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Summary

There is growing interest in the use of biological soil amendments to help support soil conddion an
plant productivity in Australian cropping systems. Many biological amendments can change nutrient
availability, soil physical, chemical and/or biologmahdition, 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 dominanisfan high value
horticultural crops compared to broad acre cropping. Few braae studies demonstrate a
systematic approach to targeting the use of amendments to a-defihed production constraint.

In broad acre agriculture there is a strong systematid peerreview 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 resebasied products, biologically
based practices, anthdustry standards/regulationlt 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 intzula, 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 déwement of a targeted systematic approach to selection
and testing. Biological amendments have important differences in the way in which they influence
plant growth- their socalled “mode of action”. The mode of action can have a direct effect on the
plart, 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. ldentifying
the main constraints to plant growth provides a fodas selectionof an amendment. It will also

help guide what to monitor and how to evaluate its effect. Tamort summarises the potential role

of biological amendments in Australidoroad-acre agriculture through these mode of action
pathways. It draws the literaturevidence in a framework to highlight which types of amendments
have the potential tachange plant growth through plant physiological responses and/or changes to
soil condition.

In conclusion the report highlights research gaps and proposes a pathwayardotav 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 gapthe 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 othe compatibility of biological amendments with conventional inputs
(fertilisers, pesticides/herbicides) is lacking. The skewn nature of research trials has limited the
opportunity to assess cumulative benefits, optimise the uggroducts, and understand the impact
over a range of seasonal conditions. To address thesetheye is a need for greater collaborative
field-scale research between the amendments industry, researchers, and farmers. The development
of tools to allow comprison of amendments, and support informed decision making would be
valuable in supporting greater local-ferm 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 productrity 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 consided to be overandabove the nutritional value aloneBiological
amendments can be broadly categorised as microbial inochiastimulants, and organic
amendmentgBox 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 pr(j<©00044),
Abbott et al! conducted a review of publighl literature on the use of biological amendments in
Australian broaehcre agriculture. The review highlights the success of the legume inoculants
(rhizobia) industry, supported by sound scientific understanding, laboratory screening and field
scale testig under a range of environmentslowever, therehas not been thesamelevel of
systematic R&D and peeeviewed evidence for the use ahany biological amendmentsn
Australianbroad-acre cropping.

Box1: TYPES OBIOLOGICAL AMENDMENTS

Therearea wide range of amendments thabuld be usedo support plant growth through biological
processesBiological amendments can be broadly categorisethizgrobialinoculg biostimulants, or
organic amendments. However, the biological and chemical charstitsrof each of these categories
varywidely. It is important to understand the broad characteristics of any amendment béiere
use to maximise the potential benefits.

MICROBIAINOCUA include symbiotic organisms (rhizobia, mycorrhizagi), plantgrowth promoting
rhizo-bacteria (PGPRs), and free living organisms that influence nutrient availability/acquisition (e.g
phosphate solubilisation, nitrogen fixation and/or cycling). Ina@&n be single species or mixed
community consorf.. Inocub are availableas powders, liquids, capsules and seed coats.

BlosTIMULANT®IClude humic and fulvic substances, seaweed extracts, hydrolysatesrand acic.
Biostimulans contain compoundsthat act asplant signal molecules or hormoneshangingplant

growth or stresgesponses at a cellular (physiological) level. They are available as powders, prills and
granules, and concentrated liquids.

ORGANIC AMENDMENTBclude animal manures, composts (and their teas/brews), and bischar
Traditionally available asdse materials, organic amendments are increasingly available as pellets or
granules toaddressshipping and handling challenges.
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Based on the published literaturéhe review outlines the current limitations in research and
development of biologicamendmentsncludng:

x limited peerreview researchof Australian basedroadacre croppingtrials, with more
research focusing olmigh value horticultural crops;

x few studies demonstrate a systematic approach to identifying the underlying production
constraints to inform selection and testing of amendmeinta targeted manner;

x informed selection of amendments for testing is limited by an inability to compare the
composition of the wide range of amendmenésd to clearly know how different amendment
types work

x few studies explore how products might be mastectively integrated into the farming
system through different application approaches, timing, and/or frequencies, and adjustment
of fertiliser and/or agrochemical inputs;

x the shortterm nature of trials G 1T ¢ -« }limits the opportunity to assessunulative
benefitsand return on investmenioptimise the use of products, and understand thgact
over a range of seasonal conditions.

There is howevegrowing emphasis within the amendments industry on resed@bed products,
biologicaly based pradtes, 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 exbanging biologicahmendmens market. It is
therefore important that growers interested imialling biological amendments can be guided by a
systematicapproach to product selection and darm selection.

Amendments have important differences in the way in which they influence plant growth.
Therefore Abbott et al! proposeal a frameworkto aid decsionmaking for oafarm trialling,based
on how different types of amendment are most likely to wertheir socalled“mode of actiofi.

It is useful to consider how an amendment is likely to change plant growthyhather or notthe
mechanism is relevant talleviatingthe mainfactors limiting plant growth aa specific locatiorilhe
mode of action can have a direct effect on the plant, or it may work indirectly through improving
soil conditionFor many amendment types the mode of action can be unclear, or amemig may
have more than one mode of actioldentifyingthe main constraints to plant growtprovides a
focus toselectionof an amendment. It will also heguidewhat to monitorand howto evaluate its
effect. The mair‘modes ofaction’ (Box2) canbe kroadly considered to be:

x direct supply of nutrients of macsoutrients and/or trace elements

x plant physiological (cellular) responses that change growth, shape, or responses to
environmenta stress (drought, heat, frost);

x improved soil quality, includinghanging the physical, elmical, or biological condition.
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Box2: MODE OF ACTIGNHOW BIOLOGICAL AMEWIENTS CHANGE PLANROSVTH

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 & growth physiology

or soil condition can have knock effects on one another.

DIRECNUTRIENBUPPLYNCluding N, P, K, and S. Nutrients can be present in mineral and organic
forms. Where minerals are bound in organic forms, they may first requitvenadisation before

they are available for plant uptake. Many products also include trace elements torpipre

their effectivenessn systems with specific micoutrient deficiencies.

PLANT PHYSIOLOGICESRONSHBClude cellular level changes ifapt signalling, cell development
and differentiation(e.g. root development and morphology, cell elongation, tillerimg}rient
metabolism,and response to environmentadr disease stress. Plant physiological responses
can occur where amendments contaignal 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, cytokinaiscabhs
acid, and many aminacids and sugars.

SOIL PHYSICAL CONONIlincludes soil structure/aggregation and pore space. These factors
influence water andir storage/movement, root growth, and the habitable space for biological
communities (bacteria, fungi, protozoa, mitesc). Amendments can influence the solil 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, shrindswelling). Slower langes to soil physical condition can result from
precipitation or chelation reactions arnidcreasedmicrobial activity which can promote the
formation of aggregates.

SoIL CHEMICAL FERTYimcludes pH, buffering capacity, and cation exchange caf&gity) 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 avaiigbdnd indirect effects through altered
microbial cycling. CEC can be increased by organic ncatteging the retention angotential
leaching of nutrients.

SOIL BIOLOGICAL FUNINSInclude supplying a carbon and energy souiaremicrobial activity,
altering the composition of kayicrobialfunctional groupschanging nutrient cycling processes
(e.g. mineralisation/immobilisationgnd supporting anicrobialcommunity that is capable of
supressing diseasgausingorganisms.The microbial community is central to buildiagd
maintaining fertile ad productive soils.
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This report summarises the potential role of biological amendments in Austrddi@ad-acre
agriculture through these mode of action pathways. It dréwesliterature evidence in a framework

to highlight wheh types of amendments have the potentialdbange plant growth through plant
physiological responses and/or changes to soil condition. In conclusion the report highlights
research gaps and propcse pathways forward to support broader field based evadmaof
biological amendments in Australian broad acre systems.

2 Potential benefits from the use of biological amendments

There is limitedfield based peerreviewed literature eporting the impacts of biological
amendmentson soil condition and plant yieldnder Australian broa@cre systemsFurther, t is
difficult to exterd the results of individual field trials to the wider context without understanding
why a particular response was observed at an individual locakepnomic assessment of the
performance of amendments relative to district practice is sparse. In the absensee$pread
demonstration of yield benefits under Australian breacreconditions there is a need to develop
a framework to guidelecision makingiround selection of biologicah@&ndmentsfor targeted on
farm trialling

Here we povide a summarpased orninternationalresearchreporting the impact of amendments
on plant growth and soil conditiorhis information is thenatlated into a matrix overview format
to match amendmentytpe with likely mode of actio(Section 3)

2.1 Microbial Inocub

The role of the soil microbial community in supporting plant growth has long been recognised.
Advances in molecular tools and increased understanding afdhmicrobial community is driving
increased worldwide interest in the development of microbial inacial support agricultural
production. Microbial inocalcan include:

X symbiotic organisms that require a specific host (e.g. rhizobia);

X non-host-specific symbiotic organismsith broad cobnisation capability(e.g. arbuscular
mycorrhizal fungi)

x free-living micreorganisms that have specific functional attribut€er example, phosphorus
solubilising microorganisms (e.gspergillus, Penicillium, Fusarium, Pseudoma@pesies)
plant growth pomoting rhizobacteria (PGBR including species of Pseudomonas,
Azospirillum, Bacillus, Providercia

Successful development of commercial ineadgpend on an understanding of the ecology of the
organisms, including habitat preferences, functional attributes, and survival sensitivities.
inoculant needs to establish a critical population and have the right conditions to employ its
beneficial furctions.

Rhizobia inocuéa

The value ofhizobiafor Nfixationin Australian legume crops and pastures is well established. The
primary direct mode of action is biological nitrogen fixation in the symbiotic nodiie symbiotic
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relationship between the pint and rhizobia is mediated through an array of signal molecules, which
changenutrient transport and metabolism in the plarfome hizobiastrainsare alsocapable of
mediating a wider array of indirect effects such as P solubilisation, chelatiompéird stimulation

of plant defence mechanisms. The quantitative understanding of these mechanisms is less well
defined within Australian field conditionsAlthough these secondamodes of actiormay have
benefit, the benefits of nitrogen fixation iregume rotation phases drives the use of rhizobia
inoculation.

Matching rhizobial strains to the host legura@d soil conditionss one of the most important
factors in maximising the productivity of Australian legumes. Soil factors that limit the samd/al
establishment of inoculum include soil pH (both acidity and alkalinity), salinity, and temperature
and desiccatiof A National Code of Practiaad Quality Trademark for legume microbial inoculant
products brings confidence of independent testing and guidance on use.

Plant growth promotingrhizobacteria

The potential benefits of plant growth promoting rhizobactgf45PB) have been widely studif,
andinclude specieBom bacterial gener®seudomonas, Azospirillum, BacilargjProvidenciaThe

range ofmodes of adbn 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 separat@ocub can be formulated on single species, or more
commonly as a mixture of organisms.is widely recognised that different strains are editto
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 4gmbiotic organisms in the target
environment is often qudé®ned, 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 hashown some field based success in béthstralia and internatinally* is
phosphate solubilising microorganisms (PSRIM include both bacteria (e.gpecies oBacillus
andPseudomongsand fungi (e.gspecies oAspergillus, Penicillium, Fusarijumhemodes of action

of these inocu is through the production obrganic acids and enzymes that gulise P and
therefore improveplant P supply. Many PSM can also produce growth promoting substances, but it
is difficult to quantify the impact under field conditiorhe potential of PSM for the management

of P deficiacy in agriculturehas been reviewed The authors conclude thatmproved
understanding of the functional diversity, colonisation ability, and mode of action is needed to
faciitate the use of PSM as a reliable management option.

Arbuscular mycorrhizal fungi

There is strong interest in the development and usarbiuscular mycorrhizal (AM) funigi broad
acre systems. AM fungi are generalist inacalpable of colonising a wide range of plaifitee main
modes of actiorrelevant to AM fungi areautrient uptake (P, Zmnd increasing access toater
under dry conditions. Some research also showwoved disease defence and chéda of metals
and/or nutrients.
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However, most examples ahproved crop growtthave been shown icontrolled experimerdl
conditions, with far lesgjuantitative evidence of direct yield benefits fromoculation withAM
fungi in field studies.A recent review of AM fungi asdifertilisers highlights that only 15% of
research literature uses commercial inoculants, that 36% is conducted undestressed plant
growth conditions, and that only 24% of the reported research is conducted under field comitions

Questions remain over the persistence mioculated AM fungi under field conditions. The
abundance and effectiveness of native AM fungal eomities are influenced by local soil
conditions, fertiliser use, tillage frequency, and crop rotafioit is therefore important to
understand if thenaturally occurringAM 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 residueturns).

Inocula application technologies

Seedcoatings areoften considered an efficient application mechanigmmicrobial inocw. Seed
coats are easy to use and ensym®ximity for colonisation of early developing roots. However,
scaling seed coaitg approaches tocommercial scale operatienhas several challenges as
highlighted in a recent reviefyincluding:

x significant technical challenges nsuring microbial viability through seed treatment
processes and storage

X overcoming environmental sensitivity of many potential seed inoculants to ensure survival,
effective establishment and consistent performance under a range of field conditions;

x compatibility with adjuvant agrechemistry (fertilisers, fungicides, herbicides, pesticides)

The development of inoculardgpplication technologies an active area of the biologicals industry.
Inocukincreasingly inclueimultiple organisms with a range of functions, or suited to a range of soill
conditions. The benefits of dual inoculation with some form of PGPR and AM fungi have been
demonstrated infield trials. For example, there are several reports of enhanced whesddsyi
following dual inoculation with ®olubilising organisms and AM fuhgrhe positive growth and

yield responses in #se studies were attributed to increased nutrient uptake.

Key area®f inocub development includeémproving a)ease of applicatiothroughseed coatings,
granulaton, or prilkbased products; bjmproving shelf life, irsoil survivaind colonisatiorthrough
encapsulation, slow release, anbisture retentionpolymers

2.2 Biostimulants

The term “bostimulant’ isbroadlyused to describe biological amendments that act directly on plant
growth or stress tolerance mechanisms over and above any nutritionag.vBlYy definition, they
contain compoundghat are considered plant signal molecules or hormofgeg. auxins, cytokinins,
gibberellins)Biostimulants are considered to interact with plant cell signalling in multiple ways that
reduce the negative impactsf plant stres&

Biostimulants include a diverse range of products including humic substances, hydrolysates and
amino acids, seaweed based {@stilisers, chitosanand mixed organic preparation3hey often
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have mixed composition and it is difficult ientify the active componentsThe great diversity in
composition, and subsequent plant responses poses challenges for research, development, and
adoptior?.

Interest inbiostimulants has increasegignificantly. A review of biostimulants recently concluded
that there is growing evidence to support thesein agriculture on a diverse range of plants, with
common responses including increased root growth, enhanced nutrient uptake, and stress
tolerancé.

Commonly repded benefitsof biostimulantsnclude:
X increased tolerance to stress such as heat, drought, frost, and salinity;
x improved nutrient use efficienduptake and metabolism)
X enhanced product quality including sugar, protein, or nutrient contents;
X improvedsoil health and presence of beneficial microorganisms.

However, less than 10% of pemviewed research focuses on breadre agriculture with high
value horticultural crops being the primary target. Compared to other agricultural products
(herbicides, psticides, etc), it is difficult to define what biostimulants are, how they work, and what
regulations are needed around their use. However, the biostimulants industnpvig towards
greater regulation, with the establishment on the European Biostintalandustry Council (EBIC) in
2011. Modern science tools are also supporting more systematic approaches to discover and
characterise natural plant bistimulants for developmendf. However, the complexity of
composition and identification of broad mechanisms are recognised as challenges for-4$eesade
development of the industr.

Humic-basedamendments

Humic products ara class of biostimulant®ade from brown coal, lignite, leonardite and various
decomposed organic wastes. They are typically extracted by chgmicasses with/without heat.

They contain a diverse range of compounds inclutiimgic acids and other active compounds (e.g.
cytokinins, polyamines, quaternary ammonium). The humic acid content varies widely with source
material and method of extractiomhey 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.

Humicbased products should not be confused with humus, an important soilidradhat
represents naturally decomposed organic matter.

Humicbased products have been shown to change plant signalling (e.g-l&exeffects), 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 micrenutrients (copper, iron, zinc), supress disease, and change microbial nutrient
cycling. The majority of published work focuses on horticultaraps, with some work on barley,
maize, and beans.

Althoughthe scientificliterature reports inconsistent effects on plant growth,recent review?
highlighs that:
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X across the literature the average response is a ~20% increase in shoot and root biomass;

X humicproducts made from composts and manures (+28% dry matter) outperform those from
lignite and brown coal (+12% dry matter);

X positive responses are more often reported under plant stress conditions compared to
unstressed conditions.

The review? notesthat the theoretical ptential for humiebasedbio-stimulantsis strong. However
inconsistent results, lack of mechanistic understanding, and difficulties in predicting benefits
hampers theirfull potential in agriculture A g/stematic approach to research, development, and
local onfarm optimisationis requiredto 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 hydrolysat&gin hydrolysate
solutions aremade from animal and plant residues and have variable amino acid conteh8/42

9. Amino acids play an important role in plant metabolism, cell signalling, and water regtflation
Plants under heat/drought stress accumulate specific amino #tad$elp to stabilize enzymes and
to maintain water regulation.

The effects of proline on plant response to envir@ntal stressefhiavebeen most well studied.
External supply of proline under experimental conditions has been shodelay water stress and
wilting'4. Some drought tolerant crop cultivars (e.g. barley) @smknown to accumulate proline.
Other amino acids with a similar role include amieaulinic acid (8ALA), asparagine, histidine, and
serine.

Hydrolysatebased 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 amirmda in plant stress responses. However,
quantitative evidence for consistent positive growth benefits under Australian bacael cropping
systems is lacking. It seems sensible thiatunderstanding of the role of amino acids in stress
tolerant crops mighhelp guide the use of aminacidbased biostimulants. To our knowledge no
biostimulant studies includeomparison tostress tolerant altivars. Better knowledge of the
relative benefits of biostimulants compared to cultivar selectiauld bevaluable iraiding farmer
decisionmaking.

Seaweedproducts

Seaweecdhas 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 extrast contain macro and micre nutrients, amino acids, plant growth regulators
(cytokinins, auxins, absic acid), and sugars (laminarin, fucoidan).
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The application of seaweeproducts in Australian agriculturenas beenreviewed®. Potential
benefits include tolerance to biotic and abiotic stress (drought, salinity and temperature extremes)
and disease, improved crop yield, and plantelepment (e.g. flowering, root structure). Several
studies demonstrate improved ability to withstand water stress and to improve winter hardiness
and frost resistanc®. 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.

Jear interactions between pant responses to seaweed biostimulants apthnt nutrient
deficiencies have been demonstrated. For example, a seaweed extract increasedislteahder
potassium deficient conditions, but had no significant effect under ade quati@ssiumnutrition™®,
Greater consideration of interactions between plant nutrient availability and response to bio
stimulants would likely improve our understanding of when positive plant growth responses are
more/less likely to occur.

(hitin and chitosan

Chitin and chitosamproducts, made fronseafood processing wastes (crab, shrimp, prawn shells),
have been used asio-pesticides and bidertilisers since the 19803.hey are reported to have a
direct antifungal andantibacterial activity effective against sebdrne pathogen¥ and promote
systemicdefenceresponse&®. These amendments are typically applied as seed drgssas 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 highablaand
dependent orseveral factors including the chemical form and molecular size of chitin, chitosan, and
their derivatived®. Similar to other classes of bimsulants, a recent review calls for more
systematic R&D to better understand the influence of chemical formaibeétter inform standard
application method¥.

Canmparative 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 quantifyiegdtfierence 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
biochas. Although they contain a range of maanatrients and trace elements, the}soact as soil
conditioners, changing the soil physical, chemical, and biological status. Some of the organic
molecules that they contairhgmiclike compounds amino acids, sugars) are known plant signal
molecules, but theoncentrations of these vary widely.

In general organic amendments contain both organic and inorganic nitrogelphur and
phosphorus whilst Kis largely in an inorganic form. Thegnalso contain useful amounts of trace
elements such as zinc, magnes, copper, and calcium. When considering the userganic
amendmentsit is important to know the nutrient contentand whetherthere may be nutrient
imbalances compared to plant demand
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An example of thevariability of some key characteristics of manures, composts, vermicomposts,
and biochars are provided in TaldleFor example: manures can vary widely from acidic to alkaline
pH, and demonstrate wide variability étectrical conductivityEQ; biocharsare more likely to have

a high carbon content, but lower N content compared to other amendmenish such high
variability it is difficult to make generalisations about behaviour in soil and to develop
recommendations for use.

Table 1. Examplesof the variation (range) in chemical characteristics that can be found in broad groupings of organic
amendments. Source: modified from Abbott et.&017.

Organic Basic chemical characteristics (example ranges)
amendment pH EC (dS hJ1) %C %N C:N
Animal manures 4.9 - 8.8 <1-12 13-44 1-5 5-23
Composts 7.1-9.0 <l1-6 13-30 1-3 9-27
Vermi-composts 5.9 -8.4 <1-3 12-27 1-5 6-17
Biochars 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 outcdm&fanure
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 toleraara® plant defence
responses.

Manures vary greatly in ooposition depending on the animal production system, age of animals,
and bedding materialVariability in manure composition is reflected in fibldsed research where
positive, negative and neutral results are reported. The lack of consistenoymposiion and
growth responsehinders the development of consistent recommendations for udewever,
chicken litter is commonly a preferred manureareas where available and often contains useful
amounts of P, N, K, Zand Mg. Good practical guidance on theseof chicken litter is available
through a Rural Directions repétthighlighting key considerations including:

X analyse the manure for nutrient content as close to the time of uspasible, take into
account moisture content, and base application rates on estimated plant demand;

x includeastarter mineral fertilise(N, Pt seedimg to support early plant vigoudon’'t assume
that trace element deficiencies witk immediately correted after manure application

X when considering manure as a lotegm management strategy, monitor nutrient content and
the accumulation of saltand heavy metals

Lorg-term use of manures has been shown itecrease soil organic carbon conteiricreaseP, K,

Ca and Mg in the topsoil, and nitrate, Ca, and Mg in the subsoil; reduce bulk density and increase
porosity, hydrauliconductivityand aggregate stability; buffer neutralise acidity; chelate heavy
metals; enhance biological activiignd suppresplant diseasé"?2 However, it has been suggested

that manures only have benefit to soil productivity, over and above the nutrient content, where
large inuts are applied over many yedfsThe economic benefits of lortgrm, and any reduced
production risk resulting from improved soil condition, use have not been thoroughly evaluated.
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Compostsand vermi-composts

Composts argroduced through theormophilic aerobaecomposition oforganic matterover a
number of weeks tgproduce astabilisedorganic productPrimarily considered soil conditioners,
composts change soil physical condition, chemical fertility, biological functions, and can aide prov
some direct nutient supply.

Compared to the feedstocks, composts have a narrower C:N ratio reflecting the more decomposed,
complex, and stable carbon forms. Composts cordaliverse range of simple (sugars, amino acids,
fatty acids) and more complex compounds (ceBelolignin). Longer composting times tend to
increase the content oftable humuslike carbord®. A wide variety of organic resources (crop
residues, animal manures, food processingpbyducts, urban greemastes etc) are used in
composting. As a result compgesvary widely in their compositioand 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 manurelslifier 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
amendment’. However, where acidity is the dominant production constraint, a {mmm
management plamising 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,n@anacids and
carbohydrates, humusike organic compounds, dnplant signal molecules (e.g. gibberellins,
cytokinins and indole acetic acid). Vermicomposts are considered to have biostimulant properties.
Extracts from grmicomposts have been used as seed dressing, soil drenches, or foliar sprays in
horticulture. Reprted benefits include improved germination, yield and product quality, reduced
disease, and increased root growth.

There is a lack of assessment of vermicomposts in bacael cropping, likely reflecting limited
availability beyond petiirban areasA field experiment with wheain the UK® concluded that
vermicomposts appeared unable to directly replace traditional mineral fertilisers. Recent
international research has however demonstrated that vermicompostsscgport yield benefits

in barley in sodisoil$%, wheat’, and pearl mille¥. Overall assessment in broadre is limited,
resultsareinconsistent, andhere is a generdack of knowledge to guide application.

Biochar

Biochars argporous, charcoalike materials that result from the thermal conversion of organic
feedstocks useth bioenergy processing (e.g. pyrolysid)ey can be made from a wide variety
feedstocks and thereforeary in composition and behaviour in soil. Howevemepared to other
organic amendments biochars agpected to be stable in the soil for much ¢am (>100 yeargnd

can therefore be considered a permanent amendmensoil. They have beeshown to induce
plant defenceresponses, and to impact several soil properties including soil porosity and moisture
sorption, pH buffering, CEC, and chelatidme size and structure of the micrabicommunity,
nitrogen cycling and leachingnd disease suppression
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Although it is recognised that early claimger the use of lnchar to address solil fertility were
exaggerateé’, indirect interactions between biochar and the nitrogen cyaie considered to have
potential to ncrease nitrogen use efficienty These benefits are generally relatedth® redox
reactions and sorption on the surface of the biochar, pH buffering capacity, changes to the ¢\ cyclin
microbialcommunity:

The consensus across many reviews is ii@thar is more kely to improve plant productivity in
acidic soil types and that manutmsed biochais likely to be more etctive than wood based
biocharg®3% An overview of Australian research highlights greater benefits in acidistés of the
northern region due to improved pH, nutrient awillity and reduced Al toxicit§. Although
transient liming benefits (lasting a few years) have been demonstratadange ofield trials’223,
biochar application alone isot a cost effectivemanagement approactior acidity constraints
Biochar can also reduce nitrogen leaching, which could also help to manage the wider issues of
acidification and nitrogen use efficien@cross a wider range of soil types relevant to the southern
and western regions, there haveeen limited and inconsistent resufts Potential benefits of
biochar in legume systems of the southern regioesainsunexplored,despite demonstrated
benefits to lggume nodulation and Nixation reported elsewher®.

Application approachesnd combinationof organic amendments

Most commonly organic amendments are applied as loose materials that are surface applied, with
minimal incorporation into the soil profildn research trialsorganic amendmentsire typically
applied at rates of 3 ha' to 10 t ha! or more, introducing various logistical and economic
challenges.On the whole there is currently a lack of fidddsed data to determine if surface
application or incorporation of organic amendments is most efficient in improving soil aconditd

plant productivity for multiple seasons benefgeveral 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; DAV00148)rdle 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
amendmentsPelletisation or granulation of may open up opportunities lower-dose(~100200

kg ha?l) beneath seed banding. This has been tested with biochar (~20@&Xy/which has a
granular naturewith mixed outcome. Thpotentialvalue ofrepeat lowdose 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 fertibsesisw
release characteristié§ clay mineral®, or compostshave all been reported® amendment with

a diverse range of organic matteray 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 thienger term.However, commercial scale development of such
combination fertilisers in Australia requiresrdarscale production capacityas well as
demonstrated consistency in benefit.
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Box3: BIOLOGICAL AMENDMENTSARBON COMPOSITIONDAEXPECTED DURATOBNMPACT

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 short
term impacts because they are rapidly used by microorganigfhere shortterm impacts are
expected the timing of application in relation to plant growthlwe critical to the outcome.

Amendments with more complex composition (composts, manures, biochars) are more likely
to have longeiterm effects on soil conditior for example biochars are more stable than
composts, which are more stable than manurése 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 influerttby the types of organic matt@resent®. Simple organic
molecules (e.g. sugars, lipids, proteins and organic acids) providetshartbonding of
particles. Complexrganic substanceg.g. humus, aromatic compounds) help lortgm
binding between organic matter and mineral surfac@ganc amendments that supply simple
soluble organic matter will support the shadrm binding of particles. Amendments that
supply more complex organimatter will support longeterm 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 wihange over time as it is broken down by the microbial
community. It can therefore be expected that the physical, chemical, and biological functions
to whichorganic amendments contribute will change over time.

Longterm repeat use of organic amendmentsaynhelp to maintain changes to soil functions

or build cumulative benefits through direct and indirect effects on plant gro@tmulative
benefits can be expected where an amendment increases input of organic matter to the soil
through root production aneéxudation, andyreatercrop 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 ofaction (Table 2)The aim of the matrix is tdraw focusto the most likely way in which an
amendment may change soil condition and plgriwth. 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 approriate amendment to trial at any particular locatidhalso provides a focus

to help guide what to monitor tevaluatethe impact of an amendment (Box 4).

Table2: Framework highighting the type of constraints that can be influenced bgifferent types of
biological amendments. Based on available peeriewed literature evidence, the framework provides a
qualitative assessment to guide field testing under local conditignsodified from Abbott et al }].
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PLANT STRESSES
water stress (drought)
heat stres
frost stress
disease stress

SOIL PHYSICAL STRE
aggregation and stability
moisture soption/storag
high penetration resistance

SOIL CHEMICAL STRE
pH buffering
nutrient retention / CEC
P sorption

SOIL BIOLOGICAL STRE
carbon/energy supply
nutrient cycling / supply
disease supression

Ultimately the goal in using biological amenelms is to improve plant responses and/or soll
condition to support improved growth and productivifijhie use of inocalhasproven value to the
Australian grains industry, through the success of rhizobia inoculants for legumes. The close
symbiotic relatimship within root nodules ensures that the signalling between the host plant and
rhizobia is effective, and that the rhizobia are protected from-atcyclesor other soil stresses.
Other inocuh have potential to improve plant stress tolerance, changgriant availability and
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cyclingin the solil, and supress disea3&eirsuccess however is reliant on colonisation and survival
in the soil environmentThe development of advanceidoculation technologieshat improve
survival and colonisation is an aeiarea 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 beendentified. 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 seHlregulation will help to build wider confidence in the industryhe longer

term.

Changing soil quality to better support plant growth is perhaps less diest, requires an
understanding of the current constraints and how best to address th#&imen looking to use an
amendment to improve the functioning of the soil microbial community, it is importanbtesider

why the native microbial community is not performing weélbnstraints tamicrobial survival and
functioninclude:

X LOW CARBON CONTE®d&rbon provides energy to the microbial community. Mbgtiogical
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;

X POOR WATER HOLDIM®ACITY the microbial community requires moisture to function. Soils
that dry out quicklyhave lesopportunity for the microbial community tbe active

X LOW B acidity is known to have a large impact on soil microbial commustriticture and
function, particularly nitrogen cycling. Many microbial species are sensitive to pH, and
thereforeit is important to consider thpH profile when aiming to change microbial function
in the native community, and the survival and functioraoy inoculum.

X TILLAGE FREQUENm2gular tillage can have a negative impact on soil physical condition and
the microbial community (especially fungi). However, if kewgn notill results in
concentration of organic matter in the top 10 cm, stratediagie 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.

X REGULAR USE OF FaNnmESroot pathogens ca be effectively managed through the use of
fungicides. However, fungicides ra nonspecific in nature and will also reduce the
population of beneficial fundie.g.mycorrhiza fungi andfungi effective in biocontrgl To
maximise the benefits of biologicamendments there may be a need to reduce the use of
fungicides.

Questioninghow the environment andcurrent managemenimight be causing stresses to plant
growthis an important component of assessing what changes could be Mé#uaenlooking to use
an amendment to improve soikondition andbiologicalfunction, a longterm strategy will be
required toeffectively maintairany improvementsThe longterm outcome cumulative effectsand
return on investmenthave been poorly captured by research due to the stemin nature (~2 yrs)
of most trials.

Biological amendments for the Australian grains industry: summary review and frameéw28k



4 Fieldscale evaluation and monitoring

Onfarm field testing provides a valuable approach to assess which biological amendments might
help to support plant productity under local grower conditions. There are various guidance
documentsfor on-farm testing using smadicale replicated sipps/plots,or largerscale variable rate
technology (VRT) approachés A targeted, sequential approach to evaluatioof biologica
amendments is likely to have greater value comparedgproaches that are not based on a strong
underlying rational or where there is little evidence of impact

Key steps to a targeted approachgmall ploton-farm testing include:

X

IDENTIFY THE KERGET STRESSES ORSTRAIN(S) TO PLANT PRODUCTWIThis provides the focus
guestion and helps to identify what should tested. Estimating the yield gap at a particular
site can also be useful in brining into focus the value of any potential yielcvwament

and the amount of nutrition that may be required to support the estimated increase in
production

SELECT AMENDMENTS BBSON MODE OF ACTiotarget amendment selection towards the
dominant stresses/constrain{see Table 2Keeping the number aimendments relatively
small (<6) will help to minimise any variability within theltarea which may otherwise
make it difficult to measure significant differences.

DEFINE THE TRIAL AREND EXPERIMENTAESIGN Useany available spatial data (yield/NDEM

maps) and landscape knowled¢e avoid any clearcontrasts in planfroduction or soil
condition A randomised block design is useful in avoiding any biases that may lead to
misleading conclusion$ools tohelpassess statistical differenc@stest) or to estimate the
relative benefits required for return on investment, are available through the
soilquality.com.au website.

CONSIDERCONSISTENCY IN BASELMANAGEMENT ANIDOMPATIBILITWITH GOALS0 evaluate the
biological amendment itself it is important to ensure thetderlying baselinenanagement
(fertiliser, variety, herbicide, fungicide, tillage, seeding date)the same across all
treatments. It is also important to consider how the baselmanagement may affect the
performance of the amendment (section 3).

DEFINE YOUR MONITORINROGRAMall field trials are strongly influenced by the seasonal

conditions. Monitoring yield alone often provides little insight into why a particular result
wasobserved. It is udal 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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Box4: MONITORING THE IMPAGH BIOLOGICAL AMENEINTS

Considering the likely impacts of a biological amendmerdn important component of
developing a monitoring plan. Yield measurements aloffier a risky strategy for assessment
as they may miss changes in plant growth and potential yield that are no¢ssgd due to
seasonal conditions. The table below provides a wider rangesimiple monitoring
considerations that could be targeted towaralssessing general growth changes, specific plant
stresses, or soil physical, chemical, or biological condifioekey first step is to identify which
constraints are important in the test paddock.

MONITORING TARGET MEASUREMENTS

PLANT GROWTH

- GENERAL Yield, NDVI at key seasonal times, tiller or head counts.

- PLANT STRESSES Growth parameters (above), post stress damage, tissue
nutrient testing, visual assessment of deficiency/disease
symptoms, or disease testing.

SOIL CONDITI¢

- PHYSICAL Penetration resistance, bulk density, water infiltration, drained
upper limit, effective rooting depth.

- CHEMICAL soil pH, EC, exchangable Al.

- BIOLOGICAL OC content, biological activity (respiration), soil nitrogen

content or mineralisation potential, mycorrhizal colonisatiop,
visual examination of roots, disease testing.

In addition to assessing the impact of amendrsean yield assessindNDVI before canopy
closure,and tiller and/orhead number can help to identify whetherological amendments
have changed key aspects of plant growiteasured prior to grain filling, these measurements
can help identifyif an amendment has impacted the yield potential before the crop is subject
to any later season environmental stressesttimay subsequently limit yield.

Many biological amendments identify their main mode of action as reducing plant stitess.
therefore valuable to consider assessing: plant damage following environmental stress events;
visual signs of nutritional deficiey 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 expectethemge 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 kphysical 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 Joalsi
chemical analyis. Monitoring and interpreting soil biological changes tend tavi®e complex.
Identifying a specific biological constraint (low biological activity, nutrient cycling, low disease
resistance, poor mycorrhizal colonisati@nd using broagcale indicators on treatments that
demonstrate plant growth responses provides a sensible starting point.

Biological amendments for the Australian grains industry: summary review and framewa2bk



5 Research gaps and path forward

There is considerable theoretical evidence for the potential of biological amendments to alter plant
physiological responses amal improvesoil condition and biological function. However, there is a
shortage of fielebased evidence thahanybiological arendments can be used to reliably improve
plant growth and grain production in Australian breacte agriculture.

The majority of oFfarm trials evaluating biological amendments have focused on comparing a range
of different amendmentsilt is often uncleawhat the underlying production constramtareat the

test site, and why particular amendments have been selectety few studies demonstrate a
systematic approach to identifying the underlying production constraints to inform selection and
testing of anendments in a targeted manner.

Although useful to broadly categorise biological amendments intulg biostimulants, and
organic amendments, variation within each of these groups is large. There is an inability to compare
the composition of the wide rage 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
approachthat incorporates lab screening, improved understanding of how amendments influence
plant growth, and orfarm evaluation.

Comparison of guidance on fertiliser use, and the importance of the 4Rs of nutrition (right source;
right rate; right time; right plee), 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 respdbssger
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
asessment G 1T ¢ e}veeX dZ]e oJu]Se SZ }%o%}ESUV]SC S} e e pHUMO
use of products, and understand the impact over a range of seasonal conditions. The compatibility
of biologicalamendments within the wider systemandwhat asgects of management (fertiliser

rates, use of pesticides/fungicides etc) might need to chamgederto maximise potential benefits

has been poorly covered in the peeviewed literature.

To address this gap there is a need for greater collaborateld-dcale research between the
amendments industry, researchers, and farmers. A centralisedmatal collating results and key
meta-data (e.g. Online Farm TriaJggnd greater peereviewed publication would help to improve
access to results from fieloased research on biological amendmeiitsols 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 omsditi
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Australians and the world. w  http://people.csiro.au/F/M/MarkFarrell

Our innovations contribute billions of
dollars to the Australian economy

every year. As the largest patent holder
in the nation, our vast wealth of
intellectual property has led to more
than 150 spiroff companies.

With more than 5,000 experts and a
burning desire to get things done, we are
Australia’s catalyst fdnnovation.

CSIRO. WE IMAGINE. WE COLLABORATE.
WE INNOVATE.
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