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Foreword

This document is an update of the report of the same name commissioned by Dairy Aurst28li@ and
prepared by Dr David McKenziTte 2QL0review oftechnicalliterature and associated informatioabout
carbon sequestratiomelevant to dairy farms in southern Austrapeesented the state of knowledgs that
time. This report summarises the advandbst have been madever the past 8 years in the science of sail
and agricultural management and in areas of climate change dolicarbon offsets.The considerable
progress reflects global interest and investment, and Australia has been at the forefront of research and
development of methods for quantifying soil carbon sequestration with funding support provided by the
Australian government, state governmentacademic institutions and industry organisatipingluding

Dairy Australia.

The report focusses gorovidinga balanced analysis of the potential &wil carbon sequestration for
climate changenitigationin the context of productive and profitable agricultural businespasticularly
targetingdairy farmingin southern Australia. Thecience and policy setiys are complex but thebjective

is to provide aesourcefor farmers and their advisetbat presents a clear overview ofirrent knowledge

(in 2018) and the areas where there is still debate and lack of conseffwesreport also discusses the risks
and possibleopportunitiesfor farmersconsideringengaging in carbon markets obtainincome from soil
carbon credits.

The following issues asddressed

{ The basic facts about sa#érbon and its relation to soil health and pasture productivity;

{ The rok of soil carbon ithe global carbon cycle and @fimate change mitigation;

f Debateon the potentialsizeof soil carbon offsetglobaly andat farm-scale;

f Recentscientific researcko understand processes and quantificationsofl carbon foproductivity
in agriculture and foclimate change mitigation;

f Current understanding of how climate change will affect soil carbon stocks and sequestration

potential;

The challengerelating topermanency andneasurement;

Relationship between soil carbasnil nitrogen and nitrous oxide emissions;

Policyand Programsettings for soil carbon sequestration, internationally and in Australia;

Methodsfor creditingand reportingsoil carbon in Australiandsomeeconomicconsiderations for

soil carbon crediprojects

Useful resources and links for credible informatiand

{ Specific issues relevant to soil carbon sequestration and soil carbon projects in dairy pasture.

— —a —a =

==
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Plain English Overview

)l

Soils are dargestore of carbonglobally having about three times as muarbonas alli KS 62 NX RQ
vegetation Soilssaryin how much carbon they contain and in thpoitential to store additional
carbon

As plants grow they take carbon dioxide out of the atmosphere and store carltbeiifmiomass
aboveground (shoots and leaves) and belowground (rapsge illustration belowMuchof this
carboncycles back tthe atmosphereas carbon dioxidaithin a $iort time as plants respirer as
parts of theplant dieanddecompose.

When aganicmatter enters the soil€.g.from roots, litter or organismBving in the sojl most
carbonisre-released in a short period (weeks or montlsie to microbial actionlt isthis labile
carbonthat helps todrive nutrient cycling, improveoil structure and water holding capagignd
gives bettercrop and pasturgroductionon agricultural land.

Only when carbon in soils is converted into stable formsiapdbtected from decomposition by
microbes is there an increase in letggm carbon storage, known as soil carbon sequestration.

The balance between additions of carbon in biomass and losses through decomposition and
microbial breakdown determines whether theredset increaseor decreasen soil carbon storage.
Climate, egetation, soil and microbial factoisfluence this balance andetermine the steady state
level of soil carbon in undisturbed soils agricultural soils hislevel is modified by management
factors.

Nutrients areessentiafor plant growthand a management practice common on dairy farms is
adding ritrogen toimprove growth ofpastures Addition may beéhroughchemical fertilisers (e.g.
urea), organic amendments (e.g. manure and compostjaivacterial fixation of atmospheric
nitrogen associated with the roots of legumes such as claves.higheproductivitycan increase
biomass inputs to the soil artip the soil carborbalance towardset carbon storage-However,
when the amount of nitrogen in soils excedtle amountgrowing plants can take up, sorisdost
again through leaching or in gaseous formneludingnitrous oxide, ayreenhouse gawith almost
300 timesthe global warming potential afarbon dioxide

The climatechange benefit of soil carbon sequestratigrequal tothe net effect of the carbon

dioxide removed from the atmosphere less the carbon dioddaivalent amount of any

greenhouse gasmissions that are associated with the sequestratibthel Y2 dzy & 2 F WwW3f 206
¢ | NJY gajcdaged fomitrous oxideemissions in a fertiliser projecutweighsthe effect ofextra

storedsoil carbonthere is nmet climate change mitigation and rewil carborcredits

Wellmanaged dairy pasturasften have relatively high soil carbon levels. If the soil is close to the
steadystate carbon contenpossiblefor the soil type and climate, the capacity to store more carbon
will be small and the potential for the dairy farmer to gain carbon credits isglinit

Soils rich in organicarbongenerally have better texture, water retention and ultimately higher crop
or pasture productivity il carbon sequestrationan, therefore, improveoil health, contributeto
combating the risk of ®sion andbuild resiience to the impacts of climate variabilitglimate
changeandextreme events such as drought and floo@s a dairy farm, these environmental and

4
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economicbenefitsof carbon sequestratioadd to (and may exceed) possible income from carbon
offsets.

1 Accounting for lhe greenhouse gas mitigatidrom soil carbon sequestration at a farm scalefign
constrained by naturalbiophysicafactorsand maybe limited according toules designed to ensure
GKIFIG 2FFasSia FNB Ww3aSydzaySQ

o Time limitation: Under changddnd management, soils move over time to a new steady
state where inputs and outputs of carbon return to balance as determined by eljraail
and vegetation factors.

0 Spatialintegrity: Where ading organic mattesuch acompost or biochato pasturese.g.
to a dairypaddock or farm)nvolves removingrganic matter from another area where it
would otherwise have naturally decomposed asmdered soil storesthe direct benefit from
the carbon addedo that area does not@uate to overalclimate change mitigatioq it
simply shifts itThere may, however, also lidirect soil carbon gains due toghergrowth
from structural or chemical improvementghich can be credited\ccounting for theenet
benefisda K2 dzf R M @BSK RidS d | I Ay WK wlagviege 2 OF (A 2

o0 Permanency: Gains in stored soil carbon are reversible and can be lost thratughl or
management factors that change the balance between inputs andllogeneral, loss of
soil organic carbon occurs more rapidly than sequestration. For carlaoketschemes such
as Australi® Bmissions Reduction Furddgislatedmethodsfor carbon sequestration
includea permanency requirement. This is currerit@0 yeas or25 years (at a@iscounted
price to recognizéhe risk of reversabf the sequestered carbgn

0 Risks due to climate variability and climate chariResearch showthe increased variability
andmore extremeclimateeventsthat arealready being exp&ncedin many regions
including southern Australjawill further constrain thecapacityof soilsto sequester carbon
Warmer temperatures and conditions lessnsistentlyfavourable for plant growttappear
to be pushing the net soil carbon balance tooaver level.

1 The big picture:

0 Taking into accounttte natural, economic and practicadnstraintson the amount of soil
carbon that can be sequesteredpastures and grasslands, thffectiveness of soil carbon
sequestratiorno offsetcurrentruminant livestock emissioris low, globally in the order of
20 to 60%This is particularly the cage systems such as wellanaged dairy farmsyherea
high soil carbon starting poimnd naturally high methane and nitrous oxide greenhouse
gases from @jestion and manure managemelithit the additional offsets that are
practically achievable

o0 Soil carbon sequestration in pastures and other grasslands afaynportant rolein
combatingland degradation, promoting food security and managhmgthreat of climate
changeln dairy pastures, maintaining optimedrbon levels for soil health supports broad
range ofproduction andenvironmentalgoalssuch asmprovedwater quality and
biodiversity, and may provide a hew income stream from carbon offeslits. However, it
is important that farmers and other land managers obtain reliable advice on the risks and
opportunities so that decisions align with farm businebgectives
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CO, photosynthesis

C losses through
animal respiration

t

Organic matter
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sediment trapping

Unstable soil C stock

vV ¢

Groundwater Stable soil C stock
transport

Simplified illustration of key carbon cycling in a gralzed system. from Garnett et al. 201, 7Figure &
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Some ckfinitions and key terms

Biochar a carbonrich material (a form of charcoal) thatpsoduced by heating organic matter at
high temperatures in oxygelmited conditions (pyrolysis)Feedstock for biochar may
includeanimal manure, plant residue and woody wastétability for undergoin@ pyrolysis
process Fyrolysis of material such as tyres, and human efflietexcluded in the context
of soil organic carbon amendment

Carbon dioxide equivalents (C6)2
expresses the warming effect of different greenhouse gases as an equivalent amount of
carbon dioxide. It is the amount of carbon dioxide that would give the same warming effect
as each greenhouse gas that is emitted or stored by an activity.

Soil carbon aacentration
the amount of soil organic matter in soils is reported in g C per 100 g oven dry soil. Gravel
(soil particles > 2 mm) and plant biomass (e.g. roots) are excluded from the analysis).

Soil carbon sequestration
the process of transferring carbon dioxide from the atmosphere into the soil of a land unit
through plant residues and other organic materials which are storedtained in the unit
as part of the soil organic carbon with a long mean residence time abiths not reemitted
back into tle atmosphere

Soil carbon stock
the mass of soil carbon per ha, which is calculated from the concentration and the soil bulk
density and reported as tonnes/ha or kg/to a specified depth, most often 30 cm to
comply with reporting requirements under international rules for national greenhouse gas
inventories

Soil health the capacity of a soil to function as a vital living system to sustain biological productivity,
maintain quality of air and water, and promotéapt, animal and human health. Soil quality
is often used synonymously with soil health.

Soil organic matte(SOM)
based on the assumption that soil organic matter averages 58% carbon by mass, SOM is
often estimated by multiplying the measured soil anic carbon value by 1.72, but the
conversion factor actually varies depending on the nature ofcmbonand may be up to
2.0 (Explanationgivenin the text).

Soil inorganic carbon
Predominately carbonates and bicarbonates of calcium and magnesisoil.in

Soil organic carbofSOC)
A measure of carbon contained within soil organic matter, definedha®tganic fraction b
the soil ground to <2 mm anekcluding >2 mm plant and/or animal residues.
Soil organic carbon fractions
An amount of measured organic carbon in a specified fraction, often specified as particulate
organic carbon, humus organic carbon and resistant organic carbon.

Particulate organic carbon
Organic carbon measured in the <2 mm >0.5 mm soil fraction butdesipolyaryl carbon.

Humus organic carbon
Organic carbon measured in the <0.5 mm soil fraction but excludesapglgarbon.

Resistant organic carbon
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Polyaryl carbon (13C NMR region spanning ¢ 1@0 ppm) in the <2 mm fractions,
apparently dominated bgharcoallike carbon or black carbon

Soil organic carbon pool
An amount of carbon contained in a conceptual organic carbon pool (used for modelling
purposes), for example, active, slow, and passive pools.

Active soil organic carbon
A pool of soil orgagicarbon with turnover period of weeks to a decade. It is also referred to
as fast soil organic carbon.

Labile soil organic carbon
A pool or fraction of soil organic carbon that readily or continually undergoes chemical,
physical, or biological change cea@bmposition. It has a turnover time of hours to months.

Slow soil organic carbon
A pool of soil organic carbon with a turnover period in the range of decades to hundreds of
years. Itis also referred to as humus or intermediate soil organic carbon.

Passive soil organic carbon
A pool of soil organic carbon with a turnover period of hundreds to thousands of years. It is
also referred to as recalcitrant organic carbon.

Soil quality  the fitness of a specific kind of soil to function within its capaaitgt within ecosystem
boundaries (natural or managed) to sustain plant and animal productivity, maintain or
enhance water and air quality and support human health and habitation (Singh et al. 2018).
Soil quality is often used synonymously with soil health.

Soil natural capital
{2AfQa ad201 2F ylFriddzNIt FraasSia @AStRAy3a | 7F
services. Value can be assigned to the soil natural capital by quantifying the ecosystem
services it provides.

Soil security The maintena®S | YR AYLINR@SYSyd 2F (GKS g2NI RQa &27
provide food, fibre and fresh water, make major contributions to energy and climate
sustainability, and help maintain biodiversity and the overall protection of ecosystem goods
and sevices.
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1.Soil Carbon

1.1 Introduction

Soil provides ecosystem servicBkers water and is vital to production of the food and fibre essential for
human healthithrough supplyingiutrients and physical support for plan®il health isincreasingly
recognised as a key concept that treats soil as a living biol@yist@nt. The availability of @cro- and
micronutrientsin soils is a major determinant of plant growth andital to the health of animals, humans,
and ecosystemsSoil health isconseaiently, a major determinanof global food and nutritional security and
is vital tothe resilience of natural ecosystems, agricultural production and human settlements to climate
change

A critical determinant o$oil quality, functionality and healtis soil aganic carbon (SO@hichprimarily
consistof decomposed plant material and microbeSarbon rich materials, such as the roots, stems and
leaves of crops or pasture, cycle into the soil as part of the global carbon $gaoteof this organic matter
israpidlybroken down and respired into the atmosphere as carbon dioxide, but some remains and adds to
the store of SOCSoil carbon sequestration is the process of increassiagtable forms otarbonstored in
soils¢ a procesghat starts with absorption of carbon dioxide (@ plant photosynthesis and

incorporaton ofthe carbon atoms into plant materidDifferent soil types vary in their capacity to both cycle
and store carbon.

Australian soils argenerallyold and hidply weathered. As a result, they have poor structure, low fertility
and are low in organic mattemndcarbon Since European settlemeffiistoricalland clearing and
management practicesot suited to Australian conditionbavebuilt on naturalphysicaland chemical soil
constraints such as salinity, acidity, sodicity and compagtéading to a decline iproductivity across large
areas.Along with high climate variabilitiespecially severe droughisinsuitable management has meant
that plant biomassnputs have declined below natural levels, ahd level ofsoil organic matte(SOM)has
decreasedith losesestimated to be as high as 2070%3. In well-managed pastureshowever, SONb
generally higherparticularly wheregrowth is notconstrained by water availability. There is a strong
relationship betweeneliable water supply (either from rainfall or irrigatioayd SOMbut variations occur
evenwithin high rainfall regiorfssuggesting that other factors that determine net primarpguctivity,also
influenceSOMinputs. Influences may includsoil type and agronomic practices

In thisreport, we review the current state of knowledge on cartsaquestrationin soils with a strong focus
on the potentialfor dairy pastures, providing an updatie the report prepared by Dr David McKenzie for
Dairy Australia (2010)

1.2 Soil carbon in the context of climate changenitigation

1 Lal (2016)

2Luo et al. (2010)
3Sanderman et al. (2010)
4 DAFWA (2013)
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The past two decades hiaseen a marked increase in interest fratientists, governments and land
managers in the role that soitanplay inlimiting the rise irmtmospheric C&and hence in managing the
threat of dangerous climate changghe Intergovernmental Panel on Climate Change (IR@C)eveloped
specific guidnce on calculating soil carbon stocks ath loss andequestration potential under different
biomes and management regimeisected towards national scale reportihgdgricultural soils are the most
actively managed and, therefore, the most accesditMgoromoting sequestration of atmospheric £€@hey

are also the soils most likely tave depleted levels of soil carbon due to management for production
Cultivationor other disturbance acceleragesoil carbon oxidation and loss asL£&hdcrop harveging and
domesticlivestockgrazingremowe plantbiomass that coul@dtherwisehavebeen incorporated into soils
Globally, land clearing and land use for agriculture has been estimated to have resulted in the loss of 133

petagrans of carbon from sofl Where SOC stocks have declined there is a generally a capacitipudde
them to their natural level¢Figure 1)

n P

il Carbx
) 10§ a4 ]

HIve S¢

192(] uoqie

Rel

Years After Conversion

Figure 1.The soil carbon deficit, with and without erosion, following replacement of natural vegetation with farming.

Typical predevelgoment amounts (1 metre depth) of soil carbon are listed for tropical rainforest (TRF), prairies and
peatland (each is equivalent to a value of 100 on the graph)

The IPCC estimates that globally, agricultural soils could sequesterZB@ Eragramsof CQ equivalents

(1 Teragram = #grams)annually for 5Q100 years. There has been considerable research supporting the
IPCstimatesof sequestration whichas a result has had considerable influence on climate policy. For
example the abandonment otropping and establishment of grassland or forest has been proposekiegs a
to sequestering significant atmospheric £Barly estimates put the potential foeduction or elimination of
tillage and application of organic wast@ssequester SOC at ratasthe order of 30Q500 kg C Hayr, at
least under some conditioA®ut more recent research is challenging these optimistic foregasts

Due to the high spatial variability in soils and in the range of past manageawemageor global estimates

5 IPCC (2006)

6 Sanderman et al. (2017} petagram = 1¥grams i.e. a billion tonnes of carbon
7 Lal and Follettt (2009)

8Lal et al. (2007)

° Poulton et al. (2018)

10
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will not apply uniformly. tlis strongly recommended thaegional or local datare used atfarm or project
scale Where longterm measurements are availabé?, actual soil carbon stock change fasecific land
type and farm managment practicehas been shown to vary widely from some modelled estimates of the
carbon sequestration potential’herefore publishedstatements orthe potential for soil carbon
sequestration to mitigate climate change should be treated with cautibere not backed up by credible
science Recentresearchthat takesinto account the key controlling factors in soil carbon stability and
dynamicshas revealedgeriousmethodological problems earlierassumptions anth some of theestimates
citedin support of very high levelof SOMffsets

More recently there has been an increaséacuson the benefits ofsoil carbon sequestratiofor improved
soilhealth,which is critical fofood securityand climate adaptatiolt. Increasing the resilience sbils to the
impacts of a future climate that is more variable and more extrérag emerged as a key concei®pecific
benefits ofSOMrelated to soil healthnclude:
{ Stabilisatiorof soilaggregateso reducethe riskof waterloggingundermoist
conditions andlessen compaction of digoil;
Food for beneficiabrganisms;
Slowrelease source of nutrients;
Increased water holding capacity, particularly in sasull;
Increase in nutrient holding capacity by improving cation exchaagacity;
Binding oftoxic cations (for example, extractable aluminium) in a form that is
unavailable for plants.

—- —a _—_a _a _=a

1.3 The carbon cycle

Carbon cycles naturally between the soil, biosphere (plants and animals) and the atmosphere. In,doing so
transformations in the form of carbomccur continuouslyFigure 2) Soil the largestof the carbon

reservois, is able to both store and release carbon within the global cycle. Most soils contain carbon in
organic and inorganic form¥hesoil inorganic carborS{Q poolincludes primary ficate materials that can
contribute to net sequestration. Howevat,is the organic carbon thas the mostdynamic andmportant in
determiningchange in soil carbon stocks. S€@@tinually cycles into and out of the soil with the result that
over time, there can beeriods ofnet carbon accumulation andet loss. At any one timehe amount of

organic carbon in soil represents the balance between inputs and losses.

The organic carbon accumulated in soils arises from conversion of atmospddran dioxide in
photosynthesis to form plant biomasabjovegroundshoots andbelowgroundroots). Higher primary
productivity means higher organic inputsthe soilfrom root materialand aboveground litter.
Microorganisms breallown these organic resiés and contribute tdoss of carbon dioxide back to the
atmosphere and t@ccumulation of soil organic carbtimrough theirown life cycle Agricultural practices
affect plant biomass production arzén drive changes in microbial activily many agriculral soils,net

10 Poulton et al. (2018)
1L al (2018)
2Lal (2016)

11
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emissions from the decomposition of organic matter have historically resultadégline in SOM and SOC
and contributed to humasinduced rises in atmospheric carbon dioxide.

Atmosphere
(800)

T T Atmospheric C net
annual increase =

3-4 GTC year™

. ‘;,_)“. bodles
Fossil carbon
e - (10,000) pi

-uvu;-v---f-a-r'-z- ~1 Y
A\ 9 F N _& 4 PV 'H

Figure 2 Simplified terrestrial carbon cyclgalues inbrackets in each box represent the annual exchange of carbon
between land and atmosphere in Gigatons (Gt C/yegrgen numbers are natural fluxeeed numbersare fluxesdue

to anthropogenicctivities Numbers in brackets in ovals indicate the amounCg6t)in each reservoif. (1 Petagram
= 10°grams)

1.4 Soilorganic carbon balance

Soil organic carbon is in a constant state of fand moves towarda new steady state aftexchange
occuss. For example, in systems where plant productiooosstrained e.g. by drought or harvesting
organic matter inputsre lowerandincreasinglepleton occurs asoilbiota break down stored SOGr
energy. This results in declini8@®Content to a newower balance. The new limiting level ideterminedin
part bysoil textureand the level of protection of SQMndisinfluencedby decreasingiological activityas
microbes are exentially starved of decomposable carbon. Carbon turnoveratsobe limited by available
nutrientsandit is likely that meoe fertile soils will lose organic matter at a faster rate than lower nutrient
content soilsTheuse ofcarbon to nitrogen rati@s a indicatorof nutrient supplyin carbon turnover is
discussed below

Qurrent best estimates oéxchanges between the major global reservoirs of cadr@nshown irFigure 3
whichwas developed bgn internationallyrespected soil carbon expeiRattan Laf, from dataderived

13 Reprinted fromSoil Carbon Storag®rajesh K Singh (Ed.), Figure 1.1, Page 3, Copyright 2018, with permission from
Elsevier.
Lal (2018)
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from a range of reputable sourcés$%”18, The balance between biomass ban inputs to soil and soil
respiration, both as 6@etagrams per yeais affected byadditional loss pathways through soil erosion and
sediment transfer to oceansogether amounting tdl.65petagrams per year.

Emissions Vi .
)

Figure 3.The contemporary global carbaycleshowingflows of carbon to and from global soils and for other
reservoirs®. Data within arrowsre fluxes (Pg Clyearyalueswithin circlesare estimates of the carbostock valuesin
circles with a + sigare annual rates of changen stocks Within the circle labelled Anthropoceneyi& emissions by
fossil fuel and Eucis the emissions by land use conversion. Atmospheric staskcomputed on the basis of 406.29
ppmv of C@on 26 November 20F7.

When SOMs used as food byicroorganismscabon dioxide is the main product, but mineral nutrients
arealsoreleasedand made available for uptake pkant nutrition. The majority of available soil nitrogen
derived fromSOMcomes from the humus fractiofwww.csiro.au/resources/seitarbon). It tends to be
immobilised in gant residues.

Apart from loss as carbon dioxide via microbial decomposition, soil organic carbon decline can occur
through several other processes:

a. Soil erosion by watesnd/or windcan result irthe carbon associated with eroded soil particles
beinglocked up in lakebeds and seabeds, rather than being converted directly into carbon
dioxide(Figure 3. Nutrients associated with these particlescome inaccessible f@tant
uptake and, thereforeerosiondecreassfarm productivity.

. Sediment losses ancedp drainage of soluble organic acids.

c. Photodegradation (the breakdown of complex materials into simpler materials by light) is a

form of oxidation that can supplemeehzymatic oxidatiomndincrease decomposition rates

5 Batjes (1996)
6 Batjes (2016)
171 al(2004)
8 Le Querre et al. (2017)
191 al (2018), Figure 2
20 An atmospheric€€Q of 406.29 ppmv is 0.040629% by volume. This is equivalent to 0.06122% by mass of atmosphere
which is 5.148 x P& containing 3.177 Pg €@ 867 Pg C.
13
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of aboveground vegetation components. As a resalganic matter decomposition in arid
ecosystems is not restricted to periods of high moisture availability as is plant prodiiction
Photochemical oxid&in can be a risk in grazing systems unless livestock trample plant material
and encourage soil contact and/or incorporation and decomposition

Managing Dairy Pastures
The risks of cultivation in dairy pastures

Cultivation accelerates organic matter decomposition by exposing sites within soil aggregates tha
previously were protectedviost dairy farmers are awarthat there is a risk that cultivation will
negatively affects soil healtfHoweverat times ofwater scarcity in the Murray Darling Basan area
relevant toone-third of the Australian dairy industrgnnualsmay bepreferred to perennial$or
maintaining production in the shoterm, despite annuals usually requiriagil disturbance for
establishmentDuring the drought of the early 2000ghen there wadimited availability of irrigation
water in northern Victoriaa study aKyabram(Greenwood et al. 2008)dicated that wintergrowing
annual pastures such as oats offdthe potential to grow 7880%of the feedproducedby perennial
forages (perennial ryegrass/white clover, tall fescue/white clover and lucgone)singjust 4055% of
the irrigation water. Practices to recover soil organic carbon in the lorigem may be needed.

1.5Forms and stability of soil organic carbon

Living microbes may comprise 1% or more of the total amouftQ@¥ipresent in soilThese nitrobes that
digest up to 90 per cent of therganic matter added to soilespiringcarbon back into the atmosphere as
CQ, are made up of a number of different types of organisifesb(e ).

Table 1 Approximate numbers and biomass of organisms in a typical UK agricultural surface soil in a depth@f 15 cm

Organism Numbers per gram dry soil Mass, kg/ha
Bacteria 100 million 1600
Actinomycetes 2 million 1600
Fungi, eg. Mycorrhiza 0.2 million 2000
Algae 25,000 320
Protozoa 30,000 380
Nematodes 15 120
Earthworms 1 per kg 800

Mycorrhizal fungare an important group of soil microbes thadn connect directly with planbots and
utilise the dissolved carbohydrate exudgi®duced via photosynthesis. They assist plants by helping to

21 Gallo et al. (2009)
22 Schuman et al. (2009)
23 Batey (1988)
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scavenge for essential nutrients such as phosphorus. Mycorrhiza produce soil glamaliganic
compound that is important for soil aggreigan and relatively resistant to decomposition.

Microbes continually break down organic residues eventually converting a small proportion to humus, which
gives the topsoil its dark colour. The amount of organic residues converted to humus depends od soil a
climate factors, and while the theoretical level is as high as 30%, in Australian agricultural soils it is often
much lower. Management practices also have a significant influence on wreatherl SO@eaches the
theoreticallylevelattainablefor the given soil and climate conditions. Continuous inputs of external organic
carbon sources that are required to reach this level may be not practicadleconomic.Raising inputs at

one location e.g. by resting from grazingpay also risk the depletion ofganic carbon in another locatign

so that there is no real gain in stored SOC.

Management practices will only be effective in sequestering carbon into soils if the carbon is stored in stable
forms that persist ovea long periodnominally 100 yearaccoding topermanency requirements under

carbon accounting methods. However, we currently have limited understanding of carbon dynamics in soil
and transfers betweedifferent carbon pools. Transfers proceed frdetile carbon that is turned over

rapidly toprovide nutrient cycling for plant growth through to resistant carbon that is stored for long periods
improvingsoil structure, water holding capacitandalsogiving carbon sequestration benefifBhe models

such aLenturyand RothCthat aremostcommorly used to simulate soil carbon cycligsume three pools

of SOCThese pools are convenientlgfined as dabileor active pool (turnover time of days to years), an
intermediate;slow pool (turnover time years to decades), and a pasgiegt pool (turnover timeup to

10000r moreyears§*?°. Thesecarbonpools areused by modellers simulate SOM turnoveand crop

residues on the soil surface are assumed to progress through the pools after incorpofatine?).

Table 2 Compositiorof soil organic carbon as conceptual pools representing different stages of decompositio
(Adapted from Baldock 2008).

Soil organic matter pool Characteristics

Crop residues on the soil surface P Extent of decomposition increases
Buried crop residues (=2 mm) Rate of decomposition decreases
Particulate organic matter (2mm — 0.05 C:M and C:P ratio decreases

mim) (i.e. become nutrient rich)

Humus (<0.05 mm) 4k

Resistant organic matter Dominated by charcoal with
variable properties

As microbial decomposition progresses to create humus, the ratio of C to N in SOM decreases and becomes
lower and much less variab{€igure 4)The concentration of SOC in soils tends to be higher in the surface
layers where more carbon is in particulate forms that are less stable and more susceptible to loss via
erosion, particularly in poorly managed soils with low groundcavepractice, the conceptual pookse

difficult to measure and various approximaticar® madeto quantify pool sizes. The labile pool is currently

24 Skjemstacet al. (1998)
2Syon Lutzowet al. (2007)

15



Dairy Australia Soil Carbon Report: 2018 Update

quantified using measures of particulate organic carbon (f#@Qus any charcoal preserilhe inert pool,
referred to as resistant organic carbon (ROC), is dfiedtirom measures of pyrogenic or black carbon using
13C nuclear magnetic resonance (NMR) techniguéle the slowpool, referred to as humus organic carbon
(HOC)is usually taken to be the diffence betweertotal organic carbonTOGand any POC+ROC presgént
Other measurement techniques such as MIR indicate that, RBICh is primarily made up of chas likely

to be a poor measure of the inert carbon poahd itsvalue in soil carbon modeis, therefore, in doulst. In
fact, the accessibilityavailability, solubility and reactions wariouscomponents of SOC are determined not
only by theirmolecularcharacteristicsbut also depend stronglyn their position within the soil matrix,
whichcharacterizes physical and chemipedtection.

120 4
—— Maximum 29 soils from
100 8- Minimum eastern Australia
9'3 80
T3 Min  Max
zE 601 SPR 187 104.7
S 40 BPR 141 604
= POC 128 196
20 - m Humus 6.0 10.1
0

SPR BPR POC Humus
Type of organic matter

®

™ Al § 100 0008 Sadtires

Figure 4.Carbon to Nitrogen (C:N) ratios for the carbon fractions showhaible2 (Baldock 2008)SPR, BPS are the
surface and belowground plant residues, respectively; POC is the particulate orgé@oic.ca

Soil organic carbon distribution as a function of depth at selected sites across southern Aussiadien in

Figure 5For three of the four profiledllustrated, most of theorganic carbonwasconcentraed in the upper

15 cm of soilThe Cherni@enosol is derived from young volcanic ash and subsoil constraints such as sodicity
and pH imbalancare not present
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Figure 5 Soil organic carbon content as a function of depth for fgoil profilesrecordedfor areas with pasture
productior?®. Points on the graph indicate mighoints of soil horizons.

26Baldock et al. (2012).
27page et al. (2013)
28 McKenzieet al. (2009
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Recent research is emphasising that, witie poolsin Table2 are a convenient way of conceptualising SOC
turnover and the influence of changes to agricultural management on storage of cdhieoa,isin realitya
continuum of forms of carboim soils as organic matter demposes over tim&. Ad 02y a2t AR i SR @
SOM turnovet’ has been proposed according to whisM is controlled by parallel biotic and abiotic
processes, including continus decomposition of plant and animal debris and oxidation &matbles
solubilisation or stabilization through chemical linkage to mineddgending on the characteristics of the
soil ecosysterit. The persistence of SOM cannotdmdelyattributed to chemical recalcitranc&*** and is
likely due in part, to the capacity of the soil to stabilisarbonthrough the availability o€harged mineral
surface€®. Nevertheless, mnagement practicethat increase carbon in active poplsut have little impact

on the more slowly cycling poolsill likely providecarbon gainshat are vulnerable to loss if there is a
subsequent change in management, climatesomeother factor that affects the input of SONor this
reason, he conceptual poolare still considered useful and continue to be applied in modelling.

2.S0il carbon sequestration

2.1 Anoteto units

The definition of soil carbon sequestratigenerally used, anddoptedin this report®, refers tothe process
of transferring carbon dioxidom the atmosphereénto the soil and storing it as carboff.o be precise,
therefore, carbon sequestratioshould be expressed in terms of carkgince sils do not store the
greenhouse ga<arbon dioxide Howeverto quantify the climate change effect and to compare with other
greenhouse gasepatrticularlythose emitted from agricultural systems (methane and nitrous oxists)
carbon sequestratioiis usuallyexpressed as carbon dioxide equivalents.

It is important not to confuse theeunits. Carbon has a unit mass of 12 and carbon dioxide has a unit mass
of 44, so 1 gram of carbon is equivalend#®/12 or3.667 grams of carbon dioxide.

2.2 Global interest in carbon sequestration

A 2 4 A x

Based orconcerndriven bythe consensusiewofi KS ¢ 2 NI RQa clynaté scietst® a LISOG SR
international governments agreed in Paris in December 2015 to take action to stabilise global temperatures

29 Singh (2013)

30 ehmann and Kleber (2015)
SLFAO (2018)

32 Marschner et al. 2008

33 Schmidt etal. 2011
34Dungait et al. 2012
Yuetal., 2017

36 Qlson et al. (2014)
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by limiting net emissions of greenhouse gases to the atmospheregddief the Paris Agreement to limit
temperature rise to 2C above préndustrial levels, and ideally to no more thanCHigher, will require
strategies to both reduce emissions and remove carbon dioxide from the atmosph&cepromote
greenhouse gamnitigation, & least21 GHG emission camd-trade systems are now in operati@crosshe
world. Sates that maintaincarbon trading schemes covetore than 50% of global GDP and encompass
nearly onethird of the world's population.

As showninFigureas | YR o0 I diskcéntaia g8vingaRmfuEh cirbon (as organic carbon) as the
atmosphere and three times as much as the terrestrial biotic $obherefore, @enamodest percentage

change in SOC &the potential to significantly influence atmospheCQ anddrive change imtmospheric
greenhouse gas concentratiqrso it is not surprising thancreasing storage of carbon in sdilss been

proposedas an important contributiono meeting nationalclimate change mitigatiotargets. The

Australian government has made clear statemenitsi KS A YLER2 NI yOS 2F Wil yR aSo
carbon dioxide from the atmosphere and storing it in vegetation and soih@vinghe O 2 dzy it NBE Q& Wt
target(of reducing growth in ermssions to no more than 26% above 2005 levels by 262@ons by land

managers to increase storage of carbon in soils are supported by two soil carbon sequestration rfathods
creditsundeti KS 9YA&daizya wSRdzOGA2Y CanARian climktd dbahgerpdlicy LI- NJIi
(See Section 6)2

Soil carbon sequestration depends on being able to establEisiive soicarbonbudgetby creating a shift
in balance so that the input of biomasarbonexceed SOC lossed managed soilsarbon loses occur
mainlyby mineralization ancerosion.Maintainingthe abundance andctivity of soil organisms tprevent
declinein soilfunctionand bialiversity, nutrient cyclingand hence agricultural productivityhile, at the
same time, increasingarbon storagé®is a major challenge in agricultural management, especially in a
changing climate

2.3Carbon cycling in pasture soil

Soil carbon cyclinghay involve inorganic and organic forms of soil cart@iuestrationof SIGs a minor
pathway, butmayoccur throughincorporationof carbon dioxide in soil aiinto carbonic aciénd its
subsequente-precipitation as carbonates of calcium and magnesiuimia kaching of bicarbonates into
the deep subsailSIC stocks are not strongly influenced by land age@ment with the exception of lime
applicationg’, and SIC transfemre usually ignored when considering soil carls@guestration in
agriculturalsystems

The main contribution to changes in total soil carbon is through SCacteristics of pastures that
influence SOC transfers in a way that is likelywooease chances of a positive carbon balance ireclud
1 Dominance ofperennial pasture specidbat provide growth throughout the year
1 Minimaldisturbance (relative to cqaping)so that SOC is protected within the soil structuaad

37 peters (2016)

%8 Gosling et al. (2017)
3¥Wagg et al. (2014)
40Bruce et al. (2009)
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1 Lowerosion risk where groundcover is maintained

An important determinant of SOC sequestration potentighesantecedent soil carbon levelBairy pastures
are often wellmanaged with goodvater and nutrient suppliesthis means that SOC mhbg close to the
natural soil capacity determined by stipe and climate factorso that there idittle opportunity for further
sequestration.

Thetransfers that occur i8OGequestratiorareillustrated in Figuré 4*. These can be described in
simplified termsasa sequenceof processestarting withremoval of carbon dioxide from the atmosphere in
plant photosynthesigind progressingp storage in stable forms in the sBil

The process gfhotosynthesis converts two chemicalarbon dioxide and watemto simple
carbohydrates, using sunlight as the energy source. The process takes place within the leaf and other
green surfaces of plants. However, only part of the radiant energy fronuthis sised in this way. At

best, a plant can convert only about 6% of the total incoming solar radiatiogsiot@d energy

Water enters the plant mainly through the roots and brings with it essential nutri€atkon dioxide

enters as a gas, mainlyriiugh holes (stomata) on plant leaves. Stomata open in response to light, but
close in the dark and in response to adverse conditions such as lack of water or high temperature. When
a crop is growing vigorously and without constraints, a daily inflowtheiatomata, of over 150 kg/ha

carbon dioxide is needethe amount contained in the air above the crop to a height of over 20 metres.
Water is lost from plants while the stomata are opsometimes over 100 t/ha each day.

In temperate climates, many cropgrease their dry weight by about 200 kg/ha each d#fyto 15% of
all the carbohydrate fixed by the plant leaks from roots into the soil and is utilised by soil microorganisms
within the rhizosphere.

C losses through

animal respiration

Figure6. A simplified conceptual diagram of tiele plant communities (such as a dairy pasture) can contribute to
carbon sequestration in soitsd loss pathway$).

41 Garnett et al. (2017)
42 Batey (1988)
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An important factor in determining SOC levels iscbmposition of theplant community, which usually
consists of a variety of specielh the case of a dairy pasture, the commumitgy consist of mixed grass
species and legume$he plant communitalso influenceshe rate of decomposition gilantresiduesin
soilssincethe characteristics of the biomass, including the ratio of carfmomitrogen C:N and chemical
propertiessuch as thdignin,suberin and cellulose conteninfluence turnoverAutotrophic respirationthe
biochemical process which breaks down products of photosynthesis such as sugars to provide energy
returns carborto the atmosphere as carbon dioxidelatively rapidly Organic carborfrom plant materiain
the soil maybe incorporated ino microbid biomass oparticulateSOC. Through further decomposition,
particulate organic carbomay thenbe transformed to morestable forms such as humugich are retained
for longer periods in the soil (Tab®).

Functionaltraits of plants also influence carbaryclingand SOGtorage Plantproductivity (the rate of
photosynthetic carbon assimilatipmndbiomass partitionig between aboveand belowground structures
(root to shoot ratig help determineinputsto the soilvia litter, root exudates and mycorrhi#a Because
most of the SOC in grazed pastures derives from root materiattors affecting partitioning of biomass to
roots are important determinants of SOC on dairy farRes.grazed annual and perennighstures (without
lime applicationhear Wagga Wagga in New South Watest to shoot ratios 000.57 and 0.76, respectly
were measured®. Within a pasture type, partitioning to roots is also influenced @nagement practices
such as the frequency ofagingand fertilization Averageroot to shoot ratis 0f5.9 + 1.9 for unfertilised
soils and 2.4 + 1.5 for fertilisedits have beerreported for temperate grasslantfs

Cther important nonsoilinfluences include climate and atmosphefactors(Figure?). Gimate, particularly
rainfall amount and distributiohand temperaturenfluence plant growth and rate afecompositiori®.
Atmospheric concentration of G affects biochemical composition and may affect plant structtire

* Precipitation
* Energy/water
budget

* N deposition

Non-sail
Factors
Microclimate Atmospheric Land use and
characteristics management
* Temperature
. * Perennial vs
* Humidity * CO2 concentration

annual species

* Seil, crop, animal

management

* Water and nutrient

inputs

* Tillage

Figure7. Factors affecting the rate of decomposition of plant residues in gadapted from Lal 2018).

43De Deyn et al. (2008)
4 LiLiu et al. (2011)

45 Poeplaw2016)

46 Saiz et al. (2012)
4"Torbert et al. (2000)
48 al (2018)
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The rapid turnoverof labile organicmatter is vitalfor healthy soils and productive plant growthut
contributes only indirectly t&OC sequestratiolh.ongterm storage of SOfequires the carbon to be
protected from decomposition by soil microbial populations aethinedin stable formgFigure8). As
discussed abovehe amount of carbon entering stable pools is influenced by doihate, atmospheriand

management factors

{ ] i
Dissolved Solid Biotic
(e.g., sugar) (microbial biomass)

]
4 L]

Unprotected
Protected SOC 50C
' !
Contained in Contained in
clay and fine coarse silt and
silt fractions sand fractions

SOC | Protection mechanisms
+ ¢ +
Chemical | Biological | Ecological

l l l !

Contained within clay and fine silt fractions

| Physical

~"
0.05-1.0Mg C ha' year*

Figure8. Components 050Gtocks showingfactors affecting its retentionThe SOGequestratiorrate of 0.05 to 1.0
Mg per hectare per year reflects the range expected ailoption of sitespecific good land management practites

2.4 How much carbon can be stored in soil?

~

The amount of organic carbon that can potentiallysefjuesteed int 2 G0 KS g2 NI RQa az2Af a
management has been estimated to be possiblyigh hs 0.9 to 1.3 Gt C per y&ai>2%3, Up to three-

guarters of this amounis projected forcroppinglands which are the most depleted by past management.
However, this theoretical potential is very unlikely todohievablen practice and a more realistic estimate

of what is economically possible for global soil organic carbon sequestration based on reasonable carbon
prices is likely to be only half thastimate, 0.4 0.7 Gt C per year®,

The rate of carbon sequestration in soils following adoption of an improved manageatgmienot only

varies greatly between situationbut for a given site and managemenistnotconstantover time (Figure

9). Sequestration isnore rapidinitially, especially when the starting soil carbon levels are low as a result of
past management practices, and will slow to be closer to zero as a new steady state is réatiedng

49 al (2018)

50| al (2004)

51 Smith et al. (2008)

52 paustian et al. (2016)
53 Minasny et al. (2017)
54 Smith (2016)
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thisWS lj dzA tniayotakd 200%6 Q00 years depending on such factors as soil type and climate. In addition
carbon sequestered in soil is vulnerable to Idas to natural factors such as drougintd tohuman factors
such ageversal okustainable management practicés some regions, particularly in less developed
countries, there may also be institutional, educational and social barriersatotaining conditions that
promote soil carbor®.

354

Total C, %

0.5 4

0.0 T T T T T T ]
0 50 100 150 200 250 300 350 400
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Figure 9 The changingate of soil carbon sequestration over time as a nevadiestate is approached. This graph from
Smith (2014¥ shows the increase in % organic carbon to a depth of 23 cm, calculatedyfatasil loam soils converted
from croppingto grass at Rothamsted, UK.

Synthesis of published findings gives an estiméistbric depletion of SOC in world sals115¢154Pg C
(average of 13%g ¢°’. Assuming SOC sequestration is feasible across 4,900 Mha of agricultural land
including 332 Mha equipped for irrigation, 400 Mha of urban landsagptoximately2,000 Mha of
degraded landghe estimated potential to store carbon in different land typg&as usedo calculate the
equivalent global technical potential of SOC sequestration ax3.4% Pg Cl/year (average of 2.45 Pg
Clyear§°(Table3).

Table3. Estimatedtechnical potential to store carbon in soils globally (based on data in Lal 2018).

Land type Potential Sequestration
(Mg C/halyear)

Croplands 0.251.0

Pastures 0.100.175
Permanent crops & urban lanc 0.51.0
Saltaffected & chemically degraded so 0.30.7
Physically degraded & prone to water erosi 0.20.5
Susceptible to wind erosio 0.050.2

55| al (2016)
5 Smith (2014)
57| al (2018)
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In summary, theapacityof soils to sequester carbon dependsmany factors includingepth, clay content
and mineralogy, plant available watkolding capacity, nutrient reserves, landscape position, and the
antecedent SOC stodkimitations onsoil carbon sequestration as a greenhouse gas offsetre around
issues otonstraints due to soil and climate factors that leadink saturatiogand to susceptibility of gains
to reversal because alimate and management influencddowever,even if the potential sequestration is
limited, the cabenefits of management actions to bulBDMgo beyondclimate change mitigation
frequently including beer infiltration of water, higher moistureand nutrientholding capacity and greater
resilience to climate extremes such as drought.

2.5Factors affecting sequestratiorin Australian soils

Agricultural productionn Australishasresulted in a decline iBOMin many regionsegstimated to beas

much as30-70 per cent of the original content in grasslands and forest lands converted to cultivation. As
organic matter and associated nutrient content has declined, crop yieldaddropped markedlyn many

low input systemsPractices such as revegetation and destocking of land, increasing frequency and diversity
of crops and pastures, amelioration of soil constraiatel soil conservation methods can contribute to
preservingSOMlevels and restoring soil fertility.

A review of esearch in Australia on the relationship between soil carbon stocks, land use and management
demonstrated thain semiarid and sukhumid zones, inclusion of pasture in cropping systems, crop residue
retention, zero tillageand phosphorus fertéer application in pastures, haweost potential to improve soll
carbon stocks or slow down thiate of carbon los$. Datafrom 1482 sites across the majagricultural

regions ofeastern AustraligFigure 10) suryeed as part of the Soil Carbon Research Program (SCaRP,
Section 5.1)vere analysedo determine the relative importance of land use vs. otdewers of SO€ Sites
included dairy pastures and other crop and grazing lands in southern Austhaiendinregulators of SOC
stocksunder different land usesere found to be aridity and soil texture. Differende¢and use and
management explainednly 1.4% of the total variatiorThe analysisuggestdthe greatestpotential for
increasing SOC stocks msern Australian agricultural regiofigs in conversiofrom cropping to pasture

on heavy textured soils in the humid regions.

58 Rabbi et al. (2015)
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Figurel0. Sample sites across eastern Australia used in the analysis of factors affecting changes in SOC storage in
agriculturl soils showing one of the main drivers of change, aridity. Sample sites in southern Australia included dairy
farms. (From Rabbi et al. 2015).

Some Australian soils have seen measured improvements i8@Mcontentfollowingintroduction of soil
conservation practices but many areas cleared for agriculture continue t&SIO§20ONnly management
practices that increase the proportion of stable carbon will lead to4@ngn changes in soil organic carbon
Potential SOC benefitsf management practices relevant to pasture systems are showialire4>°.

Table 4 Summary of the likely impacts of major management changes on carbon sequestration in Auptaisiiae
soils based on a review of research findings to 2810

Management Chenefitt  Confidencé Justification

Shifts within an existing pastoral system

Increased productivity 0/+ L Potential tradeoff between increased C
L return to soil and increased decomposition
irrigation rates
fertilisation

Rotational grazing + L Increased productivity, increased root

turnover and incorporation of residues by
tramplingbut lack of field evidence

Shift to perennial species ++ M Plants can utilise water throughotite year;

increased belowground allocation but few
studies to date.

Shift to different system

Cropping to pasture systen +++ M Generally greater C return to soil in pasture
system; will likely depend greatly upon the
specifics of the switch

aQualitative assessment of the SOC sequestration potential of a given management practice. O=nil, + = low, ++= modeigte, +++=h
b Qualitative assessment of the confidence in the estimate of sequestration potential based on both theoretical and evilileegiary
L=low, M=medium, H=high

¢Recent research (Mitchell et al. 2016, 2019) indicates that trampling to increase contact of plant litter with soil sasface m
accelerate decomposition so that sequestraticeniefits are likely to be small.

5 Sanderman eal. (2010)
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Implementing irigation and fertilization to increase productivity or adopting rotational grazing practices

were assessed as providing only minor potential carbon sequestration although likely increasing biomass
inputs to soil. There was low confidence in the estinafteequestration potential. More positively, there

was medium confidence that shifting from annual to perennial pasture species is able to provide moderate
SOC increase through more efficient water and nutrient use throughout the @édne studies with

suitable datafor improved pastures relevant to dairy farms in southern Australimbon stocksvere found

to increase at a rate of 0.29 + 0.17 Mg C e (mean + s.d., n = 15) wifertiliser useand by 0.11 Mg C Ha

yrt (n = 4) with otheimprovenents, including irrigation and sowing of legurffe¥he absolute rate of

increase following conversion from cropping to permanent pasture is very dependent on starting SOC levels.

For dairy farms, a constraint on potential SOC sequestration is dilatigider pastures are generally
relatively high in carbon and often close to thguilibrium leveffor the soil type and climateT hisconstrains
the additional carborthat can potentially be stored while the farm continues to operate as a productive and
profitable businessHoweverthe same goodnanagemenpractices that promote SOC hawvalue for soil
health and productivityMaintenance ofSOMlevels underpins sustainable agricultural production
Understanding the quantity and quality 80Gn pastue soilsand how it is linked to soil biological
processes and function can ass$#std managerin ensuringprofitability and improveesilience to
environmental stresars. For example,urnover in carbon pools can mobilise nutrients and improve soil
condtion and plant growth. Recognising thesenefitsis important in assessing the value of managing to
optimize SOC levels arehtninghow organic matter cycles through the soil and what drives its
accumulation and lossupportsdecisions fomaintainingSOGat optimal levels withiranagricultural
systenf® (Table5).

Table5. Rate limiting factors in the accumulation 8©Mand soil carborfAdaptedfrom GRDC 201%)

Factor Nature of the influence

1 Clay in soil binds to organic matter, which helps to protect it from being broken down or
limits access to it by microbes and other organisms.

In coarse textured sandy soils, organic matter is not protected from microbial attack anc
rapidly decomposed.

Soil type 1

1 Water is often the limiting factor for plant growth and higher rainfall generally supports
more growth and more organic matter inputs to soil. In comparable farm systems with
similar soil type and management, soil organic matter usually increases witalkain

Climate 1 Under moist conditionseach 10°C increase in temperature give a doubling in the rate of

organic matter decompositio(Hoyle et al. 2006)Moist, warm conditions will often result ir
the most rapid decomposition of organic inputs.

1 Maximising crop and pasture biomass via improved waggr efficiency and agronomic
management will increase organic matter inputs to soil.

1 The top 10 cm of soils hold a large proportion of organic matter so protecting the soll
surface from ero®n (e.g. with permanent pasture cover) avoids loss of soil organic mati

1 Not tilling structured soils retains soil organic matter stoaked avoids exposing previously

. rotected organic matter to microbial decomposition.
Land and soil P 9 P

1 Adding offfarm organic residues shas manures, straw and char can increase soil orgar
management matter depending on the quality of the added residues, but note that simply moving org
matter from one site to another does not give a net sequestration credit.

1 Saoil constraints can influence husmtormation by constraining plant growth and
decomposition rates, potentially limiting movement of organic matter into more stable
fractions. For example, microbial activity is lower in strongly acidic or alkaline soils and
acidity affects availabiljtof nutrients and hence available organic matter for growth of sc
biota.

80 GRDC (2013)
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Emerging marketgor carboncreditsthrough privateschemesandthe! dza G NI f A | Yy EBigSBIS NY Y Sy (
Reduction FundSection 6.2are now functioning but theopportunities for incomdor Australian farmers is
challengingWhile they have the potential to provide incentives to implement practices to build th®©C,

complexty of project developmentgosts associated with measurement, requirements for permanency, and
potential tradeoffs with farm business objectivesn be difficult to negotiate for family farms and individual

land managers-or many practice changes, seMgrablished economic analyses indicated the price is on

carbon is currently (2018) too low to be attractiVe.

2.6 Pasture ®ilsand soil carbon sequestration

The magnitude and rate &OMdecomposition anadarbonsequestrationin pasture soilslependson a
range of sojlenvironmentaland managementactors(SeeFigure7). The followingarm management
practices may contributéo changingsoil factorsin favourof increased SOM inputs and decred$ossof
carbonas carbon dioxide to achieve net segtration.

Actions that $ow the rate of SOMdecomposition

a. Clay soil tends to protect organic matter more effectively frd@compositiorhendoessandy
soil. On most farms, however, increasing clay content through technigues such as clay
spreading is prohibitivelgxpensiveln addition quantifying net greenhouse gas benefits would
require accounting for both onsite and offsite effects and accountingriassions due to fuel
use andother sourcesActivities ofclay spreading, delving and/or spadiwgh the objective of
increasing SO&re currently not eligible under the soil carbon methfmt ! dza & NEmissiohsQ a
Reduction Fund

b. Deep soil profiles wh fertile subsoil allow deep root penetration into subsoil that is much
cooler, andlikely tohave lowerdecompositionthan the topsoil in summeiThepresence of
restrictive layers such as unweathered bedrock and/or hostile subsoil conditions (eg. salinity,
severe acidity) often prevents deep root penetration. Subsoil modification can overcome these
constraints, but the coss often highand only the Bt benefits could be&ounted towards
carbon offsetavhereeligible under carbon credit methods.

c. Anaerobic\{aterlogged soil has lower rates of organic matter decomposition than-well
aerated soil because @dwer soil organisnactivity. However, this appantly beneficial process
(peat cregion) may beoutweighedby releaseof the potentgreenhouse gas methane under
the waterlogged condition®?roductivity, and therefore SOM input, is also generally lower in
waterlogged soils.

d. Organicamendments gch as lbchar,produced from heating organic materials to high
temperature in low oxygerand compostedhanure have chemical structures thaayreduce

61 Lam et al. (2013)
52 White and Davidson (2016)
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the rate of organic carbon decomposition in soil. Their msg be positivavhere financial

returns are expecte to exceed the costs of purchgseansportand applicationHowever,
according to Australian methods, accounting édmate change benefits does not count the
carbon added in the amendment as sequestration (see later discussion and description of
carboncredit methods) and only SOC increases via increased plant productivity or protection
from microbial decomposition are eligible credits

Actions that ncrease the rate of addition of organic materials

e. Soil amelioration can increase pasture productigrolvercoming physical and chemical
constraints. For example, soil with favourable structbias higher infiltration and retention of
water so thatirrigation and rainfalare more effective for plant growth than compacteu
dispersive soil. This edtmwater provides potential for highgrasture productionThe ntensive
production that characterisedairy farming means that is generally economically viable to
correctsoil problemssuch as sodicity that constrain pasture growitkll-targeted application
of ameliorants such as gypsuor sodicity or lime to correcsoil acidity that boost pasture
productivitycan also increaserganic mattelinputs to soil andaiseSOC stocks

f. Essential elements (eg. N, P, S, K, Ca) that are required for soil orghoit &ad/or soil
inorganic carbon transformations may be appliedptimise productivity Fertilisation can
increase SOM inputs and SOC stocks in soilsdnutestratiorbenefits may be partially or fully
offset by increasedreenhouse gaesmissions particularlynitrous oxidewith aglobal warming
potential ofalmost 300 times that afarbon dioxide.

g. Livestock management interacts strongly with soil management. For example, the reduction of
pasture consumption by livestock allows litter to build upturn,incorporation and
decomposition othis biomassreates extra SOCHowever, recent researéhhas shown that
AYONBIFASR tAGGSNI OFy 3IAGBS | WLINAYAYy3I SFFSOGQ
the net carbon increase in sodanbe smal (See Section 5.2.6)

Interaction of nonsoil factorswith soil properties

h. SOGequestration rate igenerallyhigher inregions withcool and humidlimatesthan inthose
where conditions arevarmer andmore arid for equivalent startindevelsand managment
regimes Where there is adequate moisturehe rate of decomposition of organic matter by
soilmicroorganisms tends to increaséth soil temperature Theoptimum for decomposition
in temperate climates is 230°C. Little decomposition takes pladeelow10°C*,

i. Climate factors may affect total soil carbon throwgffects onstorage of inorganic forms of
carbon
1 The rate of formation of secondary carbonategemnerallyhigher in soils of arid and
semtarid regionsthan soils insub-humid and humidcconditions.
1 Soilsin hot dry climate®ften tend to have minimal deep drainage, which can lead to
precipitation of dissolved carbonates within the root zoheanirrigated pasture

53 Mitchell et al. (2016)
64 Batey (1988)
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paddockwith negligible deep drainage, carbonate saltsried by irrigation watewill
likely precipitate in the root zoneThis cannot be counted as sequestered atmospheric
carbon because it imply changing the transfer df/er water carbonate that
otherwise would have flowed out teea.

In Australia, neprimary productivity of agreecosystems is controlled mainly by climate and soil nutrient
availability’®. Figure 14 shows estimates of net primary productivity in Australia with current agriculture
and climate Figure 1b shows the ratio between curremiet primary productivity and that predicted
without agriculture (ie. no irrigation, fertiliser addition or g@éikes). Whilén many areasgriculture has
increased productivityin some cases almosto-fold, the combination of removal of vegetation araht
cultivation has generally depletefSlOM Reduced biomass inputs and loss through increadisturbance
andvulnerability of top soils to erosidmave negatively affected SQ&vels

@ ®)

Ratio of current net primary
productivity to that without
agriculture

3
Q‘

Figurell. (a) Predicted mean annual net primgwyoductivity of Australian ecosystems under the current climate
and agricultural systems, and (b) ratio of current mean net primary productivity to that without agriculture (high
ratio areas are due to additions of fertilizéi&jRaupactet al. 2001; citedby McKenziet al. 2004)

In Australian dairy regions, a lotgym view is essential to soil management for continued pasture
productivity?”:

It is a great irony that in Australian agriculture, where the shortage of both water and nutrients
greatly restrcts yield, it is the loss of both precious water and nutrient beneath crops and pastures
that is the fundamental cause of problems such as salinity and acidification. Wericavhat is

wasted into wealth.

Agricultural and resource management expegtnerallyrecognize the challenges of managing soils in
Australia where climate variability is amongst the highest in the world. Extended droughts and severe flood
events mean that the proportion of years when productivity and soil properties can be maimragevay

that enables optimal SOM inputs and decomposition is low.

In addition to biogeophysical factors, econoroansiderationsalso influence how mucharbonis
sequesteredn agricultural soilsEstimates of the cost of using carbon sequestratiomitigate climate

85 McKenzie et al. (2004)
56 Raupactlet al.(2001); cited by McKenzét al. (2004)
57 Williams and McKenzie (2008)
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change are sensitive to assumptions about the dynamics of carbon price, the opportunity cost incurred by
adopting the\Wequesteringpractice, the dynamics of sequestration, and the use or-usa of discounting

to compare benefits and sbs that occur at different points in tifi& The complexity of analysimgonomic
influences orthe feasibility of climate change mitigation through SOC segaiésn adds to thebiophysical
basedchallenge®f actuallyachieving climate change mitigatiocBome analyses have been conducted for
southern Australia for either cropping lafi@r changingrom cropping and grazing laffthnd these indicate
that even optimistic carbon pricing would besufficient to drive adoption of practices for SOC stordige.
example, &king into account the cost aitrogenfertiliser needed to stabilise SA&help meet

WLISNX I ySyOe Q NBI dziA NBRé Siyiiiauin prizéheeded fobagetyprofif frodIsSdi & =
sequestration in Australian cropping lands is likely to be $36 per t@@e’.. Increased pofitability from
higher productivityassociated with bettesoil healthseemsamore likely to giveafavourablecostbenefit

ratio. A price on carbon mayén provide additional income but full analysis of all project costs associated
with participating in the carbon market is recommended for each proponent. The box below provides
illustrative estimates for a soil carbon sequestration project in dairy pastur

2.7 lllustrative calculations for dairy farmers

The calculations in the boxes in this section are intended to illless@mnechallenges iuantifyingSOC
sequestration and assessitiee risks and opportuniteg ¥ Wa 2 At O Nairg fgrmd iNsouthéria O S
Australia. The values should not be interpreted as a real reflection of possible costs or gaingsamgdhily
recommended that farmers and land managerake analyses usirigrm-specific dataandseek upto-date
informationfrom a trusted expert beforeommitting to asoil carbon sequestratioproject <ientific
understandinggovernmentpolicy,carbonprices andnarket opportunitiesare progressing rapidifsome
sources of credile information are provided ineStion 53 of this report.

Handy factors for carbon calculations (FAO 2018)
One tonne carbon = 3.67 t carbon dioxide {C€yuivalent

Tonnes carbon per ha = % soil organic carbsoil bulk densitix sampling depth (cm)

% Soil organic matter = 1.%24 soil organicarbon

Global warming potentialGWPhitrous oxide (MO)=equivalent to298 CQ equivalents (C&e)
Global warming potentia{GWPmethane (Chk) = equivalent to28 CQ equivalents (C&e)

GWP is a relative measure of how much heat a greenhouse gasrrd@satmosphere. The value can change ov
time with changes in the composition of the atmosphere and calculation methods. These values are from the
Fourth Assessment Report (AR4) as used for accounting in national inventories for the Kyotol Protoc

58 Thamo et al. (2016)

59 Graceet al. (2010)
OWhite and Davidso(2015
Lam et al. (2013)
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Biomass needed to increase SOC from 3% to 5% in top 10cm pastu@atbck and Broos 2008)

To increase SOC from 3% to 5% in the upper 10 cm of soikirygadsture, 24 t C/ha would have to
be added to the soil. Since plant residues contain approximately 45% C, this would equate roug
50 t/ha dry matter (DM). If this increase was to occur over 5 years, then an additional net amour
10 t DM/ha abovecurrent levels would be required annually. Since at least 50% of the added plar
residues will decompose, annual minimum additiah®ve current inputef approximately20 t

DM/haper year on average would be required to increase SOC content from 3%aeeb% years.

Figurel2 shows that to achieve this aim from abegeoundpartsof pasture plants at Ellinbank, a
high fertility dairy region in West Gippsland Victoria, pasture production would have triphe

without increasing stocking rate. This aaps to be an impossible challenge, particularly in drought
years.

Total biomass production - Ellinbank 1960-2006

t DM/halyr

gt
-

7
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Figure 12 Total biomass production under grazed dairy pasture betweer® 206 2005 at Ellinbank Vic.
(Warren Mason, pers. comm.).
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Could income from carbon credits make actionsitwrease SOC viable?
¢ KS LINKAOS dzy RSNJ GKS ! dzAGNI ft ALY D2@BSNYYSyidQ
of carbon credits has been around $11 to $13 per tonne CO2e. The hypothetical estimate of th
price necessary to offset all costs of implaemtiag changes in management of dairy pastures given
here does not take into account the productivity and efficiency benefit. It is intended to illustrate
some of the costs relevant to entering into a formal contract for sale of offsets based on 2009 da
and should not be taken as an actual situation under presentloasefit analysis.

Thevaluesin Table6 suggest that for carbon trading to be economically attractive for a dairy
farmer, the carbon price would have to beleast $200 per tonne CO2e.

Table6. Value of several options for the utilisation of one tonne of pasture

Uses for one extra tonne (dry weight) of high Approximate gross alue of one tonne
quality pasture of pasture
a. Produce hay bales $150
b. Feed to cows and convert into milk (786es) $260
c. Allowed to decompose on the ssilrface to produce $21
Séczl)lz(:;ibon (traded on ane-off basisat $25 per tonne (1x0.45x 0.5x 3.67x 25)
d. Allowed to decompose on the ssilrface to produce $206
zcg;ﬁrbon (traded on ane-off basis at250 per tonne (1x0.45x 0.5x 3.67x 250)

* Assuming that the one tonne pasture, when dry, contains 45% C; and ends up with 50% decomposition th23eate
tonne soil carborfa mix of particulate organic matter andimus). 1 tonne C = 3.67 t carbon dioxide equivalent&Qt is
assumed here that the four options would have the same amount of root material associated with the extra tonne of
pasture DM production.

It is important to note that the cost of the fertiliser used to produce the extra tonne of pasture ha
be taken into account when calculating the costs and benefits of the scenarios outlined ifb.Table
This calculation uses late 2009 fertiliser pri(@airy Australia 2009) and composition of urea (46%
N = $500/tonne), single superphosphate (9% P = $320/tonne), gypsum (14% S = $100/tonne) t
estimate respective N, P and S costs as $83, $50 and $14

1 tonne C as humus requires sequestration of 83 kiyd\kg S and 20 kg P. Using above fertiliser
prices, this gives a nutrient input cost of about $150 per tonne of hu@w$§the soil organic carbon
is dominated by particulate organic matter, the ratios shown in Figure 4 suggests that a nutrient
of $80 per tonne of soil carbon is appropriate for the examples (options ¢ and d) shown i6Table
Therebre, the four options in Tablewgould have a nutrient cost of about $20 associated with the
one tonne of pasture that converts to 0.23 tonne soil carlbor options ¢ andl.

In the case of options ¢ and d, the carbon (and associated nutrients) are required to be maintair
GKS adFoftS {h/ LkR2f 6S®3d Ay KdzYdzA0 F2NJ Hp
Emissions Reduction Fund ik Nb 2y &SIljdzSadNF dA2y YSGK2Ra&a |
greenhouse gas reduction international obligations.

™ Dairy Australia (2009): With 1a009 fertiliser prices (urea, 46% N = $500 / torsiagle superphosphate,
9% P = $320 / tonne; gypsum, 14% S = $100 / tonne), the respective N, P and S costs are $83, $50 and $14
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3. Soil carbon sequestrationaccountingchallenges

3.1 Measurement

3.1.1 Introduction tomeasurement methods and sources of error
The internationally accepted operational definition of SOC is the organic carbon presenftriactien of

the soil that passes through the 2 mm si€&/&nown ashe fine earth fraction. Thisdefinition is used in
conjunction with a standardampling depth of 30 crior greenhouse gasiventories used in national

reporting to the United Nations Framework Convention on Climate Change (UNFCCC) against international
climate change targetand for nostcarbon credit tradingegimes.

Soil sampling protocols and conventional laboratory analyses casdoketo directly measure organic carbon
stocks. The protocols typically involdesigning a sampling strategy, sampling tk@@®cm soil layeand
measuring the organicarbonconcentration, bulk density and gravantent to derive the organicarbon

stock of the soil in this lay& Themethods arecomplex.time-consuming, expensivandinvolve much

sample handlingnd preparation In combinaton, all ofthe proceduresnvolvedare susceptible t@analytical
inaccuracies. Thehallenges associated witlonventionattechniquesare compoundedf monitoring is

needed for SOC iteeper soil layerdBecausaheseconventional methods for measuring aiges in SOC
stocks are impractical, efforts have been made to devesqid, practical, accurate and cheaper methods.
Proximal soil sensing provides a range of tools #iatnow being exploretb more efficiently measure the
organic C stock of soil dites’®. The accuracy of these methods is improving and the capacity to take more
samples in a limited time enables the uncertainty to be reduced to a level comparable with conventional
direct measurements. Proximal techniques are now acceptadimecarboncredit accounting methods
adzOK |a GK2a$S RSOSt2LISR T2 Nbek 8edtiof\lyf A Qa / F Nb2y Cl

Sampling and analysis protocéts SOC stocks shoulake into accounthe heterogeneitydue to grazing
activitiesand natural spatial varihility. This is critical to maximise the capacityd&iect soil carbon stock
changesandthe designof samplingprotocolsis criticalif uncertainty in results of SOC stock change is to be
minimised®. Table7 summarisesignificant sources of error in SOC stock change measurefhents

72\Whitehead et al. (2012)

3FAO (2018)

"4 Viscarra Rossel et al. (2016), (2017)
> Hobley and Willgoose (2010)
"®Vanguelova et al. 2016
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Table7. Sources of error in SOC evaluation at sample, plot and landscape scales. The sources likely to produce high
errors arein bold. (Table from Vanguelova et al. 2016)

Sample

Soil composite samples are not homogenised

Dafferent analytical procedures for C applied

Bulk density is not assessed correctly

Coarse fragments volume not assessed

Separation of soil horizons and layers not done accurately

Inappropriate soil sampling time

Profile

Sampling by horizon versus soil depth depending on research aims

Sampling at not full soil depth to account for vertical variability

Plot

Micro-spatial variability not accounted for (not appropriate sampling
strategy)

Statistical sampling error due to different sampling schemes
Different inventory teams are not harmonised

Lacking quality of the geo-referenced (or the reported values)
Not adequate numbers of sampling points

Bulk density and coarse fraction content not analysed
Analytical (measurement) errors including sample preparation
Missing values, recording and truncation errors

Model errors (e.g. from the selection of inadequate pedotransfer rules or
functions, inadequate model constants and conversion factors, ete. not site/soil
specific calibrated)

Landscape
/National

Lack of local and regional representativeness of sampling plots

Important strata are underrepresented (e.g. wet mineral soils or peat soils)
Lack of tree species/forest cover maps

Lack of accurate soil/hydrology maps

Landscape insufficient resolution of climatic data
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Practicalguidance orsources of errors when sampling and analysing soihtent

The location of sampling points in a landscape must take into account spatial variability. Apart 1
knowingwhereto sample, decidingvhento sampleis alsoa challengeTempaal variability
associated witlseasons of the year amaycles of drought and heavy rain needs to be taken into
account when developing carbon assessment programs for entire farms and digricis in the
assessment of soil carbaneditswill not be accepted for the Government Emissions Reduction
Fund and wilkffect the confidencdand therefore the price) for offsets in secondary markets

Soil samplinghould always be conductdaly operators who are properly trained and independer
to avoid ncorrect calculations of soil carbotevels or changen a pasture soiland this is a
requirement under the Government Emissions Reduction Fund measureoaseti methodOther
reasons for measurement inaccuracies (associated withdrsiadack of precisin) include:

a. Surface vegetatiafitter included with the sample, instead of being separated fthensoil
sample, according to Australian Greenhouse Office (AB)cols (McKenzie et al. 2000);

b. Large roots (>50 mm) not separated; root material (alivdead) <50 mrdiameter within
soil samples should be treated as part of the soil orgaaitter;

c. Biased sampling, eg. directly beneath a grass tussock only, rathebattalleneath tussoc®
and Between tussocka

d. Failure to take into account thgravelcontent of a soibrofile;

e. Mistakes in bulk density assessment, eg. accidental compression of the soil when sampl
with unsuitable equipment and/or techniques unrepresentativesampling sites;

f. Calcium carbonate nodules accidentally counted as orgamigonawhen using the Leco
method. Where soil organic carbon monitoring occurs in gilgaied landscapes, the inclusid
lime nodules in soil samples can greatly boost soil carbon readings and give the
impression that the organic carbon content of al $@is suddenly improved,;

g. Useof the WalkleyBlack analytical proceduigithout appropriate correctionsfor organic
carbon analysis rather than the recommended Lewihod.

h. Selection of a suket of the results that suita preconceived idea of theesult

i. Reporting data without clearly specifying the sampling depth or comparing results that
includesubsoil carbonwvith analyses restricted t6-30 cm

3.1.2 The question of sampling depth

It is widelyaccepted that agriculture has a large impact on SOC storage and the global carbon cycle (See
Section 2)However, studies on theffects of agriculture on SOC cycling have frequdotiysed on carbon
dynamics in topsoilsnly’"’® and data are frequently available only for the surface 30cm of soil as required
in most international and Australian measurement protocolee U to 30cm deptinas been estimatetb

hold about55% of the total SOC stock to 1 m, 62% to 1.5 m, 67% torim &6 of all SOC stored to a depth
of 3 n7°.

77 Poeplavet al, (2011)
"8 Rabbiet al,, (205)
Lal (2018)
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The extent to which measurementigsed solely on surface souisrrectly represent the influence of
agricultural practices on tot&8OC storagis still debatedThe drivers of SOC storagary with deptf§08182
and whilethere is some oldeevidence of actively cycling substdlrbonassociatedvith deep root activit§
subsoilshave generally been seen asepository oklow-cycling organic carbonA recent stug?? has
challengedhis acceptance adubsoilsasa store of stableorganic carbonshowing aalysis ofSOC cycling
down to 1 munder nativevegetation and agriculture (cropping and grazed pasturesastern Australia
Examination oftlifferent SOC fractions and isotoples the study authors teoncluce thatlarge losses of
young carbortan occudown the entire soil profilavithin decadesFurther,organic carbon storage soils
appearednput driven down the whole profile.

On dairy farms, ihas been suggested that more efficient use of water thaifienlost via deep drainage
high rainfall years, may be achievitrlough plantingdeep rooted perennial shrubs (eg. tagasaste on light
textured soil) These speciesequester organic carbon deeply, amay provideforage but they may also
lead tohigher rates of nitrogen mineralization in topsoils througlycling ohitrogenfrom the deep

subsoil to thesurface layer®. Perennial shrubs are now common in rangeland grazing systemghere

has not been a comprehensive evaluatiorsoitable optons forthe deep placement of organic carbon via
root systemdor a broad range opasture specieslo be considered as a practical management option, the
evaluation must also show that it can be ddnea way that does nalecrease dairyarm profitabilty.

Ongoing research will improve understanding of SOC dynamics and clarify whether sampling of SOC to a
depth of 30cm is adequate to indicate the impacts of management on SOC stocks in agricultural soils. Future
changes may then be introduced to measuents and modelling of soil carbon offsets in carbon pricing
schemesas well as in national greenhouse gas inventories. It is strongly recommendddrthats or land
managers seelgp-to-date information onmeasurement protocol$or soil carbon offsetgncluding on the

depth of sampling.

3.13 Existing measurement protocols

Recent advances in measurement

Sampling and analysimg soilto determinesoil properties that affecproductivityis vitalfor decision
makingby farmersandis also required to understand carbon sequestration potential and inform decisions
on possible participation inarboncredit markets Thecostand time for measurement relative to possible
financial returnscan be astrongdeterrentfor participation inthese marketMeasurement and reporting
protocols specified under the Emissions Reduction Fund are designed to be rigorous in order to ensure
integrity of the carbon creditsThey are based on credible scientific research for both modelling and
measurement@pproaches.

Projects under the National Soil Carbon Proghaiift on earlier work byhe University of Sydnéy® as well
as legacy datasefsr Australian soilare usedin Australiammodels to reduce the monitoring costé$ soil

80 Jobbagy & Jackson, (2000)

81 Hobley et al. (2017)

82 Hobley & Wilson, (2016)

83 Trumboreet al., (1995)

84 Angus et al. (2006)

85 McBratney and Minasny (2008)
8 McBratney et al. (2009)
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carbon forlandholders.The ability to rapidly assess variarganic amendments using mid infrad (MIR)
andnear infrared (NIRBpectroscopyrovides data to improvenodelling across scalésthe national
greenhouse gas inventoRull Carbon Accounting Mod@ulCAM), and industry models such as DairyMod
These data and methods have been used in a soil carbon cregfigtigpd (See below)in situnear infrared
(NIR)field estimation ofSOGtocks in grazing lands (includirangelands and forestry3 also providing ways
reduce the cost of monitorindResearch on proximal models using NIR and MIR continues to improve
confidence in themeasurements and modelliftand these advances will continue to be incorporated in
method development.

Australian Enmssions Reduction Fund Methods

¢tg2 a2Af OFNDBb2y YSGK2RA KI JSEnisSiéhyReuStionSFiife LISR T2 NJ dz
1 a modetbased methodthe Carbon Credits (Carbon Farming InitiatiEestimating Sequestration of
Carbon in Soil Using DefaMialues) Methodology Determination 2QEmd
1 ameasurement method, th€arbon Credits (Carbon Farming Initiativieasurement of Soil Carbon
Sequestration in Agricultural Systems) Methodology Determination @@i$h improves on a 2014
measurement methoddr grazing systems

The method Estimating sequestration of carbon in soil using default valsdsmsed on the use of default

rates for soil carbon stock change over time, in response to changes in specified management practices for
cropping systems. Hse default values were predicted using simulation results obtained by apping
FullCAMool developed for, and used in, the Australian National Greenhouse Gas Inveftewalues are
conservative as required under the scheme Offsets Integrity atalsd

The measurement method is more comptaan that using default values. iticludesdetailed requirements

for developing and implementing a sampling strategy, analytical/measurement methods and managing
uncertainty for both baseline (without project) amdertime after the project starts.The protocols aim to
minimise the sources of error andhcertainty in results of changes in SOC stocks resulting from a change in
management practice and the Explanatory Statement that was devetdpedonjunction with the method

is a valuable source of information for a land manager considering entering sud carbon project.

FAO Livestock Environmentaksessment and Performan¢eEAPPartnership Guidelines

A Technical Working Group engaged by the EB®FPartnershiphas drafted guidelines for estimating soil
carbon in livestock production systemsdopport consistent reporting of environmental impadtéeasuring

and modelling soil carbon stocks and stock changes in livestock prodsidiems; Guidelines for

assessmefif. This document contains detailed guidance on methods for quantifying soil organic carbon and
changes due to management practices. Témmmended protocolfor measurement aréroadly

consistent with the Australian Emissions Reduction Fund methods.

87Viscarra Rossel et al. (2016), (2017)
88 http://www.environment.gov.au/climatechange/government/emissionseductionfund/methods
89 http://www.fao.org/partnerships/leap/publications/
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3.2 Accounting for nitrous oxide emissions

Nitrogen is essential to plant and animal growth and maintenance. Nitrogen is abundant in the atmosphere
in a highly stablgaseoudorm, N; (di-nitrogen), but for plants to use it, it needs to be available in thikia
reactive forms. Under certain conditions, nitrogen in the soil readily converts into other forms, one of which
is nitrous oxidgN;O), a strong greenhouse ga9@times as strong as GO

Soil carbon sequestration derives ultimately from plgrawth, which depends on access to nitrogen in the

plant cells. Hence, the carbon and nitrogen cycles are closely bound in the terrestrial ecosystem and actions
to increase soil carbon sequestration require the presence of nitrggeure 13 It follows that since

reactive forms of nitrogen in soils readily converiNgD, there is always a risk that adding N to soils (e.g. as
urease) to promote growth and foster soil carbon sequestration will lead@ étnissions. Nitrogen can also
increase soil carborelease into the atmosphere by accelerating microbial decomposition. The net
greenhouse effect of carbon sequestration a4 emissions can sometimes be an increase in the global
warming effect.

co,
. N, ~
C H4 Photosynthesis 2 Industnial N 2 O
123 PgC yr') 1 fixation
Respiration ' (117-126 TgN yr")
solls/plants —— AR ® )
118.7 PgC yr "= Vegetation Symbiotic \ Nitrification
Oxydation in soils (450-850 PgC) fixation Denitrification
(6-36 PgC yr") E (50-70 TgN yr?) ' (1.7 -48 TgN,Oyr')
‘ o wm  Ferilizers

»~
Soil organic matter e, .

Methane linked to rice (15'.00 240" PgC)

cultivation (24-30 PgCyr')

Figurel3. Soil greenhouse gas fluxes illustrating these link between carbon and nitrogen cycling (From Ciais et al.
2013§°.

A major investment by the Australian Department of Agriculture supported the NatigratulturalNitrous
Oxide Research Program (NANORP), which ran in parallel with the Natib@zdron Program from 2012
to 2016°1. In addition to undertaking projects to meastN,O emissions angroviding new datdor

improved inventory and emissions factors for a range of agricultural systems, the NANORP and NSCP
cooperated orunderstandngthe interactionsbetween SOC and nitrogen in agricultural soils, irialyith
dairy pastures (Figure 14

9 Ciais et al. (2013)
91 DAWR (2016)
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Figure 4. Map of the anticipated relative scale of® emissions (Greenlow, Yellowg Medium, Red; high). Dots
show the sites for research projeatgeasuring nitrous oxide emissions, which incl@dgtes in dairy pasturggreen
dots). (From DAWR 2018)

4.The debate on soil carbon sequestration

4.1 Background

Soil carbon is naturally highly variable across the landscapeardime due to factors such as soil and

vegetation characteristics and climai&ctors While variability in SOC content is largely explained by @dimat

and soil properties, human activigtso plays a roldn Australia this is most obvioursthe general loss of

soil carborfrom agricultural soils since the 180fislowing conversion from naturd&nd cover. The carbon

balance of agricultural soils expected to continue to change asrfaing practices evolve and #actors such

as devated atmospheric GQOglobal warming and altered rainfall amounts atistributiontake effect In

some regions, observations are showing that the climate is already changing from what was considered

Wy 2NFaSkFazya 20SN) 0KS LI ad KdzyRNBR 2NJ Y2NB &SI N&

With this degree of complexity in the natural system &indted data records to understaritie

unprecedented nature of human interventions and climate changeés hardly surprising that therare a

range of viewsn what the impacts mean. An area of ongoing debate is 8@@will respord to various
management and environmental factoend how much changes in the carbon content of soils can add to

or offset, greenhouse gas emissions now andhia decades ahea&ome differences in opinion

undoubtedly arisghroughA y' I OOdzN} 6§ S NBLR2 NI AY3I SgKAOK Aad AYySOAGLEO
interestd O A S MiSiefpretation of unitsused to quantify SOC stocks or greenhouse gas emissions a
unbalanced accounting (sometimes comparing net emissions and gross emissions) have caused confusion
(See SectioB.1). For examplegounting SOC sequestration resulting from increased plant growth after
application of nitrogen fertiliser to pastures boot countinganyassociated nitrous oxide emissions will
overestimate the climate change mitigation of this management practice. Enswsengfcredible scientific

or industry sourcebelps managethe risks of misleading information, but it is also imgant to stay upto-

date in areas where the science is not yet resolved and there is such a large amount of active research.
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This sectiorprovides a summary of recent contributionsttee ongoing debate on thsignificanceof SOC
stockchangesandpotential climate change mitigation achievable through soil carbon sequestration on

scales from individual farm to glob&ll aspects othe debate cannobe fully covered oresolvedin this

report (and it will be immediately owtf-date). Howeverfrom the farmer perspectivdt is worth noting that
NB3IFNRf Sad 2F 6KSUGKSNI WLIS N repr&ghtsasubktantial offsdtlfodzS & G NI G A
anthropogenic greenhouse gas emissions, thereidespreadconsensus that activities promoting inase

or decreasing lossf SOC are very likely to providalue throughproductivity and sustainability benefits.

4.2 Views and emerging sciende the sequestrationdebate

Johnston et al. (2017) andoulton et al. (2018)
Some of the longestunningexperiments on soils have been conducted at Rothamsted in southeast
England These trial siteprovide thedata underpinning one of the most widely used soil carbon models,
Roth Cwhichalsounderpins modeling of soils in FUlCAMfodzd G N> € A+ Q& yIF GA2y It 3ANB
Measurementover7 tol57 years\ Yy mc f 2 y 3 (i it drals Srithid® Nl typesfotnpared
SOC in14 treatmens thatincluded organic amendmentsitrogenfertilizers, introducing pasture leystd
continuous cropping systems, and converting arable land to woodlarmhly 65% of casewith good
practice appliedSOGn the ;23 cm depthncreased at a rate of more thdh7% per yearThe largest
increases in SOC occurred in treatments wheré hegels of manure were added (35 tonnes fresh weight
per hectare per year, equivalent to about 3.@rganic C /ha/year). Howeversults showed that when only
inorganic nitrogen fertiliser was addeddecline in SOGccurred and that manure was only fetctive in
increasing SOC if applications exceeded 10 t/hal/yr. The best results for SOC sequestration were wilderness
succession to woodland, or conversion to permanent pastlireould be argued that the practices showing
substantial SOC sequestratioa dot represent common or practical farm managemériie authors
concluded from hisanalysis of longerm researchtrials that:

1 For practical farm businessethere aredsevere limitationéto achieving ongoing significant

increases in soiland
1 EBvensmall increases in SOC can have substantial positive effeswildhealth and production.

He et al. (2016)

A studypublished in 201@isingradiocarbon datingf soilsprovided evidencehat the average age of sail
carbon is more than six times older than previously thought. When combined with previous models of
carbon uptake, thisesearchindicates that
1 The assumed potential for carbon sequestration has been overestimated by as much as 40%,
which, in turn, means that ivould take hundreds or possibly thousands of years for soils to soak
up the large amounts of the extra g@umped into the atmosphere byuman activity.

Garnett et al. (2017)

The Food Climate Research Network (FCB¥Edin Britainat the University of Oxforgconducts and
communicates research on food systems andtainability FCRNindertook an assessment of the claims
that carbon sequestration in lands used for grazing livestock provided a major greenhouse gasufiset.
this synthesis reporfocussed on grased systems generally, including extensive beef cattle and small
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ruminants as well as dairy cattle, thegerio evidence that the conclusions would not apply to intensive
dairy farming in Australid hereport concluded that
1 & etter management of grasfed livestock, while worthwhile in and of itself, does not offer a
significant solution to climate change asly under very specific conditions can they help sequester
Ol Nphahy ¢
f aaSljdzSadSNRy3I 2 F AOFANDSR/ dhlay RaBY  NE &S NIBAAYSSE S ¢ @

Savory(2015)

The Savory Instituté has developed &olistic grazing methotlased on high intensity, intermitterrazing
on rotating areas of land'heir methods and data have not been peer reviewatlcattle and sheep
producers in several countries subscribe to the Savory methods and testify to production and landscape
health benefitsThe claim=f soil carbon segestrationare much higher than in publishedsearchstudies
in scientific journalsThe Savory Instituté estimates that
Application of theSavoryholistic grazing methodcrossi KS ¢ 2 NI RQa 3INI dafl yRa
carbon sequestration afufficientmagnitude to not only offset all greenhouse gas emissions from
ruminant livestock bupotentially from allhumanactivities.

Norborg et al. (2016)

This study is one of several that have undertaketical review andanaly®s of global dat24°® andfailed

to find evidence for the very high rates of soil carbon sequestration claimed by Allan Bavdwy study did
not dismiss the value of good management of the grazing resourcednatuded thathe potential
sequestration was overstated

1 Improved grazing management atl grasslandsouldstore on averagaround0.35 tonneCper
haperyear, a rate seven times lower than the rate used by the Savory Institute

Gosling et al. (2017)

A comprehensive review of published studeesmined thebasis of the assumption that agricultural
soils can sequester significant atmospheric.d®@e authorsought to determine the potential for
conversion of arable cropland to grasslandhe UKto sequester carbon in the short to medium term
andassespotential limiting factorsAcross 14 sites in the UKgere were no differences in SOC stocks
in the top 30 cm between grassland up to 17 years old and arable croplamebver distribution
patternsdiffered between the two land use typewith SOQoncentrated in the top 10 cm under
grasslandThere were alseignificant differences imicrobial communities between arable and
grasslandsoils. Grassland soils hiadjhermicrobialbiomass andawer bacteriadominance
Experimentalland use conversiagindicated thatthese changes occurred within one year of land use
changehy S 2F (KS addzRReQa O2yOfdzarzya AYyRAOFGSa GKIG
pastures may overcome a significant limitation on SOC sequestration

1 The failure of grassland soils to accumulate S&@vn in several studiesn be attributedto

92 https://www.savory.global/

9 https://www.ted.com/talks/allan_savory how to_green_the world s deserts_and_reverse_climate_change
% Garnett et al. (2017)

9% Nordbborg et al(2016)

40


https://www.savory.global/
https://www.ted.com/talks/allan_savory_how_to_green_the_world_s_deserts_and_reverse_climate_change

Dairy Australia Soil Carbon Report: 2018 Update

low productivity resulting from reduced available soil nitrogen
Luo et al. (2010)

Many ofthe contentiousissues on th@otential climate change mitigation 8OGequestratiorrelate to
conversion of land betweecropping andmprovedpasture Results of a review aflobaland Australia
datawerethat evidence idighly variable and,\&n for the samenanagemenpractice, SOC outcomes
differed with different éimate and soil combinationdNo consistentcorrelation was found betweeimcrease
in SO@ndduration of application of a particular management practiasing doubt on the value for
climate mitigation olongterm adoption of good management practices.

Overall this reviewindicated that cultivatiorfor 40 yearsn Australiaragriculturalsystems resulted in a SOC
loss of approximately 51% in the surface 10 cm of Addption of conservation agricultur@ractices
generally increased SOC, with the greatest potential for incréadg 1899, attributed to introduction of
perennial plants into rotationfor cropping sitesConclusions on how to improve understanding of the
relationship between managemenhd SOC sequestration in Austrahialuded:
9 Data on SOC change and dynamicsstmtlayersbelow the top 30 cm ia gap inknowledge for
understandinghe contribution ofchange in root growth witlvarious agricultural practices;
i1 Elevated atmospheric @Qxoncentration, global warming and rainfall change could all alter the
carbonbalance of agricultural soilsto the futureand should be investigate@nd
1 Because of the complexity of soil C response to management and environmental factors, asystem
modelling approach supported by sound experimental data would provide the most effective means
for analysinghe impact of different management practices and future climate change on soil C
dynamics.

Lam et al. (2013)

A meta-analysis of publistedata fram field studies across Australia on SOC resptmgaproved
agriculturalpracticesin cropping landspecificalljconservation tillage, residue retentioopnversion to
pasture, and fertiliseN application indicated the greatest change in SOC vintiproved practices occurred
in the surface 10 cmChanges werattributed to enhanced biomasgroduction(above and belowground),
higher return of residues frotitterfall to the soil, and improved soil aggregatitivat protectsSOMfrom

rapid decompogion. The analysis did not detect evidence for consistent chamgdeeper layersThe data
synthesis suggestatirange of factorshallengingconfidence in published results on SOC sequestration in
agricultural land:

1 The relative SOC gain appeared tamase with time, regardless whichagriculturalgoodpractice
was introducednto Australian cropping systems;

9 After three to four decades, the use of pasturesifarm system ouperformedthe use of any of the
croppinggoodpractices evaluated in thenalysis;

1 Detected ncreasesn SOC with management change eemall (7 to 13%) relative to the range of
sources ovariation including sampling errors, spatial variability and measurement and analysis
uncertainties;

1 Managementinduced increases in S@Cthe top 10 cm soil layer are vulnerable to environmental
and management pressures and may be readily lost again;

1 Serious gaps in scientific knowledggistregardingthe capacityof Australian soil$o store carbon
under future climates, such as warmer aghger conditions and higher atmospheric gévels.
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Robertson et al. (208)

Data from neasuremens of SOGtocksat 615 sites in pasture and cropping systeansoss Victoria covering
a range of soil types and management regimes, which included dairy pastuassjsed to assess the
relationships between th&0OGtocks and environmeat, soiland managemenfactors SO@ariedfrom 2
to 239 t C/han the top 30cm, with almost 80% of this variation explained by climate facemayal rainfall
or humidity fzapourpressure décit)). An additional small amount of difference in SOC could be accounted
for by texture-related soil propertieandonly aminor (often non-significant) amount of the remaining
variationwasattributable to managementModelling approachem other studies for Victorian farrffsalso
found largevariations inthe responseof SOGtocksto managemenpractices.The relationshipbetween
SOC and environment, soil amihinagementactors found by Robertson et alere scaledependentand,
within individual regionsthe apparent ifluence of climate and soil properties &DC stock varieth some
regions,the data could not explaimuch of the variation in SOC stacklowever, overalihe resultsacross
Victoriasuggest that
1 There isa hierarchy in influencen SOC stodalfecreasingrom climate tosoil properties to
management class tmanagement practicesand
1 Management practicesuch as stubble retention, minimum cultivation, perennial pasture species,
rotational grazing anéertiliser inputs were not sigricantly related to SOC stoakthe agricultural
soilssampled across Victoria

) Case Study Portugal L
The followingh Y F 2 NXY | G A 2y 2 T NIPoftughal gives dgiderlight t& paSufeicarioh f&riRing
asarecognisedoffs@t 62 | Ga2y wWnAnmnoX A& NBESOlIyld G2 YLy
pasture production may be able to provide carbon credits for hantdiers.

GThe Portugese governmenill payan estimated 400 farmers for improving grasslandnrarea of up
to 42,000 hectares with the aim of sequestering 0.91 million tonnes of carbon dioxide equivalents
(CQe) from 2010 to 2012. To achieve this, tterhers usd a technique known a®own biodiverse
permanent pastures rich in legum@&SBPPRL). Degraded soils are targeted. The system invotiiiés no
seeding of rainfed pastures with a biodiverse mix of grasses and legumes that contains up to 26tdi
species and cultivars, followed Hareful management with sustainable stocking r&dsials of SBPPR
across 84 properties showed that SOM increased on average by 0.2% a year, which corresponded
t/halyear CQeé ¢ KS YS{UiK2R AbaeRBEOANAOSR Ay ¢SAES
Sheepwere the main grazing animals within the SBPPRL system. They return prégygdion of the
material they harvest in the form of manurk contrast indairy systems large amounts of carbon and
nutrients leave grazing paddocks in the form of milk.

To reflect the limited permanence of this soil sequestration beyond the contract period, payments
about 2/3 of the price of C® on the European UnidBmissions Trading Scheme.

The developer of the SBPPR&tem, Professor Domingos, not#uht the systemis particularly suited to
soils with low soil organic matteand it appeared to have been relatively successful in these land typs
after implementation(Proenca et al. (2015). Howevé&rmers who have already increased soil organi
matter to levels close to the natural steady stat®uld be unlikely to achieve significaoarboncredits

% Meyer et al. (2016)
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4.2.1Debateon soil carbonsequestratiorat global scale

¢KS dan LISNI mannn LYAGAFGABSE € dnwKEAEO.drfpromioke$S / ht H M
increasing soil carbon storage as a way of offsetting the annual increase of carbon dioxide in the

atmosphere. The initiative proposésat even a annual increase of 0.4% in soil carbon, averaged over all

soils, wouldhelp to limit the global temperaturecrease to 1.§2°C, as agreed lowver 100countries.The

initiative is discussed in Sectiéri.2

While there is consensus on the value of SOC for improving soil healtganditural productiorfor global
food security and ecosystem servicHsere 5 less agreement on whether a 0.4% increase across all soils is
practicable. Soil carbon sequestration described by some scientidtasthe largest potential sink

compatible with food productionvith the size of the potential mitigation possikdghighas1.2 GtCO2e yr

in 2030 at U$20 per tonneCQe. Otherresearchergoint out the need taconsider that theeffectsof soll
carbonare easily reversed with tillage or soil disturbatice

Viewssupporting achievement of the goalsf 4 per 1000

{ dzLJLJ2 NJi SNB 2 F Wncaldustddrelativa to §lobal tNBakzSOQiskdkédsincreases
consistent with published estimates of the technical potential for SOC sequestfatidnile concedinghat
the achievable potential is likely to balsstantially lower given socieconomic constrainf§, theypresent
calculations showing that ladoasedremovalsfrom additional SOC sequestration could significantly
contribute to reducing the anthropogenic €&quivalent emission gap identified from vaotary targets
agreed at the 2015 Paris talks.

Regardless of this assertion, to be realistie 4 per 1000 targethould be implemented by taking into
account differentiated SOC stock baselinegithe value of reversingurrent rates of loss in someit To
inform the potential effectiveness, theenefits of stewardship for both degraded and healthy soils along
contrasting spatial scales (field, farm, landscape and country) and temporal (year to century) hioaizens
beendiscussed, along with imp#itons fornon-CQ GHGs emissior{such as nitrous oxideyvater and

nutrient cycling,andcrop yieldsRates of adoption and the duration of improved soil management practices
were seen as challenging issues bupportersconcludal that SOC sequestratidmasthe potential to

support multipleenvironmentalbenefitsand to achieve the proposed climate change mitigation

Views challengingthe feasibility of the4 per 1000nitiative

There have been several analyses challenging whetl@e4% increase in managed soilelyachievable.
White and Davison (201@ygue that thewhole concept is flawed becaugbke requirementisfor a slightly
bigger incremenin SOC each year as stocks increaaseaintain 0.4% increasdhus it ienalogoudo
compoundng bankinterest onsavingsigurel5). They conclude thaalthough actions tancreaseSOC
levels are positivéo improve soil fertility and agriculturg@roductivity, sequestering carbon in agricultural
soilsis unlikely toprovidea major offset for greenhouse gas emissidhs

97 Wollenburg et al. (2016)

% Williamson (2016)

% Soussana et al. (2017)
100\White and Davison (2016)
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Figurel5. lllustration of thedifference between observed pattern of SOC sequestration towards a steady state level
where loss is approximately in balance with inp{gsange line) andhe hypotheticalcompounding rate of increase
NBIljdZANBR (2 | OKASGS Wn LISNImMannnQ AYyONBIFasS 20SNI I wmnn @¢
Davison, 2016).
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feasibilityhas also beenhallenged on the basis of stoichiometignstraints SOM contains nitrogen as well
as carbon and the source of the nitrogen needed for global inputs of SOM for 0.4% increase in SOC is not
clear. It would require arestimated 100 Tg N per yeéssuming a C to N ratio of 12 in SPWhich is
equivalent to an increase of about 75% in globdéfiliser production or a doubling of symbiotic nitrogen
fixation across all agricultural systelfis Even allowing for an increage C:N as SOM decomposes in soils
(seeTabk 2), supplying the N required remaindamgechallenge.Theoretically storage of surplus nitrogen

in soils as part of SOC sequestrationld reduceN pollution However, actuallgchieving tlis co-benefitin
practice is complicated the fact thatexcess nitrogeis far from beingevenlydistributed in landscapes,
especiallycomparingintensive high input agriculture vs low or4mgput extensive rangeland grazing systems.
In addition the extent of nitrogen surpluses in intensive grazing and croppamgisis likely to decrease in
future due to more efficient management and/or regulatory controls.

The difficulty with strategiesuch agt per 100Ghat identify broad targets is that they ignore the gtea
diversityinpot¢/ G A - £ { h/ &S| dzSa (i Ngridukugalsoils. OWHIR thé potidritiadis igh NI R Q &
degraded soils where SOC stocks have been reduced to a low level through past management practices, in
soils such as most Australian dairyisethere baseline SOC levels are hilgd potential is generally low.

Greater climate change mitigation in theakeady welmanagedsystems would likely be achieved through
targeting reduction in emissions of n&2Q greenhouse gases such as nitrouglexXrom Nfertilisers or

manure management.

5.Recent scientific research

5.1 Major Australian soil carbon researchprograms 201216

The Australian government invested in two major soil carbon research programs, the Soil Carbon Research
Program 200¢, 2012 and the National Soil Carbon Program 2020152 Both were supported by €o
investment from agricultural industries, including BRIUResearch and Development Corporatidiate
governments, universities and CSIRBe majorfindings of the two programs are summarised below.

101Van Groenigen et al. (2017)
102 http://www.agriculture.gov.au/agfarm-food/climatechange/australiagarmingfuture/climate-changeand
productivity-research
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Together theyrepresent a large body of high quality research and new data that has underpinned method
develgomentfor soil carbon credits available for voluntary participation in carbon offset projects under the
Emissions Reduction Fund or other market mecharismg Y R A YLINR @SYSy da Ay ! dziad N
reporting to the UNFCCC

Soil Carbon ReseardProgram(SCaRP20092012,led by Dr Jeff BaldockCSIRO
Keyoutcomes
1 Developed a nationally consistent approach to assessing soil carbon stocks for some of the major
land use and soil type combinations used for agricultural production.
1 Developed rapidnd costeffective ways of assessing the total soil carbon, the amount of various
forms of soil carbon and soil bulk density.
1 Identified landuses and management strategies with higher sarbon stocks or potential for
enhancing soil carbon at regional/kl.
1 Quantified the inputs of carbon to soils under agricultural systems based on perennial vegetation.
T t NEOARSR RIGEF F2NJ CdzZft/!'ax !'dzZAAONIXfALFQa ylFiA2Yyl

National Soil Carbon Program (NSCP) 20026, led by Professor Ram Daj&LDGovernment
Key outcomes
9 Filling the Research Gaps (for increasing soil carbon)
o Improved measurementand exami@ation oftemporal changen SOMased on use dh situ
Visible¢ Near Infrared and Near Infraied ¢ Mid Infrared techniques
o Crop and pasture management emitrogen applicationsintroducingperennial pastures,
grazing management, carbon inputs
0 Vegetation management (regrowth, plantation forestry, reforestation)
0 Soil amendment additions to sgdompost, organics, biochar)
1 Modelling (measurement and modelling methods linked to reduce aafgpsoject implementation
and verification
9 Linking to Carbon Farming Initiative method developments
9 Linked Action on the Ground projects to demonstrate practicalasm applications

5.2 Key research areas of interedbr dairy farmers

5.21 Dynamics of the different carbon pools under pasture

Improvementin SOC stockis pasture systemis mainly via particulate organic carbon (POCIPOC ifabile
and isbroken down relatively quidkto provideenergy for biological processes amgtrientsfor plant
uptake. @ncentrationsof POQn soilare maintainedonly when there are continuous and relativéligh
inputs of residuesil contentwill rapidly decrease followingignificant redutton in SOM inputs and hence
POCevenfor only a fewyears(Figure 8). This can happen during extended drought periods.

103 Baldock(2009
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Figure16 Changes in soil organic fractions following conversiocroplandto permanent pasture
(Figure fromBaldock 2008Note the dominance of the particulate organic carbon (POC) increase, in
relation to the much smaller humus increase, 10 years after conversion.

While POGs often the dominant fraction in the sqisillustrated in Figurel7 the proportions of
organic carboriractions under pasture vary from site to site. Many Australian soils have high
concentrations of charcoal fropastburningevents, possibly spanning millenia

The organic carbon content of soils used for dairying are typically very high relath@stcAustralian soils
with SOften in the range of 3 to 7% in the top 10 ¥mSome natural organic molecuesich asvaxes
e.g.cutin and suberincan resist microbial decomposition because of certain molecular propemigshese
formsmay be refered to as having’ A y (i NA y & A OFuth® aY4il&bibtyk afiriids, yeQuéi@and herb
species thatncrea® the recalcitrance of residugthey would be of value for dairy farmers in sequestering
soil carbon provided they do not compromisether soil fictors and nutritive value for livestothat affect
production and profitability

Figure T. Variations in the amount of C associated with soil organic fractions for a range of sitegharaou
Australid® (Figure fromBaldock 2008).

104 Dougherty(2007)
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