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(57) Abstract: One aspect of the present invention relates to a method of quantifying soil carbon in a unit of land. The method
generally comprises the steps of (i) obtaining an estimated spatial distribution of carbon content in the unit of land, (ii) stratifying
the unit of land into a plurality of strata based at least partly on the spatial distribution of carbon content, (iii) selecting one or
more locations from each of one or more of the plurality of strata, the one or more locations being selected with randomness, (iv)
determining sample carbon content associated with the one or more first locations and (v) determining total carbon content in the
unit of land based at least partly on the sample carbon content. In another aspect, this method may be used to quantify soil carbon
sequestered in a unit of land by repeating steps (iv) and (v) at a second time and thereafter determining the amount of carbon se
questered. Furthermore, in quantifying the soil carbon sequestered, steps (ii) and (iii) may also be repeated at the second time after
re-stratification of the unit of land based on sample carbon determined at the first time.

A method of quantifying soil carbon
FIELD OF THE INVENTION
The present invention relates generally to a method of quantifying soil carbon, and particularly
to a method of quantifying soil carbon based on a sampling strategy.

BACKGROUND OF THE INVENTION
In the context of carbon emissions offset trading schemes there is a need for a statistically

and economically viable method for the auditing of soil carbon change over a designated time
period for a unit of land. This facilitates transparency in the emitter sequesterer contracts and

provides confidence to the market, the general public and the government.
One method suggested by the NSW Department of Environment, Climate Change and Water

(DECCW) for obtaining such an estimate is the quadrat method. For a given unit of land , a 25
m by 25 m subarea is chosen and divided into 10 by 10 equal sized quadrats. Ten samples
are chosen at random from these 100 quadrats and the carbon concentration and soil bulk

density estimated to a fixed depth of usually 50 cm. At some later date the process is
repeated in the same subarea. The difference in carbon content is calculated.
The quadrat method has two drawbacks. First, the sampling area (that is, the subarea) is
known, potentially leading to fraudulent practices where carbon may be deliberately

sequestered in the known sampling area. More importantly, the extrapolation of the average
carbon content from the smaller subarea to the larger unit of land under sequestration
management leads to a large sampling variance resulting in an uncertain estimate of the
change in carbon content.

SUMMARY OF THE INVENTION
According to a first aspect of the present invention there is provided a method of quantifying
soil carbon in a unit of land, the method comprising the steps of:

obtaining an estimated spatial distribution of carbon content in the unit of land;
stratifying the unit of land into a plurality of strata based at least partly on the spatial
distribution of carbon content;
selecting one or more locations from each of one or more of the plurality of strata, the
one or more locations being selected with randomness;

determining sample carbon content associated with the one or more locations; and
determining total carbon content in the unit of land based at least partly on the
sample carbon content.
According to a second aspect of the invention there is provided a method of quantifying soil
carbon sequestered in a unit of land, the method comprising the steps of:

obtaining an estimated spatial distribution of carbon content in the unit of land;
stratifying the unit of land into a plurality of strata based at least partly on the
spatial distribution of carbon content;
selecting one or more first locations from each of one or more of the plurality
of strata, the one or more first locations being selected with randomness;
determining at a first time first sample carbon content associated with the one
or more first locations;
determining first total carbon content in the unit of land based at least partly
on the first sample carbon content;

selecting one or more second locations from each of one or more of the
plurality of strata, the one or more second locations being selected with randomness;
determining at a second time second sample carbon content associated with
the one or more second locations;

determining second total carbon content of the unit of land based at least
partly on the second sample carbon content; and

determining an amount of sequestered carbon in the unit of land between the
first time and the second time.
According to a third aspect of the invention there is provided a method of quantifying soil
carbon sequestered in a unit of land, the method comprising the steps of:
obtaining an estimated spatial distribution of carbon content in the unit of land;
stratifying the unit of land into a plurality of strata based at least partly on the
spatial distribution of carbon content;
selecting one or more first locations from each of one or more of the plurality
of strata, the one or more first locations being selected with randomness;
determining at a first time first sample carbon content associated with the one
or more first locations;
determining first total carbon content in the unit of land based at least partly
on the first sample carbon content;

re-stratifying the unit of land into a plurality of re-stratified strata based at
least partly on the first sample carbon content;
selecting one or more second locations from each of one or more of the
plurality of re-stratified strata;
determining at a second time second sample carbon content associated with
the one or more second locations;

determining second total carbon content in the unit of land based at least
partly on the second sample carbon content; and

determining an amount of sequestered carbon in the unit of land between the
first time and the second time.
Preferably the step of obtaining a spatial distribution of carbon content includes the step of
obtaining a regional prediction of spatial distribution of carbon content. Alternatively or

additionally the step of obtaining an estimated spatial distribution of carbon content includes
the step of obtaining an estimated spatial distribution of carbon content based at least partly
on information associated with the unit of land . Still alternatively or additionally the step of

obtaining an estimated spatial distribution of carbon content includes the step of obtaining an
estimated spatial distribution of carbon content based at least partly on any one or more of
terrain information, gamma radiometric information, climate information, geologic information,
regolith information, land use classification information and known soil carbon information

associated with the unit of land.

Preferably the method further comprises the step of downscaling the information associated
with the unit of land.
Preferably the step of determining sample carbon content includes the step of measuring the
sample carbon content as measured sample carbon content. More preferably the step of
measuring the sample carbon content includes the step of measuring the sample carbon
content by combustion of soil at the one or more locations. Alternatively the step of measuring
the sample carbon content includes the step of measuring the sample carbon content by near

infrared spectroscopy analysis of soil at the one or more locations.

Preferably the step of measuring the sample carbon content includes the step of correcting
the measured sample carbon content for inorganic carbon in the soil.

Preferably the step of determining sample carbon content includes the step of determining
sample carbon content in one or more layers of measured mass of soil over a determined
area of the unit of land. More preferably the step of determining sample carbon content
includes the step of spline fitting the measured sample carbon content in three or more layers
of measured mass of soil. Alternatively the step of determining sample carbon content
includes determining sample carbon content based on the maximum measured sample
carbon content.
Preferably the step of determining sample carbon content includes the step of determining
composite carbon content from two or more of said locations. Alternatively the step of
determining sample carbon content includes the step of determining non-composite carbon
content at each of said locations. More preferably the step of determining composite carbon
content from two or more of said locations includes the step of compositing respective two or
more layers of equal mass of soil from the two or more of said locations.

Preferably the step of determining sample carbon content includes the step of determining
sample carbon content by absolute, percentage or fractional weight or mass of carbon.
Preferably the step of determining sample carbon content includes the step of determining
any one or more of the average, variance and standard error of the sample carbon content
across the one or more locations for each of the plurality of strata or re-stratified strata.

Preferably the step of determining sample carbon content includes the step of determining
any one or more of the cutting shoe diameter, push depth, pulled core length and hole depth
associated with the measured mass of soil.
Preferably the step of determining total carbon content includes the step of determining total
carbon content in a predetermined mass of soil per unit area of the unit of land. More
preferably the step of determining total carbon content includes the step of determining total
carbon content in 1500 kilograms of soil per square metre of the unit of land .
Preferably the step of determining total carbon content includes the step of determining total
carbon content in a predetermined mass of soil per unit area of the unit of land based at least
partly on the measured mass and the determined area.

Preferably the step of determining total carbon content includes the step of determining any
one or more of the variance, standard error, a confidence interval, a minimum detectable

difference of the total carbon content in the unit of land.
Preferably the step of determining an amount of sequestered carbon includes the step of
determining a difference between the first total carbon content and the second total carbon
content.

Preferably the method further comprises the step of determining a variance, standard error or
confidence interval of the sequestered carbon. More preferably the step of determining a
variance, standard error or confidence interval of the sequestered carbon includes the step of
determining a variance, standard error or confidence interval of the sequestered carbon
based at least partly on the variance or standard error of the first sample carbon content

and/or the variance or standard error of the second sample carbon content.
Preferably the first time and the second time are separated by a period based at least partly
on a carbon sequestration contract.

Preferably the first time and the second time are separated by a period of approximately 5
years apart.
Preferably the first time and the second time are separated by a period based at least partly
on the minimum detectable difference of the first total carbon content in the unit of land

Preferably the step of stratifying the unit of land into a plurality of strata includes the step of
stratifying the unit of land into a designated number of strata. More preferably the designated
number of strata is based at least partly on any one or more of diversity of landscape, land
use type, total area, and allowable uncertainty in quantifying the first total carbon content.

Preferably the step of re-stratifying the unit of land into a plurality of re-stratified strata
includes the step of re-stratifying the unit of land into a designated number of re-stratified
strata. More preferably the designated number of re-stratified strata is based at least partly on
any one or more of diversity of landscape, land use type, total area, and allowable uncertainty
in quantifying the second total carbon content.

Preferably the designated number of strata and/or the designated number of re-stratified
strata are in the range of five to seven.
Preferably the step of stratifying the unit of land into a plurality of strata includes the step of
determining one or more stratum boundaries between the designated number of strata. More
preferably the step of determining the one or more stratum boundaries includes the step of
determining the one or more stratum boundaries based at least partly on the spatial
distribution of carbon content. Even more preferably the step of determining the one or more
stratum boundaries includes the step of determining the stratum boundaries based at least
partly on a cumulative function of the square root of frequencies of occurrence of carbon

derived from the spatial distribution of carbon content.
Preferably the step of re-stratifying the unit of land into a plurality of re-stratified strata
includes the step of determining one or more re-stratified stratum boundaries between the
designated number of re-stratified strata. More preferably the step of determining the one or
more re-stratified stratum boundaries includes the step of determining the one or more re-

stratified stratum boundaries based at least partly on the first sample carbon content. Even
more preferably the step of determining the one or more re-stratified stratum boundaries

includes the step of determining the re-stratified stratum boundaries based at least partly on a
cumulative function of the square root of the frequencies of occurrence of carbon derived from
the first sample carbon content.

Preferably the step of determining one or more stratum boundaries includes the step of
determining one or more optimum stratum boundaries under Neyman allocation.
Preferably the step of determining one or more re-stratified stratum boundaries includes the
step of determining one or more optimum re-stratified stratum boundaries under Neyman
allocation.
Preferably the step of selecting one or more locations includes the step of determining a
designated number of locations. More preferably the step of determining a designated
number of locations includes the step of determining a designated number of locations based
at least partly on the designated number of strata or re-stratified strata. Even more preferably
the step of determining a designated number of locations includes the step of determining a
designated number of locations to be one greater than the designated number of strata or restratified strata. Still more preferably the step of determining a designated number of locations
includes the step of determining a designated number of locations to be two greater than the
designated number of strata or re-stratified strata.
Preferably the step of selecting one or more locations includes the step of selecting one or
more locations via random sampling.

Preferably the step of selecting one or more locations includes the step of selecting one or
more locations from a sampling grid of locations being spaced apart by approximately 5

metres.

Preferably the step of determining sample carbon content includes the step of determining
sample carbon content to a sampling depth of approximately 1 metre.
Preferably the unit of land includes a farm area or a catchment area.
Preferably the unit of land includes a unit of land of a size between approximately 400 and
approximately 3000 hectares.
Preferably the carbon includes either or both of organic carbon and inorganic carbon.
Preferably the carbon includes any one or more of elemental carbon, carbon oxides and
carbonates
Preferably the soil includes air-dry soil and/or oven-dry soil.

BRIEF DESCRIPTION OF THE ACCOMPANYING DRAWINGS
Fig. 1

Flowchart illustrating an embodiment of the method according to the present
invention.

Fig. 2A Examples of landscape variables from gamma radiometrics (two leftmost columns)

and attributes derived from an elevation model (two rightmost columns).
Fig. 2B An exemplary spatial distribution of percentage topsoil organic carbon in Australia.
Fig. 2C Examples of primary divisions in the land use classification for soil carbon response.
Fig. 2D Details of the primary divisions shown in Fig. 2C.
Fig. 2E A n example of a unit of land being divided into the primary divisions shown in Fig. 2C.
Fig . 2F A n example of prior or known soil carbon observations for constructing the prediction

function for soil organic carbon.
Fig. 2G An example of estimated or predicted spatial distribution of soil organic carbon (kg

1

m ) in the unit of land shown in Fig. 2E.
Fig. 3

A n example of stratification of (left) and selected locations in (right) the unit of land
shown in Fig . 2E based on the estimated or predicted soil carbon distribution shown
in Fig. 2G.

Figs. 4A-C A table showing a summary of variables used in calculation examples.
Fig. 5A A table showing processed data of core ID "2i" calculated in Example 1.
Fig . 5B A graph plotting cumulative soil mass against cumulative carbon content in Example 1.

Fig. 5C: A table showing processed data of two strata calculated in Example 1.

Fig 5D A table showing processed data of the unit of land calculated in Example 1.
Fig 6A A table showing processed data of composited cores ID "2a" and "2i" calculated in

Example 2 .
Fig. 6B A graph plotting cumulative soil mass against cumulative carbon content in Example
2.

Fig . 6C A table showing processed data of two strata calculated in Example 2 .

Fig. 6D A table showing processed data of the unit of land calculated in Example 2 .
Fig. 7A A table showing processed data of core ID "2i" calculated in Example 3 .
Fig. 7B A graph plotting cumulative soil depth against cumulative carbon content in Example
3.

Fig . 7C A table showing processed data of two strata calculated in Example 3 .

Fig. 7D A table showing processed data of the unit of land calculated in Example 3 .
Fig . 8A A table showing processed data in calculated in Example 4 .

Fig. 8B A table showing processed data of two strata calculated in Example 4 .
Fig. 8C A table showing processed data of the unit of land calculated in Example 4 .

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
This present invention relates generally to a method of quantifying soil carbon, particularly soil
organic carbon (SOC), in a unit of land. The method may be suited to a farm area or similar
landscape of approximately 400 to approximately 3000 hectares. The method may be
applicable to smaller and larger areas such as catchment areas. The method may be part of a
soil carbon auditing protocol, in which changes in the soil carbon over a period of time may be
determined by quantifying the soil carbon at the start (time f ) and the end (time t2 ) of that
period. The changes in the soil carbon may be determined as the difference between the soil

carbon at t and the soil carbon at t2 , and may be attributed to the amount of sequestered
carbon in the unit of land over that period. The soil carbon auditing protocol may be used to,
for example, verify a carbon sequestration contract. This soil carbon auditing protocol is
intended to enable the ascription of carbon credits to the soil body within a defined area for a
defined period . Implicit within this style of auditing protocol is that it is time dependant and
post event. That is, sequestered SOC may be verified for a given period and traded on the
basis of the agreed value to the atmosphere of that period. Such a validation system does not,

in itself, offer validation of permanent or perpetual sequestration since the target variable is

total carbon or total organic carbon, and not an undefined long-lived carbon fraction.

As shown in Fig. 1, the method of quantifying soil carbon generally comprises the steps of (i)
obtaining a spatial distribution of carbon content in the unit of land, (ii) stratifying the unit of
land into a plurality of strata based at least partly on the spatial distribution of carbon content,

(iii) selecting one or more first locations from each of one or more of the plurality of strata, (iv)

determining at a first time first sample carbon content associated with the one or more first
locations, and (v) determining first total carbon content in the unit of land based at least partly
on the first sample carbon content. The first locations should be selected with randomness,

for example by randomly sampling or other sampling techniques with stochasticity, to avoid
fraudulent practices, such as deliberate sequestration of carbon at known or predetermined
locations.
Steps (i) to (v) above relate to quantification of the soil carbon at time t for determining, for
example, the baseline carbon content. To quantify the soil carbon at time t2 , and hence
determining the changes in the soil carbon over the period between f and f,, the method may
further comprises the steps of (vi) selecting one or more second locations from each of one or
more of the plurality of strata, (vii) determining at a second time second sample carbon

content associated with the one or more second locations, and (viii) determining second total
carbon content of the unit of land based at least partly on the second sample carbon content.
Like the first locations, the second locations may be selected with randomness. Additionally,

they may be selected independent of the first locations (for example, not repeating the
randomly selected first locations as the second locations) to avoid fraudulent practices.
The second time may be separated from the first time by a period determined by carbon

sequestration contract, for example 5 years. The separation period may also be determined
based on the minimum detectable difference associated with the fist sample carbon content.

For example, if the variance or standard error of the first sample carbon content is large, a
longer separation period may be more sensible, since the carbon sequestered in a short
period may be well under the minimum detectable difference.

The stratification for the soil carbon quantification at time t2 may be based on the carbon

content quantified at f,, instead of the spatial distribution of carbon content obtained prior to or
immediately prior to the soil carbon quantification at time f . Therefore steps (vi) to (viii) above
may be replaced by the steps of (vi) re-stratifying the unit of land into a plurality of re-stratified
strata based at least partly on the first sample carbon content, (vii) selecting (with
randomness) one or more second locations from each of one or more of the plurality of restratified strata, (viii) determining at a second time second sample carbon content associated
with the one or more second locations, and (vi) determining second total carbon content in the
unit of land based at least partly on the second sample carbon content.

Obtaining a spatial distribution of carbon content
In order to construct the initial stratification for time t

the spatial distribution or map of soil

carbon of the unit of land may be obtained by predicting or estimating the spatial distribution
based at least partly on information associated with the unit of land. The prediction or

estimation may be constructed using stepwise regression, or other models such as network
approaches, from inputs such as:
•

common terrain attributes derived from a DEM (Digital Elevation Model);

•

gamma radiometrics;

•

a specific landuse classification for SOC behaviour;

·

various regional (250 - 1000 m resolution) climatic, texture and regolith layers;

•

broad scale (250 - 1000 m resolution) regional SOC predictions; and

•

prior or known SOC, or total SOC surveyed from other locations.

Generation of a soil carbon prediction for the unit of land is intended to incorporate the
correlation of all available variables with soil carbon distribution into a single stratification
variable - in this case the soil carbon prediction function itself. The primary reasoning behind
this approach is that it avoids the troublesome drawback of traditional hierarchical
'monothetic' divisions (i.e. where each division is made in terms of a single variable beginning
with the highest correlated to the lowest, which quickly leads to excessive and disjointed
strata).
As a result, we use a single stratification variable: the carbon content as predicted by an
appropriate model that can be applied to the class of farms for carbon auditing, resulting in
'polythetic' division. The reasoning behind this approach is that this predictor can capture the
all available prior knowledge, not only about the spatial variation of the input variables, but

also their relationship with carbon content as well. Typically a step-wise linear regression
model is adopted to carry out this procedure. A n important note here is that the target

variable for prediction may be varied with respect to the nature and extent of the available
known carbon data within a particular locale i.e. constructed for total organic carbon density,
total carbon % , total organic carbon % to a variety of spatial or mass coordinates.

Typical input variables publically available for the main Australian agricultural regions include
the joint METI and NASA ASTER Global Digital Elevation Model V001 and its derived terrain

attributes (at 30 m resolution) and the Radiometric Map of Australia (at 100 m resolution);
examples of which are depicted in Fig. 2A. In addition, other sources of information such as
the topsoil and subsoil SOC% estimation (Fig . 2B) as well as climatic layers from the

Australian Soil Resource Information System (ASRIS) dataset (ranging from 250 to 1000 m
resolution) may also prove useful given that a wide enough spatial range of carbon
observations are used to generate the carbon prediction map.

An approach to land use classification in regards to SOC behaviour has also been developed
with divisions of land use classes based o n a combination of known management effects on
soil carbon levels and expert knowledge. The primary divisions used are: excluded lands;
irrigated lands; dryland annuals; perennials with inputs and perennials with irregular inputs. A
summary of the primary divisions used in this system is depicted in Fig. 2C with examples of
these divisions offered in Fig. 2D. A spatial application of this classification is depicted in Fig.
2E. An important note here is that within the primary divisions it is possible to create sub¬

divisions to accommodate land uses such as tree dominated or pasture dominated perennial
systems, o r full tillage vs no-till dryland annual system, so that the system can evolve with
increasing land use information and general system complexity. However, this process will
only increase efficiency up to point, after which the divisions become too fine and its
usefulness as a predictor decreases. In practice this level is determined on a case by case
basis and largely relies on expert knowledge.
Prior or known soil carbon information may be required to construct a soil carbon prediction
map in order to map the 'best guess' at the distribution of soil carbon within the unit of land .
A n example of this prior information is provided in Fig. 2F. The relevant variables for each
carbon observation may then be extracted from each variable layer based on spatial proximity
in order to develop the soil carbon prediction function, which, in this instance was performed

using step-wise regression. This particular spatial prediction function relies on relationships
between an index for water accumulation in the landscape, the type of land use and the ratio
of uranium to thorium within the soil/regolith. This relationship is then used to predict the soil
carbon distribution across the unit of land as depicted in Fig. 2G. At this point it is important
to note that this prediction function need only represent the 'best available' prediction of soil
carbon spatial distribution from the available data, as this process is about combining prior
information into a single variable to allow polythetic division as the basis of stratification.
Furthermore the above inputs are often available at a coarse resolution. It is envisaged that
the use of a downscaling process by, for example, either mechanistic o r empirical functions,
may transfer the inputs or data to a finer resolution and hence provide a more finely gridded
o r representative prediction or estimation of soil carbon. In one embodiment, the
ddownscaling process utilises a regional prediction of soil carbon distribution (nominally at
250 m resolution) and a computer algorithm to disaggregate regional carbon predictions using
finer scale covariates (nominally at 30 m resolution) whilst preserving the soil carbon estimate
made at the regional level over the target area. The computer algorithm iteratively employs
weighted Generalised Additive Models (GAMs) to redistribute the soil carbon estimate onto
available finer scale covariates that have some relationship with soil carbon distribution. A n
iterative algorithm of GAM fitting and adjustment attempts to optimise the downscaling to
ensure that the target variable value given for each coarse grid cell equals the average of all
target variable values at the fine scale in each coarse grid cell. In addition, it may be assumed
that there is an element of uncertainty (from a range of different sources) in the data that is

being downscaled. To handle this uncertainty in the downscaling process, higher weighting

may be given to information which is more accurate than to information that is less accurate.
The outcome of the downscaling process may provide soil carbon information on a finer scale

necessary for the stratification procedure in accordance with this invention.

Stratification
The predicted distribution of soil organic carbon may be used for stratification of the unit of
land to, for example, develop a stratified simple random sample. The purpose of this

stratification is to partition the known variation of soil carbon distribution into the sampling
design - an approach referred to as a design-based approach to sampling as opposed to a
model-based approach to sampling. The implication of utilising a design-based (as opposed
to model-based) approach to sampling design is that actual values are considered spatially

fixed and sampling points are random (model based approaches reverse these assumptions).
This ensures that repeat sampling (through time) is independent and can therefore be used
as a monitoring system whilst simultaneously providing verification of SOC storage through

time.

The number of strata is generally determined or designated in the region of 5 to 7 given that
the carbon prediction model may not be too accurate (i.e. R2 < 0.9). The number of strata may
be designated based on the diversity of the landscape, land use types, total area and the

level of investment directed towards reducing the uncertainty in determining the total carbon
content or carbon sequestered . Where larger properties are targeted (i.e. >2000 ha), higher
quality prior data is accessible, or additional funds are available to increase the confidence in
estimates it is possible to increase the number of strata used.
Once the number of strata has been determined or designated, stratum boundaries between
the strata may be determined using the 'cum

rule. Using the predicted spatial distribution

of soil carbon content for the unit of land, the stratification cut-off levels (which then determine
the stratum boundaries) can be optimised for a given number of strata by applying the 'cum
/

rule. This is the cumulative function of the square root of the frequencies of carbon

occurrence from the predicted spatial distribution. The spatial distribution may be nominally
divided into approximately 100 bins, which are then equally divided on the basis of number of
strata. Internal boundaries are then converted back into original carbon units and used as the
subsequent stratum break points. Stratification under the 'cum

rule is close to optimal for

Neyman allocation. Fig . 3 (left) depicts an example of the stratification of a unit of land into six
strata based on the predicted spatial distribution shown in Fig . 2G.
Re-stratification, if necessary, of the unit of land at time t2 may follow similar stratification
steps above. The number of re-stratified strata may be determined or designated based on
the sample carbon content determined at time f . Similarly re-stratified stratum boundaries

may be determined by the 'cum

rule applied to the sample carbon content determined at

time

, instead of the predicted spatial distribution of carbon content. In one embodiment,

after obtaining local scale information at the initial sampling round, the local scale information
may be added to information to be stratified through various approaches including choosing
the highest locally correlated covariates, updating the regional model and/or constructing local

predictions, and postulating likely sequestration rates as per land use.

Selecting locations for determining sample carbon content
A sample (with replacement) may be randomly drawn or selected at a minimum of one
sampling point, and preferably a minimum of two sampling points (i.e. locations or composites)
from within each stratum. Extra sampling points may also be drawn as backups for field
decisions relating to issues such as lack of access and inappropriate locations such as dams,
trees or roads that are below the practical resolution of the land use classification. Drawing
sample points as close to spatially random as is practical requires creation of a finer spatial
resolution of each stratum, which can be roughly equivalent to the positional accuracy of
commonly available GPS equipment (i.e. 30 m resolution re-sampled to 5 m resolution before
selection of random sample from each stratum).
Sample points are typically allocated equally between strata with the minimum number of
sampling points informed by the need for >2 composites per stratum. Beyond this level,
additional sample points are usually informed by the level of investment available and optimal
levels will vary with landscape and land use. As a general rule, the number of sampling points
within each stratum is determined or designated as one, and preferably two, greater than the
total number of strata. For instance, a sample of 48 sampling points for 6 strata, with 8
sampling points per stratum, may be selected.
Once the total number of sampling units has been decided and equally allocated between
strata, actual sampling points are selected using random sampling with replacement. At this
point, a regular grid of spatial coordinates to a 5 m resolution is used as the basis to select

points, as this is comparable to the error of common handheld GPS units whilst still yielding a
reasonable sized dataset to enable greater ease of processing (i.e. a 1 m resolution grid
contains 25 times the information than that of a 5 m resolution grid). The prediction function
for soil carbon for instance, can only have a resolution as fine as its finest predictor (in this
instance the 30 m elevation model).
Fig . 3 (right) depicts 8 randomly selected locations (with replacement) within each stratum.

Soil samples are collected to maximum practical sampling depth (nominally 1 m) from within

each stratum. The cutting shoe diameter (for determining the core area), push depth, pulled
core length and hole depth (after extraction) are recorded for compression/expansion

corrections if carbon density (as opposed to mass per area) reporting is desired.

Whole core soil samples may be physically composited within strata to reduce analysis costs.
If soil samples are to be composited, the bulking process may occur within strata and yield a

minimum of 2 composites, with individual air dry weight and volume recorded prior to mixing
or kept separate to provide in situ information for refinement of SOC prediction and
stratification for the next soil carbon quantification process. Additionally, the process of
bulking , whether for a mass or a spatial coordinate system, may require that the bulked units

are nominally equal in layer thickness or mass. For example, a composite may be formed by
bulking a 20 cm layer of one core soil sample with a 20 cm layer of another core soil sample

from the same stratum. As another example, a composite may be formed by bulking 200 g of
soil from one core soil sample with 200 g of soil from another core soil sample from the same

stratum. The cores may be randomly matched.
As auditing rounds progress it is expected that compositing will become the default practice
due to decreasing gains in re-stratification and the economical gains of fewer analyses.

However re-stratification requires careful consideration of the chosen reporting form (carbon
density or mass per unit area (to standard mass) and recording of the required individual core
variables). Significant changes in land use will likely require re-stratification (through
processing separate samples) to reflect altered landscape patterns and adjustments of the
new system before switching back to compositing.

Determining sample and total carbon content
Soil samples (whether composited, individual or sub-individual) are assessed for sample

carbon content utilising standard combustion methodologies to determine the total carbon
content in the unit of land. The sample carbon content may be determined using a 53 µιη
Vario Max CNS analyser, which may measure carbon content by combustion of the soil
samples, or using near infrared spectroscopy analysis of the soil samples in the field. The
measurement of content carbon may involve correction for inorganic carbon so that organic
carbon content may be determined. The measured sample carbon content may be reported
by absolute, percentage or fractional weight or mass of carbon, and may include any carbon

compounds such as elemental carbon, carbon oxides and carbonates.
There are two coordinate systems for reporting total carbon content: ( 1 ) the mass or material
coordinate system, and (2) the volumetric or spatial coordinate system. The mass or material
coordinate system reports total carbon content in a predetermined or standard mass of soil
per unit area (e.g. 1500 kg m 2 of air dry soil) of the unit of land, whereas the volumetric or

space coordinate system reports total carbon content in a predetermined or standard soil
depth (e.g. 100 cm) per unit area of the unit of land.
The volumetric or spatial coordinate system is considered less advantageous due to greater

variability introduced via density determination i.e. sampling consistently to 1 m depth whilst
avoiding compression or expansion and assuming consistent bulk density of soil in space is

highly improbable. Therefore changes in soil carbon may be ascribed to any change in
concentration, but also to a greater sampled mass with a given volume for instance.
The advantages of the mass or material coordinate system over the volumetric or spatial

coordinate systems include:
seasonal or management effects on bulk density do not confound changes in SOC
storage which increases accuracy of estimates;
a set standard reporting mass allows greater precision in determining changes in
SOC storage between discrete auditing events; and

monitoring of SOC is simpler, requiring fewer corrections and therefore reduced

uncertainties.
In the instance of insufficient soil depth to obtain sufficient material mass to reach the

predetermined mass or depth, any additional mass/depth added in the calculation process
may be assumed to contain no additional carbon.

Examples of total carbon content calculation
For illustration purposes, examples are given below for the calculation of total carbon content
using the two coordinate systems. In addition, two sub-variants of each coordinate system,

constituted by a sample with and without the use of composites, are also presented.
A reduced dataset has been used for these example calculations. The reduced dataset
consists of hypothetical soil sample results from 2 strata, each having 3 cores (i.e. selected
locations or sampling points). Each core is divided into three layers of soil and various
observations (including layer mass and depth) at each layer are made. A summary of the
variables used in these examples is provided in Fig . 4 . A more detailed description of the
statistical theory applied in these examples is also provided in Appendix A .

Example 1: Mass coordinate system - single cores with no composites
The mass or material coordinate approach, utilising a standard or predetermined mass per
unit area of 1500 kg.m 2 of oven-dry mass with no compositing is presented here for the

sample dataset.
Fig . 5A shows the sample carbon content at one of the selected locations (with core ID "2i") of

each of the three layers as well as processed data including cumulative carbon (C) mass as a

function of cumulative oven-dry (OD) soil mass for a single core as described in Eqs.
1.7.
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Fig . 5B depicts a linear fit interpolation to obtain C mass to the predetermined or standard

mass per unit area as described in Eq . 1.8. Approaches such as spline fitting may also be
used at this stage but this requires a minimum of 3 observations with mass. In this example,

the sample carbon content is determined to be 9.42 kg m 2 .
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In some instances where insufficient soil mass is recovered , the preference is not to use an

extrapolation method but to take the maximum C mass obtained and assume any additional
mass to reach the standard contains no additional carbon.
Eqs. 1.9 to 1.13 and Fig. 5C illustrate the determination of average or mean sample carbon

content, its variance and standard error (normalised to the predetermined or standard mass)
across the three selected locations in each stratum (core ID's 1e , 1f and 1g in Stratum 1 and
core ID's 2k, 2a and 2i in Stratum 2).
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Eqs. 1.15 to 1.20 and Fig. 5D illustrate the determination of combining sample carbon content

from all strata to determine the total carbon content (including the average, variance, standard
error, confidence intervals, such as a 95% confidence interval, and minimum detectable
difference) in the unit of land.
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Eqs. 1.2 1 to 1.24 define the change in total carbon content (including the average, variance,

standard error, confidence intervals, such as a 95% confidence interval) between time
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t2.
( content

V (FC

ntent i

) + V (FC

ntent 2

FCcontent

AFCstorage

)- 2p v (FC nt nt ) v (FC ntent 2 ) = V(AFCstorage )
JV(AFCstorage ) = S(AFCstorage )

FCcontent ± t ^V(FC

content

) = ±95%C.L

(1'2 1
( 1 .22)

( 1 .23)

( 1 .24)

Example 2: Mass coordinate system -with composites
The mass or material coordinate approach, utilising a predetermined or standard mass of
1500 kg. m 2 of oven-dry mass with compositing is presented here for the sample dataset.
Composites within this method require bulking of equal amounts of OD soil mass per layer.
Proper randomisation of composited layers (or cores) is required for this approach as
estimates of average total carbon content and its variance (in particular) can be manipulated
either deliberately or through unintended preference (i.e. combining similar textured or
coloured cores). This can be seen by comparing summary results in Fig. 5D and Fig. 6C.
Fig . 6A shows the sample carbon content of a composite of two cores (with core ID's "2a" and

"2i") of each of the three layers as well as processed data including cumulative carbon (C)

mass as a function of cumulative oven-dry (OD) soil mass for a composite of two cores and is

described in Eqs. 2 . 1 - 2.7
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Fig. 6B and Eq. 2.8 illustrate a linear fit interpolation to obtain C mass to the standard mass.

Approaches such as spline fitting may also be used at this stage but this requires a minimum
of 3 observations with mass. In instances where insufficient soil mass is recovered, the
preference is not to use an extrapolation method but to take the maximum C mass obtained
and assume any additional mass to reach the standard contains no additional carbon. In this

example, the sample carbon content of the composite is determined to be 10.22 kg m 2 .
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Eqs. 2.9 to 2 . 13 and Fig. 6C illustrate the determination of average carbon content, variance

and standard error (to the predetermined or standard mass) across the three selected

locations in each stratum (core ID's 1e , 1f and 1g in Stratum 1 and core ID's 2k, 2a and 2i in
Stratum 2).
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Eqs. 2 . 15 to 2.2 1 and Fig. 6D illustrate the process of combining sample carbon content to

obtain total carbon content (including variance, standard error, a confidence interval such as a
95% confidence interval) in the unit of land.
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Eqs. 2.22 to 2.25 define the change in total carbon content (including the average, variance,

standard error, confidence intervals, such as a 95% confidence interval) between time f, and
time t2..
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Example 3: Spatial coordinate approach - single cores no composites
The volumetric or spatial coordinate approach, utilising a standard or predetermined soil
depth of 100cm without compositing is presented here for the sample dataset.
Fig . 7A shows the sample carbon content at one of the selected locations (with core ID "2i") of

each of the three layers as well as processed data including cumulative carbon (C) density as
a function of depth for a single core is described in Eqs. 3 . 1 - 3.9.
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Fig . 7B depicts a linear fit approach to interpolation to obtain C density to the predetermined

or standard depth as described in Eq. 3 . 10 . Approaches such as spline fitting may also be
used at this stage but this requires a minimum of 3 observations with depth. In instances

where insufficient depth is recovered, the preference is not to use an extrapolation method
but to take the maximum C density obtained and assume any additional depth to reach the
standard depth contains no additional carbon.
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Eq . 3 . 11 to 3 . 15 and Fig. 7C illustrate the determination of average carbon content, variance

and standard error (to the standard depth) across the three selected locations in each stratum

(core ID's 1e , 1f and 1g in Stratum 1 and core ID's 2k, 2a and 2i in Stratum 2).
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Eq . 3 . 16 to 3.22 and Fig. 7D illustrate the combining of the sample carbon content from all

strata to determine the total carbon content (including the average, variance, standard error,
confidence intervals, such as a 95% confidence interval, and minimum detectable difference)
in the unit of land .
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Eqs. 3.23 to 3.26 define the change in total carbon content (including the average, variance,
standard error, confidence intervals, such as a 95% confidence interval between time

t
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time t2..
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Example 4: Spatial coordinate approach - with composites
The volumetric or spatial coordinate approach, utilising a predetermined or standard depth of
100cm with compositing is presented here for the sample dataset.
Fig . 8A shows the sample carbon content of a composite of two cores (with core ID's "2a" and

"2i") as well as processed data including cumulative carbon (C) density as a function of depth
for a composite of two cores and is described in Eqs. 4 . 1 to 4.8.
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Eq . 4.9 describes a linear fit o interpolation to obtain C density to the standard depth:
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Eqs. 4 . 10 to 4 . 14 and Fig. 8B illustrate the determination of the average carbon content,

variance and standard error (to the predetermined or standard depth) across the three
selected locations in each stratum (core ID's 1e , 1f and 1g in Stratum 1 and core ID's 2k, 2a
and 2i in Stratum 2).
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Eqs. 4 . 15 to 4.2 1 and Fig. 8C illustrate the process of combining sample carbon content to

obtain obtain total carbon content (including variance, standard error, a confidence interval
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such as a 95% confidence interval as well as minimum detectable difference) in the unit of
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Eq . 4.22 to 4.25 define the change in total carbon content (including the average, variance,

standard error, confidence intervals, such as a 95% confidence interval, and minimum
detectable difference) between time

t

and time

t2. .

FCcontent -FC

V (FC ontent i ) + V (FC

ontent 2

content

2

= AFCstorage

)- p v (FC ntent )^v(FC

ntent

JV(AFC storage ) = S(AFCstorage )
FCcontent ±

(4.22)

) = V(AFCstorage )

(4.23)

(4.24)

(4.25)

Having described several embodiments of the method according to the present invention, it

should be apparent that the invention has the following advantages:
•

"System gaming" such as manipulation of soil carbon quantification results by, for
example, deliberate carbon sequestration at known sampling locations is avoided by
selecting sampling points with randomness.

•

A confidence interval (or other statistical measures such as variance) of the soil
carbon may be determined so that the uncertainty in the soil carbon quantification
results may be specified .

•

When reporting soil carbon using the mass coordinate system (i.e. using a
predetermined or standard mass of soil per unit area), the compactness of the soil
does not affect the soil carbon quantification results.

•

The method does not impede nor prescribe nor penalise changes in land use; does
not impede 'real' reductions in fossil carbon emissions (due to temporary crediting for

SOC).

•

The method reduces risk to the landholder for maintaining sequestration over

indefinite periods.
•

The method provides an ongoing (and validated) revenue stream for landholders

increasing the likelihood of SOC perpetuation.
•

Verification of a carbon sequestration contract for sequestered carbon can be verified
for the period of time over which auditing takes place.

It will be appreciated by persons skilled in the art that numerous variations and/or

modifications may be made to the invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly described. For example, the total
carbon content may be reported or normalised to a soil mass or depth other than 1500 kg m 2
or 100 cm. The present embodiments are, therefore, to be considered in all respects as
illustrative and not restrictive.

Appendix A : Theory
The estimation of SOC storage and uncertainties is inferred utilising Weighted Least Squares

regression as follows. Assume that n cores were taken from the stratum, which were used to
make m composites ( m > 1 ) . Let nk be the number of cores in composite k , making a volume

of x k m3, with a measured carbon content of

<

kg. The volume of a composite equals its

number of cores times the standard core volume ( v) x k = n k v .

The mean carbon density of stratum is estimated by Weighted Least Squares regression,

with equation:

c = [c

c = X · β + e , where
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design-matrix with composite volumes,

β : the mean carbon density of the stratum,
e : the vector of random errors.
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is the diagonal matrix of weights,

n m on the diagonal, because the sampling variance of the carbon content of a

,

composite is proportional to the number of cores.
The formula can be simplified using
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i.e. the total carbon content divided by the total volume of the composites.

The variance of
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which simplifies to:

s more complicated . This can be estimated by:

-X(X'V

1

X) 1 X'V 1 }c(X'V 1X)

The variance estimates thus obtained for each of the strata can be imputed in

V(SOC
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Where SOC,

h)

is the total SOC storage on the farm, H is the number of strata, a h is the

relative area squared of each stratum.
The standard error of the estimated mean:

S(SOC

a
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Confidence intervals for SOC storage:

Simple numerical example for 2 composites and 1 stratum utilizing a volumetric

approach
Given sample data:
n=3
v = 0.01 m3
m=2

V=

[1 ,

2]'

X = [0.01 , 0.02]' m3
c = [0.2, 0.5]' kg
Estimates:

(0.2 + 0.5) = 23.33 kg.m 3
3 x 0.01

Ϋ(

)=

2 χ 3 χ 0.01 2

+
1

2

1

3

(0.2 + 0.5) 2 = 2.77

= Ι

= 1.66 kg.m 3

SOC storage through time
After the initial baseline audit, follow up audits are conducted at specified intervals (at roughly
the same position in the annual cycle) and serve to monitor changes in SOC storage. Each

successive audit may utilise the previous stratification or a newly constructed stratification,
may vary the number of strata and sample units from each as long as each sample draw is
random within each stratum and the minimum requirements of the methodology are met.

Drawing samples from different points between time 1 and time 2 allows sampling to be
independent and also reduces the likelihood of system gaming - a significant weakness of
static sampling points.

A time-weighted measure of SOC storage:

sequestered

Variance between time 1 & time 2 given independent sampling:

V {SOC arm ) + V{SOC% ) = V{SOC sequestered )
Additionally, given that sampling is independent it can be assumed that the variance of time 1
should be equal to that of time 2 , allowing the estimation of the minimum detectable
difference in SOC from time 1 which can be used to inform a suitable interval period between
monitoring events (i.e. if the estimate at time 1 has a large variance then the minimum
detectable difference in SOC will also be larger - implying that a longer period between
monitoring events would be more cost-effective).

A method of quantifying soil carbon in a unit of land, the method comprising the steps
of:

obtaining an estimated spatial distribution of carbon content in the unit of land ;
stratifying the unit of land into a plurality of strata based at least partly on the
spatial distribution of carbon content;
selecting one or more locations from each of one or more of the plurality of
strata, the one or more locations being selected with randomness;
determining sample carbon content associated with the one or more locations;
and

determining total carbon content in the unit of land based at least partly on
the sample carbon content.

A method of quantifying soil carbon sequestered in a unit of land, the method
comprising the steps of:
obtaining an estimated spatial distribution of carbon content in the unit of land ;
stratifying the unit of land into a plurality of strata based at least partly on the
spatial distribution of carbon content;
selecting one or more first locations from each of one or more of the plurality
of strata, the one or more first locations being selected with randomness;

determining at a first time first sample carbon content associated with the one
or more first locations;

determining first total carbon content in the unit of land based at least partly
on the first sample carbon content;

selecting one or more second locations from each of one or more of the
plurality of strata, the one or more second locations being selected with randomness;
determining at a second time second sample carbon content associated with
the one or more second locations;

determining second total carbon content of the unit of land based at least
partly on the second sample carbon content; and

determining an amount of sequestered carbon in the unit of land between the
first time and the second time.
A method of quantifying soil carbon sequestered in a unit of land, the method
comprising the steps of:
obtaining an estimated spatial distribution of carbon content in the unit of land ;
stratifying the unit of land into a plurality of strata based at least partly on the
spatial distribution of carbon content;
selecting one or more first locations from each of one or more of the plurality
of strata, the one or more first locations being selected with randomness;

determining at a first time first sample carbon content associated with the one
or more first locations;

determining first total carbon content in the unit of land based at least partly
on the first sample carbon content;

re-stratifying the unit of land into a plurality of re-stratified strata based at
least partly on the first sample carbon content;
selecting one or more second locations from each of one or more of the
plurality of re-stratified strata;
determining at a second time second sample carbon content associated with
the one or more second locations;

determining second total carbon content in the unit of land based at least
partly on the second sample carbon content; and

determining an amount of sequestered carbon in the unit of land between the
first time and the second time.
A method as claimed in any one of the preceding claims wherein the step of obtaining
an estimated spatial distribution of carbon content includes the step of obtaining a

regional prediction of spatial distribution of carbon content.
A method as claimed in any one of the preceding claims wherein the step of obtaining
an estimated spatial distribution of carbon content includes the step of obtaining an

estimated spatial distribution of carbon content based at least partly on information
associated with the unit of land.
A method as claimed in claim 5 wherein the step of obtaining an estimated spatial
distribution of carbon content based at least partly on information associated with the
unit of land includes the step of obtaining an estimated spatial distribution of carbon

content based at least partly on any one or more of terrain information, gamma
radiometric information, climate information, geologic information, regolith information,
land use classification information and known soil carbon information associated with

the unit of land.

A method as claimed in either of claims 5 or 6 further comprising the step of
downscaling the information associated with the unit of land.
A method as claimed in any one of the preceding claims wherein the step of
determining sample carbon content includes the step of measuring the sample
carbon content as measured sample carbon content.
A method as claimed in claim 8 wherein the step of measuring the sample carbon
content includes the step of measuring the sample carbon content by combustion of
soil at the one or more locations.

10 .

A method as claimed in claim 8 wherein the step of measuring the sample carbon
content includes the step of measuring the sample carbon content by near infrared
spectroscopy analysis of soil at the one or more locations.

11.

A method as claimed in any one of claims 8 to 10 wherein the step of measuring the
sample carbon content includes the step of correcting the measured sample carbon
content for inorganic carbon in the soil .

1 .

A method as claimed in any one of the preceding claims wherein the step of
determining sample carbon content includes the step of determining sample carbon
content in one or more layers of measured mass of soil over a determined area of the
unit of land.

13 .

A method as claimed in claim 1 wherein the step of determining sample carbon
content includes the step of spline fitting the measured sample carbon content in
three or more layers of measured mass of soil.

14 .

A method as claimed in claim 12 wherein the step of determining sample carbon
content includes determining sample carbon content based on the maximum
measured sample carbon content.

15 .

A method as claimed in any one of the preceding claims wherein the step of
determining sample carbon content includes the step of determining composite
carbon content from two or more of said locations.

16 .

A method as claimed in any one of claims 1 to 14 wherein the step of determining
sample carbon content includes the step of determining non-composite carbon
content at each of said locations.

17 .

A method as claimed in any one of claims 1 to 15 wherein the step of determining
composite carbon content from two or more of said locations includes the step of
compositing respective two or more layers of equal mass of soil from the two or more
of said locations.

18 .

A method as claimed in any one of the preceding claims wherein the step of
determining sample carbon content includes the step of determining sample carbon
content by absolute, percentage or fractional weight or mass of carbon.

19 .

A method as claimed in any one of the preceding claims wherein the step of
determining sample carbon content includes the step of determining any one or more
of the average, variance and standard error of the sample carbon content across the
one or more locations for each of the plurality of strata.

20.

A method as claimed in any one of claims 3 to 19 (except when dependent on either
of claims 1 or 2) wherein the step of determining sample carbon content includes the

step of determining any one or more of the average, variance and standard error of

the sample carbon content across the one or more locations for each of the plurality
of re-stratified strata.
2 1.

A method as claimed in any one of claims 12 to 14 wherein the step of determining
sample carbon content includes the step of determining any one or more of the
cutting shoe diameter, push depth, pulled core length and hole depth associated with
the measured mass of soil.

22.

A method as claimed in any one of the preceding claims wherein the step of
determining total carbon content includes the step of determining total carbon content
in a predetermined mass of soil per unit area of the unit of land .

23.

A method as claimed in claim 22 wherein the step of determining total carbon content
includes the step of determining total carbon content in 1500 kilograms of soil per
square metre of the unit of land.

24.

A method as claimed in either claims 22 or 23 wherein the step of determining total
carbon content includes the step of determining total carbon content in a
predetermined mass of soil per unit area of the unit of land based at least partly on
the measured mass and the determined area.

25.

A method as claimed in any one of the preceding claims wherein the step of
determining total carbon content includes the step of determining any one or more of
the variance, standard error, a confidence interval, a minimum detectable difference
of the total carbon content in the unit of land.

26.

A method as claimed in any one of claims 2 to 25 (except when dependent on either
of claim 1) wherein the step of determining an amount of sequestered carbon

includes the step of determining a difference between the first total carbon content
and the second total carbon content.
27.

A method as claimed in claim 26 wherein the method further comprises the step of
determining a variance, standard error or confidence interval of the sequestered
carbon.

28.

A method as claimed in claim 27 wherein the step of determining a variance,
standard error or confidence interval of the sequestered carbon includes the step of
determining a variance, standard error or confidence interval of the sequestered
carbon based at least partly on the variance or standard error of the first sample
carbon content and/or the variance or standard error of the second sample carbon
content.

29.

A method as claimed in any one of claims 2 to 28 (except when dependent on either
of claim 1) wherein the first time and the second time are separated by a period

based at least partly on a carbon sequestration contract.

A method as claimed in any one of claims 2 to 29 (except when dependent on either
of claim 1) wherein the first time and the second time are separated by a period of

approximately 5 years apart.
A method as claimed in any one of claims 2 to 30 (except when dependent on either
of claim 1) wherein the first time and the second time are separated by a period

based at least partly on the minimum detectable difference of the first total carbon

content in the unit of land
A method as claimed in any one of the preceding claims wherein the step of
stratifying, or re-stratifying, the unit of land into a plurality of strata, or re-stratified
strata, includes the step of stratifying, or re-stratifying, the unit of land into a
designated number of strata, or re-stratified strata.
A method as claimed in claim 32 wherein the designated number of strata, or restratified strata, is based at least partly on any one or more of diversity of landscape,
land use type, total area, and allowable uncertainty in quantifying the first, or second ,

total carbon content.

A method as claimed in either of claims 32 or 33 wherein the designated number of
strata, or re-stratified strata, is in the range of five to seven.
A method as claimed in any one of claims 32 to 34 wherein the step of stratifying, or
re-stratifying, the unit of land into a plurality of strata, or re-stratified strata, includes
the step of determining one or more stratum, or re-stratified stratum, boundaries

between the designated number of strata, or re-stratified strata.
A method as claimed in claim 35 wherein the step of determining the one or more
stratum, or re-stratified stratum, boundaries includes the step of determining the one
or more stratum, or re-stratified stratum, boundaries based at least partly on the

estimated spatial distribution of carbon content, or first carbon content.
A method as claimed in claim 36 wherein the step of determining the one or more
stratum, or re-stratified stratum, boundaries includes the step of determining the
stratum, or re-stratified stratum, boundaries based at least partly on a cumulative
function of the square root of frequencies of occurrence of carbon derived from the
estimated spatial distribution of carbon content, or first carbon content.

A method as claimed in any one of claims 35 to 37 wherein the step of determining
one or more stratum, or re-stratified stratum, boundaries includes the step of

determining one or more optimum stratum, or re-stratified stratum, boundaries under
Neyman allocation.

INTERNATIONAL SEARCH REPORT

International application No.
PCT /AU20 11/000702

CLASSIFICATION OF SUBJECT MATTER

A.

Int. CI.

G01N 33/24 (2006.0 1)
According to International Patent Classification (IPC) or to both national classification and IPC
FIELDS SEARCHED

B.

Minimum documentation searched (classification system followed by classification symbols)
Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
EPODOC, WPI, INSPEC, Google Scholar
Keywords: carbon, soc; soil, earth, farm, land; sequest; strata, stratum,
stratif; sampl; design based, random; distribution; estimate, content, quantif; cumulative, neyman; and similar terms
C . DOCUMENTS CONSIDERED TO BE RELEVANT

Citation of document, with indication, where appropriate, of the relevant passages

Category*

X

M . MIKLOS et al., "Mapping and comparing the distribution of soil carbon under
cropping and grazing management practices in Narrabri north-west New South Wales",
Australian Journal of Soil Research, 6 May 20 10, volume 48, pages 248-257,
doi 10. 1071/SR091 11
Abstract, pages 248-25 1, 253, 255, Conclusions

1-38

X

G.C. SIMBAHAN et al., "Sampling optimization based on secondary information and
its utilization in soil carbon mapping", Geoderma, 2006, volume 133, pages 345-362
Pages 346-349, 354-355, 358, 360

1-38

S.B. BIRD et al., "Spatial heterogeneity of aggregate stability and soil carbon in
semiarid rangeland", Environmental Pollution, 2002, volume 116, pages 445-455
Whole document

1-38

Further documents are listed in the continuation of Box C
*
"A"

Special categories of cited documents:
document defining the general state of the art which is not
considered to be of particular relevance

"T"

"E"

earlier application or patent but published on or after the
international filing date

"X"

"L"

document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)
document referring to an oral disclosure, use, exhibition
or other means

"Y"

"O"

"P"

Relevant to
claim No.

"&"

See

patent family annex

later document published after the international filing date or priority date and not in
conflict with the application but cited to understand the principle or theory
underlying the invention
document of particular relevance; the claimed invention cannot be considered novel
or cannot be considered to involve an inventive step when the document is taken
alone
document of particular relevance; the claimed invention cannot be considered to
involve an inventive step when the document is combined with one or more other
such documents, such combination being obvious to a person skilled in the art

document member of the same patent family

document published prior to the international filing date
but later than the priority date claimed

Date of the actual completion of the international search

Date of mailing of the international search report

11 July 201 1

14/07/201 1

Name and mailing address of the ISA/AU

Authorized officer
MICHAEL HALL

AUSTRALIAN PATENT OFFICE
PO BOX 200, WODEN ACT 2606, AUSTRALIA
E-mail address: pct@ipaustralia.gov.au
Facsimile No. +61 2 6283 7999

Form PCT/ISA/210 (second sheet) (July 2009)

AUSTRALIAN PATENT OFFICE
(ISO 9001 Quality Certified Service)
Telephone No : +61 2 6283 2474

INTERNATIONAL SEARCH REPORT

International application No.

PCT7AU20 11/000702
C (Continuation).
Category*

DOCUMENTS CONSIDERED TO BE RELEVANT

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to
claim No.

E.G. JOBBAGY et al., "THE VERTICAL DISTRIBUTION OF SOIL ORGANIC
CARBON AND ITS RELATION TO CLIMATE AND VEGETATION", Ecological
Applications, 2000, volume 10, number 2, pages 423-436
Pages 423-426, 430

1-38

B.P. MALONE et al., "Mapping continuous depth functions of soil carbon storage and
available water capacity", Geoderma, 2009, volume 154, pages 138- 152
Pages 138- 144

1-38

T. DALENIUS et al., "MINIMUM VARIANCE STRATIFICATION", Journal of the
American Statistical Association,
59, volume 54, pages 88- 10 1
Whole document

37-38

Form PCT/ISA/210 (continuation of second sheet) (July 2009)

