What is a healthy soil?
Soil Health and Nitrogen
Management
Part 1: Fundamentals of
Soil Health
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What drives a healthy soil?

Chemistry

Biology

SOC

Physics

Nutrient Acquisition
• Soils contain significant reserves of nutrients
but they locked up and unavailable to the
plant.
• Biology is the key to unlocking these soil
nutrient reserves.
• Yes plants can do it themselves, but microbes
can do it much better.
• Microbes release acids and enzymes to cycle
nutrients – diversity of microbiology yields
more diverse acquisition of nutrition.
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* Jilling, et al (2018), doi: 10.1007/s10533-018-0459-5

* Jilling, et al (2018), doi: 10.1007/s10533-018-0459-5

* Jilling, et al (2018), doi: 10.1007/s10533-018-0459-5

Fungi:Bacteria and
Carbon Sequestration
Bacterial
Biomass
C Inputs
- Root exudates
Fungal Biomass
- Crop residues
- Compost/Manures
- Cover Crops/Green manures
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Mycorrhiza and Aggregation

BACTERIAL AND FUNGAL
BY-PRODUCTS GLUE
SOIL PARTICLES TOGETHER

• Soil structure is influenced by many factors!
• A long term study found a highly significant
correlation with AMF abundance and soil
aggregation.
• Cultivation breaks apart these precious
aggregates.
SOIL IN
DISPERSED STATE

SOIL IN
AGGREGATED STATE

• They also found fungicide applications
reduced AMF and water-stable
macroaggregates.
* Wilson, et al (2009), doi: 10.1111/j.1461-0248.2009.01303.x

Enhancing AMF - Environment
• Soil Cover – always maintain host plants and
a flow of root exudates (food source) for
AMF.
• Avoid fallows or keep them as tight as
possible if unavoidable – plant green?
• Intercrop an AMF dependent plant (eg
legume) with a non-host (Brassica,
Chenopods etc).
• More plant diversity.

Enhancing AMF - Inoculation
• Direct inoculation onto plants is most effective:
- Seed treatment
- Liquid Inject
- Seedling drench
• Within a rotation, two ideal times to inoculate:
- When rotating from a non-AMF crop to an AMFdependent crop.
- At start of a pasture or cover crop rotation if you want
to speed up establishment (esp in no-till).
• Don’t wait until after establishment!

Increasing Soil Organic Carbon?
• Apply
• Grow
• Protect
• System Re-Design

* Crews & Rumsey (2017), doi:10.3390/su9040578
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Increasing SOC

Increasing SOC

• Apply Carbon

• Grow Carbon

– Compost
– Livestock Manure
– Biochar
– Mulch
– Biostimulants

– Photosynthesis (root exudates)
– Cash crops
– Cover Crops
– Perennials
– Agroforestry
– Livestock
– Encourage Bio N Fixation
– Soil Biology (fungi)

Increasing SOC

Increasing SOC
• System Redesign
-Polyculture

• Protect Carbon
– No bare soil
– Minimise tillage
– Improve aggregation,
structure
– Intelligent
disturbance

-Cover crops
-Intercrops

-Livestock integration
-Diverse pastures
-Grassland rotations

-Trees
-Agroforestry
-Silvopastures

-Rooting/Associating Varieties
-Integrated Nutrient Management

?

Design with Diversity
• Begin the transition from
monocultures to polycultures
- Intercropping
- Cover crops
- Green Manures
- Diverse pastures and herbal leys
- Agroforestry
- Silvopasture
- Field margins for wildlife

*

Source: Cotswold Seeds
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*?

* Rhizosphere acidification of faba bean (a), soybean (b), and maize (c).
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Diversity by Design
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Source: Jeff Rasswehr | www.centerseeds.com

Diversify
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Photosynthesis
6CO2 + 6H2O ----------------> C6H12O6 (sugar) + 6O2
minerals/enzymes
• Complex sugars
• Carbohydrates
• Amino Acids, Proteins
C6H12O6 (sugar) ------------------> • Fats & Oils
minerals/enzymes • Hormones
• Vitamins
• Phyto-nutrients
• Protective Compounds

Partitioning Photosynthates

Hundreds of root exudates…

• Photosynthates are excreted as
root exudates:
- Cereals: 20-30%
- Pastures: 30-50%
• Understanding the function and
fate of these root exudates is
currently a hot spot of scientific
endeavour.

Source: Glyn Bengough

* Kumar, R. et al (2006). Plant roots and carbon sequestration. Current Science. 91: 7

*Badri & Vivanco (2009). doi: 10.1111/j.1365-3040.2009.01926.x

Arabidopsis root exudate composition across development.

Microbial
Recruitment

* Chaparro, JM et al. (2013) https://doi.org/10.1371/journal.pone.0055731

* Zhalnina et al (2018), doi: 10.1038/s41564-018-0129-3
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* Sokol
al., (2018),
doi: 10.1111/nph.15361Key
* Sokol,
et alet
(2018),
doi: 10.1111/nph.15361

* Sokol
al., (2018),
doi: 10.1111/nph.15361Key
* Sokol,
et alet
(2018),
doi: 10.1111/nph.15361

* Sokol
al., (2018),
doi: 10.1111/nph.15361Key
* Sokol,
et alet
(2018),
doi: 10.1111/nph.15361
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In Summary
• We must integrate all 3 – chemistry, physics and biology into
our ‘soil health’ thinking.
• More plant diversity is good for ecosystem benefit.
• More plant diversity (via root exudates) drives microbial
processes and hence SOC sequestration (farm resilience).
• Root exudates are emerging as a critical piece of the puzzle
which for the most part are overlooked.
• We need to redesign our production systems so ecological
processes support plant production, ecosystem services and
farm profitability.
* Jackson et al (2017), doi: 10.1146/annurev-ecolsys-112414- 054234

Key Functions of Essential Nutrients
Soil Health and Nitrogen
Management
Part 2: Integrated Nitrogen
Management
www.integratedsoils.com
@integratedsoils

• P – Energy, root development

• B – sugar translocation,
reproductive processes

• K – Enzyme production, sugar
movement, N utilisation

• Cu – disease protection
• Zn – auxin production, leaf size

• Ca – Cell wall strength

• Mn – reproductive processes

• Mg – Chlorophyll

• Fe – chlorophyll production

• S – N utilisation, root
development

• Mo – N utilisation

• Si – cell wall strength

• Ni – urease enzyme

• N – Chlorophyll, AA, P
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• Co – N fixation

Essential Plant Nutrients

Nutrient Efficiency
• How efficient are we at delivering nutrients to crops?
• How much of our applied nutrients are actually being
taken up by plants?
• N ~ 40-50% of applied N 1,3
• P ~ 10-20% of applied P 1,2
• K ~ 40% of applied K 1

?

1

Baligar and Bennett, 1986; 2 Richardson, 2000; 3 Chen et al, 2008

50-60% N
80-90% P
60% K
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Nutrients and Carbon

Integrated Nutrient Management

• Every single time any nutrients are applied,
they should be combined with a carbon source
(liquid or dry).
• The carbon binds to the nutrients chelating and
complexing them, stabilising them, buffering
them and improving uptake by plants.

• INM simply integrates as many tools as possible to manage fertility
to reduce dependency on artificial inputs.
• The INM strategy is broadly about combining organics with
inorganics but it also places importance on nutrient recycling via:
- Crop residues
- Other biosolids such as manure and compost
- Increasing biological N fixation (BNF) through leguminous cover crops
- Using biofertilisers/microbial inoculants
- Integrating livestock

* Naylor et al. (2005).

Chelation

NUTRIENT

CHELATOR

CHELATION

*?

*?

Integrated Nutrient Management
• INM – carbon protects biology.
• Research findings investigating soil life recovery
after:
-Fumigant application vs
-Fumigant + composted manure
• Fumigant: little recovery of soil function 12
weeks later.
• Fumigant + compost: normal biological activity
observed within 8-12 weeks.
* * Dungan, et al (2006), doi: 10.1111/j.1574-6941.2003.tb01047.x

INM: Fertilisers – with or without C base?
• 200 kg/ha of nitrogen was added to the soil in the form of:
-Ammonium nitrate, or
-Dairy manure
• Soil respiration and enzyme activity were higher in the organically
amended soil*.
• Increasing carbon in your fertiliser program will increase microbial
health irrespective of nutrient content.

* Marinari, et al (2000), doi: 10.1016/S0960-8524(99)00094-2
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Manure Management

Carbon Sources
Liquid Carbon
-Molasses
-Fulvic acid &
Humic acid
-Fish Emulsions
-Seaweed/Kelp
Extracts
-Plant Teas/Extracts

• The benefits of manure to soil health can be greatly enhanced by
composting the manure first.

Dry Carbon
-Compost
-Manures
-Raw Humates
-Humic & Fulvic
granules/powder
-Green Manures &
Cover Crops

• Composting stabilises the nutrients in manure and improves its
biological qualities.
• Manure and Compost are not the same thing.

Compost vs Manure?
• Aerobic decomposition of organic materials into humus.
• Original materials are unidentifiable in well humified (humus rich)
compost .
• Good quality compost contains all macro and micro nutrients, all
in stabilised, slow release form.
• Compost is also rich in beneficial humic substances which
condition soil, improve nutrient uptake and feed soil microbes.

Compost
• But most importantly, compost is alive! It is a living fertiliser
(biofertiliser).
• Quality compost is teeming with beneficial microbes (many of which
are same species as found in soils).
• Organic carbon in compost is also a ‘house’ for microbes, being both
a house and a food source for them.
• Therefore, compost is an ideal way to inoculate soils with beneficial
microbes.

Compost
• Compost quality depends on:
-Food sources (C:N)
-Moisture
-Temperature
-Oxygen
-Turning
-Maturation
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Unfinished Compost?

C:N Ratio
• Balance of ingredients is important:
-carbon-rich woody materials (browns)
-nitrogen-rich green leafy matter or manures
(greens)
-must be balanced = C:N Ratio.

• Unfinished compost will scavenge nutrients from the soil (esp
N) to finish its decomposition before it releases anything back
to the soil.

• Browns – stubble, straw, dry grass,
woodchips/shavings, autumn leaves, newspaper, tree
prunings.
• Greens – manures, chicken litter, fresh grass, green
leaves, vegetable waste, blood and bone, legume hay.

Free Nitrogen
• Mineral constraints to Biological N Fixation?
- Mo: Mo-nitrogenase, nodule function
- Fe: Fe-nitrogenase, Leghemoglobin, Fe-hydrogenase
- Ni: Ni-hydrogenase
- Co: nodule initiation
- B: nodule development & maturation
- Ca: low multiplication of rhizobia

* O'hara, G.W., Boonkerd, N. & Dilworth, M.J. Plant Soil (1988) 108: 93. https://doi.org/10.1007/BF02370104
* Weisany, Weria & Raei, Yaghoub & Haji Allahverdipoor, Kaveh. (2015). Role of Some of Mineral Nutrients in Biological Nitrogen Fixation Bulletin of Environment, Pharmacology and Life
Sciences. 2. 77-84.

Ammonium vs Nitrate

Molybdenum

?
Sulphur

* Van Deynze et al (2018), doi: 10.1371/journal.pbio.2006352
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Plant Genome

Microbe Genome
* Zhalnina et al (2018), doi: 10.1038/s41564-018-0129-3

* Van Deynze et al (2018), doi: 10.1371/journal.pbio.2006352

Image Source: Scott Buckley

* Coskun et al (2017), doi:10.1016/j.tplants.2017.05.004
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Root Exudates

* Coskun et al (2017), doi:10.1016/j.tplants.2017.05.004

* Coskun et al (2017), doi:10.1016/j.tplants.2017.05.004

Urea as Foliar
• Soil applied urea is lost via volatilisation or
converted into leachable nitrates.
• Plants contain a specific absorption channel for
the urea molecule.
• Urea is readily absorbed via foliar tissues –
urea > ammonium > nitrate.
• Foliar applied urea improves NUE via rapid
absorption and efficient utilisation/conversion
into amino acids/proteins.
* Coskun et al (2017), doi: 10.1038/nplants.2017.74

* Witte, C. P. Urea metabolism in plants. Plant Science 180, 431–438 (2011)

Urea as Foliar
• A range of evidence highlights effective
response of foliar urea solutions at:
- 10, 20 or 80 kg/ha urea
- 3, 4, 5 and 7% urea solutions
• Timing
- Cereals: at anthesis + 2 weeks
- OSR: mid-end of flowering
- Pulses: 2% solution at pod set
• Spray pH – 6.5 considered optimum

Nickel
• Nickel [Ni] was classified essential for plant
growth in 1978.
• Ni is part of the urease enzyme which splits the
urea molecule liberating the N for plant
metabolism.
• Without Ni/urease, urea can build up in plant
tissues and become toxic.
• Plants specifically fed urea without Ni can be
‘functionally N deficient’
• Nickel sulphate at 0.2% solution in barley – also
50-100 mg/ha on pastures.
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Ammonium vs Nitrate

Nitrogen Synergists

Molybdenum

?

N Utilisation

N Fixation

• Sulphur
• Molybdenum
• Magnesium
• Nickel

• Molybdenum
• Iron
• Cobalt
• Boron
• Calcium
• Nickel

Sulphur

•

Do we consider all of these synergistic minerals along with rhizobium or
nitrogen inputs in our attempts to optimise N fixation or N utilisation?

Rhizosphere link to Foliars…

Photosynthesis

• Foliar applying nutrients is actually all about indirect
microbial stimulation.

6CO2 + 6H2O ----------------> C6H12O6 (sugar) + 6O2
minerals/enzymes
• Complex sugars
• Carbohydrates
• Amino Acids, Proteins
C6H12O6 (sugar) ------------------> • Fats & Oils
minerals/enzymes • Hormones
• Vitamins
• Phyto-nutrients
• Protective Compounds

• When calculated back, the amount of nutrient applied
via foliar applications is very small.
• Effective foliar applied nutrients prime photosynthesis.
• Products of photosynthesis are exuded to feed soil
microbes.
• Soil microbes in return, solubilise much more nutrient
from the soil and feed the plant.

Image Source: Glyn Bengough

Plant Response to Foliars?
• Formulation
- pH, EC, adjuvants, carbon
• Application Considerations
- Nozzle, pressure,
• Crop Characteristics
- Crop stage, leaf surface, abiotic & biotic stresses
• Environment
- Time of day, humidity, temperature, light
• F-A-C-E
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* doi: 10.1016/j.scitotenv.2017.10.024

* Zak et al., (2003); doi: 10.1890/02-0433

* Zak et al., (2003); doi: 10.1890/02-0433

© Joel Williams | www.integratedsoils.com

In Summary – Part 2
• Bring all the pieces of the puzzle together in an integrated
strategy for nitrogen management.
- Complete plant nutrition and nutrient synergists.
- INM (combine with carbon).
- Composting manures to stabilise N and improve bio quality.
- Consider nutrition for rhizobia and free living N fixers.
- Foliar applied nutrients (esp urea) for increased NUE.
- More plant diversity – pastures and intercrops.
- More diverse root exudates for overall soil health and cycling of
soil mineral reserves.
• Integrate all relevant strategies into your systems approach.

In Summary – Part 1
• We must integrate all 3 – chemistry, physics and biology into
our ‘soil health’ thinking and go beyond this with plants.
• More plant diversity is good for ecosystem benefit.
• More plant diversity (via root exudates) drives microbial
processes and hence SOC sequestration (farm resilience).
• Root exudates are emerging as a critical piece of the puzzle
which for the most part are overlooked.
• We need to redesign our production systems so ecological
processes support plant production, ecosystem services and
farm profitability.

Plant Diversity, Plant Nutrition?
Thank you
m o r e i n fo , m a i l i n g l i s t e t c

www.integratedsoils.com
@integratedsoils
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