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Summary
There is growing interest in the use of biological soil amendments to help support soil condition and
plant productivity in Australian cropping systems. Many biological amendments can change nutrient
availability, soil physical, chemical and/or biological condition, and plant growth. However, yield
benefits from their use are uncertain and difficult to predict, and current guidance on how to
navigate the growing product range is lacking.
Research into biological amendments continues to have a dominant focus on high value
horticultural crops compared to broad acre cropping. Few broad-acre studies demonstrate a
systematic approach to targeting the use of amendments to a well-defined production constraint.
In broad acre agriculture there is a strong systematic and peer-review R&D approach in place for
rhizobia, but it is less well developed for the wider amendments industry. There are however
changes within the wider industry, with growing emphasis on research-based products, biologically
based practices, and industry standards/regulation. It is important that growers interested in
trialling biological amendments can be guided by a systematic approach to product selection and
on-farm trialling.
Although useful to broadly categorise biological amendments into inocula, biostimulants, and
organic amendments, variation within each of these groups is large. There is an inability to compare
the composition of the wide range of amendments, and to clearly identify how different
amendment types work. This limits the development of a targeted systematic approach to selection
and testing. Biological amendments have important differences in the way in which they influence
plant growth - their so-called “mode of action”. The mode of action can have a direct effect on the
plant, or it may work indirectly through improving soil condition. For many amendment types the
mode of action can be unclear, or amendments may have more than one mode of action. Identifying
the main constraints to plant growth provides a focus for selection of an amendment. It will also
help guide what to monitor and how to evaluate its effect. This report summarises the potential role
of biological amendments in Australian broad-acre agriculture through these mode of action
pathways. It draws the literature evidence in a framework to highlight which types of amendments
have the potential to change plant growth through plant physiological responses and/or changes to
soil condition.
In conclusion the report highlights research gaps and proposes a pathways forward to support
broader field based evaluation of biological amendments in Australian broad acre systems.
Comparison of guidance on fertiliser use (the 4Rs of nutrition: right source; right rate; right time;
right place), highlights some of the research gaps in the use of biological amendments. In particular,
how the timing, placement, and frequency of application of biological amendments might influence
plant growth responses. Additionally, a wider systems approach is often lacking from research trials,
and an understanding of the compatibility of biological amendments with conventional inputs
(fertilisers, pesticides/herbicides) is lacking. The short-term nature of research trials has limited the
opportunity to assess cumulative benefits, optimise the use of products, and understand the impact
over a range of seasonal conditions. To address these gaps there is a need for greater collaborative
field-scale research between the amendments industry, researchers, and farmers. The development
of tools to allow comparison of amendments, and support informed decision making would be
valuable in supporting greater local on-farm testing.
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1 Introduction
There is growing interest in the use of alternative soil amendments to help support soil condition
and plant productivity in Australian cropping systems.
Biological amendments include a broad range of products that aim to enhance productivity through
stimulating biological processes in the soil and/or in the plant. The biological effects of these
amendments are considered to be over-and-above the nutritional value alone. Biological
amendments can be broadly categorised as microbial inocula, biostimulants, and organic
amendments (Box 1).
Many biological amendments can change nutrient availability, soil physical, chemical and/or
biological condition, and plant growth. However, the yield benefits from their use are uncertain and
difficult to predict. Under the GRDC Understanding Biological amendments project (CSO00044),
Abbott et al.1 conducted a review of published literature on the use of biological amendments in
Australian broad-acre agriculture. The review highlights the success of the legume inoculants
(rhizobia) industry, supported by sound scientific understanding, laboratory screening and field
scale testing under a range of environments. However, there has not been the same level of
systematic R&D and peer-reviewed evidence for the use of many biological amendments in
Australian broad-acre cropping.

BOX 1: TYPES OF BIOLOGICAL AMENDMENTS
There are a wide range of amendments that could be used to support plant growth through biological
processes. Biological amendments can be broadly categorised as microbial inocula, biostimulants, or
organic amendments. However, the biological and chemical characteristics of each of these categories
vary widely. It is important to understand the broad characteristics of any amendment before their
use to maximise the potential benefits.
MICROBIAL INOCULA include symbiotic organisms (rhizobia, mycorrhizal fungi), plant growth promoting
rhizo-bacteria (PGPRs), and free living organisms that influence nutrient availability/acquisition (e.g.
phosphate solubilisation, nitrogen fixation and/or cycling). Inocula can be single species or mixed
community consortia. Inocula are available as powders, liquids, capsules and seed coats.
BIOSTIMULANTS include humic and fulvic substances, seaweed extracts, hydrolysates and amino acids.
Biostimulants contain compounds that act as plant signal molecules or hormones, changing plant
growth or stress responses at a cellular (physiological) level. They are available as powders, prills and
granules, and concentrated liquids.
ORGANIC AMENDMENTS include animal manures, composts (and their teas/brews), and biochars.
Traditionally available as loose materials, organic amendments are increasingly available as pellets or
granules to address shipping and handling challenges.
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Based on the published literature, the review1 outlines the current limitations in research and
development of biological amendments including:
 limited peer-review research of Australian based broad-acre cropping trials, with more
research focusing on high value horticultural crops;
 few studies demonstrate a systematic approach to identifying the underlying production
constraints to inform selection and testing of amendments in a targeted manner;
 informed selection of amendments for testing is limited by an inability to compare the
composition of the wide range of amendments, and to clearly know how different amendment
types work;
 few studies explore how products might be most effectively integrated into the farming
system through different application approaches, timing, and/or frequencies, and adjustment
of fertiliser and/or agrochemical inputs;
 the short-term nature of trials (≤ 2 seasons) limits the opportunity to assess cumulative
benefits and return on investment, optimise the use of products, and understand the impact
over a range of seasonal conditions.

There is however growing emphasis within the amendments industry on research-based products,
biologically based practices, and industry standards/regulation. Nevertheless, current guidance on
how to navigate the growing product range for informed decision making is lacking. Independent
research trials cannot keep pace with the ever-changing biological amendments market. It is
therefore important that growers interested in trialling biological amendments can be guided by a
systematic approach to product selection and on-farm selection.
Amendments have important differences in the way in which they influence plant growth.
Therefore, Abbott et al.1 proposed a framework to aid decision making for on-farm trialling, based
on how different types of amendment are most likely to work – their so-called “mode of action”.
It is useful to consider how an amendment is likely to change plant growth, and whether or not the
mechanism is relevant to alleviating the main factors limiting plant growth at a specific location. The
mode of action can have a direct effect on the plant, or it may work indirectly through improving
soil condition. For many amendment types the mode of action can be unclear, or amendments may
have more than one mode of action. Identifying the main constraints to plant growth provides a
focus to selection of an amendment. It will also help guide what to monitor and how to evaluate its
effect. The main “modes of action” (Box 2) can be broadly considered to be:
 direct supply of nutrients of macro-nutrients and/or trace elements;
 plant physiological (cellular) responses that change growth, shape, or responses to
environmental stress (drought, heat, frost);
 improved soil quality, including changing the physical, chemical, or biological condition.
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BOX 2: MODE OF ACTION – HOW BIOLOGICAL AMENDMENTS CHANGE PLANT GROWTH
The mode of action is the mechanism that results in changes to plant growth. Amendments
may act directly on the plant, or indirectly through changing the conditions of the soil. Modes
of action are not independent of one another, as changes to either the plant growth physiology
or soil condition can have knock-on effects on one another.
DIRECT NUTRIENT SUPPLY including N, P, K, and S. Nutrients can be present in mineral and organic
forms. Where minerals are bound in organic forms, they may first require mineralisation before
they are available for plant uptake. Many products also include trace elements to help improve
their effectiveness in systems with specific micro-nutrient deficiencies.
PLANT PHYSIOLOGICAL RESPONSES include cellular level changes in plant signalling, cell development
and differentiation (e.g. root development and morphology, cell elongation, tillering), nutrient
metabolism, and response to environmental or disease stress. Plant physiological responses
can occur where amendments contain signal molecules and/or plant hormones at biologically
relevant concentrations, or where they change (enhance/inhibit) the production of signal
molecules. Common plant signal molecules and hormones include auxins, cytokinins, abscisic
acid, and many amino acids and sugars.
SOIL PHYSICAL CONDITION includes soil structure/aggregation and pore space. These factors
influence water and air storage/movement, root growth, and the habitable space for biological
communities (bacteria, fungi, protozoa, mites, etc). Amendments can influence the soil physical
condition immediately through the addition of organic matter that can change moisture
sorption and storage, and the ability to respond to physical pressures (e.g. trampling,
compaction, shrink-swelling). Slower changes to soil physical condition can result from
precipitation or chelation reactions and increased microbial activity, which can promote the
formation of aggregates.
SOIL CHEMICAL FERTILITY includes pH, buffering capacity, and cation exchange capacity (CEC). These
factors influence the form and availability of nutrients and/or toxic elements in the soil. Soil pH
is one of the primary drivers of nutrient availability and the microbial community. Soil pH
changes can have direct effects on nutrient availability and indirect effects through altered
microbial cycling. CEC can be increased by organic matter changing the retention and potential
leaching of nutrients.
SOIL BIOLOGICAL FUNCTIONS include supplying a carbon and energy source for microbial activity,
altering the composition of key microbial functional groups, changing nutrient cycling processes
(e.g. mineralisation/immobilisation), and supporting a microbial community that is capable of
supressing disease-causing organisms. The microbial community is central to building and
maintaining fertile and productive soils.
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This report summarises the potential role of biological amendments in Australian broad-acre
agriculture through these mode of action pathways. It draws the literature evidence in a framework
to highlight which types of amendments have the potential to change plant growth through plant
physiological responses and/or changes to soil condition. In conclusion the report highlights
research gaps and proposes a pathways forward to support broader field based evaluation of
biological amendments in Australian broad acre systems.

2 Potential benefits from the use of biological amendments
There is limited field based peer-reviewed literature reporting the impacts of biological
amendments on soil condition and plant yield under Australian broad-acre systems. Further, it is
difficult to extend the results of individual field trials to the wider context without understanding
why a particular response was observed at an individual location. Economic assessment of the
performance of amendments relative to district practice is sparse. In the absence of widespread
demonstration of yield benefits under Australian broad-acre conditions, there is a need to develop
a framework to guide decision making around selection of biological amendments for targeted onfarm trialling.
Here we provide a summary based on international research reporting the impact of amendments
on plant growth and soil condition. This information is then collated into a matrix overview format
to match amendment type with likely mode of action (Section 3).

2.1 Microbial Inocula
The role of the soil microbial community in supporting plant growth has long been recognised.
Advances in molecular tools and increased understanding of the soil microbial community is driving
increased worldwide interest in the development of microbial inocula to support agricultural
production. Microbial inocula can include:
 symbiotic organisms that require a specific host (e.g. rhizobia);
 non-host-specific symbiotic organisms with broad colonisation capability (e.g. arbuscular
mycorrhizal fungi)
 free-living micro-organisms that have specific functional attributes. For example, phosphorus
solubilising microorganisms (e.g. Aspergillus, Penicillium, Fusarium, Pseudomonas species)
plant growth promoting rhizobacteria (PGPRs, including species of Pseudomonas,
Azospirillum, Bacillus, Providencia).
Successful development of commercial inocula depend on an understanding of the ecology of the
organisms, including habitat preferences, functional attributes, and survival sensitivities. The
inoculant needs to establish a critical population and have the right conditions to employ its
beneficial functions.

Rhizobia inocula
The value of rhizobia for N fixation in Australian legume crops and pastures is well established. The
primary direct mode of action is biological nitrogen fixation in the symbiotic nodule. The symbiotic
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relationship between the plant and rhizobia is mediated through an array of signal molecules, which
change nutrient transport and metabolism in the plant. Some rhizobia strains are also capable of
mediating a wider array of indirect effects such as P solubilisation, chelation of iron, and stimulation
of plant defence mechanisms. The quantitative understanding of these mechanisms is less well
defined within Australian field conditions. Although these secondary modes of action may have
benefit, the benefits of nitrogen fixation in legume rotation phases drives the use of rhizobia
inoculation.
Matching rhizobial strains to the host legume and soil conditions is one of the most important
factors in maximising the productivity of Australian legumes. Soil factors that limit the survival and
establishment of inoculum include soil pH (both acidity and alkalinity), salinity, and temperature
and desiccation2. A National Code of Practice and Quality Trademark for legume microbial inoculant
products brings confidence of independent testing and guidance on use.

Plant growth promoting rhizobacteria
The potential benefits of plant growth promoting rhizobacteria (PGPRs) have been widely studied3,
and include species from bacterial genera Pseudomonas, Azospirillum, Bacillus, and Providencia. The
range of modes of action involved includes the production of plant hormones, changing plant
response to stress such as drought, improving disease defence mechanisms, and the chelation of
micronutrients (e.g. iron). Plant growth promotion is complex and usually results from multiple
mechanisms that are difficult to separate. Inocula can be formulated on single species, or more
commonly as a mixture of organisms. It is widely recognised that different strains are suited to
different soil types and environments.
Overall, soil inoculation with PGPRs has been less effective/reliable compared to inoculation of
legumes with rhizobia. The survival and growth of non-symbiotic organisms in the target
environment is often questioned, and it is difficult to assess successful colonisation. In comparison,
the success of a rhizobia inoculation is visually evident from examination of the root system.
An example that has shown some field based success in both Australia and internationally4 is
phosphate solubilising microorganisms (PSM). PSMs include both bacteria (e.g. species of Bacillus
and Pseudomonas) and fungi (e.g. species of Aspergillus, Penicillium, Fusarium). The modes of action
of these inocula is through the production of organic acids and enzymes that solubilise P and
therefore improve plant P supply. Many PSM can also produce growth promoting substances, but it
is difficult to quantify the impact under field conditions. The potential of PSM for the management
of P deficiency in agriculture has been reviewed4. The authors conclude that improved
understanding of the functional diversity, colonisation ability, and mode of action is needed to
facilitate the use of PSM as a reliable management option.

Arbuscular mycorrhizal fungi
There is strong interest in the development and use of arbuscular mycorrhizal (AM) fungi in broadacre systems. AM fungi are generalist inocula, capable of colonising a wide range of plants. The main
modes of action relevant to AM fungi are nutrient uptake (P, Zn) and increasing access to water
under dry conditions. Some research also shows improved disease defence and chelation of metals
and/or nutrients.
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However, most examples of improved crop growth have been shown in controlled experimental
conditions, with far less quantitative evidence of direct yield benefits from inoculation with AM
fungi in field studies. A recent review of AM fungi as bio-fertilisers highlights that only 15% of
research literature uses commercial inoculants, that 36% is conducted under non-stressed plant
growth conditions, and that only 24% of the reported research is conducted under field conditions5.
Questions remain over the persistence of inoculated AM fungi under field conditions. The
abundance and effectiveness of native AM fungal communities are influenced by local soil
conditions, fertiliser use, tillage frequency, and crop rotation6. It is therefore important to
understand if the naturally occurring AM fungal community is limited and why, and if aspects of
management could be changed to promote AM survival (e.g. reduced tillage, reduced use of
fungicides, increased residue returns).

Inocula application technologies
Seed coatings are often considered an efficient application mechanism for microbial inocula. Seed
coats are easy to use and ensure proximity for colonisation of early developing roots. However,
scaling seed coating approaches to commercial scale operations has several challenges as
highlighted in a recent review7, including:
 significant technical challenges in ensuring microbial viability through seed treatment
processes and storage;
 overcoming environmental sensitivity of many potential seed inoculants to ensure survival,
effective establishment and consistent performance under a range of field conditions;
 compatibility with adjuvant agro-chemistry (fertilisers, fungicides, herbicides, pesticides).
The development of inoculant application technologies is an active area of the biologicals industry.
Inocula increasingly include multiple organisms with a range of functions, or suited to a range of soil
conditions. The benefits of dual inoculation with some form of PGPR and AM fungi have been
demonstrated in field trials. For example, there are several reports of enhanced wheat yields
following dual inoculation with P-solubilising organisms and AM fungi5. The positive growth and
yield responses in these studies were attributed to increased nutrient uptake.
Key areas of inocula development include improving: a) ease of application through seed coatings,
granulation, or prill-based products; b) improving shelf life, in-soil survival and colonisation through
encapsulation, slow release, and moisture retention polymers.

2.2 Biostimulants
The term “biostimulant” is broadly used to describe biological amendments that act directly on plant
growth or stress tolerance mechanisms over and above any nutritional value. By definition, they
contain compounds that are considered plant signal molecules or hormones (e.g. auxins, cytokinins,
gibberellins). Biostimulants are considered to interact with plant cell signalling in multiple ways that
reduce the negative impacts of plant stress8.
Biostimulants include a diverse range of products including humic substances, hydrolysates and
amino acids, seaweed based bio-fertilisers, chitosan, and mixed organic preparations. They often
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have mixed composition and it is difficult to identify the active components. The great diversity in
composition, and subsequent plant responses poses challenges for research, development, and
adoption8.
Interest in biostimulants has increased significantly. A review of biostimulants recently concluded
that there is growing evidence to support their use in agriculture on a diverse range of plants, with
common responses including increased root growth, enhanced nutrient uptake, and stress
tolerance9.
Commonly reported benefits of biostimulants include:
 increased tolerance to stress such as heat, drought, frost, and salinity;
 improved nutrient use efficiency (uptake and metabolism);
 enhanced product quality including sugar, protein, or nutrient contents;
 improved soil health and presence of beneficial microorganisms.
However, less than 10% of peer-reviewed research focuses on broad-acre agriculture with highvalue horticultural crops being the primary target. Compared to other agricultural products
(herbicides, pesticides, etc), it is difficult to define what biostimulants are, how they work, and what
regulations are needed around their use. However, the biostimulants industry is moving towards
greater regulation, with the establishment on the European Biostimulants Industry Council (EBIC) in
2011. Modern science tools are also supporting more systematic approaches to discover and
characterise natural plant bio-stimulants for development10. However, the complexity of
composition and identification of broad mechanisms are recognised as challenges for science-based
development of the industry11.

Humic-based amendments
Humic products are a class of biostimulants made from brown coal, lignite, leonardite and various
decomposed organic wastes. They are typically extracted by chemical processes with/without heat.
They contain a diverse range of compounds including humic acids and other active compounds (e.g.
cytokinins, poly-amines, quaternary ammonium). The humic acid content varies widely with source
material and method of extraction. They are available as concentrated liquid preparations for use
as foliar sprays or soil drenches, and in various solid forms (prill, granules, powered) for soil
application.
Humic-based products should not be confused with humus, an important soil fraction that
represents naturally decomposed organic matter.
Humic-based products have been shown to change plant signalling (e.g. auxin-like effects), water
regulation and metabolism. Reported effects include improved stress tolerance (drought, salinity,
frost) and increased root growth and nutrient uptake. In the soil humic substances have been shown
to chelate micro-nutrients (copper, iron, zinc), supress disease, and change microbial nutrient
cycling. The majority of published work focuses on horticultural crops, with some work on barley,
maize, and beans.
Although the scientific literature reports inconsistent effects on plant growth, a recent review12
highlights that:
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 across the literature the average response is a ~20% increase in shoot and root biomass;
 humic products made from composts and manures (+28% dry matter) outperform those from
lignite and brown coal (+12% dry matter);
 positive responses are more often reported under plant stress conditions compared to
unstressed conditions.
The review12 notes that the theoretical potential for humic-based bio-stimulants is strong. However
inconsistent results, lack of mechanistic understanding, and difficulties in predicting benefits
hampers their full potential in agriculture. A systematic approach to research, development, and
local on-farm optimisation is required to overcome these uncertainties and to provide guidance in
their use.

Amino acids and protein hydrolysates
Many biological amendments are rich in amino acids and protein hydrolysates. Protein hydrolysate
solutions are made from animal and plant residues and have variable amino acid contents (2-18%
9
). Amino acids play an important role in plant metabolism, cell signalling, and water regulation13.
Plants under heat/drought stress accumulate specific amino acids that help to stabilize enzymes and
to maintain water regulation.
The effects of proline on plant response to environmental stresses have been most well studied.
External supply of proline under experimental conditions has been shown to delay water stress and
wilting14. Some drought tolerant crop cultivars (e.g. barley) are also known to accumulate proline.
Other amino acids with a similar role include amino-levulinic acid (5-ALA), asparagine, histidine, and
serine.
Hydrolysate-based biostimulants are thought to play a similar role, changing metabolism and stress
responses. They are considered to have potential in cropping environments prone to drought,
salinity and temperature extremes. Research indicates that the timing of amino acid application in
relation to plant water deficit and plant development stage is important in determining plant growth
response.
There is fundamental evidence for the role of amino acids in plant stress responses. However,
quantitative evidence for consistent positive growth benefits under Australian broad-acre cropping
systems is lacking. It seems sensible that an understanding of the role of amino acids in stress
tolerant crops might help guide the use of amino acid based biostimulants. To our knowledge no
biostimulant studies include comparison to stress tolerant cultivars. Better knowledge of the
relative benefits of biostimulants compared to cultivar selection would be valuable in aiding farmer
decision-making.

Seaweed products
Seaweed has been used as a traditional soil improver in coastal areas for centuries. Concentrated
seaweed extracts (liquid form) are now marketed as plant biostimulants and soil conditioners.
Seaweed extracts contain macro- and micro- nutrients, amino acids, plant growth regulators
(cytokinins, auxins, abscisic acid), and sugars (laminarin, fucoidan).
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The application of seaweed products in Australian agriculture has been reviewed15. Potential
benefits include tolerance to biotic and abiotic stress (drought, salinity and temperature extremes)
and disease, improved crop yield, and plant development (e.g. flowering, root structure). Several
studies demonstrate improved ability to withstand water stress and to improve winter hardiness
and frost resistance15. The mechanisms behind improved stress responses have been related to the
stimulation of plant metabolic pathways and changes in concentrations of signal molecules and
regulatory compounds.
Clear interactions between plant responses to seaweed biostimulants and plant nutrient
deficiencies have been demonstrated. For example, a seaweed extract increased wheat yield under
potassium deficient conditions, but had no significant effect under adequate potassium nutrition16.
Greater consideration of interactions between plant nutrient availability and response to biostimulants would likely improve our understanding of when positive plant growth responses are
more/less likely to occur.

Chitin and chitosan
Chitin and chitosan products, made from seafood processing wastes (crab, shrimp, prawn shells),
have been used as bio-pesticides and bio-fertilisers since the 1980s. They are reported to have a
direct antifungal and antibacterial activity effective against seed-borne pathogens17 and promote
systemic defence responses18. These amendments are typically applied as seed dressings, as low
concentration (<2%) foliar sprays, or as a soil amendment.
Chitosans can enhance plant growth, development and yield in several crops (e.g. wheat, oilseed
rape, rice, and horticultural crops). The size of reported growth benefits is highly variable and
dependent on several factors including the chemical form and molecular size of chitin, chitosan, and
their derivatives19. Similar to other classes of biostimulants, a recent review calls for more
systematic R&D to better understand the influence of chemical form and to better inform standard
application methods19.
Comparative studies between chitosan based products and chemical fungicides are lacking.
Although the driver for choosing chitosan over a chemical fungicide is likely based in grower
preferences, comparisons between the two would be useful for quantifying the difference in risk
between conventional and alternative approaches to disease management.

2.3 Organic amendments
Traditional organic amendments include animal manures, composts (and their teas/brews), and
biochars. Although they contain a range of macro-nutrients and trace elements, they also act as soil
conditioners, changing the soil physical, chemical, and biological status. Some of the organic
molecules that they contain (humic-like compounds, amino acids, sugars) are known plant signal
molecules, but the concentrations of these vary widely.
In general organic amendments contain both organic and inorganic nitrogen, sulphur and
phosphorus, whilst K is largely in an inorganic form. They can also contain useful amounts of trace
elements such as zinc, magnesium, copper, and calcium. When considering the use of organic
amendments it is important to know the nutrient contents and whether there may be nutrient
imbalances compared to plant demand.
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An example of the variability of some key characteristics of manures, composts, vermicomposts,
and biochars are provided in Table 1. For example: manures can vary widely from acidic to alkaline
pH, and demonstrate wide variability in electrical conductivity (EC); biochars are more likely to have
a high carbon content, but lower N content compared to other amendments. With such high
variability it is difficult to make generalisations about behaviour in soil and to develop
recommendations for use.
Table 1: Examples of the variation (range) in chemical characteristics that can be found in broad groupings of organic
amendments. Source: modified from Abbott et al. 2017.

Organic
amendment
Animal manures
Composts
Vermi-composts
Biochars

Basic chemical characteristics (example ranges)
-1
pH EC (dS m )
%C
%N
C:N
4.9 - 8.8
<1 - 12
13 - 44
1-5
5 - 23
7.1 - 9.0
<1 - 6
13 - 30
1-3
9 - 27
5.9 - 8.4
<1 - 3
12 - 27
1-5
6 - 17
8.1 -10.8
<1 - 3
47 - 76
<1 - 2 62 - 185

Animal Manures
Animal manures from chicken, beef/dairy cattle, and pigs have long been used to support
agricultural productivity, but are known to have variable plant growth outcomes1. Manure
application has been shown to have the potential to change almost all aspects of soil physical,
chemical, and biological condition, and to influence the stress tolerance and plant defence
responses.
Manures vary greatly in composition depending on the animal production system, age of animals,
and bedding material. Variability in manure composition is reflected in field-based research where
positive, negative and neutral results are reported. The lack of consistency in composition and
growth response hinders the development of consistent recommendations for use. However,
chicken litter is commonly a preferred manure in areas where available and often contains useful
amounts of P, N, K, Zn, and Mg. Good practical guidance on the use of chicken litter is available
through a Rural Directions report20 highlighting key considerations including:
 analyse the manure for nutrient content as close to the time of use as possible, take into
account moisture content, and base application rates on estimated plant demand;
 include a starter mineral fertiliser (N, P) at seeding to support early plant vigour; don’t assume
that trace element deficiencies will be immediately corrected after manure application;
 when considering manure as a long-term management strategy, monitor nutrient content and
the accumulation of salts and heavy metals.
Long-term use of manures has been shown to: increase soil organic carbon content; increase P, K,
Ca and Mg in the topsoil, and nitrate, Ca, and Mg in the subsoil; reduce bulk density and increase
porosity, hydraulic conductivity and aggregate stability; buffer or neutralise acidity; chelate heavy
metals; enhance biological activity; and suppress plant disease21,22. However, it has been suggested
that manures only have benefit to soil productivity, over and above the nutrient content, where
large inputs are applied over many years22. The economic benefits of long-term, and any reduced
production risk resulting from improved soil condition, use have not been thoroughly evaluated.
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Composts and vermi-composts
Composts are produced through theormophilic aerobic decomposition of organic matter over a
number of weeks to produce a stabilised organic product. Primarily considered soil conditioners,
composts change soil physical condition, chemical fertility, biological functions, and can also provide
some direct nutrient supply.
Compared to the feedstocks, composts have a narrower C:N ratio reflecting the more decomposed,
complex, and stable carbon forms. Composts contain a diverse range of simple (sugars, amino acids,
fatty acids) and more complex compounds (cellulose, lignin). Longer composting times tend to
increase the content of stable humus-like carbon23. A wide variety of organic resources (crop
residues, animal manures, food processing by-products, urban green-wastes etc) are used in
composting. As a result composts vary widely in their composition and nutrient content. The
feedstock source and production method/time has a significant effect on the suitability of compost
for a specific purpose.
The use of composts (as well as animal manures) to buffer soil acidity, bind aluminium, and improve
crop growth has been demonstrated. The acid neutralising capacity of the amendment and the
buffering capacity of the soil are needed to predict the pH changes following application of an
amendment24. However, where acidity is the dominant production constraint, a long-term
management plan using lime is recommended.
Vermicomposts are produced when worms are used to decompose organic materials. Compared to
traditional composts they have high concentrations of organic nutrients, amino acids and
carbohydrates, humus-like organic compounds, and plant signal molecules (e.g. gibberellins,
cytokinins and indole acetic acid). Vermicomposts are considered to have biostimulant properties.
Extracts from vermicomposts have been used as seed dressing, soil drenches, or foliar sprays in
horticulture. Reported benefits include improved germination, yield and product quality, reduced
disease, and increased root growth.
There is a lack of assessment of vermicomposts in broad-acre cropping, likely reflecting limited
availability beyond peri-urban areas. A field experiment with wheat in the UK25 concluded that
vermicomposts appeared unable to directly replace traditional mineral fertilisers. Recent
international research has however demonstrated that vermicomposts can support yield benefits
in barley in sodic soils26, wheat27, and pearl millet28. Overall assessment in broad-acre is limited,
results are inconsistent, and there is a general lack of knowledge to guide application.

Biochar
Biochars are porous, charcoal-like materials that result from the thermal conversion of organic
feedstocks used in bioenergy processing (e.g. pyrolysis). They can be made from a wide variety of
feedstocks and therefore vary in composition and behaviour in soil. However, compared to other
organic amendments biochars are expected to be stable in the soil for much longer (>100 years) and
can therefore be considered a permanent amendment to soil. They have been shown to induce
plant defence responses, and to impact several soil properties including soil porosity and moisture
sorption, pH buffering, CEC, and chelation, the size and structure of the microbial community,
nitrogen cycling and leaching, and disease suppression.
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Although it is recognised that early claims over the use of biochar to address soil fertility were
exaggerated29, indirect interactions between biochar and the nitrogen cycle are considered to have
potential to increase nitrogen use efficiency30. These benefits are generally related to the redox
reactions and sorption on the surface of the biochar, pH buffering capacity, changes to the N cycling
microbial community.
The consensus across many reviews is that biochar is more likely to improve plant productivity in
acidic soil types and that manure-based biochar is likely to be more effective than wood based
biochars29,31. An overview of Australian research highlights greater benefits in acidic ferrosols of the
northern region due to improved pH, nutrient availability and reduced Al toxicity34. Although
transient liming benefits (lasting a few years) have been demonstrated in a range of field trials32,33,
biochar application alone is not a cost effective management approach for acidity constraints.
Biochar can also reduce nitrogen leaching, which could also help to manage the wider issues of
acidification and nitrogen use efficiency. Across a wider range of soil types relevant to the southern
and western regions, there have been limited and inconsistent results34. Potential benefits of
biochar in legume systems of the southern regions remains unexplored, despite demonstrated
benefits to legume nodulation and N2 fixation reported elsewhere35.

Application approaches and combination of organic amendments
Most commonly organic amendments are applied as loose materials that are surface applied, with
minimal incorporation into the soil profile. In research trials, organic amendments are typically
applied at rates of 3 t ha-1 to 10 t ha-1 or more, introducing various logistical and economic
challenges. On the whole there is currently a lack of field-based data to determine if surface
application or incorporation of organic amendments is most efficient in improving soil condition and
plant productivity for multiple seasons benefit. Several current GRDC projects are examining the
potential use of organic amendments to ameliorate soil constraints through incorporation of
organic matter deeper in the profile (CSP00203; DAV00149). The role of placement depth may be
an important component in optimising use of organic amendments.
The loose nature of organic amendments poses logistical challenges to incorporation of
amendments. Pelletisation or granulation of may open up opportunities for lower-dose (~100-200
kg ha-1) beneath seed banding. This has been tested with biochar (~200 kg/ha36), which has a
granular nature, with mixed outcome. The potential value of repeat low-dose application of organic
amendments over a number of years has not been evaluated.
Alongside industry developments in granulation of organic amendments, combination amendments
are receiving widespread interest. For example, combining biochar with mineral fertilisers for slow
release characteristics37, clay minerals38, or composts have all been reported. An amendment with
a diverse range of organic matter may have benefit in both stimulating the microbial community in
the immediate term, extending nutrient release characteristics, and contributing to the persistence
of soil quality improvements in the longer term. However, commercial scale development of such
combination fertilisers in Australia requires larger-scale production capacity as well as
demonstrated consistency in benefit.
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BOX 3: BIOLOGICAL AMENDMENTS – CARBON COMPOSITION AND EXPECTED DURATION OF IMPACT
In general terms the behaviour and persistence of amendments depend on how complex the
organic matter is. Simple compounds (e.g. sugars, amino acids) are more likely to have shortterm impacts because they are rapidly used by microorganisms. Where short-term impacts are
expected the timing of application in relation to plant growth will be critical to the outcome.
Amendments with more complex composition (composts, manures, biochars) are more likely
to have longer-term effects on soil condition – for example biochars are more stable than
composts, which are more stable than manures. The impact is likely to change over time as the
amendment decomposes or ages in the soil. The rate of decomposition is important in
estimating if an amendment will last for a single season or for multiple seasons.

Soil aggregate formation is influenced by the types of organic matter present39. Simple organic
molecules (e.g. sugars, lipids, proteins and organic acids) provide short-term bonding of
particles. Complex organic substances (e.g. humus, aromatic compounds) help longer-term
binding between organic matter and mineral surfaces. Organic amendments that supply simple
soluble organic matter will support the short-term binding of particles. Amendments that
supply more complex organic matter will support longer-term changes to soil structure. An
amendment that promotes greater plant root growth and supports a fungal population will
help to promote binding of soil particles and aggregate formation.
Organic matter from amendments will change over time as it is broken down by the microbial
community. It can therefore be expected that the physical, chemical, and biological functions
to which organic amendments contribute will change over time.
Long-term repeat use of organic amendments may help to maintain changes to soil functions
or build cumulative benefits through direct and indirect effects on plant growth. Cumulative
benefits can be expected where an amendment increases input of organic matter to the soil
through root production and exudation, and greater crop residue returns.
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3 Matrix overview: Impact of amendments on mode of action
It is useful to summarise the potential benefits from the use of biological amendments, identifying
which amendment types are likely to influence soil condition and plant growth through the key
modes of action (Table 2). The aim of the matrix is to draw focus to the most likely way in which an
amendment may change soil condition and plant growth. Alongside farmer knowledge of the likely
constraints to production at a proposed trial site, this provides a framework to work through what
might be the most appropriate amendment to trial at any particular location. It also provides a focus
to help guide what to monitor to evaluate the impact of an amendment (Box 4).
Table 2: Framework highlighting the type of constraints that can be influenced by different types of
biological amendments. Based on available peer-reviewed literature evidence, the framework provides a
qualitative assessment to guide field testing under local conditions [modified from Abbott et al.1].

Biochars

Vermi-composts

Composts

Animal manures

Organic

Chitosan

Seaweed derived

Hydrolysates & AAs

Biostimulants

Humic substances

PGPRs

Rhizobia

PRODUCTION CONSTRAINT

Mycorrhizae

Inoculum

PLANT STRESSES
water stress (drought)
heat stress
frost stress
disease stress
SOIL PHYSICAL STRESSES
aggregation and stability
moisture soption/storage
high penetration resistance
SOIL CHEMICAL STRESSES
pH buffering
nutrient retention / CEC
P sorption
SOIL BIOLOGICAL STRESSES
carbon/energy supply
nutrient cycling / supply
disease supression

Ultimately the goal in using biological amendments is to improve plant responses and/or soil
condition to support improved growth and productivity. The use of inocula has proven value to the
Australian grains industry, through the success of rhizobia inoculants for legumes. The close
symbiotic relationship within root nodules ensures that the signalling between the host plant and
rhizobia is effective, and that the rhizobia are protected from wet-dry cycles or other soil stresses.
Other inocula have potential to improve plant stress tolerance, change nutrient availability and
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cycling in the soil, and supress disease. Their success however is reliant on colonisation and survival
in the soil environment. The development of advanced inoculation technologies that improve
survival and colonisation is an active area of research and development.
Biostimulants can be considered as having the potential to have the most direct effects by changing
plant signalling. However, they rely on a cascade of complex interactions and feedbacks, many of
which have not been identified. There is a move within the industry to strengthen R&D based
product development and testing, alongside stronger guidance on their use, and greater industry
regulation. Improved self-regulation will help to build wider confidence in the industry in the longerterm.
Changing soil quality to better support plant growth is perhaps less direct, and requires an
understanding of the current constraints and how best to address them. When looking to use an
amendment to improve the functioning of the soil microbial community, it is important to consider
why the native microbial community is not performing well. Constraints to microbial survival and
function include:


LOW CARBON CONTENT:

carbon provides energy to the microbial community. Most biological
amendments contain carbon in some form or other. The composition of carbon will influence
how an amendment supports microbial activity, and how long the effect is likely to last (see
Box 3);



POOR WATER HOLDING CAPACITY:



LOW PH:



TILLAGE FREQUENCY:



REGULAR USE OF FUNGICIDES:

the microbial community requires moisture to function. Soils
that dry out quickly have less opportunity for the microbial community to be active.
acidity is known to have a large impact on soil microbial community structure and
function, particularly nitrogen cycling. Many microbial species are sensitive to pH, and
therefore it is important to consider the pH profile when aiming to change microbial function
in the native community, and the survival and function of any inoculum.
regular tillage can have a negative impact on soil physical condition and
the microbial community (especially fungi). However, if long-term no-till results in
concentration of organic matter in the top 10 cm, strategic tillage may be useful for deeper
incorporation of residue into the profile to promote deeper microbial activity. The timing of
strategic tillage relative to the use of biological amendments needs further research.
root pathogens can be effectively managed through the use of
fungicides. However, fungicides are non-specific in nature and will also reduce the
population of beneficial fungi (e.g. mycorrhizal fungi and fungi effective in biocontrol). To
maximise the benefits of biological amendments there may be a need to reduce the use of
fungicides.

Questioning how the environment and current management might be causing stresses to plant
growth is an important component of assessing what changes could be made. When looking to use
an amendment to improve soil condition and biological function, a long-term strategy will be
required to effectively maintain any improvements. The long-term outcome, cumulative effects, and
return on investment, have been poorly captured by research due to the short-term nature (~2 yrs)
of most trials.
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4 Field-scale evaluation and monitoring
On-farm field testing provides a valuable approach to assess which biological amendments might
help to support plant productivity under local grower conditions. There are various guidance
documents for on-farm testing using small-scale replicated strips/plots, or larger-scale variable rate
technology (VRT) approaches40. A targeted, sequential approach to evaluation of biological
amendments is likely to have greater value compared to approaches that are not based on a strong
underlying rational or where there is little evidence of impact.
Key steps to a targeted approach to small plot on-farm testing include:


IDENTIFY THE KEY TARGET STRESSES OR CONSTRAINT(S) TO PLANT PRODUCTIVITY: This provides the focus
question and helps to identify what should be tested. Estimating the yield gap at a particular
site can also be useful in brining into focus the value of any potential yield improvement,
and the amount of nutrition that may be required to support the estimated increase in
production.



SELECT AMENDMENTS BASED ON MODE OF ACTION: target amendment selection towards the
dominant stresses/constraints (see Table 2). Keeping the number of amendments relatively
small (<6) will help to minimise any variability within the trial area which may otherwise
make it difficult to measure significant differences.



DEFINE THE TRIAL AREA AND EXPERIMENTAL DESIGN: use any available spatial data (yield/NDVI/EM
maps) and landscape knowledge to avoid any clear contrasts in plant production or soil
condition. A randomised block design is useful in avoiding any biases that may lead to
misleading conclusions. Tools to help assess statistical differences (t-test) or to estimate the
relative benefits required for return on investment, are available through the
soilquality.com.au website.



CONSIDER CONSISTENCY IN BASELINE MANAGEMENT AND COMPATIBILITY WITH GOALS: to evaluate the
biological amendment itself it is important to ensure that underlying baseline management
(fertiliser, variety, herbicide, fungicide, tillage, seeding date) is the same across all
treatments. It is also important to consider how the baseline management may affect the
performance of the amendment (section 3).



DEFINE YOUR MONITORING PROGRAM: all field trials are strongly influenced by the seasonal
conditions. Monitoring yield alone often provides little insight into why a particular result
was observed. It is useful to develop a targeted monitoring program that helps to capture
whether the amendment has impacted the key target constraints (see box 4).
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BOX 4: MONITORING THE IMPACT OF BIOLOGICAL AMENDMENTS
Considering the likely impacts of a biological amendment is an important component of
developing a monitoring plan. Yield measurements alone offer a risky strategy for assessment
as they may miss changes in plant growth and potential yield that are not expressed due to
seasonal conditions. The table below provides a wider range of simple monitoring
considerations that could be targeted towards assessing general growth changes, specific plant
stresses, or soil physical, chemical, or biological condition. The key first step is to identify which
constraints are important in the test paddock.
MONITORING TARGET
PLANT GROWTH
- GENERAL
- PLANT STRESSES

SOIL CONDITION
- PHYSICAL
- CHEMICAL
- BIOLOGICAL

MEASUREMENTS
Yield, NDVI at key seasonal times, tiller or head counts.
Growth parameters (above), post stress damage, tissue
nutrient testing, visual assessment of deficiency/disease
symptoms, or disease testing.

Penetration resistance, bulk density, water infiltration, drained
upper limit, effective rooting depth.
soil pH, EC, exchangable Al.
OC content, biological activity (respiration), soil nitrogen
content or mineralisation potential, mycorrhizal colonisation,
visual examination of roots, disease testing.

In addition to assessing the impact of amendments on yield, assessing NDVI before canopy
closure, and tiller and/or head number can help to identify whether biological amendments
have changed key aspects of plant growth. Measured prior to grain filling, these measurements
can help identify if an amendment has impacted the yield potential before the crop is subject
to any later season environmental stresses that may subsequently limit yield.
Many biological amendments identify their main mode of action as reducing plant stress. It is
therefore valuable to consider assessing: plant damage following environmental stress events;
visual signs of nutritional deficiency or plant disease. If visual signs of deficiency/disease are
evident, then confirming differences with plant tissue or disease testing between the control
and test treatment may be warranted.
Many organic amendments or soil conditioners are expected to change soil condition. Testing
soils for these changes can be time consuming and expensive and should therefore be carefully
targeted. The effective rooting depth, assessed through visual examination of a soil pit, can be
a good indicator of changes to soil physical condition. Where there are differences, subsequent
measurements may include penetration resistance, water infiltration, or the drained upper
limit. Changes to the main chemical constraints can usually be evaluated with basic soil
chemical analysis. Monitoring and interpreting soil biological changes tend to be more complex.
Identifying a specific biological constraint (low biological activity, nutrient cycling, low disease
resistance, poor mycorrhizal colonisation) and using broad-scale indicators on treatments that
demonstrate plant growth responses provides a sensible starting point.
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5 Research gaps and path forward
There is considerable theoretical evidence for the potential of biological amendments to alter plant
physiological responses and to improve soil condition and biological function. However, there is a
shortage of field-based evidence that many biological amendments can be used to reliably improve
plant growth and grain production in Australian broad-acre agriculture.
The majority of on-farm trials evaluating biological amendments have focused on comparing a range
of different amendments. It is often unclear what the underlying production constraints are at the
test site, and why particular amendments have been selected. Very few studies demonstrate a
systematic approach to identifying the underlying production constraints to inform selection and
testing of amendments in a targeted manner.
Although useful to broadly categorise biological amendments into inocula, biostimulants, and
organic amendments, variation within each of these groups is large. There is an inability to compare
the composition of the wide range of amendments, and to clearly identify how different
amendment types work. This limits the development of a targeted systematic approach to selection
and testing. However, there is a move within the wider industry towards a more systematic R&D
approach that incorporates lab screening, improved understanding of how amendments influence
plant growth, and on-farm evaluation.
Comparison of guidance on fertiliser use, and the importance of the 4Rs of nutrition (right source;
right rate; right time; right place), highlights some of the research gaps in the use of biological
amendments. In particular, there are gaps in our understanding of how the timing, placement, and
frequency of application of biological amendments might influence plant growth responses. Greater
emphasis needs to be placed on developing guidelines on the timing, placement, rate and frequency
of application for the use of biological amendments.
Field studies testing biological amendments are often limited to relatively short timeframes of
assessment (≤ 2 seasons). This limits the opportunity to assess cumulative benefits, optimise the
use of products, and understand the impact over a range of seasonal conditions. The compatibility
of biological amendments within the wider systems, and what aspects of management (fertiliser
rates, use of pesticides/fungicides etc) might need to change in order to maximise potential benefits
has been poorly covered in the peer-reviewed literature.
To address this gap there is a need for greater collaborative field-scale research between the
amendments industry, researchers, and farmers. A centralised data-portal collating results and key
meta-data (e.g. Online Farm Trials), and greater peer-reviewed publication would help to improve
access to results from field-based research on biological amendments. Tools to allow comparison of
amendments, and selection suited to particular soil environments would be valuable in supporting
farmer decision making in what types of biological amendments to test under local conditions.
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