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Abstract 
 

Increasing soil organic carbon stocks (SOCS) on farms is widely accepted as a viable 

strategy to reduce agriculture’s net carbon footprint. Despite this opportunity, unlike in 

other countries such as Australia, there are no government-led incentives for farmers to 

monitor or increase SOCS in New Zealand (NZ). This lack of incentives, combined with the 

high cost of SOCS benchmarking and monitoring systems, has hampered the monitoring 

of farm-scale SOCS in NZ. With the variety of climates and farming systems across the 

country, this lack of data has meant that the scope to increase SOCS has not been well 

characterised. Consequently, the strategies to enhance SOCS in soils which already have 

medium to high SOCS have not been explored thoroughly. 

  

This study designed and implemented a practical, cost-effective farm-scale SOCS 

benchmarking and monitoring system based on a combination of international standards 

and the NZ Ministry for Primary Industries (MPI) soil carbon monitoring methods and 

applied this to the Dairy Trust Taranaki Kavanagh Farm in South Taranaki. The influence 

of soil drying and sample storage on possible changes in soil carbon respiration was also 

explored in this process and found some carbon respiration in both air-dried and 

imperfectly dried soil samples while in storage. The results of the benchmarking survey 

found that Kavanagh farm has 219.6 t C ha-1 to a depth of 60 cm and 162.14 t C ha-1 to a 

depth of 30 cm which is significantly above average for Allophanic pasture soils measured 

previously in NZ. The results also highlighted the importance of stratification of the farm as 

a way of reducing future survey cost. The final stratification of the farm reduced the 

number of samples required in the survey by 59% when compared to random sampling 

with no stratification.  

  

Finally, the study reviewed NZ-based research to identify farm management practices 

which may increase SOCS on a dairy farm like the Kavanagh farm. Our review highlighted 

inversion tillage and biochar applications as practices with the most potential to increase 

SOCS in Kavanagh’s high SOCS Allophanic soil by approximately 0.56 and 1.1 t C ha-1 

year-1 respectively over the next 20 – 30 years. If these sequestration rates could be 

achieved throughout the entire farm, then net greenhouse gas emissions from the farm 

could be offset by 46%. However, practical limitations and the financial viability of 

implementing these practices across the entire farm without financial incentives will likely 

result in a lower net rate of sequestration. Further research into the viability and efficacy of 
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these practices will be needed for more widespread adoption of carbon sequestration-

enhancing practices in the NZ pastoral industry.  
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Chapter 1 – Introduction 
 

Agriculture is responsible for approximately 12% of greenhouse gas (GHG) emissions 

globally as of 2020 (Friedlingstein et al., 2023). In New Zealand (NZ), agriculture is the 

largest of the country’s primary industries and subsequently, it is responsible for as much 

as 53% of the nation’s GHG emissions. About 80% of these agricultural emissions in NZ 

are attributed to enteric methane emitted by ruminants and another 10% comes from 

nitrous oxide from nitrogen fertiliser and animal excreta (Ministry for the Environment, 

2024). Despite high total emissions, it is worth noting that the emissions intensity of NZ’s 

dairy industry per kilogram of milk solids produced is one of the lowest in the world 

(Mazzetto et al., 2021). Also noteworthy is that the metrics of NZ’s total emissions are 

based on a global warming potential (GWP) of 100 years which emphasises the impact of 

short-lived gases such as methane over longer-lived gases like carbon dioxide (CO2). 

Consequently, there is an ongoing debate around the most representative impact of 

agriculture (Reisinger et al., 2017). Despite this, the agriculture industry is still a key 

contributor to NZ’s carbon footprint. 

 

Due to these large quantities of GHG emitted by NZ’s agricultural sector, there is 

increasing government and public pressure on the industry to reduce emissions. This is 

particularly important as reducing agricultural emissions will be critical to achieving NZ’s 

climate goals. Of particular relevance is NZ’s target to reduce methane emissions by 10% 

by 2030 and by 24% – 47% by 2050 (New Zealand Government, 2021). Failing to meet 

these targets could put significant economic and diplomatic pressure on the country from 

other trading nations and large organisations who purchase agricultural goods from NZ. 

 

Beyond GHG emissions, there are also concerns about the long-term sustainability of the 

modern agricultural systems used by most farmers throughout NZ, particularly the high 

input systems. Concerns include negative impacts on water quality, erosion and topsoil 

loss, biodiversity loss and unsustainable use of phosphorus (P) fertiliser mined from 

exhaustible sources (Heckenmüller et al., 2014; Hoogendoorn et al., 2008; McDowell et 

al., 2006; Roach & Morton, 2005). These concerns are well founded with an estimated 

74% of NZ freshwater fish at risk of extinction and 28% of all rivers in the country being 

deemed unsafe to swim in (Goodman et al., 2014; Ministry for the Environment, 2017). 
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While there are other industries also impacting these issues, intensive agriculture affects 

all of them and on-farm management practice changes can significantly reduce impacts. 

 

One strategy which can help to remove the GHG (CO2) from the earth’s atmosphere 

without sacrificing production is to optimise farm management practices to increase soil 

organic carbon stocks (SOCS). SOCS consists of all forms of carbon containing molecules 

which are constantly cycling in the soil. This includes organic matter as well as smaller 

carbon-based molecules which can be labile or more stable and bound to soil particles 

(Naylor et al., 2020). 

 

Increasing SOCS can substantially offset GHG emissions from the farm. This is achieved 

by using management practices which encourage carbon captured by pasture to be 

transferred into the soil and subsequently converted into more stable forms where it can 

remain in the soil for extended periods of time. Once in the soil, it also plays an important 

role in improving soil structure, facilitating microbial activity and increasing nutrient 

retention (Batjes, 2014; Stockmann et al., 2013; Whitehead et al., 2018). 

 

Carbon sequestered in soil is already being introduced into some government run carbon 

credit schemes such as the Australian government’s carbon credit system (Australian 

Government, 2021). Such schemes offer a financial incentive for farmers who increase the 

SOCS on their farm, thus offering an extra pathway for the agricultural industry to 

productively work towards achieving the country’s climate goals. Currently, there is no soil 

carbon credits program in NZ, nor is agriculture included in the government’s Emissions 

Trading Scheme (ETS) (Leining et al., 2020). However, NZ specific standards have been 

proposed by a report commissioned by the Ministry for Primary Industries which is a body 

of the NZ government (Mudge et al. 2020). 

 
This potential to offset carbon emissions is the key factor which led to Dairy Trust Taranaki 

(DTT) launching this project. DTT in partnership with Nestlé have launched a project which 

aims to achieve net zero GHG emissions by 2032 on one of their dairy farms, Kavanagh 

farm. Because emissions from some farm operations are inevitable, DTT will need to find 

ways to sequester carbon as well as ways to reduce other GHG emissions if they are to 
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achieve this goal. Increasing SOCS is one way of achieving this goal without having to 

convert existing land into non-dairy enterprises to sequester carbon or offset emissions. 

 

This study explores this opportunity through the following components: 

• Designing a SOCS benchmarking and monitoring system for the Kavanagh farm 

• Performing a benchmarking survey to assess current SOCS on the farm 

• Assessing the opportunity for the farm to increase SOCS in the future 

• Making recommendations to increase SOCS 



Chapter 2 – Literature review 
2.1 Introduction to soil organic carbon 
 
There is increasing evidence that soil organic carbon (SOC) plays an important role in soil 

health and can mitigate climate change by sequestering atmospheric carbon underground. 

On the other hand, loss of soil carbon can exacerbate climate change. This is because soil 

organic carbon stocks (SOCS) constitute twice as much of the earth’s carbon as 

atmospheric carbon (Batjes, 2014). However, soil carbon is in constant flux and SOCS can 

be lost quickly as land management practices change (Schipper et al., 2014). 

Consequently, there is a need for standardised systems of SOCS testing and monitoring 

as well as education around the importance of SOCS targeted to farmers and the wider 

industry. This review introduces current scientific understanding of soil carbon; the 

management factors which affect it and examines a range of existing soil testing standards 

and methodologies. More specifically, the review will primarily focus on factors affecting 

NZ agricultural land and pasture systems, but where local research is lacking, broader 

sources will be reviewed. Except for benchmarking standards, international soil carbon 

research is outside the scope of this review unless no NZ based research exists. 

 

SOC can be in the form of organic matter, smaller labile carbon molecules and non-labile 

carbon which is bound to reactive surface sites on soil particles (Naylor et al., 2020). 

SOCS refers to the numerous forms of carbon containing molecules which are constantly 

cycling in the soil. It is quantified in terms of the mass of carbon in a given area of soil 

down to a certain sampling depth which is typically expressed as tonnes of carbon per 

hectare (t C ha-1). 

 

The presence of plants in soil is critical to building SOC. Soil organic carbon can enter the 

soil through two primary pathways, plant root exudates in the form of simple metabolisable 

organic compounds and through organic matter such as decaying roots, leaf litter or 

animal excreta (Naylor et al., 2020). These compounds make up the labile SOC which has 

a high turnover rate. This pool of labile SOC is then utilised by the soil microbiome and can 

subsequently go down two different pathways. The primary pathway is microbial 

respiration in which the organic compounds are metabolised and CO2 is released into the 

atmosphere. The other pathway occurs under certain environmental conditions where the 

carbon can be decomposed into simpler compounds, which are then able to react with 
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mineral surfaces on soil particles to form organo-mineral complexes. These complexes are 

much more stable and inhibit further microbial decomposition (Kleber et al., 2015). It is 

through this non-labile form where carbon can be most effectively stored or sequestered. 

 

Much of NZ’s prime dairying soil has a large capacity for storing carbon due to high 

quantities of organo-mineral complexes in the soil that make it less labile and available to 

microorganisms (Beare et al., 2014). The formation of these organo-mineral complexes 

occurs after partial degradation of organic matter into smaller biopolymers and monomers. 

These smaller molecules react more readily with soil particles that have large surface 

areas and a high number of reactive surface sites (Dwivedi et al., 2019; Kleber et al., 

2015). These are typical traits of soils which developed more recently from volcanic 

material like the Allophanic Soils found predominantly in NZ’s Taranaki and Waikato 

regions. 

 

Carbon becoming locked in stable organo-mineral complexes is only one part of the SOCS 

sequestration pathway. The formation of these organo-mineral complexes happens on a 

relatively short time span and unlike labile forms of soil carbon, in this form it is not readily 

metabolised and lost from the soil (Anderson & Paul, 1984). This allows the carbon to be 

incorporated into the formation of soil aggregates which is a much slower process. These 

soil aggregates physically prevent micro-organisms from accessing this carbon, resulting 

in highly stable SOCS which are both physically and chemically locked to soil particles and 

aggregates. (Jastrow, 1996). 

 

A key contributing factor towards the formation of these stable soil aggregates is the 

creation of glomalin. Glomalin is a protein created by arbuscular mycorrhizal fungi which 

enhances soil aggregate stability and also protects labile forms of carbon (Hossain, 2021). 

However, many conventional agricultural systems are not optimised for the production of 

glomalin due to frequent tillage, high soil P fertility and use of biocides, all of which 

suppress mycorrhizal fungi activity, thus there could be an opportunity to increase SOCS 

through this pathway (Rillig, 2004). 

 

Potential to build soil carbon in NZ agricultural soils 
There are numerous benefits to increasing SOCS. The most prominent of which is the 

potential to offset global carbon emissions through soil carbon sequestration. It is 

estimated by the “4 per mille Soils for Food Security and Climate” project established at 
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the United Nations climate change conference COP21, that the implementation of SOCS 

promoting management practices in agriculture globally could increase SOCS by 0.4% per 

year over the course of the next 20 – 50 years. If this sequestration could be achieved on 

all global agricultural land, it would amount to as much as 30 – 60 Pg of carbon 

sequestered. This is enough to offset 20 – 35% of global carbon emissions over that 20 – 

50 year period (Minasny et al., 2017). 

 

In NZ, while SOCS potential is high, so too are existing SOCS levels. Currently the 

estimated nationwide average is 98.7 t C ha-1 to a depth of 30cm (Minasny et al., 2017). To 

achieve the 0.4% increase in SOCS per year target set under the 4 per mille project, 0.4 t 

C ha-1 would need to be sequestered nationwide over the next 20 years of the initiative. 

This is theoretically an attainable goal with SOCS sequestration potential to a depth of 

30cm estimated to be 0.105 – 1 t C ha-1 year-1 on a global scale and 0.32 – 0.57 t C ha-1 

year-1 for NZ (Conant et al., 2017; Minasny et al., 2017). 

 

Other benefits to high SOCS aside from carbon sequestration, primarily relate to soil 

structure and fertility. Increases in SOC improve soil structure by promoting the 

mechanisms of aggregate formation (Stockmann et al., 2013). In turn this has positive 

effects in terms of increased water holding capacity (Lal, 2004). This makes soils and farm 

systems more resilient to the increased volatility of weather patterns brought by climate 

change. Additionally, with 90% of soil N stored in organic matter, a larger SOC pool 

increases the overall soil’s N storage potential as well as other nutrients such as P and 

Sulphur (Batjes, 2014). Furthermore, other benefits such as an increased cation exchange 

capacity and the important role of organic matter as a nutrient pool and for microbial health 

are not to be understated. Overall, these benefits make increasing SOCS one of the best 

drivers of supporting the fertility and soil health of degraded and lower quality soil types 

(Whitehead et al., 2018). With the wide range of benefits of increased SOCS established, 

the remaining challenge for NZ farmers is how they can increase their SOCS. 
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2.2 Factors affecting soil organic carbon 
 
2.2.1 Soil and landscape factors  
 

Soil type 

One of the primary defining factors influencing SOCS is the soil type. Across New 

Zealand’s 13 soil orders, SOCS varies greatly. Allophanic soils generally have the highest 

SOCS, typically containing 100 – 200 t C ha-1 in the surface 30 cm, whereas other soil 

orders are primarily in the 50 – 150 t C ha-1 range (Mudge et al., 2020). The higher SOCS 

found in Allophanic soils is attributed to two things. First, the high allophane content in 

these soils allows for a large content of carbon containing organic matter to be adsorbed to 

soil particles through the formation of Al and Fe organic carbon complexes (Rodríguez-

Rodríguez et al., 2006). The second mechanism through which Allophanic soils maintain 

high SOCS is through the sorption of organic compounds to mesopores and micropores 

(Parfitt, 2009). This mechanism is particularly significant for Allophanic soils due to the 

very large surface area found on Allophanic soil particles (Chevallier et al., 2010). 

 

 
Figure 1: A Violin plot showing the distribution of SOCS to a depth of 30 cm for grassland 
soils for 13 different NZ soil orders. Source: Mudge et al. (2020) with data from the 
National Soils Database (NSD). Permission granted by MPI August 2024. 
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Aspect 
The aspect of slopes, particularly in hill country landscapes, influence SOCS. Northern 

facing slopes in NZ receive more sunlight than south facing slopes, which influences the 

sunlight received by plants, the temperature and moisture content of the soil.  Globally, 

literature on the impact of aspect on SOCS consistently shows increased SOCS on slopes 

facing away from the sun across all types of land use. This same literature has found 15 – 

40% higher levels of SOCS on these less sunny-facing slopes (Bangroo et al., 2017; Egli 

et al., 2009; Jakšić et al., 2021). In NZ there is limited research into the impact of aspect, 

but it has been established that in most cases, other factors are more consequential than 

aspect for influencing the soil’s carbon stocks (Hedley et al., 2015). A recent study by 

Mackay et al., (2021) found that on southern Hawkes Bay hill country, only 12 – 25° slopes 

were affected by aspect while slopes of less than 1 – 12° and greater than 25° showed no 

significant difference between different aspects. However, it is worth noting that this study 

did have a limited sample size and a broad focus beyond just slope and aspect. 

 

Slope 
Along with aspect, slope is one of the primary influences on SOCS. It is generally 

accepted that as slope increases, SOCS decreases (Tate et al., 2005). Data collected by 

Mackay et al. (2021) found that steep NZ hill country slopes greater than 25° had lower 

SOCS at all depths, despite having higher bulk density. This is attributed to a combination 

of factors including pasture production, different erosional and depositional soil processes 

compared to flatter topographies and differing animal behaviour on slopes (Hedley et al., 

2015). It has also been shown that SOCS tend to be higher in more stable areas such as 

downslope near flatter areas, hilltops or boundaries such as hedgerows or riparian areas 

(Ford et al., 2019; Hedley et al., 2015). 

 

2.2.2 Climatic factors 
 

Rainfall 
The most influential environmental factor affecting SOCS is rainfall (Jenny, 1980). The 

amount of rainfall and consequently, the availability of water in the soil affects multiple key 

parts of the SOC cycle. At the low end of the rainfall scale, there isn’t sufficient soil 

moisture to facilitate optimal plant growth or microbial respiration. This low rate of plant 

growth reduces the flow of carbon into the soil via root growth and root exudate production 
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(Hunt et al., 2004; Kirschbaum et al., 2017). While models have been made for predicting 

SOCS based on rainfall (McNeill et al., 2014), there has also been a lot of focus on the 

impact of irrigation. The impact of irrigation on SOCS has been studied comprehensively 

due to the prevalence of irrigation in some regions and the complexity of its relationship 

with SOCS (Condron et al., 2014; Kirschbaum et al., 2017; Mudge et al., 2021; Schipper et 

al., 2019). 

 

Temperature 
The other environmental factor affecting SOCS is temperature. The exponential 

relationship between temperature and soil microbial activity has long been established 

(Bunt & Rovira, 1955; Chase & Gray, 1957). However, soil respiration only increases until 

another factor such as moisture, oxygen or mineralisable carbon limits it (Curtin et al., 

2012). Furthermore, since soil temperature also impacts evapotranspiration, the 

relationship between soil temperature and SOCS is closely related to water availability and 

irrigation. This means that while increased temperature paired with water availability will 

increase soil respiration and subsequent loss of SOCS at an increasing rate up to ~55°C, 

as the SOCS decline, so too does microbial activity (Schipper et al., 2019). 

 

2.2.3 Management factors affecting SOCS 
 

Land use 
The most influential management factor affecting SOCS is land use. In NZ, SOCS to a 

depth of 30 cm typically range from as low as 80 t C ha-1 to as high as 136 t C ha-1 across 

different land uses, though some Recent Soils or very stony soils can approach 0 t C ha-1 

(Campbell et al., 2015; Hewitt et al., 2012). Wetlands with peaty soils provide the most 

conducive conditions for the formation and storage of high levels of SOCS (Blodau, 2002). 

Consequently, avoiding the disruption of wetlands or reinstating historical wetlands is one 

of the most effective ways of increasing or maintaining SOCS. For productive agricultural 

land use, long-term pasture on dairy farms tends to have the highest levels of SOCS, 

though it is not clear if this is due to a causal relationship between pastoral systems and 

the soil or simply due to pastoral systems being located on the soils which are most 

conducive to having high SOCS. Despite this, SOCS losses have been documented on flat 

dairy pastures (Schipper et al., 2010). Also worth mentioning is a study by Barnett et al. 

(2014) which found no significant difference in SOCS between dairy and dry stock farms to 
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a depth of 60 cm but did find higher SOCS in the soil A horizons on dry stock farms 

compared to dairy. 

 

While there are still knowledge gaps in our understanding of the mechanisms behind high 

SOCS under grazed grasslands, it is generally accepted that the continued grazing of 

pasture leads to increased root biomass relative to above ground biomass, thus increasing 

carbon entering the soil in the form of roots and root exudates (Wilson et al., 2018). On the 

other hand, cropping soils generally see more disruption through forms of vehicle 

compaction, tillage and fallow periods, leading to lower SOCS than pasture-based land 

use (McNally et al., 2017). Finally, forested land, both commercial and native has the 

lowest SOCS of any land use with stocks being around 16.4% lower on average compared 

to pasture which amounts to around 13.7 – 17.4 t C ha-1 less SOC (Hewitt et al., 2012; 

Schipper et al., 2017). 

 

Irrigation 
While irrigation has been shown to increase SOCS by up to 500% in arid regions 

(Whitehead et al., 2018), in temperate regions where water stress is seasonal, irrigation 

has been repeatedly shown to decrease SOCS (Kirschbaum et al., 2017; Mudge et al., 

2017, 2021). This is due to a balance between the positive effect of water on plant growth 

and therefore carbon sequestration through root exudate production and the increased 

loss of carbon with excessive irrigation through microbial respiration. In one NZ example, 

despite as much as 74% more pasture growth being achieved by irrigating from 750mm to 

1,500mm equivalent rainfall, SOCS were reduced by as much as 26% in the surface 1 m 

of soil depth over a period of 62 years (Condron et al., 2014). It is also worth noting that 

this study found no significant loss of SOCS when irrigating to maintain 10% soil moisture 

content which resulted in a 44% pasture growth increase, indicating that there is an 

optimal rate of irrigation where pasture growth can be achieved without significant SOC 

loss. 

 

This phenomenon has been attributed to numerous factors associated with the change in 

year-round water availability. With irrigation keeping the soil moist all summer, the water 

stress induced decrease in microbial activity is no longer a limiting factor to carbon loss. 

Consequently, under irrigation, microbial respiration continues to convert SOCS into CO2 

gas at an increased rate in the warm summer weather (Schipper et al., 2019). 

Furthermore, plants respond to the more consistent water availability by directing less 
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carbon to root growth (Kirschbaum et al., 2017). Finally, there is also evidence to support 

the theories that the changes in soil water availability change the types of root exudates 

and microbial functions which result in increased carbon losses (Mudge et al., 2021). 

 

Tillage 
Another significant management factor affecting SOCS is tillage. Due to the wide variety of 

different methods of tillage, there is significant variation in the impacts of different practices 

on SOCS. Some key attributes of different tillage practices have been identified for 

optimising SOCS. The most significant of which are the duration which the soil is left 

fallow, the amount of disruption to the soil with more disruptive tillage leading to greater 

carbon loss and the moisture content of the soil when it is cultivated (Whitehead et al., 

2018). This is due to tillage breaking apart soil aggregates and exposing organic matter 

that was previously physically protected from biodegradation (Balesdent et al., 2000). If the 

soil remains moist after being cultivated, it creates suitable conditions for microbes to 

mineralise previously inaccessible carbon which has been exposed by the breaking up of 

large soil aggregates. This loss of carbon from tillage is primarily carbon from the top 8cm 

of the soil with no observed effect on soil carbon beneath 15cm for conventional tilling 

methods (Kern & Johnson, 1993).  

 

Tillage practices contribute significantly to the difference in SOCS between pasture and 

cropping. The regular disturbance of most cropping soils with frequent planting and 

harvesting increases the time that soil is fallow and vulnerable to SOC losses (Six et al., 

2000). Consequently, NZ cropping soils have a deficit relative to the soil’s capacity of SOC 

which is 1.14 – 1.89 times greater than the carbon deficit of pasture soils (McNally et al., 

2017). However, most pasture soils are not without disruption. The practice of pasture 

replacement is widespread and during this process, the soil may be tilled before new 

seeds are planted. This process can lead to a loss in SOCS between 0.8 and 4.1 t C ha-1, 

though this is usually only performed on a subset of the total paddocks on the farm at any 

one time (Schipper et al., 2017).  

 

An emerging tillage technique which is showing potential to increase SOCS is through the 

use of inversion tillage. Inversion tillage is the practice of inverting the topsoil, typically to a 

depth of approximately 30 cm before renewing pasture on the now inverted soil (Law-

rence-Smith et al., 2021). The result of this is the carbon rich soil previously found in the 

top 15cm of the soil is relocated deeper underground where less carbon rich soil was 
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previously, and the new topsoil has lower soil carbon. In theory, this allows for a greater 

rate of carbon sequestration in the new topsoil in the years following the inversion while 

the former topsoil buried 30 cm deep can maintain a higher carbon content over time 

compared to the original deep soil’s baseline carbon levels. 

 

In practice, this strategy seems very promising. While currently there is a shortage of local 

studies investigating SOCS after inversion tillage over a decades long timescale, both 

international, and the few longer term local studies have shown positive results. In a 4-year 

study on Tokomaru Silt Loam, Calvelo-Pereira et al. (2018) found there was an 18% 

increase in SOCS in the inversion tillage treatment over the control treatment. However, it 

is worth noting that they expressed uncertainty about the longevity of the SOC gains. On 

the West Coast of the South Island, the deep inversion of a podzol soil down to 1 – 3 m 

saw an average increase of SOCS of 1.2 – 1.8 t C ha−1 per year in the new top 15 cm of 

the soil over 20 years (Schiedung et al., 2019). Regarding NZ’s Allophanic soils 

specifically, a study by Lawrence-Smith et al. (2021) used existing data to model SOC 

sequestration following inversion tillage and predicted SOCS increases of 9.6 – 12.7 t C 

ha−1 on Allophanic soils after 20 years. Alongside the potential SOC benefits, there are 

also short-term benefits to inversion tillage via reduced carbon and N leaching and even 

the potential to increase summer crop yields (Calvelo-Pereira et al., 2022). 

 

Grazing management 
The management of animals grazing on pasture can also impact SOCS. One such grazing 

management strategy is the deferred grazing of pasture for longer periods of 50 – 120 

days (DairyNZ, 2023). While modelling has shown deferred grazing can increase SOCS, it 

requires a significant change in management for a modelled marginal benefit in terms of 

soil carbon which has not been demonstrated in field trials. This modelling suggests a 

change in the grazing threshold from 2,000 to 3,000 kg DM/ha could increase SOCS by a 

mere 0.1 t C ha−1 year−1 (Kirschbaum et al., 2015). Furthermore, paddocks with deferred 

grazing tend to only make up a small subset of the farm, typically around 10% each year, 

so any SOCS gains may be limited. 

 

Regarding stocking rates, there is limited NZ based research (Schipper et al., 2017). 

However, a recent study by Mackay et al. (2021) concluded that increased fertility that led 

to higher pasture production and thus higher stocking rate had little to no impact on SOCS 

and that other management factors are much more consequential. 
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Supplementary feeds 
One potential method of increasing SOCS under pasture is through the introduction of 

supplementary feed into the farm system. This provides a net flow of nutrients needed for 

carbon uptake and in the case of supplementary feed, a direct carbon input. However, the 

potential for a farm to benefit from this strategy may be limited depending on their existing 

levels of inputs. Many dairy farms in NZ already utilise significant inputs of supplementary 

feed (Parfitt et al., 2012). 

 

Due to supplementary feed being one of the only ways to directly introduce carbon into the 

farm, it can be a useful tool to increase SOCS. Of the carbon contained in the feed, 

approximately 27% of it is returned to the soil through animal excreta while the rest is lost 

through respiration, milk production and enteric fermentation respectively (Kirschbaum et 

al., 2017). However, the benefit of supplementary feed is somewhat negated by the fact 

that this carbon has been removed from soil located elsewhere as nutrients and carbon 

are removed from soil by the harvested feed crop. To minimise SOCS losses at the 

harvest location, the planting of perennial grasses or winter wheat as the feed crop is 

advisable over maize (Wang et al., 2015). 

 

Fertiliser 
The impact of fertiliser on SOCS is disputed. Some research suggests that more fertiliser 

increases sequestration by increasing growth and carbon uptake by the pasture, some of 

which subsequently enters the soil through root exudates (Kirschbaum et al., 2017). 

Another study by McIntosh et al. (1999) found increased SOCS with P and sulphur 

fertiliser alongside over-sowing of pasture, though the impact of the over-sowing and 

increased fertiliser couldn’t be separated. On the other hand, there is also evidence 

indicating that increased fertiliser use doesn’t increase SOCS. A study by Schipper et al. 

(2013) found that varying rates of phosphorus fertiliser had no impact on SOCS to a depth 

of 7.5 cm over a 60 year period in a dry South Island grassland farm. These mixed results 

may be indicative of a more complicated relationship between different types of fertiliser 

and SOCS. 

 

The carbon to nitrogen ratio (C:N) can also be a factor in increasing or preventing the 

breakdown of SOCS. It has been established that in soils with a high C:N ratio of 20 or 



 14 

above, mineralisation of organic carbon and N into more plant available forms decreases 

(Haney et al., 2012). Consequently, the application of N fertiliser could increase the 

mineralisation of soil organic N and SOC. Despite this, there is currently no evidence that 

N fertiliser applications on NZ pasture increases carbon mineralisation and therefore 

SOCS losses. 

 

Pasture varieties and diverse pastures 
A novel method of potentially increasing SOCS is to utilise a variety of species in pasture 

with different rooting density and depths. While there is conflicting evidence for the efficacy 

of this strategy internationally, long-term studies and local data suggests that with a focus 

on planting species with high fine root density and deeper roots, SOCS can be increased 

(Steinbeiss et al., 2008; Whitehead et al., 2018). However, there is no clear consensus on 

this. On one hand, McNally et al. (2015) found diverse pastures increased soil carbon 

inputs into the soil by 1.2 t C ha-1 over the year long trial, though not all of this carbon 

ended up in stable SOCS. On the other hand, a study by Rutledge et al. (2017) 

investigated the impact of a diverse pasture with eight species over three years and found 

no significant difference compared to a ryegrass-clover control treatment. There seems to 

be some evidence supporting diverse pasture mixtures being able to increase SOCS 

where deeper rooting species can be maintained long after planting; or in situations where 

there is more climatic variability. In a more variable climate, diverse pastures can be more 

resilient, thus maintaining higher production in less favourable conditions which then 

removes the need for carbon depleting management practices to mitigate the poor 

conditions (Wall et al., 2021). However, more recent evidence has failed to demonstrate 

this in practice (Wall et al., 2024). Consequently, more research is needed to determine 

which factors influence SOCS changes under diverse pastures. 

 

Biochar 
A more promising management practice which can reliably increase SOCS is the 

application of biochar to the soil. Biochar refers to pyrogenic carbon, a source of black 

carbon which is produced by the incomplete combustion of fuels, usually organic matter. 

Biochar is significant because of it being a major source for black carbon which is one of 

only a few long-term persistent soil components acting as a pool for soil organic matter 

and therefore SOC (Marschner et al., 2008). This makes biochar particularly useful for 

soils with a low capacity for the storage of carbon in mineral associated compounds. 
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Furthermore, it provides an opportunity for less productive soils to improve the long-term 

storage capacity of organic forms of nutrients (Lorenz & Lal, 2014). 

 

Another characteristic of biochar is its tendency to increase soil carbon stocks deeper in 

the soil. Black carbon makes up a greater proportion of soil carbon below the top 10 cm of 

soil (Dai et al., 2005). This is due to its propensity to leach down the soil profile with rainfall 

(Rumpel et al., 2009). However, if soil particle sizes are large enough, there could be 

significant SOC losses through leachate, diminishing the effectiveness of biochar as an 

additive to increase soil carbon sequestration (Yang et al., 2019). 

 

The opportunity for soil carbon sequestration globally through the addition of biochar was 

reviewed by Gross et al. (2021) in a meta-analysis covering 64 studies in which they found 

an average increase in SOCS of over 13 t C ha-1 which corresponded to a 29% increase in 

carbon in field studies with biochar applications at varying rates over different durations. In 

the longer duration studies they reviewed, they found that over 10 years, up to 25.5 t C ha-

1 could be sequestered which corresponds to an annual rate of 2.55 t C ha-1 year-1. Finally, 

it is also worth noting that they found organic fertiliser co-applications alongside biochar to 

further boost sequestration. In particular, plant matter based fertilisers boosted 

sequestration more than faecal matter fertilisers due to a higher C:N ratio. 

 

The annual rate of sequestration over a 10-year period found by Gross et al. (2021) 

matches the rate observed by an unrelated study in Canada by Gross et al. (2022) which 

compared biochar from manure compost to the application of raw manure compost and a 

control treatment over a three-year period. This study found lower GHG emissions and a 

2.5 t C ha-1 year-1 increase in SOCS under the biochar treatment. This increase in SOCS 

is due to improved retention of carbon inputs to the soil from pasture as this study 

excludes the carbon introduced directly by the biochar application. Even higher SOCS 

increases have been observed when including the mass of carbon in the biochar. A study 

performed by Blanco-Canqui et al. (2020) in the Midwest USA saw 11.58 t C ha-1 

sequestered over 6 years which is equivalent to 1.94 t C ha-1 year-1 or an approximately 

2% annual increase in SOCS after a single application of 7.25 t C ha-1 of biochar. This 

indicates that even higher rates of sequestration may be possible due to much of the 

carbon in the applied biochar remaining in the soil in addition to better retention of carbon 

inputs to soil from pasture. 
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Unfortunately, none of these studies investigated the long-term impacts of biochar 

applications beyond 10 years, so the long-term prospects of carbon sequestration through 

biochar remain unclear. Whether these rates of sequestration can continue for many 

decades or if an equilibrium is reached after ~20 years as with other management 

practices is not yet established and further research is needed. 

 

Another key consideration to large applications of biochar is the full life cycle assessment 

of the biochar. Depending on the source, production and transportation of the biochar, 

there could be other significant impacts on the net carbon emissions through reducing 

emissions from other sources like non-CO2 GHG emissions or renewable energy 

generated by the combustion of the source material (Patel & Panwar, 2023). Depending on 

the proximity of the biochar production site and the farm where it is applied, there could be 

emissions from the transportation of the biochar as well (Roberts et al., 2010). 

 

Another benefit of biochar is its ability to reduce nitrous oxide emissions. A study by 

Cayuela et al. (2013) demonstrated a 10-90% reduction in nitrous oxide emissions from 

denitrification in 14 different soils. Another study in South Korea by Lee et al. (2022) 

demonstrated that applications of some types of biochar such as barley straw biochar at 

20 t ha-1 reduced nitrous oxide emissions by 33 – 75%. However, not all types of biochar 

decreased nitrous oxide emissions across all soil types, with poultry manure biochar 

increasing emissions in one soil type while decreasing them in others. Unfortunately, 

neither study identified the mechanism behind the observed reduction in emissions. 

 

Despite the many benefits of biochar, it remains a nascent industry. Significant barriers to 

its adoption exist including a lack of infrastructure limiting its availability, leading to 

increased costs around production and transportation (Whitehead et al., 2018). More 

significantly, there is a lack of financial incentives for its application on farms. Some of the 

soil health benefits take years to appear after the application of biochar and most 

problematic of all, carbon sequestered from biochar is not priced under the NZ 

government’s ETS. This means that farmers face an upfront cost to apply biochar but get 

no tangible financial benefit aside from a potential increase in fertility which is hard to 

quantify (Arbestain et al., 2016). 
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2.3 Sampling and measurement methodology 
SOCS can be assessed using two different methods. The current standard approach is 

repeated soil surveys which involves direct on-farm sampling using deep soil cores. This 

provides the highest degree of precision but is very labour intensive and expensive. 

Alternatively, a model-based approach can be used involving carbon budget accounting 

and chamber measurements. This is substantially cheaper, but also lacks the accuracy of 

repeated soil surveys (Smith et al., 2020). 

 

2.3.1 Survey accuracy 
The degree of accuracy required is a critical metric to determine before designing a 

repeating SOCS monitoring system. In a review outlining a standard approach for on-farm 

SOCS benchmarking and monitoring in NZ, Mudge et al. (2020) recommended a minimum 

degree of accuracy of 2 – 5%. With a nationwide average SOCS of 98.7 t C ha-1 to a depth 

of 30 cm, this equates to a precision of about 2 – 5 t C ha-1 (Minasny et al., 2017). 

 

2.3.2 Stratified single random sampling 
There are various existing methods of sampling for a SOCS survey with a variety of 

different trade-offs. Generally, the aim is to reduce the number of samples taken without 

compromising on the accuracy with which the samples represent the entire farm. The most 

widely accepted way to achieve this is through the use of stratified sampling (Mackay et 

al., 2021). 

 

Stratified sampling involves separating the farm into different zones known as strata. 

These strata are created based on their unique combinations of factors such as soil type, 

climate, topography, and management practices which combine to create zones of similar 

SOCS. By grouping areas with similar levels of SOCS together, the variance amongst 

samples within each stratum is lower than the variance of samples taken across the entire 

farm. Consequently, the samples provide more precise estimates of SOCS within each 

stratum. This means that in total, less samples need to be taken to attain a desired degree 

of accuracy (de Gruijter et al., 2018). 

 

2.3.3 Number of samples 
Information collected from a pilot study is used to calculate the number of samples 

required for ongoing SOCS monitoring. This is calculated using a power analysis based on 

the mean and standard deviation of the samples collected in the pilot study, combined with 
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expectations of SOCS variability and the required level of precision (Bain & Engelhardt, 

1992; Cohen, 2013; de Gruijter et al., 2018). This can then be balanced against the cost of 

taking samples to find an optimal number of samples for the farm in question. 

 

2.3.4 Strata 
The purpose of stratification is to reduce the standard deviation across sample groups so 

that it is lower than the standard deviation of all random samples across the entire CEA. 

Therefore, the number of strata should be dependent on the decrease in average standard 

deviation achieved by adding the marginal stratum. This applies up until the point where 

the number of sampling sites using stratified sampling surpasses the number of sites with 

non-stratified random sampling due to the minimum number of sites per strata (Mudge et 

al., 2020). At this point, stratified sampling is still more favourable due to the greater 

precision provided, but adding more strata beyond the marginal stratum will likely require 

more samples than is financially viable. 

 
One issue is that it isn’t always clear how significant the reduction in the standard deviation 

between samples is by adding the marginal stratum. This is because stratification occurs 

before the samples are taken. Consequently, the only way to assess this is based on the 

known geographical and farm management data which is known to impact SOCS. There 

are however multiple ways to stratify the farm based on the amount and quality of data 

available. 

 

2.3.5 Stratification methods 
The optimal method of stratification largely depends on the farm data (also known as 

ancillary variables) available. When there little to no data on the farm available, compact 

geographical stratification is the most appropriate method. In short, this simply involves 

dividing the farm into a grid with the assumption that SOCS is spatially correlated so the 

variation within each sub-region is smaller than the whole farm variation. Conversely, with 

a range of ancillary variables, strata can be drawn either directly based on the farm data 

(referred to as “stratification by ancillary variables”), or by predicting the expected SOCS 

levels using the ancillary variables and known relationships between these variables and 

SOCS in a process known as “stratification by a map of predictions” (de Gruijter et al., 

2018). 
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Further, building on all of these methods, (De Gruijter et al., 2015) created a method called 

“Ospats” which has been shown to more accurately stratify an area based on the target 

variable. Ospats achieves this by optimising the strata locations by considering 

uncertainties in the predictions of a map of a more basic predictions-based model. This 

makes it a superior model for stratification with numerous ancillary variables. Caution was 

however given to the use of this method by Mudge et al. (2020) in scenarios where the 

accuracy of the ancillary variables is lacking. 

 

2.3.6 Sample bulking 
Sample bulking or sample compositing is a common way of reducing the cost of soil 

sampling by grouping and mixing samples of the same sampling depth together thoroughly 

before laboratory analysis. The bulked sample should be representative of the mean SOC 

value of all of the individual samples, whereas only one sample needs to be analysed for 

total C. This reduces the number of laboratory sample analyses required by anywhere 

from 3 – 10x depending on the size of the bulked group. 

 

While the potential labour and cost savings are significant, there are numerous downsides 

to sample bulking. Firstly, it makes optimising the number of samples harder since the total 

number of samples has to be a multiple of the number of samples per bulked group. 

Furthermore, it reduces the accuracy of the data through multiple mechanisms such as 

magnifying laboratory testing variability as well as introducing potential mixing error. More 

importantly, it removes the ability to analyse the spatial distribution of SOCS any more 

precisely than across a full stratum. Finally, it also removes the viability of further refining 

or redrawing the soil strata for subsequent sampling rounds which can be an important 

step in making the ongoing monitoring surveys more accurate and cost effective. This is 

because knowing the location and SOCS content of each sample is a critical part of 

quantifying SOCS variability across the farm and then redistributing samples accordingly 

to increase survey accuracy (de Gruijter et al., 2018). Despite the drawbacks, sample 

bulking has been used successfully in other trials and is notably a feature of the Australian 

government’s measurement of soil carbon sequestration in agricultural systems 

methodology (Australian Government, 2021; Chappell & Viscarra Rossel, 2013). 

 

2.3.7 Sampling depth 
Sampling depth is an important question determining the accuracy and cost of a 

benchmarking system. It also varies significantly between different countries SOCS 
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standard methodologies. As a bare minimum, sampling should be done to a depth of 30 

cm. This minimum is widely recommended, most notably by the Intergovernmental Panel 

on Climate Change (IPCC), Food and Agriculture Organization (FAO) and by the 

Australian government’s soil carbon methodology determination (FAO, 2020; Australian 

Government, 2021; Eggleston et al., 2006). Alternatively, depths of up to 75 cm can be 

important for tracking all changes occurring in the soil depending on the rooting depth of 

the crop or pasture being grown (Olson & Al-Kaisi, 2015). Furthermore, it is good practice 

to separate the cores into different sections according to their depths. This is important 

because there is a substantial difference between SOC content at different depths, with 

the surface root zone often containing the highest soil carbon levels and so it is useful to 

track the distribution of carbon content throughout the soil profile (Olson & Al-Kaisi, 2015). 

When choosing depth intervals, it is important to align the intervals with standard sampling 

depths such as the top 15 cm and top 30 cm for easy comparison to other studies and to 

minimise the number of samples required per core since more depth intervals increases 

laboratory analysis costs.  

 

2.3.8 Calculating SOCS 
Common practice when measuring SOCS is to sample to a certain depth. However, simply 

measuring the SOC in that sample is not a reliable method of assessing SOCS due to 

variation in soil bulk density. This is problematic because when using a volume-based 

measurement, a more compacted soil will result in overestimated SOC readings relative to 

a soil with a lower bulk density (Wendt & Hauser, 2013). Consequently, best practice is to 

assess SOCS based on an equivalent soil mass. This requires the calculation of soil bulk 

density by knowing the mass and volume of the core sampled and measuring moisture 

content on a subsample. However, for soils which are stony or have poor aggregate 

formation, short cores, or quantitative pits can be used to ensure that the soil volume and 

therefore bulk density is accurately measured. 

 

2.4 Research gaps and future research 
Despite SOCS being an increasingly relevant field of agricultural research in NZ, we are 

still a long way away from having a comprehensive understanding of the factors affecting 

SOCS across the wide range of farming environments in NZ. Current research both local 

and international has provided a strong foundation of understanding around the core 

mechanisms behind SOCS formation and loss. However, there remains a substantial 
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knowledge gap around the impacts of many on-farm management practices on SOCS in 

NZ. Consequently, in some cases international research must be relied on to make 

predictions for NZ farms. This can be problematic due to the wide variety of environments 

and climate types which NZ farms are located in and each influencing SOCS dynamics 

differently. Additionally, there is a distinct lack of long-term research tracking the potential 

for SOCS sequestration over a period of decades and longer. To remedy these 

shortcomings, more data and more research is needed on SOCS on NZ farms. 

 

With foundational work from Mudge et al. (2020) laying the framework for farm scale 

SOCS benchmarking and monitoring systems for NZ farms, the lack of a clear standard for 

SOCS benchmarking and monitoring is no longer the primary factor preventing widespread 

adoption of SOCS monitoring. Instead, the key limitation preventing more widespread 

adoption of monitoring SOCS is now cost. To resolve this issue, there needs to be 

significant progress in reducing the on-farm sampling costs through research and 

development into more effective benchmarking and monitoring systems. Alternatively, 

financial incentives for farmers to monitor and increase their SOCS like the Australian soil 

carbon credits protocol could also alleviate the cost barriers preventing more widespread 

SOCS monitoring. 
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Chapter 3 – Methods 
3.1 Study site 
The Kavanagh farm is a 213 ha effective dairy farm located adjacent to Fonterra’s 

Whareroa processing facility on the outskirts of Hawera, South Taranaki (-39.611265°, 

174.307060°). The farm has a total of 550 Friesian cross cows, 95 R1 replacement heifers 

and a smaller number of dry stock which graze on the less productive areas of the farm. 

 

The farm itself is largely situated on flat to rolling terrain inside the Taranaki ring plain. 

Consequently, the farm has highly productive Allophanic Soils covering most of the farm 

with a smaller proportion of steeper terrain and hill soils located around small streams and 

wetlands. The farm was soil mapped by Dr Alan Palmer (Massey University) in June 2023 

and the distribution of different soil types across the farm is displayed in the image below 

(Figure 2). The vast majority of the farm is Egmont black loam with some limited sections 

of Egmont hill soil and reworked black sand soils. 
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Figure 2: A soil map of the Kavanagh farm. Source: Soil map produced by Dr Alan Palmer 
(Massey University) in June 2023. 
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3.2 Carbon estimation area (CEA) 
The CEA is the entire effective area of the Kavanagh farm with the exception of paddock 

C8 which is also referred to as the bund (Figure 3). This is because C8 has an anthropic 

soil which was created when the neighbouring Whareroa dairy factory was built. Because 

of this, the anthropogenic nature of the soil might make its SOCS less predictable, likely 

resulting in data reliability issues for any strata it might be a part of. Instead, paddock C8 

had 4 sample cores to determine its SOCS for reference and full farm calculations but it 

remains distinct from the four strata used in the SOCS mapping. The CEA covers a total of 

231.5 ha and C8 is also shown as outlined in blue (Figure 3). 
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Figure 3: The Carbon Estimation Area (CEA) on the Kavanagh Farm. Paddock C8 is not 
included in the CEA due to its anthropic soil. Paddock C8 is outlined in blue. 
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3.3 Stratification 
3.3.1 Ancillary variables 
The farm was stratified manually based on the following ancillary variables: 

• Slope 

• Soil type 

• Management practices (primarily effluent application for the Kavanagh farm) 

• Preliminary soil carbon data 

 

 

Figure 4: A map of the Kavanagh farm showing slope on the farm. The figure on the left 
displays slope categories as a raster with numerous slope categories while the figure on 
the right highlights the land which is flatter than and steeper than 7 degrees. 
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Figure 5: A map of the Kavanagh farm indicating which blocks receive effluent (effluent 
blocks marked in blue). 
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Figure 6: A map of the Kavanagh farm with annotated SOC concentrations (%C) in 15 cm 
soil cores taken in January 2022 for a separate project. 
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3.3.2 Strata 

Based on the ancillary variables, the following four strata were created (Figure 7). Stratum 

A covers all of the flat Egmont black loam soil where we expect to see the highest SOCS. 

Stratum B is primarily Egmont black loam located on slightly more undulating land and due 

to the slope there may be slightly lower SOCS. Stratum C is closer to the coast where 

there are lower SOC concentrations in the preliminary SOC data. It also has some hill soils 

and rolling slopes throughout which we expect to lead to a lower SOCS content than strata 

A and B. Finally, stratum D consists of a combination of the Patea black sand soils and 

steeper Egmont black loam. Consequently, we expect stratum D to have the lowest SOCS 

values. 
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Figure 7: A map of the four initial soil strata. 
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3.3.3 Determination of sampling locations 
The number of soil carbon cores required was estimated using preliminary data on the 

spatial variation of SOCS and the size of the CEA. While a dedicated preliminary survey of 

SOCS was not performed, a limited soil carbon survey to a depth of 15 cm along fence 

lines had previously been undertaken on the farm for other purposes (details in Appendix 

6). However, the preliminary data was incomplete for the purpose of accurately 

representing SOCS due to being limited to a depth of 15 cm and having only a small 

number of bulk density measurements from which SOCS could be calculated. This meant 

that the standard practice of running a comprehensive power analysis to estimate the 

required number of soil carbon samples couldn’t be performed in this case (Mudge et al., 

2020). Instead, statisticians and a soil carbon expert were consulted to determine the total 

number of soil carbon cores required in this assessment. 

 

A power analysis was undertaken to determine the number of samples needed to detect a 

statistically significant difference between strata. This resulted in 31 samples per strata, or 

a total of 120 samples with standard type 1 and type 2 error values of 0.05 and 80% 

respectively. A soil carbon expert was consulted and further statistical advice was sought 

before the number of samples was decreased to 30 samples per strata for rounding and 

cost reduction reasons. 

 

The location of sampling positions within each strata was randomly generated in ArcGIS 

Pro 3.1.2 with the end result displayed in Figure 8. Any generated sample locations near 

obstructions such as water troughs or areas of excessive animal traffic were avoided and 

changed to a new location, as is standard practice (FAO, 2020). Any points located within 

2 m of fence lines or paddock boundaries were also changed to a new location. New 

locations were generated using a random number generator to generate 2 numbers, one 

as a compass bearing for a direction to travel in away from the old location and the second 

number between 1 and 20 determining the distance to travel in metres. All new locations 

were marked and recorded by real time kinematic (RTK) GPS. Future samples taken after 

the benchmarking study are taken using static synchronous sampling design. This is 

where future samples are taken no more than 5 m away in a random direction from the 

original sample location. The direction is generated using a random number generator to 

generate a random compass bearing. 
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Figure 8: A map of all sample locations including the randomly generated location and the 
actual location according to the RTK GPS. 
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3.4 Soil carbon sampling 
3.4.1 Sampling method 
All cores were taken following the methods outlined in Australian Government (2021) and 

Mudge et al. (2020). This involved coring to a minimum depth of 30 cm using a corer with 

a cutting diameter of 4.2 cm to minimise any soil compaction. In this case, soils were cored 

to a depth of 60 cm by driving the corer in to the soil using a waratah rammer and then 

extracting using a jack. The core was then removed from the corer using a long pole, 

carefully pushing the core into a plastic half-pipe while minimising compaction of the 

sample. The corer was wiped out between samples using water, a cloth and a long pole. 

Once removed from the corer, cores were measured in their full length to check for any 

compaction during the removal process and then accurately cut into four 15 cm depths (0 

– 15, 15 – 30, 30 – 45 and 45 – 60 cm) and placed into individually labelled bags and 

stored in a chilly bin and subsequently a chiller. 

 

If issues were encountered during the sampling process, other tools were useful, including: 

• A bung for the corer allowing for better suction to keep the core in the corer while 

removing it. 

• A flat plank of wood to put beneath the jack, giving it a wider base of support on 

muddy or uneven ground. 

• If soil was consistently getting stuck in the corer, the addition of more water to wash 

the inside of the corer was useful. 

The depth increments were chosen to provide good insight into soil carbon dynamics 

deeper in the soil, particularly in the farms low carbon areas such as the coastal dunes. 

These depth increments also allowed for analysis to a depth of 30 cm which is standard in 

many soil carbon inventory frameworks (FAO, 2020; Australian Government, 2021; Mudge 

et al., 2020). 

 

If the core was taken on a slope, it was sampled perpendicular to the soil surface and an 

inclinometer was used to record the angle of the core. When extracting the cores, it was 

very important to retain the full core volume in order to calculate bulk density. If the soil 

was stony, a different methodology such as quantitative pits or short cores must be used, 

but this wasn’t required in this case. 
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Alternative sampling methods 
One limitation to the deep core method of sampling is that it isn’t suitable for all soil types. 

Stony soils are problematic because the stones prevent the corer from being inserted into 

the soil. Soils which have poor aggregation properties are also problematic as they tend to 

fall apart and will crumble before the core can be cut to required depths. The result is that 

the volume of each section of the core cannot be ascertained with confidence, therefore 

bulk density and total SOCS cannot be accurately calculated. There are two alternative 

methods of sampling which mitigate these problems. They are however quite time 

consuming compared to the standard coring method. Specific details on the 

methodologies which are summarised below can be found in Hedley et al. (2012) and 

Davis et al. (2004). 

 

Stony soils 
For stony soils, the use of quantitative pits is employed. This involves excavating a pit of a 

known surface area and screening all soil material from the pit through a 10 mm sieve. 

This splits the soil material into particles >10 mm and particles <10 mm, each of which are 

weighed in the field. Following this, a homogenous sample of the <10 mm soil is collected 

to be analysed in the laboratory. Finally, the pit is lined with a plastic bag and then a known 

quantity a medium such as sand or water is poured into the pit, allowing the volume of the 

pit to be calculated. 

 

Crumbly soils 
Crumbly soils can be assessed using pits and short cores. This is where a pit is dug 

around a central area where a short core of ~10 cm is placed to extract a smaller sample 

which can be extracted in its entirety, ensuring that the volume of soil collected is accurate. 

The pit is continually dug deeper and short cores taken until soil is collected from the full 

depth. 

 

3.4.2 Soil sampling equipment 
A complete list of sampling equipment can be found in Appendix 3. 
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3.4.3 Sample storage 
Samples were kept cool until they could be air dried. Air drying involved placing samples 

into a forced air oven at a temperature of up to a maximum of 40°C for four days. 

However, while it was expected that this would be sufficient drying time and samples 

appeared dry, a proportion of the soil samples did not fully dry, a situation which was 

discovered approximately 2 months later, prior to laboratory analysis. Given that it was 

possible that the incompletely dried soil samples may have measured some SOC loss due 

to microbial respiration during the storage period, a separate study was established to 

quantify any possible changes in SOC in the soil samples during this storage period. The 

method used in this study can be found in Appendix 4 and the results from this study are 

discussed in Chapter 5. 

 

3.5 Sample processing and analysis 
3.5.1 Sample processing 
The protocol for sample processing and analysis is well documented and presented in 

Figure 9. First, the sample is crushed and sieved to separate out any stones and gravel 

which were greater than 2 mm in diameter. The mass of any gravel larger than 2 mm was 

weighed. Next, the sample was mixed thoroughly and then split into subsamples, one for 

soil carbon analysis and another as an archive sample. The soil carbon sample was then 

mixed thoroughly, and two more subsamples were created. One of these subsamples was 

further dried at 105°C until they were a constant mass, to calculate the water content while 

the other sample was finely ground and passed through a 0.5 mm sieve. This finely ground 

sample was analysed for total soil carbon using an Elementar Vario MACRO Cube 

CHNOS dry combustion analyser. Bulk density of the samples was calculated based on 

the sample mass, minus >2 mm gravel mass and then adjusting this sample mass by the 

moisture content of the sample. From here, the moisture adjusted sample mass was 

divided by the sample volume. The concentration of soil organic carbon in g C kg-1 soil and 

the bulk density in g soil cm-3 were then used to calculate the SOCS per hectare for each 

sampling depth required. 
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Figure 9: A process flow-chart based on the SOCS sample processing and analysis 
protocol outlined by Mudge et al., (2020). 

 
3.5.2 Statistical analysis 
RStudio version 2023.09.1+494 and R version 4.3.2 was used for the statistical analysis. A 

data summary was produced outlining the following values of the total SOCS values; 

minimum, 1st quartile, median, mean, 3rd quartile and maximum. Box and whisker plots 

were also created to express these values on a chart allowing easy comparison between 

the values for each soil strata. We performed a one-way F-test with ANOVA for all 4 strata 

to determine if there were any statistically significant differences between means. 

Following this, a Tukey test was performed to identify which strata pairs were significantly 

different. Finally, a post-hoc power analysis was performed to assess the statistical power 

of the differences between means. This was done using an online post-hoc power analysis 

tool (Kane, 2024). 

 

The farm SOCS heat map was created using kriging through the geostatistical wizard in 

ArcGIS Pro version 3.1.2. The kriging method used was simple kriging with normal score 

transformation. An exact list of settings can be found in Appendix 2. 

 
Determining the number of samples required for a SOCS benchmarking and monitoring 

survey is one of the key objectives of this study. A recommendation was made as part of 

this report, outlining the precise sampling methodology for the Kavanagh farm going 

forward. Since this study is effectively one large pilot study, more samples were taken than 
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were required. With the final data, a sensitivity analysis was performed to determine the 

degree of accuracy of the data collected. Since the existing soil strata were not satisfactory 

in their ability to reduce the number of samples, the strata were re-drawn to further 

optimise future sampling surveys as outlined in section 6.3. 
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Chapter 4 – Results and discussion 
4.1 Soil organic carbon stocks benchmarking survey  

 

Figure 10: A stacked bar chart of the SOCS in each stratum broken down by depth. 

 

Across all four strata, the Kavanagh farm had a weighted mean SOCS of 219.6 t C ha-1 

down to a 60 cm depth. Strata A, B and C measured high SOCS, though stratum B was 

the highest at 231.8 t C ha-1. Meanwhile, stratum D had the lowest average SOCS at 

190.48 t C ha-1. In terms of depth, unsurprisingly, the surface 15 cm of the soil made up 

the largest proportion of the total SOCS out of all of the depths, accounting for 47% of the 

total SOCS across all strata. 

 

4.1.1 Spatial distribution of SOCS 
A heat map displaying the distribution of the SOCS around the farm shows that the 

majority of the farm, which includes Egmont black loam soils and the hill soils, all have 

similar SOCS (Figure 11). Only the small pocket of black sand soil in the southwest of the 

farm has a substantially different SOCS from the rest of the farm. 

 

A comparison of slope (Figure 4) and effluent (Figure 5) to the heap map (Figure 11), 

suggests that these variables do not explain the variation in SOCS across the farm. 

However, if we compare the heat map to the soil type and strata map, this suggests that 
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improvements can be made to the strata by redrawing their boundaries to better align 

them with the distribution of higher and lower areas of SOCS and with soil type. 
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Figure 11: A heat map showing the distribution of SOCS to a depth of 60 cm throughout 
the farm. 
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4.1.2 Comparison of SOC for each stratum for 0 – 30 cm depth 

Figure 12: A box plot of SOCs sampled to a depth of 0 – 30 cm depth measured in each 
stratum. 
 

When SOCS data from the surface 30 cm depth were combined, once again, stratum B 

had the highest SOCS at 175.49 t C ha-1 while stratum D had the lowest at 136.2 t C ha-1 

(Figure 12). A t-test and Tukey test indicated that in the surface 30 cm there was a 

significant difference between stratum D and all other strata. 

 

As anticipated, these results show that overall, the Kavanagh farm has very high SOCS 

compared to both the NZ average across land use and also to dairy farms in other parts of 

the country. Comparing the carbon stocks to a depth of 30 cm, with 162.14 t C ha-1, the 

Kavanagh farm has 60% more SOCS than the nationwide average SOCS across all land 

uses of 98.7 t C ha-1 (Minasny et al., 2017). 
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4.1.3 Comparison of SOC for each stratum for the 0 – 60 cm depth 
The box and whisker plot shown in Figure 13 shows the distribution of SOCS for the full 0 

– 60 cm depth grouped by strata. This plot shows that the median SOCS in strata A, B and 

C are similar while stratum D has a larger range and has a lower SOCS content than the 

other strata. Based on the results of a Tukey test, median SOCS measured in strata D 

were significantly lower than the median of strata B and C, with P-values of 0.0094 and 

0.0131 respectively. However, there was no significant difference between the median 

SOCS in stratum D compared to A (P = 0.1754). 

 

Figure 13: A box plot comparing the SOCS by strata (combined 0 – 60 cm depth). 
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Comparing the full 60 cm results to other NZ dairy farms once again shows that the 

Kavanagh farm has very high SOCS. Kavanagh’s 219.57 t C ha-1 is significantly higher 

than the 173 t C ha-1 average found by a 2014 survey of 25 dairy farms in the Waikato by 

Barnett et al. (2014) This is despite the majority of the soils on these Waikato dairy farms 

also being Allophanic Soils. 

 

Compared to other dairy farms in Taranaki, the carbon stocks on the Kavanagh farm are 

high. For reference, SOCS are ~7% higher than the 201.7 t C ha-1 of SOCS found on the 

DTT Waimate West farm which is situated 15 kilometres away between Okaiawa and 

Manaia on similar ring plain soils. Furthermore, the Waimate West farm doesn’t have any 

low carbon reclaimed black sand soils like Kavanagh which pulls down the full farm 

average considerably. For reference, the SOCS data from the Waimate West farm is an 

average of 100 samples taken from 20 paddocks (5 cores per paddock) over the 43 ha 

farm. The only other dairy farm SOCS data we could find from the Taranaki region was 

provided by Kenneth and Rachel Short of Shortland Farms who run two dairy farms on two 

different sites in coastal South Taranaki. Their Oaonui farm and Opunake farm are 50 

minutes and 30 minutes respectively northwest along the South Taranaki coastline from 

Hawera. Despite this, they have very similar soils to the Kavanagh farm with both farms 

being predominantly well to moderately draining dark brown loams derived from volcanic 

parent material. The average SOCS across both farms to a depth of 60 cm was 211.7 t C 

ha-1 as of January 2024, once again, slightly lower than the levels seen on the Kavanagh 

farm (Rachel Short, pers. com., July 20, 2024). 

 

A more detailed examination of different depths within each strata shows a difference 

between both 0 – 15 cm and 15 – 30 cm depths for strata D vs B and D vs C, much like 

the differences observed in Figure 13. However, at deeper depths, (30 – 45 cm and 45 – 

60 cm) there are no significant differences between strata (Figure 14). This is a surprising 

result given that a large proportion of the cores in stratum D were almost entirely black 

sand which has significantly different properties to the Egmont black loam making up most 

of the other strata. Despite this, the impact of this different soil type is visible in Figure 13 

where there is a large standard deviation as a result of a combination of both black sand 

and Egmont black loam being present in the stratum. 
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Figure 14: A boxplot comparing the SOCS by strata at different sample depths. a: 0 – 15 
cm sampling depth. b: 15 – 30 cm sampling depth. c: 30 – 45 cm sampling depth. d: 45 – 
60 cm sampling depth. 
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4.1.4 SOCS in the bund 
Looking beyond the strata, it is worth analysing the data collected from the bund, the 

paddock with an anthropogenic soil on a large man-made bund to create a barrier from the 

neighbouring Whareroa dairy factory. This paddock was left out of the SOC survey due to 

the anthropogenic nature of this paddock being likely to be significantly different from the 

rest of the farm in unpredictable ways. However, comparing the data from the bund to the 

other strata shows that the bund largely conforms with the rest of the farm-wide data. The 

SOCS within the bund are just over 200 t C ha-1 and the depth distribution is largely the 

same with one notable exception. The 45 – 60 cm carbon stocks in the bund are a mere 

58% of the farm-wide average SOCS at this depth. While this is almost certainly related to 

the anthropogenic nature of this soil, the exact reason for this low carbon content in this 

part of the soil is not clear. However, with just 4 samples at this depth, it is possible that 

variation between samples is having an effect. 

 

 

4.2 Effectiveness of strata 
A post-hoc power analysis was performed to assess the statistical power of the survey 

results to detect a difference between the soil strata for total SOCS to a depth of 60 cm. 

With only strata B and D and C and D being significantly different as identified by a Tukey 

test in section 4.1.3, we have already established that the initial stratification was 

ineffective at grouping areas of high and low SOCS together. Regardless, this power 

analysis will further assess the effectiveness of the initial stratification. 

Table 1: A table displaying the statistical power for each pair of the initial strata to detect a 
significant difference. A post-hoc power of >80% indicates that the trial can detect a 
significant difference. 

 
Strata A + B A + C A + D B + C B + D D + C 

Post-Hoc 
Power 

39.9% 28.1% 53.2% 3.4% 80.0% 74.2% 

 

The results of this power analysis indicates that the only strata combination with enough 

statistical power to detect a significant difference between the two is strata B and D which 

has 80% statistical power, right on the 80% threshold of significance. All other strata 

combinations were below 80%, indicating that the strata were not drawn in an optimal way 

which grouped the areas of high and low SOCS. 
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Chapter 5 – Soil respiration experiment results and 
discussion 

5.1 Data reliability 
As discussed in section 3.4.3, there were concerns about a possible impact on the results 

due to some samples being incompletely dried. In theory, this may result in a loss of SOC 

in the sample while it was in storage ahead of the lab analysis. This chapter investigated 

this possibility by incubating the wettest samples with soil moisture content values ranging 

between 19.8 – 26.3%. The carbon respiration from these samples was measured and 

compared to the respiration of fully air dried subsamples from the same wet samples. The 

methods for this experiment can be found in Appendix 4. 

 

The soil respiration method relies on the use of a blank jar to measure CO2 emissions in 

the absence of soil. Unfortunately, it appeared that the blank jar used in this study had a 

leak as it required 16.75 mL of HCl to neutralise the remaining NaOH and this amount was 

higher than a significant number of jars with soil in them. In numerous previous 

experiments of the same design, the blank jar requires approximately 19.9 mL of HCl 

(Paramsothy Jeyakumar pers. com.). Therefore, we speculated that the blank jar was 

leaking, allowing atmospheric CO2 into the jar during the experiment. There is also a 

chance that this issue affected other samples, but it is not possible to confirm this. 

Consequently, we have assigned a value for the blank of 19.9 mL based on extensive 

experience undertaking this experiment (Paramsothy Jeyakumar pers. com.). While we 

would ideally have preferred to investigate this further to determine the reliability of this 

data and further investigate respiration in stored samples, we were unable to do this within 

the duration of this study. 

 

5.2 Sample Storage Respiration Experiment Results 
The box plot in Figure 15 shows a significant variation within each of the four treatments. 

This is evident by the substantial overlap across each of the central quartile boxes. 

Furthermore, the range of values within each treatment is very large varying from 6.22 to 

54.53 µg CO2-1 g soil-1 day-1 in the dry (0 – 15 cm) samples and 16.77 to 71.04 µg CO2-1 g 

soil-1 day-1 in the wet (0 – 15 cm) sample. The deep depths also have similarly large 

ranges from 12.49 to 72.77 µg CO2-1 g soil-1 day-1 in the dry (45 – 60 cm) samples and 

29.45 to 70.90 µg CO2-1 g soil-1 day-1 in the wet (45 – 60 cm) sample. 
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The median values of the dry treatments (32.07 µg CO2-1 g soil-1 day-1) for both depths 

were not significantly different from the median values of the wet treatments, with the dry 

treatments having a median value of 32.07 (0 – 15 cm) and 41.57 (45 – 60 cm) and the 

wet treatments having medians of 33.11 (0 – 15 cm) and 54.43 (45 – 60 cm).  

 
 
A Tukey test comparing the soil respiration means of all treatments indicated that neither 

pair of wet and dry samples from the same depth were significantly different from one 

another (P = 0.36). This suggests that there is no difference in respiration between the wet 

and dry samples. Consequently, it is unlikely that there is a discrepancy between the 

measured SOCS and the actual SOCS in the field for the improperly dried soil samples. 

Figure 15: A box plot comparing the amount of CO2 respired by soil in different treatments 
in the sample storage respiration trial. 

 

Despite this finding, the average quantity of carbon respired per gram of soil per day in this 

experiment (including both wet and dry samples) translates to a potential loss of 0.73 t C 

ha-1 in the top 0 – 15 cm soil and 1.03 t C ha-1 in the 45 – 60 cm of soil. Extrapolating 

linearly between these values estimates carbon losses in the 15 – 30 cm and 30 – 45 cm 

depths to be ~0.83 and 0.93 t C ha-1 respectively. This could lead to a total loss of 3.52 t C 

ha-1 over the full sampling depth due to respiration of the samples before analysis, 

meaning that in-field carbon content is possibly about 1.6% higher than this benchmarking 

study indicates. Since the carbon loss occurred in both the wet and dry soils equally, there 
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is no reason to suspect that some samples were affected more than others. This carbon 

loss occurred while following standard practice, so if real, has the potential to also impact 

other soil carbon benchmarking surveys. This finding questions our long-held assumption 

that air drying soils completely suspends carbon respiration and highlights the need for 

future studies to explore this issue in more detail. 

 

Assuming that the data collected in this experiment is accurate, it suggests that the carbon 

loss during the sampling and analysis process is relatively low at ~1.6%.  Consequently, 

we believe that the respiration of carbon while samples were in storage had minimal 

impact on the results of this current carbon benchmarking study on Allophanic soils. 
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Chapter 6 – General discussion 
6.1 Rationale for revised strata 
With one of the largest limiting factors of SOCS benchmarking being the cost and labour 

required for sample collection and analysis (Mudge et al., 2020), it is important that the 

benchmarking and monitoring system is optimally designed to minimise cost by reducing 

the number of samples needed for a desired degree of accuracy. As previously outlined, 

the most effective way to do this is using stratification (de Gruijter et al., 2018). However, 

stratification requires having a good understanding of the distribution of SOCS throughout 

the farm before drawing the strata and in this case, the preliminary data available prior to 

this current benchmarking was lacking. Furthermore, the results have shown little 

difference between most of the strata, indicating that the initial stratification did not 

effectively differentiate between the areas of low and high SOCS. Even the stratum which 

did show a difference, stratum D, measured a large range and standard deviation (Table 

5C, Appendix 5), suggesting that the targeted low soil carbon area was poorly defined by 

the strata borders. Because of this, it is recommended that for future soil carbon surveys, 

the strata be redrawn using the recently collected SOCS data. 

 

The following section of this report outlines the methods used to develop the revised 

strata, summarises the revised strata and quantifies the efficacy of the revised strata if 

they are to be used going forward. The rationale for stratification and grouping areas of 

higher and lower SOCS together is to reduce the number of samples required to attain an 

accurate estimate of SOCS on the farm (de Gruijter et al., 2018). If the initial stratification 

did not group these areas effectively then it is best to revise them. 

 

6.2 Method for revising strata 
With new data from the benchmarking survey, the strata were able to be redrawn with a 

much greater degree of precision than with the preliminary data at the beginning of the 

study. Using the kriging heat map produced with the survey data, the heat map was 

converted into a raster. Then the data were grouped into four zones using a “natural 

breaks” selection which uses an algorithm to identify groups of similar value. From here, a 

manual comparison of the new strata based on the heat map was reviewed and compared 

with the other ancillary variables such as soil type and slope. This allows the manual 

cleaning of the heat map based strata to better align with the likely reality of the SOCS on 
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the farm, since outliers and random variability can have an outsized influence on the soil 

heat map. 

 

Once the new proposed strata were drawn, sample data were grouped with the new strata 

and another sensitivity analysis was performed. This allowed quantification of the 

improvement that was achieved by redrawing the strata. Finally, the 95% confidence 

intervals for the mean of all iterations of the strata (no strata, first strata and redrawn 

strata) were compared to quantify the efficacy of stratifying the farm. The calculations 

involved in this process are outlined in Appendix 1. From there, the best version of 

stratification was adopted and the number of samples required for future surveys to be 

able to detect a change of a certain size between surveys (were one to occur) also known 

as a minimum detectable difference (MDD) was calculated. 

 

6.3 Proposed revised strata 
The strata were redrawn using a combination of the farm SOCS heat map (Figure 11) and 

then manually adjusting strata borders to align with other ancillary variables such as soil 

type, paddock boundaries and slope. The number of strata is determined based on how 

much the marginal stratum that is added reduces the standard variation of the dataset. In 

this case, full calculations were unable to be made due to time constraints. However, the 

optimal number of four strata was approximated by comparing the distribution of the data 

under different number of strata in ArcGIS. 
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Figure 16: A map of the revised SOCS strata. The revised strata grouped areas of the farm 
into low SOCS (L), medium-low SOCS (ML), medium-high SOCS (MH) and high SOCS 
(H) based on the initial benchmarking survey and the farm soil map. 
 

These new strata separate the areas of high and low SOCS more effectively (Figure 16) 

with each stratum being significantly (P < 0.0001) different from each other. This is a 
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material improvement over the initial strata where a significant difference was only found 

between just two strata combinations. This more effective stratification is due to a better 

alignment with soil type and topographical changes on the farm compared to the previous 

strata. Specifically, stratum A primarily encompasses the flat sections of the Egmont black 

loam soil with the highest SOCS, though some very small sections are located on steeper 

rolling slopes around paddock boundaries. Stratum B has a combination of flat Egmont 

black loam soil and a small amount of slightly rolling land. It generally encompasses a 

second tier of SOCS through the centre of the farm which are lower than the SOCS found 

in stratum A. Stratum C contains a mixture of steeper slopes, hill soils and Egmont black 

loam soil on flat land with the lowest SOCS associated with this soil type. Finally, stratum 

D strictly encompasses the Patea black sand soils which have varying topography.  
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Figure 17: Box plot comparing the SOCS of the revised strata from 0 – 60 cm. H: High 
SOCS strata. MH: Medium-high SOCS strata. ML: Medium-low SOCS strata. L: Low 
SOCS strata. 

 

It is important to quantify the impact the revised strata have on the confidence interval of 

the mean and the MDD of the data set. This is because the desired degree of accuracy 

determines the number of samples required for ongoing SOCS monitoring. MDD is 

calculated using equation 5 from Appendix 1 (FAO, 2020). 

 

MDD ≥ (S/√n)*(tα+tβ)                                           Equation 5 

Where: 

MDD = The desired MDD 
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S = Standard deviation of the change in SOCS at all static sampling locations between two 

surveys 

n = Number of sample cores (sample locations) 

tα = is the two-sided critical value of the t-distribution at a given significance level (α). In 

this example α = 0.05 

tβ = the one-sided quartile of the t-distribution corresponding to a probability of type II error 

β (being 1 − β the statistical power). In this example, β = 0.8 or 80%. 

 
The FAO equation for calculating the MDD uses the standard deviation of the change in 

SOCS observed at each static sampling site between two surveys (S). The standard 

deviation of the change in SOCS at sampling points captures short-range spatial variability 

measurement error and the variability of any changes in SOCS. However, since data are 

only available for Kavanagh’s benchmarking survey, data for changes in SOCS are not 

available to input into the MDD equation. Instead, the pooled standard deviation of the 

SOCS values across all strata (Sp) which is calculated in Appendix 1 has been used.  This 

should be a conservative estimate as the standard deviation of the change in SOCS at 

sampling sites between two surveys is unlikely to exceed the pooled standard deviation of 

SOCS across all strata. This therefore means that this initial estimation of the MDD should 

be an upper bound. Upon conducting the next SOCS survey with the same static sampling 

sites, the MDD should be recalculated inputting S into the MDD equation where Sp was 

input for this initial estimate. This will likely result in a smaller and more precise MDD value 

which will allow future surveys to be further optimised for cost effectiveness and accuracy. 

 
Table 2: A table comparing the means, confidence intervals and minimum detectable 
difference for both iterations of the stratification and the unstratified data. SOC stock 
values are cumulative to 60 cm. All values in this table were calculated using the method 

 

  No Stratification Initial Strata Revised Strata 

95% Confidence Intervals (t C ha-1) 
Lower Upper Lower Upper Lower Upper 

204.65 230.43 209.15 230.04 211.35 227.84 
Mean (t C ha-1) 217.54 219.60 N/A 

Confidence Interval Range (t C ha-1) 25.78 20.89 16.49 
Minimum Detectable Difference (t C ha-1) 12.89 10.44 8.25 

MDD (% of mean) 5.93% 4.76% 3.75% 
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Table 2 shows that the revised strata substantially decreases the MDD in the dataset when 

compared to no stratification, with the MDD decreasing from 12.89 t C ha-1 to 8.25 t C ha-1. 

 

The improvement over the initial strata is also substantial, reducing the MDD from  

10.44 t C ha-1 in the initial strata to 8.25 t C ha-1 in the revised strata. Another way of 

quantifying this difference is by comparing the number of samples required to attain the 

same 8.25 t C ha-1 MDD if stratification was not used. In this scenario, a total of 293 cores 

would be required instead of the current 120 cores (calculated using equation 6 from 

Appendix 1). Strictly based on sample analysis costs at commercial rates (excluding 

labour for taking and processing samples which can be another 50% – 100% added to the 

total cost), not stratifying the farm would add an extra $21,798 to the cost of undertaking a 

benchmarking survey. 

 

It is worth highlighting the effectiveness of revising the strata in this example. Using the 

revised strata going forwards will increase survey accuracy by 21%. This is of substantial 

benefit to the farm through reduced sampling costs. The ability to make an adjustment like 

this is a considerable advantage to performing a larger survey and not bulking samples for 

the initial benchmarking. 

 

6.4 Survey accuracy 
The final part of the analysis involves determining the number of samples required to 

achieve different thresholds of data accuracy. The goal of this study is to propose a SOCS 

benchmarking and monitoring system for the DTT team. However, one of the biggest 

factors in the decision-making process is cost and the optimal budget for their monitoring 

system is unknown. Consequently, the best recommendation would be one which has 

multiple different options for the team to choose from to allow them to optimise their 

system to fit their needs. Such an approach was also recommended by Mudge et al. 

(2020) who stated the following: 

 

[Regarding the desired survey accuracy]... “This can only be determined by the 

landowner/manager, but as a general rule, we believe that designing a system 

whereby repeat measurements of SOCS could detect a change of 2–5% (should 

such a change occur) would be a good starting point. A 2–5% change in SOC 

corresponds to a change of about 2 or 5 Mg.ha–1 for the top 30 cm of New 

Zealand’s agricultural soils.” 
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Table 3: The number of sample cores required to attain a corresponding minimum 
detectable difference along with the optimal distributions of cores across the strata. 

 
The estimated cost of the laboratory analysis shown does not include sample preparation and is based on September 2023 pricing at a 
commercial laboratory (Hill Laboratories, pers. com., September, 2023). The estimated labour hours for taking samples from the field 
are also included but this could vary by 50% or more depending on soil type, farm size and accessibility and field technician expertise. 
The estimated labour hours for sample processing includes drying, weighing, grinding, splitting and measuring moisture content. 
 

Consequently, a range of MDD thresholds have been calculated based on this guidance. 

These include; a 5% change, a 5 t C ha-1 change, a 2% change, a 2 t C ha-1 change. A 

status quo 120 core survey was also included for reference. Additionally, a chart depicting 

the number of samples required to attain a desired MDD for a sampling survey on the 

Kavanagh farm has been created in case DTT wish to pick a different MDD threshold to 

the ones listed above (Figure 18). 

 

Figure 18: A chart depicting the number of samples required to attain a desired margin of 
error for a sampling survey on the Kavanagh farm. This curve will vary from farm to farm 
due to a different standard deviation in the dataset. This curve was calculated using 
equation 5 in Appendix 1 using the value Sp and it should be updated after future surveys 
to use S once the value of S is known. 
 

    
MDD 

(t C Ha) 
Total # of 

cores 
required 

Number of cores required in each 
stratum 

Estimated  
laboratory 
analysis 

costs 

Estimated  
labour hours 
of sampling 

in field 

Estimated 
labour 

hours of 
sample 

processing  

High Medium-
High 

Medium-
Low 

Low 

2t C/Ha 
sensitivity 2 2039 474 898 526 141 

 $      
256,975.10 1530 1122 

2% sensitivity 4.39 423 98 186 109 29 
 $        
53,289.86 317 233 

5t C/Ha 
sensitivity 5 326 76 144 84 23 

 $        
41,116.02 245 179 

5% sensitivity 10.98 68 16 30 17 25 
 $          
8,526.38 51 37 

Current # of 
cores 8.25 120 28 53 31 8 

 $        
15,120.00  90 66 
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The results in Table 3 show the number of sample cores required for these different MDD 

thresholds. Based on this, depending on DTT’s budget, they may wish to go with the 5% 

sensitivity option or maintain the current number of 120 samples for an MDD of 8.25 t C 

ha-1. Going one threshold higher in terms of accuracy is the 5 t C ha-1 threshold which 

would require an impractical and expensive 326 sample cores per survey. If no sample 

bulking strategy was used, this would result in 1,304 samples being analysed in a 

laboratory. 

 

Finally, with the number of samples determined, the last step is to distribute the samples 

into the strata where they will be most effective. This is achieved by using a method known 

as a Neyman allocation which is outlined in Appendix 1. This distributes the total number 

of samples optimally between all the different strata to achieve the greatest impact on 

accuracy from each additional core sampled. This is done by allocating more cores to 

strata with a larger percentage of the total land area of the farm, as well as to strata with a 

higher standard deviation between cores. These numbers are displayed in Table 3 in the 

“Number of cores required in each stratum” columns. 

 

6.5 Building the optimal ongoing SOCS monitoring system 

 

Figure 19: A flow chart outlining a decision-making framework to determine the optimal 
SOC survey approach for Kavanagh farm. 

 

The SOCS monitoring system which best suits the Kavanagh farm going forward will be 

dependent on DTT’s priorities and budget for soil carbon monitoring. Therefore, the 

following section of this study will outline the variables in system design which have 

already been determined and are not recommended to be changed. Following this, 

variables which may change to account for DTT’s specific needs will be outlined and the 
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strategies behind these changes along with their advantages and disadvantages will be 

discussed. 

 

While this study will not provide a specific recommendation for a future SOCS monitoring 

system to be used on the Kavanagh farm, this section does provide a framework with clear 

guidance to allow DTT to quickly and easily find a solution which is optimised for their 

needs. In the section below, a baseline strategy has been recommended which can then 

be modified using any combination of two strategies designed to optimise this system to 

meet DTT’s priorities. Finally, the system they select can then be appropriately scaled to 

the desired degree of accuracy and the desired budget of the project by selecting the total 

number of samples that they will take with each survey, as outlined in Figure 18. 

 

6.5.1 Variables to be kept consistent 
Based on the initial Kavanagh farm SOCS benchmarking survey, existing SOCS 

benchmarking and monitoring standards, and established scientific evidence, the following 

variables will be required in any future farm SOCS survey.  

 

Stratified random sampling and static synchronous sampling 
While other methods such as grid based or systematic sampling do exist, stratified random 

sampling is easier to establish and is, in most cases, superior and has been strongly 

recommended by FAO (2020); Australian Government et al. (2021) and Mudge et al. 

(2020). This method is used to generate the sample locations for the first benchmarking, 

and static synchronous sampling means that ongoing monitoring surveys resample 

positions close to but in a random direction from the original sites. This approach results in 

the lowest number of sampling sites to detect how SOCS on the farm change over time 

(de Gruijter et al., 2018). 

 

Stratification 
The statistical analysis performed on the Kavanagh farm SOCS benchmarking survey has 

demonstrated that the redrawn strata will improve the accuracy of future surveys and 

should be adopted. 
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Sampling depth 
The 60 cm depth with four 15 cm increments depth used in the initial survey has been 

successful and has provided insight into the distribution of soil carbon at different depths 

while also allowing the data to be compared to the standard depth on 30 cm (FAO, 2020; 

Australian Government, 2021 and Mudge et al. 2020). This approach achieved the 

desirable balance of measuring key depths associated with standard approaches, whilst 

minimising cost. 
 

Time of sampling 
For accurate assessment of SOCS over time, it is critical that the surveys are done at a 

similar time of year to avoid any potential seasonal changes in SOC and to ensure soil 

conditions (particularly moisture) are similar between samplings as this could lead to 

differences in how soils are extracted from the corer. Because of this, the FAO, (2020) 

recommends ensuring that the median calendar day of the sample taking process is no 

more than a month away from the median calendar day of the original survey. For 

reference, the median day of this benchmarking survey was the 3rd of September, so all 

future surveys should have a median day between the 3rd of August and the 3rd of October. 

 

6.5.2 Variables to be changed 
 

Total number of samples 
The total number of soil cores can be changed to optimise the balance between the cost of 

a SOCS survey and the accuracy of the data collected (Table 3). A graph showing the 

number of samples required to attain a desired MDD is outlined in Figure 18. If the 

estimated price per sample of a survey is known, then that can be added to the x axis of 

Figure 18 to help with the decision-making process. 

 

Frequency of ongoing monitoring surveys 
There is no single standard for the frequency of monitoring surveys. Generally, they are 

performed every 1-5 years (Mudge et al., 2020) but they can vary in frequency depending 

on the goals of the farm. The FAO SOCS protocol recommends repeating SOCS surveys 

every four years as a minimum and while the Australian soil carbon protocol doesn’t 

specify a time frame, it does recommend a maximum time between surveys of 5 years 

(FAO, 2020; Australian Government, 2021). 
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Sample bulking 
Sample bulking is an effective way of significantly reducing the number of samples needed 

to accurately represent the overall SOCS of the farm. However, the trade-off is that the 

ability to precisely map soil carbon throughout the farm is compromised. This could be an 

issue if DTT wish to use some of the SOCS cores sampled in the initial survey to examine 

the effects of different management treatments over time, or if they wish to further 

investigate the spatial distribution of SOCS beyond this initial survey. Therefore, this 

decision is best made by DTT themselves. 

 

6.5.3 Baseline strategy: regular stratified sampling 
This strategy is the simplest and most conventional approach to SOCS monitoring. This 

system utilises stratified simple random sampling where there are a specified number of 

samples in specific locations that are resampled no more than 5 m away from the site of 

the previous sample in each successive survey. Based on guidance from FAO (2020), 

surveys should be undertaken every 4 years to track SOCS changes with a moderate 

frequency, giving more insight into shorter term changes on the farm but minimising the 

cost and labour associated with more intensive annual or biennial surveys. 

 

This baseline system attempts to find a middle ground between the range of established 

sample system designs and remains flexible if changes need to be made in the future. For 

example, by not bulking samples and leaving successive survey locations static (static 

synchronous sampling), it is easier to later change farm strata or to compare two sections 

of the farm which may have been under different management regimes. However, this 

system can be further optimised to make trade-offs in exchange for a cheaper or more 

accurate survey. These options are outlined in the next two sections. 

 

6.5.4 Optimisation strategy #1: less frequent, higher precision sampling 
surveys 
This strategy involves reducing the frequency of the ongoing monitoring surveys from once 

every 4 years to once every 5 years. Compared to the baseline sampling system, this 

would allow for about 25% more samples to be taken for the same cost, or for sampling 

cost to be reduced by 20% for the same degree of accuracy. This means that for the same 
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expense, rather than taking 120 samples every 4 years for an MDD of 8.25 t C ha-1 (Figure 

18), instead, 150 samples could be taken every 5 years to achieve an MDD of 7.38 t C ha-

1. This improves the confidence interval for detecting longer term changes in SOCS on the 

farm. However, the disadvantage to this strategy is that there is less information on how 

the SOCS are changing on a shorter time frame, so more dynamic SOCS changes may be 

missed. Furthermore, there will be a larger impact of any variation in a survey which might 

be caused by extreme seasonal weather patterns or other short term SOCS changes 

which aren’t representative of long-term changes occurring. This is because the surveys 

are less frequent and therefore, one single survey can have more influence over how the 

long-term SOCS trend appears. 

 

6.5.5 Optimisation strategy #2: sample bulking 
This strategy offers significant cost savings at the expense of losing a lot of data flexibility. 

Depending on the number of samples in each composite sample (typically 3 – 10), the cost 

savings are due to a reduction in laboratory analysis costs of 66 – 90%. This is substantial 

since laboratory analysis costs in this benchmarking survey were approximately 55 – 75% 

of the total cost of sampling. In total, that could see a full cost reduction of the monitoring 

survey in the range of 36 – 70%. Such a saving could also allow more samples in total to 

be analysed for the same price, significantly reducing the MDD for the total SOCS within 

the dataset. 

 

Unfortunately, this substantial cost saving also comes with numerous disadvantages. 

Starting with increasing technical limitations that bulking the samples creates. With 

bulking, the strata can no longer be changed or further revised without starting over with 

another benchmarking survey and new sampling locations (Mudge et al., 2020). Secondly, 

data from the same individual sample sites can no longer be used to calculate the MDD as 

accurately as possible. Without an accurate MDD calculation, the total number of samples 

required can’t be optimised quite as precisely (FAO, 2020). Third, there is a greater risk of 

error introduced during the laboratory analysis (de Gruijter et al., 2018). Finally, and most 

importantly, bulked samples provide no insight into the spatial distribution of SOCS, nor 

can specific sample locations be referenced to provide the SOCS at a specific location. 

Since samples are mixed before analysis, data can only be referenced on a strata wide 

basis or as the average across a group of all samples in the same composite. This also 

means that features from this analysis such as the SOCS heat map of the farm could not 
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be updated with subsequent surveys. Consequently, the data couldn’t be used to identify 

how different management practices might influence SOCS. However, if any future 

research studies that might influence soil carbon were conducted on the farm, it would be 

advisable that SOCS measurements be taken specifically for that study area, separate 

from the ongoing SOCS monitoring system, although some alignment may be possible 

and desirable. 

 

With everything considered, bulking is an effective option for reducing costs on the 

condition that no future stratification changes are to be made and if the primary goal of the 

project is simply to assess total SOCS and not the spatial distribution of SOCS. Given that 

the strata for this farm have been redrawn to optimise future sampling strategies (Figure 

16), it is unlikely that they will need to be revised any further. Consequently, if the DTT 

team want to prioritise cost effectiveness and accuracy per dollar spent on measuring 

SOCS and they don’t require data on spatial distribution of SOCS for Kavanagh farm, then 

sample bulking is advisable. 

 

6.5.6 Number of samples 
The final step required to plan the ongoing SOCS monitoring system is to decide on the 

total number of samples required. There are two ways from which DTT can calculate the 

number of samples they need to use. These are: 

• Decide on a budget 

• Decide on a desired MDD 

 

Deciding on a budget 
For this method, we recommend that the cost of sampling is quantified through expected 

labour hours and laboratory costs on a per sample basis. From there, it is quite simple to 

divide the budget by the cost per sample to determine the number of samples that can be 

afforded. If sample bulking is used, then the laboratory analysis costs will be significantly 

reduced. 

 

The challenge with this method is that the cost of taking one sample is hard to estimate as 

it depends on how fast the field technician takes the samples, their pay rate and if sample 
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preparation is done in-house or at the commercial laboratory. For reference, this 

benchmarking study took approximately 80 – 110 hours to take all 124 cores from the field 

using a manual coring system, and to divide them into 4 different depths to then air dry the 

496 samples. However, this can be substantially faster or slower depending on the tools 

and experience of the field technician. Following this, sample preparation (grinding, 

splitting, bagging and weighing) took a further 60 – 80 hours. This can be done by 

commercial laboratories, but it costs an extra ~$8.80 per sample as per a 2023 price quote 

from Hill Laboratories in Hamilton. Finally, at the time of the benchmarking survey 

(September 2023), the price of soil carbon analysis for one sample was $31.50 per sample 

(pre-dried and ground) and $40.30 per sample including sample preparation (drying and 

grinding) but excluding moisture content measurements. 

 

Once the number of sample cores (total number of samples ÷ 4 samples per core) has 

been determined based on budget, it would be prudent to calculate the corresponding 

MDD which this number of samples provides to ensure that it is sufficient to detect a 

minimum threshold of accuracy (2 – 5% of total SOCS). This can be done using equation 5 

from Appendix 1 (FAO, 2020). Note, the number of sample cores in this calculation is 1/4th 

of the number of total samples since there are 4 different depths in each core which are 

analysed individually. Hence there are 4 samples per core. 

 

Deciding on a minimum detectable difference 
The other way to determine the number of samples required is by deciding on a specific 

MDD in order to detect a change in SOCS of a specific minimum size, were such a change 

to occur. Mudge et al. (2020) recommends aiming to detect a 2 – 5% change, should one 

occur. This would equate to an MDD of 4.39 – 10.98 t C ha-1. If surveys were done every 5 

years, then a change of 0.88 – 2.2 t C ha-1 year-1 or greater could be detected, should it 

occur. This degree of sensitivity would be sufficient to detect the impact of many 

management practices which are known to increase SOCS. Anything in this range would 

be a sensible choice but a final number should be easier to reach when considering both 

cost and anticipated future SOCS changes. 

 

The required sample size to meet the desired MDD can be calculated using equation 6 

found in Appendix 1, taken from FAO (2020):  
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n ≥ (S*(tα +tβ)/MDD)2                                                 Equation 6 

 

Where: 

n = the number of samples 

S = Standard deviation of the change in SOCS at all static locations between two surveys 

MDD = minimum detectable difference 

tα = is the two-sided critical value of the t-distribution at a given significance level (α). In 

this example α = 0.05 

tβ = the one-sided quartile of the t-distribution corresponding to a probability of type II error 

β (being 1 − β the statistical power). In this example, β = 0.8 or 80%. 

 

Due to this being the Kavanagh farm’s first SOCS survey, as with equation 5, in this 

instance S was substituted with the pooled standard deviation of the SOCS values across 

all strata (Sp). We encourage DTT to recalculate the required number of samples after a 

repeat survey with static sampling sites has been performed, allowing for a more accurate 

MDD and n value to be calculated using S. 

 

6.5.7 Finalising the new plan 
Once the number of samples to be taken in the ongoing monitoring system has been 

decided and the rest of the system has been designed using a combination of the 

strategies laid out above, the last step will be to proportionally distribute the samples 

across the strata as efficiently as possible. This process is done using a statistical method 

known as a Neyman allocation which has been outlined in Appendix 1. Since the number 

of samples will differ from the number used in the initial benchmarking survey, new sample 

sites will have to be randomly generated. 

 

It is worth noting that if the new strata are adopted as recommended, this will mean that 

the previously visited sample sites will not be revisited in the next survey. Consequently, 

this means that DTT will have to wait for two surveys at the new static sampling sites to be 

completed before they can calculate the S value in equation 5. However, once they do 

have this value, they will be able to further optimise the number of samples they are taking 
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as this value allows the MDD to be more precise, allowing future surveys to require less 

samples. Alternatively, DTT could revisit the same sites and once again use the initial 

strata for the next survey to calculate this number, but we believe that implementing the 

revised strata first is the optimal approach as it has a clear, quantified benefit, whereas the 

benefit of calculating the more precise MDD with the value S cannot yet be quantified. 

 

6.6 Outlook and implications for the Kavanagh farm 
greenhouse gas budget 
 

6.6.1 Outlook for future SOCS changes 
 

In an effort to estimate the scale of possible future SOCS changes on the Kavanagh farm, 

we reviewed existing literature for any monitoring of SOCS on farms on Taranaki 

Allophanic soils similar to those found on the Kavanagh farm, but such data was limited. 

Given this limitation, any estimates are mostly based on the available literature on SOC 

sequestration in other parts of the country relating to specific management practices. 

 

The only data on SOCS changes on Taranaki dairy farms which we could find came from a 

short-term comparison between two SOCS surveys performed on Shortland Farms in 

coastal South Taranaki (Rachel Short, pers. com., July 20, 2024). However, these data 

only reflect changes over a 1.5-year period and had a change in the sampling sites and 

sampling methods between the two surveys. The methods of the initial survey were similar 

to the preliminary survey rather than a full benchmarking survey. While they did observe a 

significant increase in SOCS between the surveys, since the first survey did not utilise 

standard benchmarking survey methods and sites were not static between surveys, no 

conclusions can be drawn at this stage. However, their most recent survey followed a 

method very closely resembling international standards (Australian Government, 2021; 

FAO, 2020; Mudge et al., 2020). 

 

Because Shortland Farms is a certified organic operation with a myriad of regenerative 

practices which have all been implemented in the last few years, it is likely that their farms 

are currently undergoing SOCS changes due to the significant management changes. 

While studies aren’t being performed on their farms to identify specific practices to 
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increase SOCS, we recommend that DTT get in contact with Shortland Farms and track 

any ongoing SOCS changes as their results could be indicative of the potential for 

Taranaki farms to increase SOCS under regenerative farm management practices. This 

could provide valuable insight into what practices DTT could consider trialling on the 

Kavanagh farm in the future and what capacity Taranaki soils have to increase SOCS. 

 

6.6.2 Recommended management practice changes 
Assuming the adoption of all recommended practices to increase SOCS, our baseline 

estimate shows the potential for DTT to increase the SOCS on Kavanagh farm by 

approximately 1.66 t C ha-1 year-1 over the next 20 – 30 years. We anticipate that the rate 

of sequestration will initially be lower as the new strategy will take time to be implemented 

across the whole farm under best practice. We then expect the sequestration rate to peak 

after 5 – 10 years as more of the farm has been managed using inversion tillage and other 

recommended practices before dropping off over time towards the end of the 20 – 30-year 

period, at which point, a new SOCS equilibrium is reached (Caruso et al., 2018). However, 

with little research on the long-term impacts of these management practices, there may be 

sustained gains or some losses beyond this 20 – 30 year period. As more research is 

performed on NZ farms, new practices may also be able to further increase SOCS beyond 

baseline levels. Estimates were calculated based on documented SOCS changes 

attributed to different beneficial management practices (Table 4). The methods by which 

estimations shown in Table 4 were calculated are outlined in Appendix 7. 

Table 4: The baseline, optimistic and highest range estimates for the number of t C ha-1 
year -1 which could be sequestered by various management practices. 

 

  Baseline 
sequestration 
estimate (t C 
ha-1 year-1) 

Optimistic 
sequestration 
estimate (t C 
ha-1 year-1) 

Highest 
sequestration 
estimate (t C 
ha-1 year-1) 

Notes References 

Inversion 
Tillage 

0.56 1.7 2 Actual sequestration will be lower 
initially since inversion tillage is 
done on small sections of the farm 
at a time. These estimates are long-
term, full-farm averages. 

Low: Lawrence-Smith et al., 
(2021) 
Medium: Schiedung et al., (2019) 
High: Calvelo-Pereira et al., 
(2018) 

Biochar 1.1 2.5 4.4 The highest sequestration estimate 
is based on extrapolating 
percentage increases in SOCS and 
is therefore quite speculative. 
Baseline and optimistic estimates 
are based on real recorded 
sequestration rates on different 
soils. 

Low: Gross et al., (2021) 
Medium: Blanco-Canqui et al. 
(2020)., Gross et al., (2022) 
High: Gross et al., (2021) 
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Some of the estimates in Table 4 are somewhat speculative due to significant differences 

between the studies from which the estimates were derived and the conditions on the 

Kavanagh farm. Alongside a lack of relevant existing research into these management 

practices, the main issue was how to apply the findings of other studies to Taranaki’s high 

SOCS Allophanic soils. With the Kavanagh farm having over twice the national average 

SOCS to a depth of 30 cm, it is unclear how to apply findings from studies performed in 

soils with lower SOCS to the Kavanagh farm. 
 
The decision to use the observed values of SOCS changes in t C ha-1 year-1 from other 

studies or to take them in terms of the relative change in SOCS is an important one. This 

is because if the change in SOCS was taken from a study performed on an NZ farm with 

average SOCS, then the difference between the expected change in SOCS would be 

more than twice as large if it were applied to the Kavanagh farm by taking the percentage 

change over the observed change in SOCS (Minasny et al., 2017). Both methods of 

applying these findings can be rationalised and there is no literature addressing this topic 

so there is no clear best practice. 
 

The rationale in favour of using the same precise sequestration numbers (in t C ha-1) as 

shown in the relevant studies would be that the rate of carbon input into the soil from 

pasture would not scale proportionally with the soil’s SOCS, rather with other factors such 

as fertility or not at all. However, the reasoning in favour of applying the percentage 

increase in SOCS would be that high SOCS Allophanic soils will be able to retain carbon 

more effectively and also would likely be more fertile, resulting in more SOC inputs and 

better SOC retention. With no existing literature defining this relationship, we therefore 

utilised both methods in our estimates. 

 

In our estimates we have given a baseline SOCS estimate, an optimistic estimate and a 

highest estimate for potential SOCS changes on the Kavanagh farm. The baseline 

estimates primarily utilise the observed change in SOCS demonstrated by other studies 

and the optimistic and highest estimates utilise a combination of percentage and the 

observed changes to varying degrees. Furthermore, the highest estimates were based 

more heavily off the studies demonstrating higher sequestration rates. All rationale behind 

how these numbers were reached is detailed in Appendix 7. 
 



 68 

 
6.6.3 Management practices to increase soil carbon stocks 
The following management practices are worth considering on Kavanagh farm if an 

increase in SOCS is desired. These practices have been selected due to their expected 

impact on SOCS and due to their low cost and for their capacity to provide other co-

benefits. 

 

When adopting new farm management practices, we recommend trialling at small scale 

first before implementing them fully into the farm system. This is because there is still a 

shortage of local scientific literature covering many of these practices and their impacts on 

SOCS. Such trials taking place on smaller farm plots may also require extra SOCS testing 

beyond what is included in the ongoing monitoring system to more accurately assess the 

impact of these practices. 

 

Inversion tillage 
Inversion tillage shows promise for its potential to increase SOCS in the years following its 

use. However, the impact it might have on the Kavanagh farm is unclear due to a large 

variance in the SOC sequestration rates found in studies done across NZ. This is 

exacerbated by the fact that there is no existing research on inversion tillage in Taranaki 

and many of the studies performed in the rest of NZ have been based on modelling rather 

than direct measurements over long periods. Finally, the Kavanagh farm has a significantly 

higher SOCS than most of the other studies referenced, which raises a question around 

the best way to apply their findings to the Kavanagh farm. One could either directly take 

the observed sequestration numbers in t C ha-1 and apply them to the Kavanagh farm or, 

one could take the percentage increase in SOCS relative to the farm’s SOCS. Due to all 

this uncertainty, we believe that the best strategy is to utilise the rates and amount of 

sequestration observed by local studies for the baseline estimation and consider a 

combination of observed sequestration values and the percentage increases for the more 

optimistic estimates. 

 

Modelling by Lawrence-Smith et al. (2021) predicted a total increase in SOCS of 9.6 – 

12.7 t C ha-1 following inversion tillage on Allophanic soils, corresponding to a 9.6 – 12% 

increase in SOCS in the top 30 cm of the soil. Applied to the Kavanagh farm’s SOCS in the 
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top 30cm, this would result in a 15.36 – 19.2 t C ha-1 over a 20-year period or 0.77 – 0.96 t 

C ha-1 year-1. This is similar to sequestration seen in a study performed on farmland on the 

West Coast of the South Island which saw an average of 1.2 – 1.8 t C ha-1 year-1 on a 

podzol soil (Schiedung et al., 2019). With the average SOCS in the podzol soil of 119 t C 

ha-1, this is a 1% – 1.5% annual increase in SOCS. A rate of 1% – 1.5% increase in SOCS 

on the Kavanagh farm would correspond to a 2.2 – 3.3 t C ha-1 year-1. 

 

More significant sequestration has been demonstrated on a Tokomaru silt loam soil which 

saw a 3.5 t C ha-1 year-1 increase in the top 30 cm over 4 years after inversion tillage. This 

equated to a 4.5% increase per year (Calvelo-Pereira et al., 2018). However, since this 

study was only over 4 years, it doesn’t account for the annual increases in SOCS 

decreasing significantly in later years after inversion (Lawrence-Smith et al., 2021). It is 

worth noting that this was for a Tokomaru silt loam soil which has a much lower SOCS 

than Kavanagh’s Egmont black loam, so in the most optimistic case, a 4.5% increase in 

SOCS might be seen in the first few years. However, this extrapolation doesn’t seem to be 

credible as this would equate to a maximum initial sequestration rate of 7.2 – 9.86 t C ha-1 

year-1. Such a rate would be highly unlikely as it exceeds the rate of carbon inputs into the 

soil from pasture which adds approximately 1.32 t C ha-1 year-1 directly to the soil and an 

additional 6.82 t C ha-1 year-1 into root biomass, of which, a much smaller fraction will end 

up in the soil as SOCS as root biomass turns over (Saggar & Hedley, 2001). Also, 

contrasting this with the estimated 9.6 – 12.7 t C ha-1 total increase on Allophanic soils 

over 20 years estimated by Lawrence-Smith et al. (2021), makes it seem highly unlikely 

that such a high rate of 7.2 – 9.86 t C ha-1 year-1 could realistically be attained on these 

Allophanic soils from inversion tillage alone. Furthermore, this rate was an initial rate over 

the first 4 years, so even if it were possible, it is likely to decrease over time until a new 

equilibrium is reached (Caruso et al., 2018). 

 

The practicality of implementing inversion tillage will result in less immediate SOCS gains 

and more of a long-term increase in SOCS. This is because inversion tillage is typically 

done when pasture renewal is due to minimise carbon loss during pasture renewal. On 

most dairy farms, pasture renewal rotates with a subset of paddocks being renewed each 

year. Consequently, inversion tillage would typically be applied to small sections of a farm 

each year such as 7 – 10% of the farm (Calvelo-Pereira et al., 2022). Consequently, only a 

small portion of the farm would benefit from it at first, but as more of the farm’s soil has 
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been inverted, the annual rate of sequestration would increase, and SOCS increases 

would continue until approximately 20 years after the final paddock has been inverted. 

 

Biochar 
Biochar is widely seen as a reliable method of increasing SOCS and also has 

denitrification inhibiting properties which help to reduce nitrous oxide emissions (Cayuela 

et al., 2013; Gross et al., 2021). However, its cost and the lack of infrastructure to produce 

and distribute this product in NZ is a key issue limiting its adoption (Whitehead et al., 

2018). However, if these hurdles can be overcome, we believe that biochar has the 

potential to increase SOCS by about 1.1 t C ha-1 year-1. More optimistic estimates put this 

potential as high as 2.5 – 4.4 t C ha-1 year-1, with these larger gains being primarily the 

result of large, repeat applications over long periods of up to 10 years (Gross et al., 2021; 

Gross et al., 2022). A significant portion of the SOC added through these biochar 

amendments is coming from the biochar itself, so it is worth conducting a full life cycle 

assessment of the biochar source used. However, this will likely not be an issue as in most 

cases, the full life cycle of biochar production sees other sources of net carbon 

sequestration (Patel & Panwar, 2023; Roberts et al., 2010). 

 

It is also worth noting that due to a tendency for the biochar to leach down the soil profile, 

it offers increased carbon sequestration at lower soil depths (Dai et al., 2005; Rumpel et 

al., 2009). However, the downside to this leaching propensity is that biochar is less 

effective on large-grained soils such as the Patea black sand soils along the coastline on 

the Kavanagh farm (Yang et al., 2019). 

 

6.6.4 Additional recommendations 
The following recommendations are not specifically recommended for the Kavanagh farm, 

but worth considering if they fit in with the farm system and are appropriate. 

 

Pasture varieties and diverse pasture 
Despite mixed evidence, small trials to investigate the impact of diverse pastures on 

SOCS on the Kavanagh farm could be beneficial. While small measured or estimated 

SOCS gains of no more than 1.2 t C ha-1 year-1 have been achieved through the 

establishment of diverse pastures with deeper roots and a higher fine root density 
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(McNally et al., 2015; Steinbeiss et al., 2008; Whitehead et al., 2018), no change or even 

small SOCS losses have also been observed (Rutledge et al., 2017; Wall et al., 2024). 

This variation is likely due to different pasture mixtures and local environments leading to a 

range of reported results. This means it will likely be very important to find a diverse 

pasture mixture which can be established under the local conditions and farm 

management on the Kavanagh farm. If a diverse pasture can be successfully established, 

then it may be possible that small gains in SOCS could be seen due to the deeper root 

systems and increased resilience to climatic events (Wall et al., 2021). 

 

Importing feed 
Importing of animal feed from other farms has been shown to increase SOCS when only 

accounting for the importing farm. More specifically, 27% of the carbon contained in the 

feed is returned to the soil through animal excreta while the rest is lost through respiration, 

milk production and enteric fermentation, respectively (Kirschbaum et al., 2017). However, 

when accounting for the farm acting as the source of the feed, there is no net SOCS 

increase. So, while this may be useful for an individual farm’s carbon accounting, it does 

not achieve net sequestration on a global carbon cycle scale and if anything would lead to 

net emissions due to transportation of the feed. 

 

Deferred grazing 
Very small SOCS gains can be achieved through the use of deferred grazing, but with 

increases on the scale of just 0.1 t C ha-1 year-1, its benefits are limited if only considered 

through the lens of SOCS (Kirschbaum et al., 2015).  

 

Reduced tillage and pasture renewal 
One of the primary management practices leading to the loss of SOCS is through tillage 

(Whitehead et al., 2018). In dairy pastures, the only time this is relevant is if a fodder crop 

is grown or when pasture comes up for renewal. When tillage events do occur, a few 

strategies can be employed to minimise SOC losses. Use of minimally disruptive tillage 

methods, reducing the time the soil is left fallow and avoid tillage when the soil is wet can 

all reduce the SOCS losses (Whitehead et al., 2018). Furthermore, if the farm is intending 

on undertaking inversion tillage in an attempt to increase SOCS, timing it to coincide with 

pasture renewal is a very efficient way to reduce potential soil carbon losses from tillage. 
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Summertime irrigation 
The use of irrigation in temperate regions like NZ’s prime dairying regions can lead to SOC 

losses as high as 26% (Condron et al., 2014). This is due to the increased microbial 

activity and subsequent metabolisation of soil carbon in warm summer weather that is 

facilitated by increased soil moisture levels from irrigation. This phenomenon is backed up 

by a significant body of evidence (Kirschbaum et al., 2017; Mudge et al., 2017, 2021; 

Schipper et al., 2019). However, Condron et al. (2014) did demonstrate that there is an 

optimal irrigation schedule which can increase pasture growth without significant SOC 

losses. In their experiment they saw no significant carbon loss when irrigating 100 mm 

when soil moisture content dropped to 10%, but the productivity benefits were still clear 

with this irrigation resulting in a 44% increase in pasture growth. While the Kavanagh farm 

doesn’t currently utilise irrigation, the impacts of irrigation are important to consider if they 

ever consider utilising it in the future. 

 

One potentially related factor to consider is the impact of effluent application. It has been 

established that effluent application increases SOCS by recycling carbon and other 

nutrients which would otherwise be lost from the farm system (Maillard & Angers, 2014). 

However, there is no existing research around whether water based effluent application in 

summer months has the same effect as irrigation. If effluent is applied during hot and dry 

periods, then the effect of increased soil moisture could theoretically lead to SOC losses 

through the same mechanism as SOC due to irrigation, but there is currently a knowledge 

gap in the research here. Since a positive relationship between effluent application and 

SOCS has been demonstrated, we recommend continuing the existing effluent application 

regime. 

 

6.7 Full farm carbon budget 
DTT have existing emissions data on the Kavanagh farm. Animal GHG emissions 

(biological emissions) were assessed using the NZ GHG inventory methodology. All other 

GHG emissions were calculated using a life cycle assessment (LCA) to account for all 

‘cradle-to-farm-gate’ emissions, including those from the production and use of farm 

inputs. The annual emissions from the Kavanagh farm in the 2022/23 season was 2796.48 

t CO2e for the 213 effective ha farm (this excludes the dry stock enterprise which is 
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included in the CEA). If the baseline estimation for potential SOCS sequestration of 1.66 t 

C ha-1 year-1 were to be attained, this alone would offset 46% of the Kavanagh farm’s GHG 

emissions over the next 20 years (see Appendix 7 for calculation method). However, there 

may be practical limitations to the Kavanagh farm being able to get the full benefits from 

these practices. A lack of infrastructure for biochar is a potential barrier inhibiting its 

adoption and the slow rollout of inversion tillage across the whole farm could also be 

problematic since best practice for inversion tillage involves only inverting small sections of 

the farm each year as different pastures come due for pasture renewal. Both of these 

issues could potentially delay the implementation of these practices, this being particularly 

problematic with regards to DTT’s goal of getting the Kavanagh farm to achieve net zero 

emissions by 2032. 

 

Using the more optimistic estimates could see a greater rate of sequestration for the 

Kavanagh farm if either inversion tillage or biochar application are particularly successful. 

We anticipate that if the more optimistic sequestration rates are attained for one of these 

practices, this lessens the likelihood of the more optimistic rates being seen for the other 

practice since SOC inputs from pasture are limited (Saggar & Hedley, 2001). Taking the 

optimistic estimates for inversion tillage and the baseline increase from biochar puts the 

sequestration potential at 2.8 – 3.1 t C ha-1 year-1 which would offset 78 – 87% of the 

farm’s annual emissions. The optimistic estimates for biochar combined with the baseline 

inversion tillage numbers put potential sequestration at 3.06 – 4.96 t C ha-1 year-1 which 

would offset 85% – 139% of the farm’s annual emissions. For reference, in order to be fully 

net zero emissions, the Kavanagh farm requires a sequestration rate of 3.58 t C ha-1 year-1 

to be achieved. 

 

Based on the literature reviewed in this study, it seems very unlikely that the farm’s current 

emissions could be completely offset by SOC sequestration. All the estimates in this study 

are made under the assumption that the Kavanagh farm immediately rolls out both biochar 

and inversion tillage management practices across the entire farm. It is highly unlikely that 

this will be possible for numerous reasons. First, the Kavanagh farm has ongoing trials 

occurring on the farm which they will not want to disrupt, likely preventing some paddocks 

from being eligible for management changes. Secondly, biochar requires infrastructure for 

it to be produced. This infrastructure must be located close enough to the farm to be cost 

effective, and it must also be able to scale with the desired volume of applications on the 



 74 

farm. This could be a big challenge with NZ biochar infrastructure currently being a limiting 

factor to its widespread adoption (Whitehead et al., 2018). Third, inversion tillage may not 

be viable on all areas of the farm due to steep slopes, obstacles or already disturbed soils. 

Finally, it would be prudent for these practices to be trialled on a smaller scale to assess 

their efficacy before implementing them throughout the farm, delaying the implementation 

of these practices with relation to the 2032 net zero emissions target. With all of this 

considered, due to the practicalities of implementing on-farm changes, the real rate of 

sequestration which the Kavanagh farm might see in practice over the next decade may 

be lower than the estimated 1.66 t C ha-1 year-1 which could theoretically be achieved.  

 

An important consideration beyond the potential sequestration rate is also the potential for 

the farm to decrease net emissions in the future. While SOCS sequestration alone is likely 

not enough to offset the farm’s emissions, it can play a significant role in the path to net 

zero. When combined with other practices to reduce emissions, the net zero emissions 

goal may be within reach for the DTT team. Consequently, it will be critical that DTT 

employs an integrated approach of increasing SOCS and pioneering the latest practices in 

reducing on-farm emissions to achieve net zero emissions on the Kavanagh farm in the 

next decade. 

 

The primary remaining challenge with regards to this opportunity is the long-term 

sustainability of constantly increasing SOCS. When a management change is 

implemented which increases or decreases SOCS, in most cases the change occurs over 

time in a non-linear fashion with the largest SOCS change occurring immediately following 

the management change. Eventually, after 20 – 50 years, a new dynamic ecological 

equilibrium in SOCS is reached and that management practice no longer continues to 

increase SOCS, rather it keeps SOCS stable at a level above the baseline levels (Caruso 

et al., 2018). While there is variation in the rate of SOCS change across different 

management changes, it seems unlikely that there will be management practices which 

can continuously increase SOCS year after year, indefinitely. Hence, despite the significant 

potential opportunity posed by soil carbon sequestration to offset farm emissions in the 

medium term, this is not a permanent opportunity, and so other technological advances will 

have to be made for a long-term sustainable net zero farming system. 
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Overall, carbon sequestration through SOCS provides a significant opportunity to offset 

farm GHG emissions by approximately 46%. Alongside this, it also provides an opportunity 

to improve other aspects of the farm including improving soil structure, facilitating soil 

microbial activity and increasing nutrient retention (Batjes, 2014; Stockmann et al., 2013; 

Whitehead et al., 2018). Consequently, employing new SOC optimising management 

practices to increase SOCS on the Kavanagh farm will be a key strategy on the road to 

becoming a net zero emissions dairy farm without compromising on productivity. 
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Appendices 
Appendix 1 – Calculations for pooled mean, pooled standard 
deviation, margin of error and 95% confidence interval. 
 

Calculating the pooled mean and pooled standard deviation 

1. First, the means and standard deviations for each stratum must be calculated. This 

can be achieved using the “mean” and “sd” commands in R. 

R Code Sample 1 

mean_stratum1 <- mean(stratum1) 

mean_stratum2 <- mean(stratum2) 

mean_stratum3 <- mean(stratum3) 

mean_stratum4 <- mean(stratum4) 

sd_stratum1 <- sd(stratum1) 

sd_stratum2 <- sd(stratum2) 

sd_stratum3 <- sd(stratum3) 

sd_stratum4 <- sd(stratum4) 

2. With the means for each strata calculated, the means are then combined and 

weighted proportionally to the land area covered by each stratum to ensure that 

there is proportional representation of each stratum. The land area and other 

numbers from the Kavanagh farm used in this section can be found in appendix 5. 

Equation 1 

mw = (m1 * a1 + m2 * a2 + m3 * a3 + m4 * a4) / (a1 + a2 + a3 + a4) 

Where; 

m1, m2... = the means of strata 1 and 2 etc respectively. 

a1, a2... = the land area covered by strata 1 and 2 etc respectively. 

mw = weighted mean SOCS 
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R Code Sample 2 

total_mean <- (mean_stratum1 * strata_1_proportional_area +   

 mean_stratum2 * strata_2_proportional_area + mean_stratum3 * 

 strata_3_proportional_area + mean_stratum4 * strata_4_proportional_area) 

 

3. Next, the pooled standard deviation is calculated. This is the standard deviation 

of the full data set based on the standard deviations from within each stratum. 

Equation 2 was adapted from Bobbitt, (2020). 

Equation 2 

Sp = √((a1*Ss1)2 + (a2*Ss2)2 + (a3*Ss3)2 + (a4*Ss4)2 / (a1+a2+a3+a4)) 

 

Where: 

Sp = Pooled standard deviation 

a1, a2... = Land area covered by strata 1 and 2 etc respectively. 

Ss1, Ss2... = Standard deviation of the corresponding strata (strata 1, strata  

 2...etc) 

R Code Sample 3 

total_sd <- sqrt((strata_1_area * sd_stratum1^2 + strata_2_area *   

 sd_stratum2^2 + strata_3_area * sd_stratum3^2 + strata_4_area *  

 sd_stratum4^2) / total_area) 

 

Calculating the margin of error 

The margin of error is calculated using the following formula which is rearranged from 

LaMorte (2020) and has the type 2 error t-value added in as per the formula for MDD in 

(FAO, 2020): 

Equation 3: 

e ≥ (Sp/√n)*(tα+tβ) 

Where: 

e = The desired margin of error 
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Sp = Pooled standard deviation 

n = Number of sample cores (sample locations) 

tα = is the two-sided critical value of the t-distribution at a given significance level 

(α). In this example α = 0.05 

tβ = the one-sided quartile of the t-distribution corresponding to a probability of type 

II error β (being 1 − β the statistical power). In this example, β = 0.8 or 80%. 

 

Calculating 95% confidence intervals of the mean 

Calculate the 95% confidence intervals using the margin of error and the mean. 

Equation 4: 

Lower CI = mw - (e * mw) 

Upper CI = mw + (e * mw) 

Where: 

mw = weighted mean SOCS 

e = the margin of error 

 

Calculating the desired MDD 

MDD is calculated using equation 1 (FAO, 2020). 

Equation 5: 

MDD ≥ (S/√n)*(tα+tβ) 

Where: 

MDD = The desired MDD 

S = Standard deviation of the change in SOCS at all static locations between two 

surveys 

n = Number of sample cores (sample locations) 

tα = is the two-sided critical value of the t-distribution at a given significance level 

(α). In this example α = 0.05 
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tβ = the one-sided quartile of the t-distribution corresponding to a probability of type 

II error β (being 1 − β the statistical power). In this example, β = 0.8 or 80%. 

Note: If S is not known, Sp can be used to provide a less precise upper bound of the MDD 

which the real MDD will not be higher than. However, recalculating this once S is known is 

beneficial and highly recommended. 

 

Calculating the sample size required for a desired MDD 

This equation is taken from (FAO, 2020) 

Equation 6: 

n ≥ (S*(tα +tβ)/MDD)2 

Where: 

n = the number of samples 

S = Standard deviation of the change in SOCS at all static locations between two 

 surveys 

MDD = minimum detectable difference 

tα = is the two-sided critical value of the t-distribution at a given significance level 

 (α). In this example α = 0.05 

tβ = the one-sided quartile of the t-distribution corresponding to a probability of 

 type II error β (being 1 − β the statistical power). In this example, β = 0.8 or 80%. 

Note: If S is not known, Sp can be used to provide a less precise upper bound of the 

desired sample size which the real sample size required for the desired MDD will not be 

higher than. However, recalculating this once S is known is beneficial and highly 

recommended. 

 

Distributing the samples optimally between strata 

Once the sample size required for the desired MDD has been calculated, the remaining 

question is where to optimally allocate all the samples since some strata will require more 

samples than others for an optimal utilisation of samples. This is calculated using a 

Neyman allocation which utilises the following formula modified from Berman, (2024): 
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Equation 7: 

nh = n * ( ah * σh ) / [ Σ ( Ni * σi ) ] 

Where: 

nh = The optimal sample size for the stratum being calculated 

n = Total sample size 

ah = The population size for stratum being calculated 

σh = The standard deviation of stratum being calculated 

Ni = The population size for any stratum i 

σi = The standard deviation for any stratum i. 

 

Note: The denominator of the Neyman allocation formula which is Σ ( Ni * σi ) is the sum of 

the population size and standard deviation of all strata calculated individually. While the 

use of i in this context is common mathematical notation, that may not be known to the 

entire target audience of this report. 

 

Other notes 

- The 95% confidence interval for the revised strata in Table 2 should not be 

calculated until a new survey has been done with samples generated specifically for 

the new revised strata boundaries. 
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Appendix 2 – ArcGIS and Kriging 
The farm SOCS heat map was created using kriging through the geostatistical wizard in 
ArcGIS Pro version 3.1.2. All default settings were used. 

Key Settings: 

• Data source: Sample site coordinates and corresponding SOCS values 

• Kriging type: Simple 

• Variogram model: Covariance 

• Transformation: Normal Score Transformation 

• Search neighbourhood: Standard 

• Neighbours to include: 5 

• Include at least: 2 

• Sector type: Four and 45 degree 

• Model Type: Stable 

• Output cell size: 8 x 8 metres 

• Extent: Large enough to cover all of the paddocks 

Screenshot of kriging method report: 
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Appendix 3 – Sampling equipment list 
• 4.2cm diameter, 1 metre long corer 

• Waratah rammer 

• Large jack 

• Long pole 

• Clean water 

• Damp cleaning cloth 

• Half pipe 

• Knife 

• Plastic sample bags 

• Sample labelling paper 

• Chilly bins for sample storage 

• RTKGPS system 

• Inclinometer 

• Backup GPS system 

• Bung for corer 

• Plank of wood 
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Appendix 4 – Soil sample respiration experiment methods 
  

Objective 

To set up an experiment to quantify the loss of soil organic carbon in soil samples kept in 

storage before analysis and compare any difference between fully air-dried and imperfectly 

dried soil samples. 

  

Context 

During a larger study to assess the total SOCS on a Taranaki dairy farm, a subset of 

samples in the trial were imperfectly dried, leaving them with 10 – 26% moisture content 

for approximately 2 months of storage in air-tight bags. In theory, microbial respiration 

could continue while the moist samples are in storage. Meanwhile properly dried samples 

are the least conducive to microbial respiration. If true, this could cause a loss of carbon 

from the moist samples to airborne CO2, resulting in inaccurate readings of the carbon 

content of moist samples, especially relative to the properly dried samples. 

  

Duration of experiment 

The experiment duration was intended to last approximately 3 weeks since this was as 

long as the experiment could be run while leaving sufficient time to analyse the data and 

incorporate the results into the larger study. Three weeks was enough to accurately reflect 

any changes which may have happened within the two-month storage period without 

having to run this experiment for two months. Due to practical reasons while running the 

experiment, the final experiment length was 26 days. 

  

Treatments 

The experiment consisted of 40 samples which were taken from 20 original soil samples. 

10 of the 20 original soil samples were the 10 highest soil moisture content samples from a 

depth of 0 – 15 cm depth and the other 10 of the 20 original soil samples were from a 

depth of 45 – 60 cm deep. With 20 samples prepared, each one was then split into two so 

that there was one moist subsample and a dry subsample which was air dried before the 
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experiment. Alongside a blank control sample which had no soil in it, this resulted in a total 

of 41 samples. 

  

This allows the impact of soil moisture during sample storage to be assessed at both 

extremes of the soil depth spectrum, maximising the applicability of our findings to the 

original trial. Furthermore, the highest soil moisture content samples were selected as 

opposed to selecting a range of different samples because the highest moisture content 

samples are all Egmont black loam due to its high moisture retention. Egmont black loam 

also has the highest soil carbon concentration and consequently, these samples are likely 

to have the highest microbial counts, increasing potential carbon loss to respiration. This 

means that if any samples were to lose soil carbon to respiration in storage, it was most 

likely going to be these samples. 

The sub-samples were dried to the following moisture contents: 

• A high moisture content treatment which remained at its initial moisture content 

between 19.8 – 26.3%. 

• A fully air-dried control treatment where the sample was dried until it reached a 

stable weight. 

The target sample weight was 20g for each sub-sample as this is sufficiently large for all 

measurements to be reliable while leaving some soil remaining as an archive sample. 

  

Equipment 

• Incubator which can be set to 15°C 

• 41 x 500 mL jars and corresponding lids 

• 41 x 50 mL conical flasks 

• Volumetric dispenser 

• 1L of 0.5 M NaOH solution 

• 20 mL burette 

• 200 mL 1 M BaCl 

• 1L 0.5 M HCl 

• Phenolphthalein indicator 

• Weighing scales 
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Experimental Setup 

First, the incubator should be turned on to 15°C to best replicate the storage conditions for 

samples in the Kavanagh farm SOCS benchmarking. Once all soil samples have been 

prepared and the incubator is set up, the next few steps must be performed consecutively, 

one jar/sample at a time to ensure minimal exposure of soil and NaOH solution to the air. 

First, each soil sample is to be poured into its own jar and the empty conical flask is placed 

on top of the soil inside the jar. Finally, using the volumetric dispenser, 20 mL of 0.5 M 

NaOH solution is added to the conical flask before the lid of the jar is placed on top and 

screwed on tight. Once all 41 jars have been prepared, they are placed inside the 

incubator which is set to 15°C until the experiment is finished. 

 

Once the incubation period is complete, jars can be removed from the incubator and the 

following steps are once again to be completed one jar at a time to minimise exposure of 

the NaOH solution to air. First, the jar is opened, and the conical flask is removed. 4 mL of 

1 M BaCl is added using a volumetric dispenser before being mixed by gently shaking the 

flask. This removes Na2CO3 from the solution, leaving just NaOH which will react with HCl 

in a later step. Following this, three drops of phenolphthalein solution is added to the flask 

to act as an indicator. Next, a 20 mL burette is filled with 0.5 M HCl solution and this is 

used to titrate the remaining NaOH in the conical flask. It is important during this titration 

process to constantly mix the solution in the flask gently and slowly add more HCl until the 

solution changes colour. Once this is done, the volume of HCl used is recorded to 

calculate the quantity of CO2 in the jar which was absorbed by the NaOH solution in the jar 

throughout incubation. 

 

Calculations 

After data from the experiment was collected, the carbon respired by the soil in the 

experiment was converted from µg CO2/g soil/day into the loss of carbon in t C ha-1 which 

the loss of carbon from the sample in storage would be equivalent to for the field reading. 

  

Statistical Analysis 

RStudio version 2023.12.1+402 was again used for the statistical analysis. First, a 

summary of the data was produced including the following microbial activity values; 
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minimum, 1st quartile, median, mean, 3rd quartile and maximum. Following this, a box and 

whisker plot was made visually compare the different treatments. Next, a one-way F-test 

with ANOVA was performed comparing all 4 treatments to see if there was a statistically 

significant difference between the means of the treatments. Finally, we performed a Tukey 

test to identify which treatments were significantly different from each other. 
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Appendix 5 – Data tables 
Table 5A: Data summary of the revised strata, including the pooled standard deviation of 
each stratum, the optimum sample size for each stratum for a 120-sample survey (based 
on a Neyman distribution) and the land area of each stratum. 

Strata 
High Medium-

High 
Medium-

Low Low Total 

Standard deviation (t C ha-1) 39.26 25.94 30.28 37.93 31.93 

Sample size 34 56 20 10 120 

Proportion of land area of farm (m2)   412408 1182852 593200 127145 2315605 

 

Table 5B: The average SOCS content of each stratum by depth for the initial stratification 
(t C ha-1). 

Depth Strata 
A B C D Bund 

0 – 15 cm 103.20 114.86 103.14 89.30 90.30 
15 – 30 cm 56.27 60.67 64.09 46.90 64.71 
30 – 45 cm 31.14 31.23 36.06 30.72 38.01 
45 – 60 cm 26.94 25.03 27.01 23.55 14.92 
Total 0 – 60 cm 217.56 231.79 230.30 190.48 207.95 

 

Table 5C: The standard deviation of the SOCS values within each stratum from the initial 
stratification (t C ha-1). 

Depth Strata 
A B C D Bund 

0 – 15 cm 12.21 26.74 14.62 31.22 4.27 
15 – 30 cm 9.31 18.41 17.17 30.03 26.43 
30 – 45 cm 4.90 7.51 15.53 21.38 19.93 
45 – 60 cm 4.08 8.23 13.03 16.38 4.36 
Total 0 – 60cm 20.54 40.88 46.22 69.69  N/A 

 

Table 5D: Data summary of the initial strata, including the pooled standard deviation, the 
sample size, the land area of each stratum and the weighted mean SOCS of the full data 
set. 

Strata A B C D Total 

Standard deviation 20.54 40.88 46.22 69.69  40.43 

Sample size 30 30 30 30 120 
Proportion of land area of farm (m2) 999,273 754,922 229,312 332,145.89 2,315,653.13 

Weighted mean SOCS (t C ha-1)     
219.57 
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Appendix 6 – Preliminary SOCS data 
 

The preliminary SOCS data was sourced from a pre-existing data set from soil carbon 

samples taken along fence lines to a depth of 15 cm in January 2022. SOCS was 

estimated by also using data from an incomplete set of bulk density measurements taken 

in April 2022. The soil %C was mapped on its own due to the incomplete soil bulk density 

data. With only 12 samples for 50 soil carbon samples, the data on estimated SOCS down 

to 15 cm was very limited. However, when combined with other ancillary variables such as 

soil type, for the purpose of identifying areas of significantly different SOCS values to the 

rest of the farm, this data was helpful in the initial strata drawing process. 
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Table 6A. The carbon concentration (%C) and GPS co-ordinates of all of the data points 

in the preliminary SOCS data. 

 

0-15 cm 
Total 

Carbon 
% 

NZTM 
Easting 

NZTM 
Northing 

0-15 cm 
Total 

Carbon 
% 

NZTM 
Easting 

NZTM 
Northing 

0-15 cm 
Total 

Carbon 
% 

NZTM 
Easting 

NZTM 
Northing 

9.5 171179
5 

561549
2 

7.8 171003
6 

561474
9 

4.6 171121
0 

561358
1 

8.0 171166
4 

561549
8 

4.9 171001
9 

561488
9 

2.8 171082
7 

561347
2 

9.0 171163
4 

561575
7 

9.1 171057
3 

561493
0 

1.2 171058
3 

561352
1 

9.1 171155
0 

561581
4 

8.7 171083
1 

561495
9 

2.4 171143
0 

561331
4 

5.6 171143
7 

561560
0 

9.2 171095
6 

561491
7 

3.2 171094
4 

561350
3 

8.9 171128
9 

561593
2 

9.7 171087
4 

561481
1 

3.5 171107
3 

561332
0 

8.3 171120
2 

561534
7 

9.2 171111
8 

561488
0 

3.9 171120
4 

561322
6 

8.9 171099
4 

561530
6 

8.7 171083
6 

561465
5 

4.7 171138
6 

561318
3 

8.5 171088
2 

561550
4 

8.3 171092
6 

561454
5 

3.6 171159
0 

561344
1 

8.7 171096
1 

561583
7 

7.5 171116
3 

561475
4 

7.6 171147
2 

561359
5 

8.6 171104
1 

561574
1 

6.6 171127
3 

561460
7 

   

8.3 171112
5 

561565
7 

8.6 171123
2 

561436
1 

   

9.3 171064
8 

561544
1 

7.0 171129
7 

561440
0 

   

8.6 171087
4 

561539
0 

7.8 171161
7 

561441
6 

   

9.0 171067
4 

561525
3 

7.9 171159
5 

561414
1 

   

6.1 171044
6 

561537
6 

8.3 171130
0 

561396
1 

   

8.6 171054
1 

561513
9 

6.4 171120
7 

561404
4 

   

7.9 171094
6 

561566
8 

6.6 171106
6 

561399
0 

   

7.9 171019
3 

561505
0 

4.4 171123
2 

561380
5 

   

8.3 171019
7 

561476
3 

6.2 171103
8 

561379
5 
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Figure 6A. A map showing all sampling sites from the preliminary SOCS data and their 

corresponding carbon concentrations (%C). This data was taken in January 2022. 
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Appendix 7 – Calculations to make future SOCS change 
estimates and CO2 to C conversion 
 

Future SOCS change estimates 

Inversion tillage 

Base estimate: 0.56 t C ha-1 year-1 

“In the 20 years following FIT pasture renewal, soil C was predicted to increase by 

an average of 7.3–10.3 (Sedimentary soils) and 9.6–12.7 t C ha−1 (Allophanic soils), 

depending on the assumptions applied.” – Lawrence-Smith et al., (2021). 

This value was calculated by taking the mean value (11.15) of the predicted SOCS 

increase for Allophanic soils (9.6 – 12.7 t C ha−1) and dividing it by the 20-year time 

frame this was quoted for. 

11.15 / 20 = 0.56 t C ha-1 year-1 

 

Optimistic estimate: 1.7 t C ha-1 year-1 

The average rate of sequestration on a podzol soil on the West Coast of the South 

Island was 1.2 t C ha-1 year-1 (Schiedung et al., 2019). However, proportional to the 

total SOCS, this is a 1% increase in SOCS per year. A 1% increase on the 

Kavanagh farm would be 2.2 t C ha-1 year-1. The average between these two values 

created by two different extrapolation methods is 1.7 t C ha-1 year-1. 

 

Highest estimate: 2 t C ha-1 year-1 

An increase of 13.9  t C ha-1 was observed over a four-year period (Calvelo-Pereira 

et al., 2018). This equated to an 18% increase in SOCS over 4 years. This is a 3.5 t 

C ha-1 year-1 increase or a 4.5% annual increase. A 4.5% annual increase equates 

to a 9.88 t C ha-1 year-1 increase for the Kavanagh farm, but this does not seem 

plausible. This is because this rate of sequestration exceeds the rate of carbon 

input into soil by pasture. Pasture inputs approximately 1.32 t C ha-1 year-1 directly 

to the soil and an additional 6.82 t C ha-1 year-1 into root biomass, of which, a much 

smaller fraction will end up in the soil as SOCS as root biomass turns over (Saggar 

& Hedley, 2001). Consequently, it would seem improbable for SOCS increases to 
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scale proportionally at the rate observed in the study by Calvelo-Pereira et al. 

(2018), so we will use the already relatively high rate of 3.5 t C ha-1 year-1. The 

values for this section of the report are the average annual sequestration across the 

approximately 20-year period before SOCS find a new equilibrium after changes 

are made (Caruso et al., 2018). So, for simplicity of calculation, we will assume a 

linear decay of the annual increase in SOCS (the real decay would likely not be 

linear, but this is only an estimation). Starting from a high of 3.5 t C ha-1 year-1 in 

years 1-4 and a low of 0 t C ha-1 year-1 in year 20, the average annual increase in 

SOCS over 20 years is 2.0125 t C ha-1 year-1 or approximately 2 t C ha-1 year-1. 

Biochar 

Base estimate: 1.1 t C ha-1 year-1 

4.5 t C ha-1 is the low end of the 95% confidence interval for field studies of a 

duration between 3 – 5 years. Taking an average duration of 4 years, 4.5 t C ha-1 / 4 

years = 1.125 t C ha-1 year-1 or approximately 1.1 t C ha-1 year-1 (Gross et al., 2021). 

 

Optimistic estimate: 2.5 t C ha-1 year-1 

Application of biochar at a relatively low rate of 7 t ha−1 year−1 increased soil organic 

carbon sequestration by 2.5 t C ha−1 year−1 relative to the control treatment. This 

sequestration is on top of the carbon content of the applied biochar (Gross et al., 

2022). 2.65 t C ha-1 year-1 was also sequestered over a 6-year study in the US 

excluding the carbon added directly through the biochar (Blanco-Canqui et al., 

2020). 

 

Highest estimate: 4.4 t C ha-1 year-1 

The one-off application of 7.25 t C ha-1 on cropping land in the Midwest US lead to a 

~ 2% annual increase in SOCS over the control treatment (Blanco-Canqui et al., 

2020). Applying this to Kavanagh’s 219.6 t C ha-1 would mean a 4.4 t C ha-1 year-1 

increase in SOCS. The increase in SOCS in this study includes carbon added 

directly through the application of biochar and it is worth noting that the one-off 

application in this study of 7.25 t C ha-1 is low relative to other studies reviewed by 

Gross et al. (2021) which see applications of over 30 t ha-1 over 3 – 10 years. 

Another key consideration to large applications of biochar is a life cycle assessment 



 109 

of the source of the biochar. The production of the biochar may have a carbon 

footprint or other environmental or farm management impacts which changes the 

net impact of biochar amendments when considering the full carbon footprint 

beyond just the scope of SOCS. 

 
 
CO2 to SOC conversion 
 

The equivalent CO2 emissions from the Kavanagh farm was converted into the 

corresponding mass of SOCS needed to be sequestered to offset those emissions and 

vice versa. Doing this involves using a conversion factor due to carbon being measured 

directly by the mass of carbon in the soil while CO2 emissions are measured in t of CO2 

molecules, of which, only a fraction is carbon. Hence, a conversion factor based on the 

mass of carbon in a CO2 molecule is used (Pennsylvania State University, 2023). This is 

the same conversion factor used for converting CO2 to t C sequestered in trees. 

 

Approximate mass of a carbon atom: 12 

Approximate mass of a CO2 molecule: 44 

Conversion factor = 44 / 12 = 3.6667 

Inverse conversion factor = 12 / 44 = 0.2727 

 
Examples: 

1 t C ha-1 * 100 ha = 100 t C sequestered across the full farm. 

100 t C * 3.6667 = 366 t CO2 equivalent sequestered. 

 

1,000 t CO2 equivalent in emissions across the full farm * 0.2727 = 272.7 t C 

sequestered in soil to offset emissions. 

272.7 t C / 100 ha = 2.727 t C ha-1 in sequestration required to offset emissions.



Appendix 8 – Raw survey data 
 
Table 8A. NZTM 2000 GPS co-ordinates of final soil core sampling positions for Kavanagh Farm (Dairy Trust Taranaki) located near 
Hawera, South Taranaki and sampled from the 17th August – 20th September 2023.  

 Strata A Strata B Strata C Strata D  Bund 
Sample 
No. 

Latitude Longitude Latitude Longitude Latitude Longitude Latitude Longitude Bund 
No. 

Latitude Longitude 

1 5615927.25 1711550.06 5614642.96 1711059.97 5614103.62 1711084.14 5613442.31 1711182.82 1 5615142.95 1711061.64 
2 5615148.21 1710578.54 5615433.89 1712220.33 5613871.01 1711138.14 5613498.46 1711350.31 2 5615159.07 1711112.23 
3 5615759.57 1710746.44 5614644.59 1710093.48 5613679.47 1711120.79 5613568.11 1711000.97 3 5615282.13 1711264.87 
4 5614985.98 1710568.37 5614617.00 1710744.78 5613945.05 1711065.73 5613315.80 1711400.27 4 5615314.10 1711333.83 
5 5614200.96 1711548.55 5615820.26 1711143.49 5614012.67 1710977.86 5613338.81 1710989.05    
6 5614343.02 1711515.63 5615877.81 1711227.45 5613976.39 1711074.56 5613443.07 1711045.74    
7 5615873.50 1710897.86 5614452.27 1711360.70 5614100.24 1711004.01 5613270.73 1711480.18    
8 5615536.24 1710904.38 5615329.33 1711895.69 5613957.33 1710978.11 5613577.49 1710649.02    
9 5615268.17 1711087.83 5614791.68 1710451.30 5614199.36 1711219.98 5613788.56 1711163.39    
10 5614933.95 1710374.39 5614542.17 1711052.63 5613912.26 1711006.65 5613523.17 1710514.75    
11 5614900.16 1710873.18 5614863.50 1710332.08 5614017.21 1711412.36 5613176.69 1711529.27    
12 5614672.19 1710835.20 5614613.60 1711105.07 5614066.38 1711090.34 5613486.00 1710589.15    
13 5614640.61 1710689.21 5615761.00 1711458.33 5613775.67 1711363.43 5613374.51 1710938.68    
14 5614589.92 1710530.83 5614530.94 1710297.76 5613734.78 1711345.89 5613366.64 1711436.30    
15 5615852.85 1710861.40 5614654.49 1710424.61 5613493.43 1711457.09 5613532.90 1711124.31    
16 5615027.72 1710695.57 5614871.10 1710269.00 5613888.03 1710876.50 5613433.35 1711420.71    
17 5614893.87 1711079.99 5615453.02 1712239.48 5613952.92 1711489.52 5613565.27 1710937.01    
18 5615201.28 1710900.76 5614568.95 1710165.79 5613745.23 1710956.85 5613575.04 1710891.71    
19 5614978.25 1710461.04 5615548.83 1711170.62 5614202.24 1711095.32 5613350.32 1711584.65    
20 5613868.33 1711466.07 5614821.43 1710071.22 5614063.77 1711363.77 5613367.77 1711230.22    
21 5615491.39 1711035.44 5614672.23 1710355.59 5614027.15 1711047.76 5613512.96 1710827.23    
22 5614810.76 1710493.59 5614644.59 1711244.23 5613864.09 1710891.16 5613359.98 1711491.39    
23 5615123.18 1711904.34 5615585.55 1711984.03 5613721.90 1711095.68 5613202.36 1711257.38    
24 5615413.14 1711059.07 5615465.63 1712005.02 5614093.83 1711029.63 5613582.17 1710481.16    
25 5614033.46 1711604.95 5614390.43 1711102.41 5613495.97 1711509.29 5613327.30 1711660.40    
26 5615262.98 1710848.35 5614442.48 1711237.08 5613726.27 1711057.39 5613330.74 1711513.93    
27 5615163.88 1711856.81 5615495.61 1712269.68 5613852.42 1710988.80 5613300.83 1711210.89    
28 5615271.53 1710813.32 5615591.00 1711445.03 5613712.39 1711175.99 5613283.32 1711661.97    
29 5614227.04 1711410.17 5614753.74 1710030.28 5613642.48 1711382.04 5613430.83 1711124.54    
30 5615149.14 1710436.95 5615888.39 1711149.79 5613992.56 1710931.37 5613629.56 1710579.70    
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Table 8B. Soil carbon concentration (%C moisture adjusted) for each sampling strata and depth for Kavanagh Farm (Dairy Trust 
Taranaki) located near Hawera, South Taranaki and sampled from the 17th August – 20th September 2023. 

 Strata A Strata B Strata C Strata D 
Sample No. 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 
1 7.80 5.11 1.74 1.66 10.82 4.75 2.28 2.00 8.96 4.98 2.63 2.11 7.98 5.25 2.63 2.31 
2 6.78 4.93 2.07 1.51 7.56 6.17 1.39 0.04 8.54 6.04 3.19 1.64 6.70 2.77 1.10 0.74 
3 8.58 4.70 2.08 1.84 10.32 4.89 2.14 1.67 5.67 4.63 2.27 1.92 2.00 2.85 1.70 2.23 
4 9.10 6.43 2.98 2.10 7.77 1.25 0.79 1.42 9.11 5.22 2.05 1.82 6.81 1.19 1.51 0.45 
5 9.05 4.02 2.06 2.03 9.25 4.00 2.30 1.92 7.35 4.98 2.36 2.16 1.84 0.41 0.15 0.14 
6 8.34 4.59 2.21 2.07 11.12 3.81 2.26 1.65 7.17 4.69 2.78 2.20 2.20 2.26 2.56 1.40 
7 9.04 5.15 2.77 2.56 6.82 7.08 3.50 2.19 7.43 3.54 2.13 1.48 7.69 4.09 3.06 2.57 
8 10.20 4.23 2.58 2.14 4.73 1.76 1.26 1.53 7.78 5.16 2.58 1.84 1.72 0.21 0.36 1.48 
9 10.26 4.69 2.30 1.86 8.69 4.38 2.27 2.06 7.50 4.84 1.84 0.35 8.31 5.43 2.46 1.87 
10 8.54 5.40 3.39 2.40 9.19 5.03 3.18 3.11 7.81 5.01 2.92 2.11 4.20 0.87 0.16 0.11 
11 9.73 4.90 2.69 1.84 8.73 5.63 3.28 2.03 8.13 3.13 1.21 0.90 6.77 3.31 3.63 3.48 
12 9.79 4.41 2.86 2.41 10.29 5.95 1.99 1.79 9.88 4.39 2.35 2.37 2.28 1.33 2.00 0.45 
13 9.18 5.22 3.70 2.52 8.44 0.60 1.44 1.81 7.82 3.57 1.85 1.45 3.84 1.11 0.29 0.12 
14 8.38 4.05 1.99 2.21 9.15 4.51 2.28 1.69 8.96 7.93 6.26 6.07 6.54 3.90 2.99 2.47 
15 7.61 4.41 2.21 1.85 11.13 5.43 2.52 1.99 9.03 5.77 3.97 2.86 6.86 2.05 0.64 0.73 
16 10.62 3.91 2.22 2.00 9.20 5.19 3.42 2.99 5.23 3.19 2.39 1.84 8.47 5.10 2.73 2.18 
17 10.71 5.06 2.42 1.96 9.79 5.85 2.78 2.25 7.29 4.53 1.67 1.63 5.23 1.12 0.18 0.13 
18 9.36 4.50 2.88 2.00 11.73 3.12 1.76 1.64 2.83 2.18 2.64 1.77 4.23 0.18 0.10 0.07 
19 9.42 4.00 1.89 1.60 11.52 9.93 2.86 1.66 8.58 7.03 4.84 2.32 3.19 0.78 3.90 3.68 
20 8.19 4.23 2.15 2.11 9.93 5.75 2.44 1.51 7.36 1.63 0.14 0.21 7.14 3.56 2.89 2.60 
21 10.24 3.95 2.24 2.12 10.18 4.51 2.70 1.99 6.92 3.78 2.84 1.71 2.31 0.20 0.10 0.07 
22 9.53 4.67 2.23 2.23 9.74 5.41 2.84 2.03 5.74 5.13 3.19 2.43 7.93 5.26 3.39 2.88 
23 9.05 6.79 4.14 2.53 9.28 4.38 1.87 1.56 6.70 5.47 3.32 2.50 4.56 1.85 2.47 1.76 
24 9.42 2.80 2.15 2.16 11.36 5.40 3.04 2.08 8.72 4.71 2.29 1.85 6.56 2.80 0.34 0.16 
25 8.61 5.09 2.56 1.73 9.84 6.39 3.02 2.41 9.29 5.20 2.57 1.74 2.53 3.21 6.91 3.85 
26 9.65 4.97 2.12 1.93 9.58 3.23 1.91 1.58 3.00 2.89 2.87 2.32 7.59 5.55 3.19 2.39 
27 8.52 4.32 2.64 2.16 10.18 6.96 4.22 3.28 8.36 4.59 2.57 2.05 3.75 1.79 1.18 1.72 
28 9.47 5.53 3.67 2.38 7.04 4.23 3.06 1.95 7.27 5.94 3.46 2.85 9.98 7.65 2.91 2.02 
29 4.62 3.88 1.53 1.59 8.92 4.61 2.58 1.83 8.83 4.60 2.88 2.07 9.29 1.17 2.22 2.13 
30 7.64 3.45 1.80 1.62 9.38 5.00 2.66 2.07 8.43 1.95 1.12 0.62 3.59 0.46 0.04 0.05 
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Table 8C. Soil bulk density (g/m3) for each sampling strata and depth for Kavanagh Farm (Dairy Trust Taranaki) located near Hawera, 
South Taranaki and sampled from the 17th August – 20th September 2023. 

 Strata A Strata B Strata C Strata D 
Sample No. 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 
1 0.81 0.81 1.33 0.87 0.64 0.80 0.84 0.90 0.76 0.82 0.67 0.88 0.96 1.06 0.92 0.81 
2 0.74 0.83 1.36 0.84 0.45 0.81 1.22 1.25 0.89 0.89 0.85 0.95 0.79 1.13 1.11 0.80 
3 0.80 0.78 0.87 0.93 0.86 0.90 0.78 0.81 1.08 0.98 0.85 0.86 1.54 1.66 1.44 1.19 
4 0.77 0.78 0.76 0.72 0.85 1.13 1.17 1.00 0.88 0.86 0.88 0.96 1.00 1.19 1.04 1.05 
5 0.82 0.82 0.90 0.87 0.75 0.83 0.82 0.91 0.96 0.97 0.85 0.89 1.49 2.01 1.60 1.65 
6 0.79 0.83 0.85 0.91 0.71 0.78 0.85 0.96 0.92 0.77 0.79 0.88 1.59 1.75 1.52 1.47 
7 0.78 0.79 0.84 0.84 0.86 0.80 0.98 0.88 0.91 0.90 0.80 0.87 1.03 1.01 0.96 0.86 
8 0.75 0.80 0.88 0.87 1.06 1.35 1.36 0.21 0.88 0.87 0.84 0.83 1.32 1.18 2.05 2.03 
9 0.75 0.79 0.86 0.90 0.86 0.88 0.93 0.94 0.92 0.95 1.33 1.52 0.89 0.87 0.85 0.92 
10 0.85 0.95 0.83 0.94 0.84 0.82 0.74 0.76 0.95 0.96 0.91 0.92 1.44 1.72 1.93 2.32 
11 0.73 0.80 0.82 0.93 0.82 0.80 0.81 0.95 0.88 0.95 0.93 1.23 1.02 1.17 1.01 0.98 
12 0.74 0.79 0.81 0.88 0.76 0.80 0.94 0.90 0.86 0.82 0.83 0.92 1.42 1.35 1.59 1.39 
13 0.72 0.78 0.63 0.85 0.83 1.62 1.33 1.00 0.88 0.86 0.90 1.00 1.39 1.69 1.50 2.50 
14 0.78 0.87 0.91 0.90 0.78 0.90 0.82 0.90 0.92 0.87 0.94 0.91 0.93 1.52 0.81 0.78 
15 0.80 0.72 0.99 0.90 0.82 0.90 0.84 0.89 0.81 0.94 0.91 0.93 1.37 0.87 1.08 1.17 
16 0.75 0.80 0.85 0.87 0.88 0.85 0.65 0.82 1.00 1.07 0.98 0.86 0.92 1.44 0.83 0.94 
17 0.79 0.86 0.87 0.93 0.76 0.77 0.78 1.32 0.87 0.83 0.97 0.96 1.26 0.98 2.09 1.22 
18 0.75 0.80 0.89 1.03 0.82 0.93 0.79 0.97 1.54 1.71 1.17 1.05 1.49 1.93 2.19 2.51 
19 0.71 0.83 0.94 0.95 0.74 0.72 0.88 1.00 0.88 0.92 0.83 0.89 1.19 1.93 0.98 0.84 
20 0.89 0.84 0.89 0.86 1.09 0.91 0.85 0.81 0.95 1.14 1.31 1.27 1.03 1.24 0.98 0.90 
21 0.75 0.82 0.92 0.94 1.34 0.93 0.77 0.70 0.94 0.89 0.80 0.89 1.46 2.16 2.16 2.50 
22 0.83 0.88 0.80 0.91 0.78 0.80 0.78 0.88 1.04 1.12 1.02 0.96 0.85 0.97 0.90 0.77 
23 0.75 0.76 0.53 0.96 0.80 0.78 0.94 0.90 1.03 0.89 0.73 0.72 1.26 1.41 1.34 1.07 
24 0.74 0.86 0.89 0.88 0.75 0.81 0.81 0.86 0.88 0.89 0.87 0.91 1.17 1.43 2.47 2.46 
25 0.77 0.71 0.79 0.86 0.73 0.68 0.70 0.86 0.78 0.88 0.91 0.90 1.21 1.08 0.83 0.87 
26 0.71 0.75 0.85 0.86 0.78 0.77 0.72 0.86 1.49 1.53 1.02 1.05 0.81 0.93 0.84 0.88 
27 0.75 0.75 0.74 0.82 0.70 0.78 0.76 0.69 0.98 0.97 0.85 0.82 1.83 1.63 1.68 1.32 
28 0.67 0.77 0.63 0.69 0.93 1.02 0.86 0.94 0.87 0.93 0.83 0.70 0.73 0.90 0.87 0.91 
29 0.95 0.85 0.93 0.90 0.81 0.92 0.84 0.90 0.76 0.89 1.30 0.92 1.18 1.82 1.46 1.30 
30 0.86 0.88 0.83 0.92 0.80 0.80 0.76 0.70 0.89 0.99 1.09 1.33 1.48 1.94 2.12 2.49 
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Table 8 D. Soil organic carbon stocks (kg C/ha) by strata and depth for Kavanagh Farm (Dairy Trust Taranaki) located near Hawera, 
South Taranaki and sampled from the 17th August – 20th September 2023 

 Strata A Strata B Strata C Strata D 
Sample No. 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 0-15cm 15-30cm 30-45cm 45-60cm 
1 94.50 61.97 34.62 21.56 103.95 56.89 28.64 26.85 102.23 61.01 26.39 27.65 115.17 83.61 36.13 28.17 
2 74.80 61.20 42.22 19.02 50.80 74.83 25.45 0.77 114.07 80.32 40.78 23.54 79.84 47.03 18.23 8.91 
3 103.41 55.32 27.25 25.71 133.70 66.24 25.13 20.34 91.59 67.79 28.90 24.90 46.23 70.87 36.81 39.71 
4 104.87 75.09 33.87 22.60 99.01 21.08 13.90 21.33 120.98 67.42 27.07 26.28 102.30 21.10 23.47 7.01 
5 111.66 49.49 27.91 26.49 103.90 49.64 28.15 26.16 106.07 72.24 30.25 28.66 41.11 12.45 3.62 3.49 
6 98.57 56.98 28.13 28.18 118.31 44.36 28.86 23.90 99.40 54.36 33.11 29.00 52.56 59.10 58.31 30.83 
7 105.80 61.06 34.81 32.21 87.91 84.86 51.60 29.00 101.34 47.61 25.64 19.34 118.62 62.29 44.02 33.03 
8 115.45 50.62 33.91 27.90 75.04 35.65 25.57 4.83 103.06 67.23 32.60 23.05 34.14 3.73 11.12 45.01 
9 116.13 55.77 29.66 25.16 112.12 57.55 31.61 28.90 103.40 68.65 36.52 8.09 111.25 70.85 31.49 25.98 
10 108.63 76.81 42.08 33.85 115.16 62.02 35.06 35.56 111.40 71.88 39.96 29.01 90.95 22.28 4.64 3.84 
11 107.23 58.60 32.95 25.73 107.49 67.77 39.68 29.14 106.76 44.73 16.80 16.49 103.31 58.03 54.99 51.33 
12 107.96 52.12 34.67 31.86 117.80 71.62 28.14 24.05 127.32 53.91 29.38 32.67 48.50 26.99 47.83 9.45 
13 98.99 61.28 35.20 32.09 105.47 14.58 28.77 27.28 102.82 46.15 25.03 21.87 79.75 28.19 6.55 4.51 
14 98.34 53.19 27.16 29.72 107.29 60.69 27.94 22.84 123.45 103.49 88.07 83.00 91.05 88.91 36.27 28.88 
15 91.48 47.75 32.75 25.03 136.64 72.97 31.76 26.74 109.85 81.18 54.34 40.12 141.26 26.68 10.28 12.78 
16 119.23 46.79 28.19 26.20 121.01 66.18 33.43 36.88 78.17 50.96 35.03 23.79 116.58 110.35 33.91 30.83 
17 126.61 65.55 31.53 27.46 111.58 67.55 32.29 44.29 95.29 56.30 24.28 23.61 98.57 16.35 5.68 2.40 
18 104.69 53.78 38.35 30.95 144.12 43.39 20.95 23.75 65.43 55.94 46.44 27.83 94.38 5.22 3.29 2.64 
19 100.88 49.88 26.59 22.70 127.65 106.51 37.90 24.92 113.72 97.05 60.19 30.97 56.76 22.69 57.18 46.24 
20 109.71 53.48 28.51 27.36 161.94 78.75 31.25 18.31 104.38 27.84 2.73 3.96 110.27 65.88 42.58 34.96 
21 114.78 48.38 30.71 29.99 205.16 62.64 31.31 20.92 97.09 50.27 34.07 22.88 50.57 6.49 3.25 2.63 
22 118.53 61.80 26.81 30.45 114.26 65.25 33.28 26.87 89.65 86.22 48.78 35.10 100.58 76.91 45.85 33.28 
23 102.22 77.22 32.85 36.51 111.20 51.44 26.47 21.07 103.33 73.09 36.19 26.92 85.89 39.02 49.56 28.17 
24 103.95 36.14 28.61 28.52 128.08 65.45 37.00 26.75 115.06 62.60 29.80 25.30 114.72 60.01 12.66 5.92 
25 99.00 54.58 30.42 22.26 108.16 65.47 31.65 31.17 109.26 68.89 35.18 23.54 45.85 51.73 86.43 50.02 
26 102.93 55.95 27.04 25.06 112.64 37.07 20.58 20.43 67.24 66.18 43.99 36.68 92.63 77.77 40.00 31.53 
27 95.63 48.58 29.27 26.49 107.64 81.23 48.02 33.91 123.04 66.92 32.62 25.32 102.80 43.82 29.66 34.05 
28 95.81 63.88 34.55 24.77 98.17 64.56 39.50 27.57 94.59 82.50 43.01 29.91 109.95 103.22 37.97 27.61 
29 65.88 49.23 21.24 21.46 107.99 63.61 32.54 24.67 101.33 61.06 56.30 28.42 163.71 32.03 48.64 41.51 
30 98.44 45.69 22.30 22.29 112.04 60.21 30.37 21.61 112.86 28.87 18.41 12.43 79.67 13.46 1.28 1.87 
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Table 8E. Soil carbon concentration (%C moisture adjusted), bulk density (g/m3) and organic carbon stocks (kg C/ha) for each depth of 
the bund area for Kavanagh Farm (Dairy Trust Taranaki) located near Hawera, South Taranaki and sampled from the 17th August – 20th 
September 2023. 

Soil carbon concentration (%C moisture adjusted) 
 0-15cm 15-30cm 30-45cm 45-60cm 
Bund 1 6.97 6.75 2.32 1.16 
Bund 2 7.50 5.80 4.44 0.79 
Bund 3 6.89 5.70 1.65 0.35 
Bund 4 7.65 1.23 1.43 1.15 

Soil bulk density (g/m3) 
Bund 1 0.83 0.82 0.98 0.97 
Bund 2 0.79 0.90 1.00 1.40 
Bund 3 0.86 0.85 1.20 1.60 
Bund 4 0.84 1.39 1.00 1.03 

Soil organic carbon stocks (kg C/ha) 
Bund 1 86.97 82.89 34.21 16.88 
Bund 2 88.57 77.92 66.83 16.56 
Bund 3 89.10 72.45 29.65 8.43 
Bund 4 96.57 25.58 21.37 17.81 

 
 
 

 

 

 

 

 

 


