database match and classify
sequences. The software to complete these tasks is compiled into a processing
‘pipeline’. There are a number of published pipelines (Patel and Jain, 2012, Scholz et
al., 2012, Giongo et al., 2010) or a skilled operator can integrate bioinformatics

software to form a custom pipeline. The choice of software included in the
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processing pipeline can influence the interpretation of the microbial community
data (Schloss et al., 2011). The software chosen is usually specific for the sample
type and for this reason Greengenes (used in Chapter 6) was selected as it is a
database specifically for matching extracted DNA sequences with known sequences

from environmental samples (DeSantis et al., 2006).

There are sources of bias and error in metagenomic studies and one of these is
chimera formation during PCR amplification. This occurs when an incomplete PCR
product acts as a primer and binds to other sites in the genome which are then
amplified. It has been estimated that the rate of chimerism is 5-45% of sequences
(Haas et al., 2011). There is bioinformatic software that can identify chimeras and
remove them from the analysis. These include ChimeraSlayer (Haas et al., 2011),
Perseus (Quince et al., 2011), Uchime (Edgar et al., 2011) and UPARSE (Edgar, 2013).
The UPARSE program has been previously applied to sequences derived from soil
(Wagner et al., 2014, Deng et al., 2014) and was included here in the processing

pipeline (Chapter 6).

7.3 Conclusion

The overall aim of this study was to chemically characterize and assess the impacts
of commercial Victorian lignite-derived products on the growth of selected pasture
species and key indicators of soil health. There was no clear evidence of a consistent
link between the HA and nutrient concentrations of the products and pasture

growth and soil health responses.

Soil amendment with a selection of products applied at the manufacturer’s
recommended rate resulted in inconsistent lucerne and ryegrass growth effects. It is
likely that the application rates used were too low to elicit a significant growth
response. The SHG product application rate was shown to be important to lucerne
growth with a maximum growth benefit observed at 20 kg/ha with application

beyond this rate providing no additional benefit. In the mesocosms, the SHG
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product applied at 20 kg/ha significantly promoted the early-stage shoot and root
growth of ryegrass making this product ideal for conditions of low water availability
during which the quick establishment of roots at depth can improve the chances of
pasture survival. Similar growth benefit in the same conditions was not replicated in
lucerne, suggesting the possibility that this product is more effective on non-

leguminous pasture.

Generally there were no consistent effects of the lignite-derived products on
pasture nutrient uptake with differences in shoot nutrient concentrations attributed
to soil pH changes. These pH changes were driven by the pasture rather than
application of the SHG product as demonstrated in the incubation study. Increasing
the SHG application rate to 50 and 100 kg/ha decreased lucerne shoot nitrogen
concentrations with no loss in biomass production. This could represent fertilizer
savings for farmers but with the high product application rate, the cost would need

to be taken into consideration.

In mesocosm conditions an effect of the SHG product on soil nitrogen species was
evident with application of SHG at 20kg/ha resulting in the earlier provision and
higher overall concentration of soil ammonium. This was accompanied by an
increased loss of soil nitrate while soil nitrous oxide emissions were unaffected.
Further evidence of altered nitrogen cycling was also observed by increases in the
abundance of dinitrogen-fixing, nitrifying and denitrifying bacteria families with
increasing SHG application rate. The implications on nitrogen cycling are not fully

resolved and further research is required.

Soil application of the selected lignite-derived products both at the manufacturers
recommended rates and for SHG at high application rates, did not have an effect on
soil pH or MBC. While mycorrhizal colonization was not negatively affected by the
application of products, increases detected were likely due to the nutritional status

of the soil.
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It is clear from the research presented in this thesis that pasture growth and soil
health benefits that may be gained from the use of commercial lignite-derived
products studied are strongly dependent on the soil type, pasture species and
product application rate. Further mechanistic studies are needed to give insights

into why these products are effective in some conditions but not others.

7.4 Further research

Given the complex chemical nature of commercial humic products and the
difficulties in deciphering plant, soil and product interactions, the development of
further mechanistic studies requires a standardized protocol for quantifying the HA
and FA in the products. While advancements have been made in this area (Lamar et
al., 2013), further work is required to develop a protocol that is effective across the

wide range of product types available.

In this thesis the response of the two pasture species, ryegrass and lucerne, to
lignite-derived amendment was assessed as two individual species. This provided
important information, particularly highlighting the different responses of a
leguminous species compared to a non-leguminous species but the agronomic
benefit to an individual species cannot be extended to a mixed pasture system
(Sanderson et al., 2004). The pasture composition affects a number of ecosystem
functions including nutrient cycling (Sanderson et al., 2004). One of the most
studied systems is of nitrogen fixation and cycling in mixed pasture comprised of
both leguminous and non-leguminous species (Haynes and Williams, 1993).
Previous studies on commercial lignite-derived products applied to mixed
grasslands have reported shoot growth benefits however soil and nutrient cycling
effects were not considered (Verlinden et al., 2010, Verlinden et al., 2009). There is
scope to study the effects of Victorian lignite-derived products on the mixed
pasture as would be found in realistic grazing conditions, and assess nutrient cycling

and soil health effects.
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Given the inconsistencies in pasture growth effects between soil types and pasture
species identified here, it would be of benefit to farmers and product
manufacturers to conduct further glasshouse and longer term field studies using a
range of soil types. This may enable the matching of each commercial product with
specific environmental settings. Also of interest would be the effect of product

reapplication on pasture growth and soil health during the growing season.

Further investigation of the impact of lignite-derived products on nitrogen cycling
could lead to further understanding of the mechanisms by which these products
improve pasture growth. For farmers there is the potential for nitrogen-based
fertilizer savings and for manufacturers, identification of a market for blended
lignite-fertilizer products. As shown here, the increased abundance of soil nitrogen
cycling bacteria suggests an alteration in soil nitrogen cycling; however,
qguantification of the nitrogen functional genes nif, amoA, nirS, nirK and nosZ by
guantitative polymerase chain reaction (qPCR) would be required to confirm
functional changes. The response of the soil fungal and archaea communities to
humate addition was not been explored and to my knowledge there are currently
no published precedents. Next-generation sequencing using fungal- and archaea-

specific primers would give insights.

In conclusion, while the work presented here provides previously lacking
information of the agronomic performance of Victorian lignite-derived products
there is clearly more research to be done in this area. This work would assist
farmers to decide if these products could be of benefit within their pasture and soil
system and could encourage manufactures to assess usage guidelines and

recommended application rates, and produce more effective products.
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Appendix 1 Chapter 3 supplementary table

Table Al1.1 Mean shoot (SDW) and root dry weight (RDW), and microbial biomass
carbon (MBC) following 56 days of ryegrass or lucerne growth. LDP refers to lignite-
derived product as indicated in Table 1. Values in parenthesis are +/- s.e.

Soil LDP SDW SDW RDW RDW MBC MBC
ryegrass lucerne ryegrass lucerne ryegrass lucerne
(9) @ (9) @ (ugC/gdry  (ugClgdry
soil) s0il)
Cranbourne A 5.89(0.52) 6.33(0.53) 3.15(0.43) 2.44(0.22) 0.12(0.01) 0.15(0.04)

B 7.790.23)  6.06(0.17) 3.24(027) 2.54(0.18) 0.08(0.01)  0.10(0.01)

C  768(009)  6.35(0.33) 461(051) 2.87(0.06) 0.12(0.00)  0.08(0.02)

D  630036)  6.01(0.68) 2.87(0.19)  2.20(0.30) 0.05(0.01)  0.11(0.01)

E 7.26(0027)  5.96(0.53) 3.35(058) 2.58(0.13) 0.09(0.01)  0.14(0.02)

F 7.72(035)  5.86(0.52) 3.44(029) 2.53(0.26) 012(0.01)  0.13(0.02)
Control  7.44(0.33)  5.34(057) 3.13(0.37) 2.22(0.23) 0.03(0.01)  0.10(0.01)
Stony Creek A 962052)  6.36(0.36) 3.80(0.32) 2.21(0.21) 0.47(0.08)  0.71(0.05)
B 843012)  8.30(0.22) 3.08(0.31) 2.61(0.32) 037(0.11)  0.78(0.05)

C  939(046)  7.43(0.33) 2.93(0.10)  2.23(0.13) 0.49(0.06)  0.70(0.02)

D  857(013)  7.50(0.35) 353(042) 2.72(0.22) 058(0.01)  0.62(0.10)

E 8.60(053)  7.65(0.37) 353(0.62) 2.66(0.28) 0.48(0.08)  0.71(0.06)

F 9.08(032)  7.16(0.26) 3.47(0.48)  2.41(0.29) 043(0.11)  0.75(0.05)

Control  9.20(0.38)  7.30(0.36) 3.67(0.20)  2.44(0.22) 0.59(0.03)  0.65(0.09)
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Appendix 2 Lucerne shoot nutrient, chlorosis and soil health
data
Table A2.1 Nutrient composition of lucerne shoot tissue. Mean values are indicated

(n=5) and values in parentheses are +s.e. No significant differences at P<0.05 were
identified.

Application

LDP rate Al Ca Fe Mn Zn Mg K P S
(t/ha) (mg/kg)  (s/kg)  (mg/kg)  (mg/kg)  (mg/kg)  (s/ke)  (8/ke)  (s/ke)  (g/ks)
45 8.3 108 182 51 3.8 25.2 3.5 3.0
ROM 0 (6) (0.8) (13) (18) (4) (0.1) (0.6) (0.1) (0.1)
5 32 10.2 138 205 51 4.2 24.8 3.9 33
(3) (0.5) (30) (30) (5) (0.2) (2.1) (0.1) (0.2)
s 35 9.5 174 192 55 4.4 26.6 35 3.1
(6) (0.4) (48) (16) (3) (0.2) (2.4) (0.1) (0.2)
10 50 9.7 126 224 64 4.4 28.2 3.7 3.1
(4) (0.4) (16) (7) (5) (0.4) (2.1) (0.5) (0.1)
»s 49 8.5 131 226 58 45 25.6 33 35
(6) (0.4) (23) (36) (7) (0.5) (1.4) (0.1) (0.4)
LMB1 0 45 8.3 108 182 51 3.8 25.2 35 3.0
(6) (0.7) (13) (18) (4) (0.1) (0.6) (0.1) (0.1)
1 39 9.1 116 183 51 3.9 22.8 3.0 2.7
(5) (0.6) (22) (13) (2) (0.2) (1.0) (0.1) (0.1)
5 49 9.7 122 187 55 4.4 23.2 35 2.9
(5) (0.2) (20) (14) (5) (0.2) (1.0) (0.2) (0.1)
s 37 10.1 115 185 55 45 22.6 3.2 2.8
(7) (0.5) (11) (13) (4) (0.2) (1.0) (0.1) (0.1)
10 37 9.4 159 219 60 4.2 25.2 35 3.1
(3) (0.5) (48) (25) (2) (0.2) (1.1) (0.1) (0.1)

Table A2.2 Organic composition of lucerne shoot tissue. Mean values are presented
(n=5) and values in brackets are + s.e. No significant differences at P<0.05 were
identified.

LDP Application rate C N
(t/ha) (%) (%)
ROM 0 41.7 (0.4) 3.0(0.2)
2 42.0 (0.3) 2.8(0.2)
5 40.2 (0.2) 2.8 (0.3)
10 40.3 (0.2) 3.3(0.2)
25 41.0 (1.0) 2.9 (1.3)
LMB1 0 41.7 (0.4) 3.0(0.2)
1 41.6 (0.5) 2.9(0.2)
2 41.7 (0.9) 2.7 (0.2)
5 40.9 (0.7) 2.7 (0.1)
10 41.4 (0.8) 3.0(0.1)
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Table A2.3 Number of days post-seeding until the appearance of chlorotic
symptoms. Values in brackets are +s.d. No significant differences were identified.

LDP Application rate Days until chlorotic

(t/ha) symptom appearance
ROM 0 17 (1)
2 17 (5)
5 23 (4)
10 18 (4)
25 15 (2)
LMB1 0 17 (1)
1 15 (2)
2 16 (3)
5 17 (3)
10 17 (3)

Table A2.4 Microbial biomass C (MBC) and mycorrhizal colonization of lucerne.
Mean values are presented (n=5) and values in brackets are + s.e. No significant
differences at P<0.05 were identified.

LDP Application MBC Mycorrhizal Soil pH
rate (mg C/g dry soil) colonization
(t/ha) (%)
ROM 0 22.8 (6.2) 2.0 (1.3) 4.5(0.1)
2 20.6 (1.3) 1.2 (0.6) 4.6 (0.1)
5 19.7 (1.9) 1.2 (0.6) 4.6 (0.1)
10 20.6 (4.9) 0.6 (0.4) 4.5(0.1)
25 15.0 (3.1) 1.8 (0.7) 4.5 (0.1)
LMB1 0 22.8 (6.2) 2.0(1.3) 4.5(0.1)
1 29.3(1.6) 1.6 (0.7) 4.6 (0.1)
2 14.0 (4.0) 2.2(0.7) 4.5(0.1)
5 13.2 (3.8) 2.0(1.2) 4.6 (0.1)
10 14.8 (5.8) 1.2 (0.6) 4.6 (0.1)
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Appendix 3 Summary of project outputs

Papers

Published

LITTLE, K. R., ROSE, M. T., JACKSON, W. R., CAVAGNARO, T. R. & PATTI, A. F. 2014.
Do lignite-derived organic amendments improve early-stage pasture growth and
key soil biological and physiochemical properties? Crop and Pasture, Advance online
publication, doi: 10.1071/CP13433.

ROSE, M. T., PATTI, A. F., LITTLE, K. R., BROWN, A. L., JACKSON, W. R. & CAVAGNARO, T. R.
2014. A meta-analysis and review of plant-growth response to humic substances: practical
implications for agriculture. Advances in Agronomy, 124, 37-89. (Appendix 4).

In review

LITTLE, K. R., PATTI, A. F., ROSE, M. T., JACKSON, W. R., & CAVAGNARO, T. R. 2014.
Metagenomic and functional responses of the soil microbial community to humate
addition.

Conference posters and presentations

A commercial humic product stimulates bacterial families involved in soil nitrogen
cycling.

17t Meeting of the International Humic Substances Society, loannina, Greece,
September 2012. September 2014. Poster presented by Tony Patti.

Effect of application rate of commercial lignite coal-derived amendments on early-
stage growth of Medicago sativa and soil health, in acidic soil conditions.

3 International Low Rank Coal Industry Symposium, Melbourne, April 2014. Poster
presentation.

Brown coal-derived amendment improves plant growth and fertilizer efficiency.
10" Australian Coal Science Conference, Brisbane, November 2013. Oral
presentation.

Effect of application rate of commercial lignite-derived amendments on early-stage
growth of Medicago sativa and soil health, in acidic soil conditions.

5th Joint Australian and New Zealand Soil Science Conference, Hobart, December
2012. Poster presentation.
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Effect of application rate of commercial lignite coal-derived amendments on early-
stage growth of Medicago sativa and soil health, in acidic soil conditions.

16" Meeting of the International Humic Substances Society, Hangzhou, China,
September 2012. Poster presentation.

Effect of lignite coal-derived amendments on vegetative growth and nutrition of

pasture species in acidic soils.
Eurosoil, Bari, Italy, July 2012. Poster presentation.
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Appendix 4 Meta-analysis and review paper

The full reference for this paper is:

ROSE, M. T., PATTI, A. F., LITTLE, K. R., BROWN, A. L., JACKSON, W. R. & CAVAGNARO, T. R.
2014. A meta-analysis and review of plant-growth response to humic substances: practical
implications for agriculture. Advances in Agronomy, 124, 37-89.
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Abstract

The breakdown products of plant and animal remains, extracted in an alkaline solution,
are commonly referred to as humic substances (HS). They can be extracted from a wide
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variety of sources, including subbituminous coals, lignites (brown coals), peat, soil, com-
posts, and raw organic wastes. The application of HS to plants has the potential to
improve plant growth, but the extent of plant-growth promotion is inconsistent and
relatively unpredictable when compared to inorganic fertilizers. The goal of this review
was to determine the magnitude and likelihood of plant-growth response to HS and to
rank the factors contributing to positive growth promotion. These factors included the
source of the HS, the environmental growing conditions, the type of plant being
treated, and the manner of HS application. Literature reports of exogenously applied
HS—-plant interactions were collated and quantitatively analyzed using meta-analytic
and regression tree techniques. Overall, random-effects meta-analysis estimated shoot
dry weight increases of 22 +4% and root dry weight increases of 21 4 6% in response to
HS application. Nevertheless, actual responses varied considerably and were mainly
influenced by the source of the HS applied, the rate of HS application, and to a lesser
extent, plant type and growing conditions. HS from compost sources significantly out-
performed lignite and peat-derived HS in terms of growth promotion, while HS appli-
cation rate nonlinearly moderated the growth response under different circumstances.
Our results demonstrate the difficulty in generalizing recommendations for the use of
HS in agriculture; however, some specific suggestions for maximizing the efficacy of HS
under certain conditions are offered. We also outline some recent developments in the
use of HS as synergists for improving fertilizer use efficiency and the activity of microbial
inoculants. Finally, we identify a number of research gaps, which, when addressed,
should clarify how, when, and where HS can be best applied for the greatest benefit.

1. INTRODUCTION

Humic substances (HS) are a category of naturally occurring organic
compounds that arise from the decomposition and transformation of plant,
animal, and microbial residues (MacCarthy, 2001). They are a natural com-
ponent of practically all soils, but levels vary and there is considerable evi-
dence that modern agriculture involving practices such as soil tillage has
resulted in their decline (Novotny et al., 1999; Shepherd et al., 2001).
The loss of humic material, together with overall reductions in soil organic
matter, is of concern because they play important roles in maintaining key
soil functions and plant productivity (Lal, 2004; Sparling et al., 2006). Con-
sequently, there is interest in the application of HS-based amendments to
agricultural systems in order to reverse this trend (Piccolo and Mbagwu,
1997; Quilty and Cattle, 2011).

HS are chemically complex with no clearly defined chemical structure,
although generalized models have been proposed (Bruccoleri et al., 2001).
While traditionally viewed as complex macromolecules, they have more
recently been described as mixtures of smaller molecules, containing
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aromatic rings, aliphatic chains, and ionizable functional groups that interact
with each other to form aggregated colloids (Piccolo, 2001; Pinton et al.,
2009; Sutton and Sposito, 2005). There is significant evidence that the exog-
enous application of HS can help improve soil fertility, primarily through
their complex chemistry which facilitates interactions with a variety of min-
eral and nonmineral organic soil components. Some of the documented
benefits of soil amendment with HS include improved soil aggregation
and structure, increased pH buffering and cation exchange capacity,
increased water retention capacity, increased bioavailability of immobile
nutrients (such as P, Fe, and Zn), and decreased toxicity of aluminum
and heavy metals (Chen et al., 2004a; Imbufe et al., 2005; Peiris et al.,
2002; Piccolo and Mbagwu, 1989; Piccolo et al., 1997, Tan and
Binger, 1986).

As well as indirectly influencing plant productivity through modification
of soil characteristics, HS can also directly impact on physical and metabolic
plant processes. A recent review by Muscolo et al. (2013) reviews evidence
for the hormone-like effects of HS and how these relate to the chemical
structural features of these materials. The authors highlight a predominance
of auxin-like effects and that nonlignin structures are the principal contrib-
utors. These effects can be elicited through an interaction with either roots
or shoots. For example, hormonal-like responses on plant roots were dem-
onstrated by Trevisan et al. (2010) and HS may also stimulate H"-ATPase
and ion transporter activity in the root plasma membrane (Mora et al., 2010;
Pinton et al., 1997, 2009). Both these eftects can enhance nutrient acquisi-
tion, the former through increased soil exploration, and the latter by accel-
erating nutrient uptake. These eftects appear to be especially prominent for
cases involving HS derived from compost and vermicomposts, which may
contain auxin-related compounds (Muscolo et al., 1999; Quaggiotti et al.,
2004), including indole-acetic acid derivatives and other low molecular
weight organic acids (Russell et al., 2006). In contrast, effects on leaf func-
tion have been less well documented and appear somewhat contradictory
(Nardi et al., 2002). Foliar application of HS may increase leat chlorophyll
concentration (Sladky, 1959), but it is also recognized that HS contain a
range of functional groups which are able to interfere with photosynthesis
(Pflugmacher et al., 2006). Foliar applications have also been shown to influ-
ence transpiration, though the mechanism is unclear and both increases and
decreases in water loss and leaf gas exchange have been observed.

Despite numerous publications on the potential positive eftects of HS on
plant growth and productivity over more than five decades (Billingham,
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2012; Chen et al., 2004b; Quilty and Cattle, 2011) and substantial interest in
their potential for improving nutrient-use efficiency and contributing to
C sequestration in the soil, the use of commercial products containing
HS in agriculture varies and there is scepticism about their effectiveness
(Billingham, 2012). Part of the reason for this is no doubt related to the wide
range in physicochemical properties of HS, which vary according to the
method of extraction and the environmental matrix from which they are
sourced. HS are formed under a variety of environmental conditions and
are, therefore, highly heterogeneous and structurally difficult to define
(Senesi, 1994). Commercial products often contain mixtures of humic
materials and added plant nutrients; hence, the cause of any observed ben-
eficial effect cannot be easily attributed to the HS themselves. In addition,
the recommended rates of application of commercial products are generally
very small in relation to the natural levels of HS present in the soil. As a con-
sequence, the effect of an HS product is substantially less predictable than
other plant or soil amendments of a known chemical structure, such as
inorganic fertilizers or synthetic organics including pesticides and growth
regulators. Moreover, because of the multiple chemical functional groups
of HS, a particular HS product may behave completely differently under
different environmental conditions, or when applied to different plant
species. Finally, as with many chemical fertilizers, the timing, location,
and rate of application will play a crucial role in determining whether
beneficial or harmful eftects will evolve and whether or not any beneficial
effects are economically worthwhile. This is particularly important because
recent publications have pointed out potential negative effects and have
questioned the economic viability of applying HS for improved crop
production (Asli and Neumann, 2010; de Santiago et al., 2010; Hartz and
Bottoms, 2010).

In light of the potential benefits of HS, together with their inconsistent
performance under field conditions, we sought to improve the understand-
ing of the effects of HS on plant growth by conducting a meta-analysis of the
published literature. More specifically, our objectives were (i) to quantify the
magnitude and likelihood of plant-growth promotion, in terms of shoot and
root biomass, resulting from HS application; (ii) to determine the influence
of environmental conditions, plant type, HS properties, and the manner of
application on plant-growth response to HS; (iii) to identify gaps in our
understanding of the interaction of HS with plants; and (iv) to provide some
general recommendations for the practical use of HS in agronomic systems
and suggestions for future work.
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2. META-ANALYSIS

2.1. Methods

2.1.1 Literature search and refinement

We conducted a search of the databases Scopus and ISI Web of Science using
a combination of search terms including “humic” AND “plant” AND
“eftect” AND “growth OR yield.” This search was designed to provide
an unbiased selection of potential studies, rather than act as an exhaustive
search for all studies in this area. The search yielded 390 papers, the abstracts
of which were screened in the first instance to determine if the experiments
conducted involved the application of HS to plants. Unsuitable abstracts (no
plants grown or no HS applied: 185 papers), nonresearch articles (6 papers),
and publications in languages other than English (19 papers) were not
reviewed further. The full text of all remaining papers were sought and scru-
tinized to determine if a measure of plant shoot (SDW) or root dry weight
(RDW) was reported for both an HS treatment and a suitable untreated con-
trol. Papers not fulfilling this minimum requirement were also excluded
from our analysis (99 papers). The full reference list including rejected papers
is available on request or on our Web site (soilecology.org), and a list of
accepted papers is given in Appendices A and B. From a total of 390 papers
originally found, 81 were retained for the meta-analysis; with 57 studies pre-
senting data on SDW and 39 studies reporting RDW. This provided over
700 data points on which to base our analysis, which can be updated and
expanded in future as research progresses. It is important to note that few
of the retrieved studies report results from statistically rigorous field trials
testing plant-growth responses to HS through to crop maturity. We would
like to emphasize that our meta-analysis therefore reflects this limitation, but
nevertheless provides important information about trends in plant-growth
response and how they might be manipulated for maximum agronomic
benefit.

2.1.2 Response and moderator (explanatory) variables

The focus of many investigations is on either shoot or root responses to HS,
but not both; consequently, we assessed SDW and RDW as separate
response variables. We were also interested to examine if HS affect both root
and shoot biomass in a similar manner, or whether growth effects are biased
toward either plant organ under different circumstances. In order to test our
hypotheses, we used the data available in the papers included in our analysis
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to identify a set of continuous and categorical groups that we predicted
would influence the responsiveness of plants to HS applications. These
groups fell under four broad areas: environmental conditions, plant type,
HS properties, and the method of HS application.

2.1.2.1 Environmental conditions

Originally, we attempted to populate a data matrix containing quantitative
data of experimental growth conditions, including pH, EC, nutrient avail-
ability, and temperature; however, full data sets were rare, and we did not
further pursue this avenue of investigation. Instead, we created two proxy
categories based on data that were routinely reported: growth media and
stress conditions. Growth media contained three levels: hydroponic culture,
soil culture, or hybrid culture. Hybrid culture entailed the growth of plants
on a solid, but relatively inert media (e.g., sand, vermiculite, perlite, or peat)
and regular fertilization with nutrient solution. The stress conditions cate-
gory was also designated into one of three levels: no stress, moderate stress,
or high stress. No stress included studies that did not explicitly state stress as
an investigation factor, or did not include treatments (other than HS appli-
cation) that reduced growth to less than 90% of nontreated controls. Mod-
erate and high stress involved treatments (additional to HS application) that
reduced growth by 10-50% or >50% as compared with nonstress controls,
respectively.

2.1.2.2 Plant type

The plant species used in each study was recorded and subsequently catego-
rized into three levels: monocotyledonous plants, dicotyledonous herbs, and
woody perennials.

2.1.2.3 HS properties

To characterize the HS used, we initially tried to obtain quantitative chem-
ical data on the composition of HS used in each study, such as percentage C,
H, N, and O; molecular weight range distribution; and carbon functional
group composition as analyzed by nuclear magnetic resonance (NMR)
spectroscopy. Unfortunately, such data were sparse. As an alternative, we
created a subcategory based on the source of the humic acids, which
included brown coal (BC), peat, soil, compost (green waste), compost
(manure), and unreported. The level “brown coal” included HS extracted
from lignite, leonardite, and subbituminous coals. Although many papers
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used commercial HS, these were usually identified by trade name or man-
ufacturer and could therefore be traced to the original source. Composts
included both vermicomposts and traditional composts.

2.1.2.4 Method of application

Two subcategories were created to characterize the method of HS
application. The first included the “site” of application as foliar-applied,
root-applied, combined foliar—root application or soil application. Root
application generally involved addition of the HS into the growing medium.
HS applied to seed were designated as “combined” application, our rationale
being that both the roots and shoots come into contact with the HS on
germination. The second moderator within this category was a continuous
variable that specified the rate of HS application. All rates were converted
into milligram of HS per kilogram of growing medium. In the case where
rates were reported as mass of HS per volume of growing medium and bulk
density was not given, a bulk density of 1.0 g cm ™ was assumed. In the case
where rates were reported as mass of HS per unit area, we assumed passive
incorporation to a depth of 10 mm, and again, a bulk density of 1.0 if not
otherwise reported.

2.1.3 Statistical analyses
Response ratios to HS treatment were calculated for SDW and RDW,
such that

L= 1H(DWH5/DWC)

where DWyyg 1s the dry weight of shoot or root biomass of plants treated
with HS, and DW ¢ is the dry weight of the nontreated control grown under
the same conditions. The variance of the response ratio was calculated
according to Hedges et al. (1999) using the standard error and number of
replicates reported for each individual study. Where standard errors were
not presented or could not be calculated, we assumed a standard error of
10% of the mean (Gattinger et al., 2012; Luo et al., 2006). Response ratios
were analyzed using the “metafor” package (Viechtbauer, 2010) within the
statistical program R (R Development Core Team, 2005). The “metafor”
package provides functions for fitting both fixed- and random-eftects
models to observed outcome measures, with or without the inclusion of
moderator variables (study-level covariates). For our purpose, the SDW
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or RDW response was taken as the observed outcome measure, and the var-
iables growth media, stress condition, plant type, HS source, application site,
and application rate were designated as moderators. The overall heteroge-
neity was initially assessed by excluding all moderator variables, and each
moderator was subsequently tested one by one as a sole covariate, in order
to ascertain its individual power to explain the observed heterogeneity. All
models were run using the restricted maximum-likelihood estimator func-
tion. Publication bias was assessed by creating funnel plots (Egger et al.,
1997) and assessing asymmetry in the data by conducting a meta-analytic
regression test using variance as a predictor in the “metafor” function
regtest.rma (Viechtbauer, 2010).

Although mixed-eftfect modeling in this framework is useful for com-
bining multiple studies and estimating aggregate effects of covariates,
it lacks the capability to model nonlinear functions and is not very efficient
for modeling interactions between variables, both of which are common
occurrences in environmental systems. In order to further explore the
complex nature of HS effects on plant growth, we therefore also conducted
classification and regression tree (CART) modeling (De’ath and Fabricius,
2000). This nonparametric approach repeatedly splits heterogeneous data
into increasingly homogeneous subsets. It is commonly used to establish
prediction criteria based on a number of explanatory variables, but can also
be used to rank the importance of these explanatory variables in describing
the overall heterogeneity of a data set (De’ath and Fabricius, 2000).
Depending on splitting criteria, a number of different CART's can be pro-
duced from the same data set, with differing bias and predictive power.
To overcome the issues inherent in constructing a singular CART, we
performed a boosted regression tree (BRT) using the R package “gbm”
(Ridgeway, 2013) combined with the “rt” vignette (Elith et al., 2008).
Boosting grows the suite of trees by sequentially modeling the residuals
throughout all parts of the data space, including those for atypical observa-
tions that depart from the dominant patterns explained by the initial trees
(Elith et al., 2008). Weakly predictive trees are aggregated to create an
improved model, thereby reducing both bias (through forward stagewise
fitting) and variance (through model averaging).

Using the output from the regression tree analysis, we partitioned the
data sets according to the two most influential explanatory factors, and plot-
ted the growth response against the rate of HS application. Inferences were
made by fitting linear models to log-transformed data.
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2.2. Results

2.2.1 Data quality and aggregate effect of HS on plant growth

Case diagnostics performed using the “influence” function of the metafor
package identified 12 outlier data points in the SD'W data set and four out-
liers in the RDW data set that exerted considerable influence on the
random-effects model fit; these data points were therefore excluded from
the model. The revised random-eftects model predicted that HS application
significantly (Table 2.1) increases both SDW and RDW by 19+3% and
20 4%, respectively. Publication bias was not detected by regression tests
of funnel plot asymmetry for either the SDW (p=0.96) or the RDW
(p=0.51) data set.

Subsequent inclusion of moderator variables into the model showed that
the shoot growth response was not significantly influenced by the growth
media or the application site, but was significantly affected by the source
of HS used, stressful growing conditions, the type of plant being treated,
and the rate of HS applied (Table 2.1). Of the HS source categories, only
peat-derived HS did not significantly affect shoot biomass accumulation
(4£12%) (Fig. 2.1). BC-derived HS increased SDW response (12 +4%),
but was less effective than HS extracted from green waste compost
(29 £ 8%), manure compost (28 +8%), and soil (25 £ 8%). Plants were sig-
nificantly more likely to increase shoot growth in response to HS application
under highly stresstul conditions (28=£6%) than nonstresstul conditions

Table 2.1 Significance (p-value) of models containing a single moderator, according to
plant shoot or root dry weight response to HS application

Moderator Shoot growth Root growth
None® <0.001 <0.001
Media 0.336 0.016
Stress 0.015 0.144
Plant type 0.026 0.031
Application location 0.380 0.063
Application rate 0.002 0.261
Source <0.001 <0.001

“The overall random-effect model without any moderators; significance indicates statistical difference
between HS-treated plants and control (no HS treatment) plants.
Significant models are shown in bold (p <0.05).
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Figure 2.1 Estimated shoot growth response (weighted mean +95% confidence level)
of plants to HS application for three significant explanatory moderators. Ratios >1 indi-
cate growth promotion and <1 indicate growth suppression. The number of data points
in each group is given in parentheses.

(18 £3%). Also, woody perennials did not show any significant shoot
growth promotion in response to HS application.

In contrast to shoot growth, the effect of HS on root growth was not
significantly influenced by stress or application rate, but the source of the
HS still moderated the growth response in a similar fashion to that of shoots
(Table 2.1). Under these circumstances, both peat- and BC-derived HS did
not affect root growth, but all other HS promoted plant root growth by
12-40% (Fig. 2.2). The root growth of woody perennials was similarly
not significantly affected by HS application, and although the growth media
moderated the root growth response (Table 2.1), there were no significant
differences between the different growth media (Fig. 2.2).

2.2.2 Factors influencing HS efficacy
To further investigate the source for variability in plant-growth response to
HS, a BRT model was constructed and analyzed. The optimized BRT was
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Figure 2.2 Estimated root growth response (weighted mean 4 95% confidence level) of
plants to HS application for three significant explanatory moderators. Ratios >1 indicate
growth promotion and <1 indicate growth suppression. The number of data points in
each group is given in parentheses.

superior to the mixed-model meta-analysis in terms of model fit to both
SDW and RDW. The BRT revealed that application rate, HS source,
and plant type were the most important factors regulating HS impact on
shoot and root growth; this was in agreement with the results of the
mixed-eftect model (Fig. 2.3). In comparison, application rate, HS source,
and stress conditions were most important for root growth. The growth
media used and the location of application played less of a role in influencing
HS efficacy than the other variables.

The distributions of the modeled data emphasized the variability in
response of plant growth to HS application (Figs. 2.4 and 2.5). As in the
mixed model, BC- and peat-derived HS did not promote plant growth as
strongly as other HS, and woody perennials generally responded negatively
to HS application. Trends in other explanatory variables were not readily
apparent, suggesting more complex interactions between variables were
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Figure 2.3 Relative contribution of explanatory variables to the optimum boosted

regression tree model for A. SDW response and B. RDW response to HS application.

o

responsible for explaining the observed heterogeneity of shoot and root
growth response.

2.2.3 Factor interactions

Interactions between HS source and application rate were found to be
important in explaining the variation in both shoot and root growth
response to HS. An interaction between plant type and application rate
was also apparent for shoot growth, while an interaction between HS source
and stress conditions was the most important pairwise interaction involved
in root growth response (Table 2.2).

To further investigate the interactive effects revealed in our analysis, we
replotted both sets of response data according to the interactions between
the three most important explanatory variables: in the case of shoots this
was application rate, HS source, and plant type; and for roots this was appli-
cation rate, HS source, and stress conditions. Whereas increasing rates of
green waste compost HS application to both monocots and dicots was pos-
itively related to shoot growth over untreated control plants, the application
of'soil-derived HS appeared to stimulate plant shoot growth more effectively
at lower application rates (Fig. 2.6). Furthermore, higher rates of BC- and
peat-derived HS appeared to inhibit shoot growth in woody perennials rel-
ative to untreated controls, but the application rate of these HS did not affect
the shoot growth of monocots and dicots in any consistent fashion.
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Table 2.2 Pairwise interactions between explanatory variables in the optimized
BRT model
Application Application
Media Stress Plant HS source site rate

Media 2.38 0.03 0.82 0.03 2.72
Stress 0.39 7.89 0.86 1.73
Plant 0.05 0.65
HS source 0.41 0.3

Application site  0.37  0.24

Application rate  0.11 0.24

Higher numbers indicate increased importance of the interaction for predicting a growth response. Gray
cells are interactions contributing to RDW response; white cells are interactions contributing to SDW
response. Numbers in bold show the two most important interactions.

With regard to root biomass response (Fig. 2.7), increasing rates of
BC-derived HS were negatively related to root growth under conditions
of stress, but did not consistently affect growth under nonstress conditions.
The opposite occurred with soil-derived HS, with a positive root growth
response to increased application rates under high stress conditions.
However, as with BC-derived HS, inconsistent effects were observed under
low and nonstress conditions.

3. PLANT-GROWTH RESPONSE TO HS: MODERATING
FACTORS

3.1. General plant-growth response

HS are becoming increasingly available as commercial supplements for crop
improvement, but growth eftects can be positive or negative and difficult to
predict (Quilty and Cattle, 2011). In considering a wide range of published
studies, we found that HS generally increase shoot and root growth by
15-25%, but high variation increases risk to farmers. For example, approx-
imately half of the studies on SDW response and one-third of RDW studies
failed to increase growth by more than 5%, which we consider to be agro-
nomically significant. Thus, there is a strong need to improve consistency
and predictability of the growth response.
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growth promotion by HS; data below indicate shoot growth suppression.

3.2. Application rate

Regression tree-modeling showed the rate of HS application and its inter-
action with other factors as important predictors of growth promotion by
HS. This is in contrast to the linear mixed-eftect modeling, which suggested
only a minor significance to shoot dry weight. The contradiction between
the two models implies that although the application rate has a strong influ-
ence on the growth of plants receiving HS, the response is nonlinear. Bio-
logical responses to increasing concentrations of HS are often best described
by quadratic functions, whereby an optimum concentration is identified
after which the response declines or inhibition occurs (Chen and Aviad,
1990; Dobbss et al., 2010; Liu et al., 1998; Schluckebier and Martin,
1997). Although quadratic functions may hold over concentration ranges
covering an order or two of magnitude, there is some evidence that other
functions (e.g., cubic) can sometimes be more appropriate (Liu et al., 1998).
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Figure 2.7 Effect of application rate on RDW response under different scenarios of HS
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(L), and high stress (H). The black dashed lines show linear fits to the data and have been

superimposed to aid interpretation. Data above the gray dashed line indicate shoot

growth promotion by HS; data below indicate shoot growth suppression.

In these situations, where positive—negative—positive responses are observed,
we speculate HS operate through different mechanisms that only become
pronounced at particular concentrations. Chen et al. (2004a) suggest that in
hydroponic studies, this occurs because of increasing then decreasing bio-
availability of micronutrients brought about by HS-micronutrient complex
stability. In soil environments, similar chemical and biological processes may
occur at lower rates, while physical effects might begin to dominate at
higher rates. Importantly, interactions between the application rate and other
factors means that a particular response curve generated under one condition is
unlikely to be transferable to other conditions. This was illustrated by Dobbss
et al. (2010), who used a quadratic function to describe plant root branching
stimulated by different concentrations of HS derived from vermicompost,
but found that the optimal dose varied between the HS used and also the plants
to which they were applied.
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3.3. HS properties

Plant-growth responses are strongly affected by the type of HS applied. The
importance of the source of HS was discussed by Chen et al. (2004a), who
attributed the variability in plant-growth response to the variability in HS
used before the introduction of standardized extraction procedures by the
International Humic Substances Society. Our study and analysis of the lit-
erature suggests that compost- and soil-derived HS have a greater positive
effect than BC- and peat-derived HS. Such an effect is likely to be related
to the chemical structure of HS derived from each source, and possibly also
related to co-extracted mineral nutrients remaining in HS formulations.

With regard to the chemical structure of HS, we hypothesize that the
N content of the compost- and soil-derived HS, which is generally higher
than that found in BC- and peat-derived HS (e.g., Simpson et al., 2003),
could be a strong driver of growth via a number of mechanisms. First, min-
eralization of HS can liberate plant-available N (and possibly other nutrients,
such as P) to stimulate plant growth (Alvarez and Steinbach, 2011; Valdrighi
et al., 1996). Amide (N-containing) functional groups of HS become
quickly depleted in soils (Tatzber et al., 2009a), with initial decomposition
half-lives of HS derived from fresh animal manures being as rapid as 2—4
months (Tatzber et al., 2009b). Because compost- and soil-derived HS
are generally at a lower stage of humification than BC and peat HS, their
decomposition by biological activity is likely to be faster. The fact that green
waste compost HS application leads to increased plant productivity in a
dose-dependent manner (Fig. 2.6) supports a direct N-fertilization hypoth-
esis: for example, 50% mineralization of compost HS containing 5%
N applied at 1000 mg kg~ ' would provide approximately 25 kg mineral
N per ha in a 0.01 m layer. Indeed, in the study conducted by Valdrighi
etal. (1996), compost-derived HS only significantly improved plant growth
at rates >1000mgkg '. In comparison, more biologically stable
BC-derived HS, containing only 1-2% N and usually applied at lower rates,
is unlikely to contribute to the nitrogen nutrition of plants to any appreciable
extent.

Although this explanation is appropriate for the case for high-N-
containing HS applied at high rates, it does not account for their perfor-
mance when applied at lower rates. Examination of the rate-dependent
effects of soil-derived HS (Fig. 2.6) shows a positive growth response
between approximately 25 and 750 mg kg~ ' that declines at higher rates.
Low rates of most HS should not contribute enough N to explain observed
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growth increases. An alternative, or complementary, mechanism may
involve direct stimulation of plant growth through hormone-like activity
at lower HS concentrations. Hormone-like activity of HS has been linked
to N-containing compounds, including indoles such as auxins (Nardi et al.,
2000) and polyamines (Young and Chen, 1997). More recently, Canellas
etal. (2012) showed that the induction of lateral roots in plants by HS is pos-
itively related to the hydrophilicity of the HS, especially the O-alkyl and
methoxyl/N-alkyl chemical functional groups identified by NMR. Less-
humified HS that contain more polar N- and carboxyl-functional groups
also exhibit a greater ability to chelate micronutrient elements, such as
Zn, Cu, and Fe (Chen et al., 2004a), which may contribute to improved
plant growth under some conditions (Garcia-Mina et al., 2004). Asan exam-
ple, Azcona et al. (2011) found superior growth promotion and more rapid
maturation of peppers by a compost-derived HS compared with a leonardite-
derived HS. Although the compost HS had a higher N content (7.1%) than
the peat-derived HS (1.3%), the authors ruled out nutrient supply effects
(including N) by ensuring adequate chemical fertilization, and concluded that
the growth effects were probably a result of the structural organic characteristics
of the HS.

It is important to note that the true role of HS in plant signaling is still
being strongly debated (Chen et al., 2004a; Trevisan et al., 2010) and the
contribution of N-containing residues to plant-growth stimulation has
not been directly investigated. In addition, HS derived from younger
organic material, such as those derived from compost and soils, usually con-
tain a lower molecular weight distribution of molecules/aggregates, which
has also been implicated in initiating plant-growth responses. Regardless,
what is agreed is that there is a need for detailed chemical and spectroscopic
characterization of HS to ensure that suitable comparisons can be made
between different studies (Canellas et al., 2012; Trevisan et al., 2010). In this
respect, it 1s difficult to make a concrete conclusion on the cause for the rate-
response dynamics of plants to soil-derived HS observed here.

3.4. Environmental conditions

Environmentally stressful conditions, such as salinity, heavy metal toxicity,
or nutrient deficiency, rather than the plant type, played a more prominent
role in shaping the root growth response to HS. This finding is especially
relevant to the agronomic use of HS, because soil degradation, climate
change, and diminishing water and nutrient resources are becoming
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increasingly important constraints to agricultural production, and recommen-
dations for using HS are often directed at alleviating these stresses (Billingham,
2012). Although application rates greater than 100200 mgkg ' of BC-
derived HS generally inhibited root growth under stressful conditions, the stress
condition under which these types of HS were applied was limited to micro-
nutrient deficiency. In comparison, higher application rates of soil-derived
HS actually improved root growth; but, the stress conditions under which
these HS were applied did not include micronutrient deficiency, instead
involving salinity or heavy metal toxicity. Both these effects can be accounted
for by the high cation exchange capacity of HS. On the one hand, high rates of
HS (regardless of source) could easily aggravate micronutrient deficiency by
depleting the available pool for plant uptake, as highlighted by reduced
Zn uptake in the hydroponic studies of Vaughan and Macdonald (1976).
Conversely, high rates of HS would alleviate heavy metal or salinity stress by
binding excess cations. Taking this into consideration, the type of stress, rather
than a stress-by-HS source interaction, would therefore be a more important
factor in HS efficacy at high rates.

Unfortunately, our capacity to draw further conclusions is limited by the
paucity of studies available that characterize plant growth under stressful
conditions when treated with low application rates of HS. There is evidence
to suggest that under micronutrient-deficient conditions, low rates of HS
can actually assist in mobilizing micronutrients, while maintaining a capacity
to reduce plant uptake of micronutrients at high or toxic levels (Chen et al.,
2004a; Garcia-Mina et al., 2004; Stevenson, 1994). More recent studies also
show that low rates (<100 mgkg ") of compost HS can also reduce the
severity of plant stress directly, by stimulating an antioxidant stress response
in roots that effectively primes the plant to resist other stresses (Garcia et al.,
2012). Overall, the actual consequence of the interaction between HS
source, application rate, and stress conditions is likely to arise from both indi-
rect and direct mechanisms. More research is therefore needed in order to
quantify and predict the conditions under which specific mechanisms will
dominate.

3.5. Plant type

The effect of HS on shoot biomass was not only dependent on the source
and rate of application but also the plant type. Such an interaction is not alto-
gether surprising and has been previously emphasized (Vaughan and
Malcolm, 1985). In our synthesis, not only did HS treatment inhibit the
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shoot growth of woody perennial plants as compared with herbaceous plant
species, but it also resulted in significantly lower biomass than nontreated
controls. Partitioning of the data set showed that only BC- and peat-derived
HS were applied to woody perennials, rather than compost- or soil-derived
HS, which may have inflated the difference between plant types. Further-
more, the fact that the number of studies examining woody perennials was
low (ns=3) and the rates of BC-derived HS used on this plant type were
relatively high (>300 mg kg), means that these results are not fully represen-
tative of HS interaction with woody perennials. Nevertheless, in each of
these studies, a dose—response trend was observed (Kelting et al., 1998;
Marino et al., 2008; Vallini et al., 1993), implying a causal relationship
and again emphasizing the importance of application rate in determining
the growth response.

With regards to broad-acre cropping, a more useful distinction would
concern differences between monocotyledonous and dicotyledonous plant
species. Although our results only suggest marginal differences between
monocots and dicots, there is some evidence in the literature showing clear
differences between plant types. It is possible that some differences between
plant types are related to the inherent susceptibilities to particular soil condi-
tions, especially micronutrient availability. For example, Garcia-Mina et al.
(2004) found that the eftects of a Zn—HS complex on the SDW and RDW
of alfalfa under Zn-deficient conditions were significantly positive, but not
so in wheat. They speculated that the results reflected the greater sensitivity
of alfalfa to Zn deficiency. In contrast, Dobbss et al. (2010) found that the opti-
mum concentration of HS required to stimulate root branching in maize was
approximately half that required for maximum stimulation of the dicots
tomato and Arabidopsis, suggesting a greater efficacy toward monocots.

4. PRACTICAL USE OF HS IN AGRICULTURE
4.1. Direct application

A key decision for a farmer or land holder in applying any soil or plant
amendment is the rate at which it should be applied in for maximum efficacy
at minimum cost. According to Quilty and Cattle (2011), the cost of HS is in
the range of $40-800 ton™'. At application rates of 100 mg kg~ ', approx-
imately equivalent to 100 kg ha™" in topsoil (10 ¢cm incorporation), this
translates to costs in the range of $4-80 ha~'. In comparison, the cost of
N fertilizer is approximately $1000 ton™" (per unit of N) (USDA, 2013),
such that 100 kg N ha™" translates to a cost of approximately $100 ha™".
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Considering that the yield response of crops to N fertilizer is consistent and
profitable (Liu et al., 2006), the use of HS at rates higher than 100 mg kg™
for the sole purpose of short-term increases in biomass productivity in
noncompromized soils is unlikely to be competitive with conventional fer-
tilizer practices at current prices. Compost-derived HS, which significantly
increase plant-growth response at high rates, may be cost-effective if the
waste 1s produced locally and is available at little or no cost. Even so, the
additional step of isolating HS from the compost would likely be more of
a hindrance than the alternative option of spreading solid compost directly.
The results of our study also caution against using high rates of HS on woody
perennials because of potential growth inhibition, although more research is
needed for this recommendation to be conclusive.

Despite the lack of incentive for applying high rates of HS under satisfac-
tory growth conditions, it may be justified in certain instances where environ-
mental conditions are a constraint to plant growth. Indeed, our synthesis
indicates that HS may be most efficacious under stress conditions. Ameliora-
tion of saline soils or soils contaminated with heavy metals with HS appears to
have positive growth effects on plants, and could assist in reclaiming marginal
lands with these characteristics. The effectiveness of HS for assisting plants to
tolerate or overcome stress could also extend to conditions of drought (Zhang
and Schmidt, 2000) or pathogen control (Loffredo etal., 2008), but these pos-
sibilities could not be addressed by the data available in our study. In any case,
care should be taken to identify the environmental constraint and ensure that
the stress is not exacerbated; for example, HS application greater than
100 mg kg~ ' to micronutrient-deficient soils may actually further inhibit,
rather than stimulate, plant growth.

The question then remains: Are low rates (<100 mg kg™ ") of HS appli-
cation efficacious and if so, economically and practically worthwhile? To
answer this question, we focussed on HS derived from BCs, as these usually
form the basis of commercial products. We found that the growth response
to low rates of BC-derived HS is nonlinear and is more appropriately
described by the sum of two quadratic functions rather than a single qua-
dratic or higher polynomial (Fig. 2.8). An initial sharp peak in growth
response is observed between 5 and 40 mg kg ' with a maximum around
20 mg kg™ ', followed by a more gradual growth increase from 40 to
200 mg kg~ '. There appears to be a greater opportunity to maximize
plant-growth promotion by applying BC-derived HS in the lower range
(5-40 mg kg™ ") of the initial peak, which would also be more economically
rational. Based on the extrapolation of a number of studies, Chen et al.
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Figure 2.8 Effect of application rate of brown-coal-derived HS on SDW. Dashed lines

show quadratic fits to rates less than 50 mg kg™~ (short dash, square points) and rates
greater than or equal to 50 mg kg~ ' (long dash, diamond points).

(2004b) calculated the amount of HS required for an eftective soil applica-
tion to be 22.5 mg kg~ ', equivalent to 75 mg L' of HS dispersed in a soil at
a moisture content of 30%. This value is very close to the peak of the low-
range quadratic response calculated here.

Unfortunately, the reasons for growth promotion at these low rates can-
not be directly determined through meta-analysis of the data collated here.
As outlined earlier, the interaction of HS with plant essential elements,
including N, P, and micronutrients, is known to improve nutrient availabil-
ity and may be one reason for growth promotion at low rates. If this is cor-
rect, a substantial agronomic opportunity therefore exists to improve the
efficiency of fertilizer nutrient use, rather than enhancing growth per se.
There is also evidence that HS can positively interact with beneficial micro-
organisms, offering the possibility of additional productivity gains if
harnessed appropriately.

4.2. Application as synergists

The chemical properties of HS, including hydrophilic and hydrophobic
domains and zwitterionic features, facilitate interactions with a wide variety
of soil constituents. Theoretically, these properties act to bufter biological
susceptibility to nutritional extremes, such that high activities of salts, metals,
and protons in the soil solution can be reduced, while low activities of nutri-
ents are mobilized into plant-available forms. Recent research has demon-
strated the potential for exploiting these properties of HS to design slow- or
controlled-release fertilizers that better match the availability of nutrients to
the plant lifecycle (Davidson and Gu, 2012).
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Nitrogen fertilizers coated with humic acids are commercially available
and are reported to increase fertilizer use efficiency (Chen et al., 2008),
probably through a number of mechanisms. First, HS have been shown
to significantly reduce urea hydrolysis from urea—ammonium nitrate and
also retard the formation of NO3™, implying urease- and nitrification-
inhibition activity (Alkanani et al., 1990). Reduced urea hydrolysis in
HS-treated soils has been linked to biological buffering of the HS on micro-
bial populations and enzyme activities (Dong et al., 2009). However,
GarciaSerna et al. (1996) also showed that humic acids (1%, w/w) sprayed
onto the surface of urea or Nitrophoska granules slow nitrogen release
through physicochemical mechanisms, but probably not solely by acting
as a physical coating since the release curve was observed to be convex,
not concave. Aside from slowing the formation and release of ammonium
(NH4 ) from urea, HS can also reduce the volatilization of ammonia with-
out significantly altering pH, which is one of the main drivers of NHj3 emis-
sion (Kasim et al., 2009). Erro et al. (2007) formulated a compound
HS-NPK fertilizer and observed reduced ammonia volatilization, reduced
N-leaching, and increased plant growth with respect to an NPK control fer-
tilizer. However, Kiran et al. (2010) found that humic-coated urea did not
improve N-use efficiency in rice paddy systems, whereas a number of other
controlled-release fertilizer formulations were eftective.

There is also evidence that the association of soluble phosphate with
HS reduces its binding and precipitation in soil, allowing for greater plant
uptake (Alvarez et al., 2004; Hua et al., 2008; Schefe et al., 2008). Indeed,
Gerke (2010) suggests that the majority of bicarbonate-extractable P (e.g.,
Olsen-P, Colwell-P) actually exists in soil as humic-metal-P, rather than
free or sorbed orthophosphate, but becomes liberated by acidification
steps during analysis. On the basis of these reports, Erro et al. (2009, 2012)
developed and characterized the performance of several “organic complexed
superphosphate (CSP)” fertilizers. The CSPs were produced by introducing
HS during the chemical synthesis of single-super phosphate (SSP). Glasshouse
experiments showed that CSPs consistently enhanced P-accumulation in
wheat grown in both acid and alkaline P-fixing soils when compared against
an SSP control treatment. The authors suggested that greater P-uptake
efficiency afforded by the CSPs is related to the formation of stable
monocalcium—phosphate—humic complexes during CSP preparation.

Together, these results suggest a role for the use of HS in improving
N- and P-use efficiency in cropping systems, but more work is needed in
developing effective formulations. The potential for using HS to improve
micronutrient availability and absorption is also well recognized (Chen
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etal., 2004a; Garcia-Mina et al., 2004), but there is a noticeable lack of exper-
imental studies reporting the efficacy of micronutrient-HS fertilizer formu-
lations. In fact, one recent study showed that HS—Fe complexes were
ineffective at supplying iron to Fe-deficient soybean, either as a foliar spray
or through root absorption, whereas synthetic chelates (e.g., EDTA) were
effective at delivering Fe (Rodriguez-Lucena et al., 2010). Because there
are an ever increasing number of humic-coated or humic-containing fertil-
izers on the market, further research and validation of such products is
urgently needed to provide farmers with reliable information for making
agronomic decisions.

Another strategy gaining popularity in sustainable agronomy is the use of
microbial inoculants in agriculture as plant-growth promoters (PGPs).
These PGPs can assist in nutrient acquisition, stress tolerance, and pathogen
suppression through diverse biological functions. Although substantial work
has been done in this area, little is known about the interactions of PGPs
with indigenous or exogenous HS. To our knowledge, only one study
has directly examined the potential to use HS in conjunction with plant-
growth promoting rhizobacteria (PGPR) for stimulating plant growth
(Canellas et al., 2013). These authors speculated that the auxin-like action
of HS could improve the colonization ability of PGPR via root-branching
nodes, as has been previously observed with the synthetic auxin 2,4-D
(Katupitiya et al., 1995). They found that coinoculation of Herbaspirillum
seropedicae with 20 mg HS C L™ improved colonization of maize roots,
but that this effect was dose dependent and that colonization was inhibited
at a higher HS concentration. Validation of this effect in the field confirmed
a synergistic effect, with maize yield increasing an additional 45-48% when
HS and H. seropedicae were applied in combination, compared with sole
treatments of H. seropedicae or HS, respectively. The authors caution against
generalizing this result until further studies can be performed, but their
results clearly warrant more research in this area with other PGPR strains.

It would also be interesting to extend this research to the eftects of HS on
plant—microbial symbioses, such as rhizobial and mycorrhizal associations.
These cooperative plant—microbial associations are critical components of
nutrient cycling in agro-ecosystems and enhance plant nutrient acquisition
(Peoples and Craswell, 1992; Smith and Read, 2008; Zhu et al., 2001).
Although Vallini et al. (1993) reported a depression in the mycorrhizal col-
onization of laurel roots and hyphal length in the presence of high concen-
trations of HS (>800 mg kg™ "), a more recent study by Gryndler etal. (2005)
found that HS applied in hydroponics at a rate of approximately 800 mg L™
stimulated maize root colonization and production of extraradical mycelium
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by the mycorrhizal fungus Glomus claroideum BEG 23. In a similar fashion,
Gaurand Bhardwaj (1971) observed a greater nodule formation in the legume
Sesbania aculeata by native rhizobia when sodium humate was amended into
soil at a rate of 600 mg kg '. Unfortunately, as Gryndler et al. (2005)
acknowledged, experiments on the eftects of HS on plant—microbial symbi-
oses are rare and it is difficult to make any consistent conclusions.

5. KNOWLEDGE GAPS AND RESEARCH NEEDS

Through the process of meta-analysis, a number of knowledge gaps
have also been identified. First, the majority of papers reporting experiments
on HS lack information about the organic structure, molecular nature and
size, and mineral concentrations of the HS amendments. Considering the
importance of HS source shown by our analysis, provision of this kind of
information in future studies will be necessary in order to increase our
understanding of how particular HS improve plant growth. Such knowledge
may subsequently open the door to tailoring HS products for specific pur-
pose. In conjunction with HS characteristics, more complete metadata
about the environmental conditions under which the HS are applied are
needed. Data about the soil, such as the nature of native organic matter,
pH, EC, texture, and mineral nutrient concentrations are required to
increase our understanding of HS—soil—plant interactions. The focus of most
studies conducted in soil is on the HS applied and few, if any, have attempted
to reconcile the possible interactions between HS already in the soil (where
HS levels would be much higher) and those applied. The complexity of sci-
entifically addressing this research question is possibly why data are lacking.
In addition, there is the recognized fact that the extraction processes, gen-
erally involving alkaline treatments, are likely to have chemically modified
the original organic materials (Swift et al., 1996).

In terms of agronomic management, HS application rate is a critical decision
that cannot only affect plant growth but also economic margins. More work is
needed involving valid, scientifically designed field trials with crops grown to
harvest, in order to define application rate windows that will maximize growth
while minimizing the risk of economic loss. Interestingly, the majority of
studies reviewed here only measured growth responses for less than 3 months
during early vegetative growth. It remains unknown if the trends observed in
the early stages of plant growth will be maintained for the duration of the plant
life cycle and therefore translates into yield gains at harvest. This knowledge
gap is currently being further pursued by the authors.
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The use of HS in conjunction with inorganic fertilizers is of direct rel-
evance here, as HS may improve nutrient recovery by plants without
enhancing growth per se, leading to reduced fertilizer input costs. There is
also a real need to systematically determine the effects of adding HS on soil
microbes and related carbon and nutrient cycling. Much of the work
focussed on the effect of HS on nutrient acquisition by plants has been con-
ducted in hydroponic systems and may therefore overlook the importance
on plant—microbial associations in the rhizosphere.

Finally, there is a paucity of data surrounding the long-term effects of HS,
orof repeated HS application. The majority of studies reported here had dura-
tions of less than 6 months, and in many cases were only observed over daily or
weekly timeframes. Any improvements to soil quality are likely to occur over
longer periods and effects on crop growth may not be quantifiable in the short
term, in accordance with long-term studies of other “organic” agronomy
practices (Clark et al., 1998; Gosling and Shepherd, 2005).

6. CONCLUSIONS

This meta-analysis has shown that the growth response of plants to
HS, although generally positive, is influenced by a number of environmental
and management factors. Our findings indicate that the source of the HS, in
particular, will have a strong impact on whether or not plant growth is sig-
nificantly improved. Plant type and stress conditions also influence the plant-
growth response to HS, but to a lesser extent. Interactions between each of
these factors and the HS application rate also moderate the plant-growth
response, emphasizing the complexity of obtaining predictable responses.
More research is needed to characterize the structure—activity relations of
HS, and how these can be exploited either through direct application or
application as synergists with chemical or biological fertilizers. We conclude
by reiterating that the prospects for using HS as plant-growth stimulants in
agricultural systems are theoretically strong, but continued research and
extension is needed to realize their full potential under diverse environmen-
tal conditions.
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