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Abstract 

Multi-scale analysis of carbon stocks and process indicators in the 

agro-ecosystem of Canterbury, New Zealand 

 
by 

Johannes Welsch 

 

Increasing interest in characterising carbon dynamics in the agricultural landscape has 

been driven by the clear need for greenhouse gas mitigation strategies in response to global 

climate change. However, little quantitative information is available about carbon stocks and 

processes in agro-ecosystems. Better understanding of carbon stocks and processes is of 

particular importance in New Zealand, where farmland occupies large areas across the 

country and ongoing change in farming practices, land management and intensification are 

affecting carbon stocks and processes and ultimately, agricultural sustainability. This study 

aimed to quantify and understand variation in above- and below-ground carbon stocks and 

processes in shelterbelts and paddocks at multiple scales within the agro-ecosystem of 

Canterbury, New Zealand. In an initial pilot study across four farms showed that variability in 

above- and below-ground carbon stocks among-farms was smaller than between shelterbelt 

and paddocks. Using this knowledge to determine appropriate sampling intensity, I quantified 

carbon stocks and processes within shelterbelts across 34 farms, focussing particularly on 

understanding how within-shelterbelt-scale (e.g. soil moisture, pH), shelterbelt-scale (e.g. 

shelterbelt type, age, and tree biomass), farm-scale (e.g. land use) and landscape-scale (e.g. 

soil type) factors was related to variability of these variables. Total above- and below-ground 

carbon pools in shelterbelts were similar for exotic and native shelterbelts (152.6 ± 131 t C ha-

1 and 110.8 ± 128 t C ha-1, respectively [mean ± standard errors]), although native shelterbelts 

were on average half the age of exotic shelterbelts (16 and 27 years, respectively). The above-

ground biomass carbon pool represented about 62% and soil carbon pool 33% in both native 
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and exotic shelterbelts. Most variability in carbon stocks was explained at the shelterbelt scale 

by shelterbelt type, age and size, whereas farm scale played a minor role and soil type was 

unimportant. Carbon cycle processes varied primarily at the shelterbelt and paddock level. 

Leaf litter decomposition and microbial activity were twice as high and invertebrates were 

more active in native shelterbelts compared to exotic shelterbelts, and variability in these 

indicators were best explained by within-shelterbelt factors (e.g., soil moisture, pH, organic 

and labile carbon) and shelterbelt characteristics (age, biomass, and vegetation type). 

Therefore, above-ground shelterbelt-scale factors drive carbon cycle process indicator rates 

and biological activity in the Canterbury agro-ecosystem, rather than land use or landscape 

factors. These field data were used in GIS-based spatial carbon model which expored and 

evaluated a number of agricultural land use, cover and management scenarios and their 

impact on soil carbon stocks over the enxt 10 years (2014 – 2024) in combination with 

quantifying the amount of shelterbelt area needed to offset the potential soil carbon loss. 

While the model default settings predicted an increase in soil carbon stocks, the literature 

based alternative scenarios, commonly predicted a decrease of 10%, 6%, 34% in soil carbon 

stocks in the alternative dairy, sheep and beef and arable scenarios. This study shows that 

native shelterbelts in agro-ecosystems have considerable potential for increasing carbon pools 

and enhancing carbon cycle process, particularly as they age through time. Contrary to current 

assessments, this study was not able to provide definate evidence on the effect of further 

intensification and land clearing on carbon stocks in Canterbury. Future studies should 

include long-term investigation of carbon stocks and processes across a wider variety of 

shelterbelt and farm types.  
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Chapter 1 

Introduction 

1.1 Background 

Global climate change is one of the most pressing environmental issues 

worldwide (IPCC, 2007a). Increased greenhouse gas (GHG) concentrations in the 

atmosphere, particularly the proportion caused by anthropogenic actions, such as 

deforestation and land clearing for agricultural production, are one of the main causes 

of accelerated climate change (Crowley, 2000; Houghton, 1999). Carbon dioxide 

(CO2) is one of the most important GHGs and, in 2004, accounted for 77% of total 

anthropogenic GHG emissions (Oliver et al., 2005). While other GHGs, such as CH4, 

O3, N2O and NOx, are more potent on a per molecule basis in terms of contribution to 

the greenhouse effect, CO2 far exceeds other GHGs in importance due to the large 

increase of 40% in its atmospheric concentration in recent decades (Blasing, 2013; 

Rodhe, 1990). A reduction in the use of fossil fuels should lead to a gradual reduction 

in atmospheric CO2 concentration (Sterman & Sweeney, 2002). In the meantime, 

consideration of other options, such as ways to increase carbon sequestration in 

vegetation and soils, might provide short-term benefits by reducing the concentration 

of CO2 in the atmospheric pool (Batjes, 1998; House et al., 2002; UNEP, 2011). 

Carbon is stored in four major pools: the atmosphere, biosphere, oceans and 

sediments. Carbon stored in the forest biomass is also referred to as a carbon sink. 

Carbon moves from pool to pool by chemical, physical and biological processes. The 

terrestrial biosphere includes the organic carbon in all land-living organisms, both 

alive and dead, as well as carbon stored in sediments. Soils are an important 

component of the global carbon cycle, holding one of the largest terrestrial pools of 

carbon. It is estimated to be approximately 1500 Petagrams of carbon (PgC) 

(Houghton & Woodwell, 1989), which is twice as large as the atmospheric pool of 

720 gigatons of carbon (Lal, 2004a; Schimmel et al., 2000). About 500 gigatons of 

carbon are stored above-ground in plants and other living organisms (Prentice, 2001). 

The global soil carbon pool consists of both soil organic carbon (SOC) and soil 

inorganic carbon (SIC) and this pool used to comprise a balanced active system 

(Kumar et al., 2012; Lal, 2004a). However, this equilibrium is not on-going as the 
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removal of natural woody habitat, through vegetation clearance, has played a role in 

carbon stocks declining in recent decades at a rate of approximately 0.8 GtC year 

(Schlesinger et al., 2000).  

 

1.2 Historical background of land cover and change 

Vegetation clearance and extinction of native flora and fauna has been occurring 

since c. 1000 years B.P, when New Zealand was settled by Polynesians, which led to 

the extinction or reduction of much of the vertebrate fauna, destruction of half of the 

lowland and montane forests, and widespread soil erosion (McGlone 1983; McGlone 

1989). The climate and natural vegetation changed over the same time but had 

negligible effects on the fauna compared with the impact of settlement. The most 

severe modification occurred between 750 and 500 years ago, when a rapidly 

increasing human population, over-exploited animal populations and used fire to clear 

the land. Human predation, and destruction of forest habitat eliminated the numerous 

large ground birds. Most forests remaining today are wet mountain land communities, 

and may never have experienced severe browsing pressure until Europeans introduced 

browsing mammals (McGlone 1989). Knowledge of these climatic, physical and 

cultural forces which shaped the biota of present day New Zealand are important for 

understanding how to manage the remaining estate. However, anthropogenic 

modification is just one of many environmental factors: large-scale erosion, 

earthquakes, volcanic eruptions, fire, extreme climatic events and long-term climatic 

trends are all part of the natural background of change. It is difficult to distinguish the 

effects of these natural changes from those caused by humans. Before people arrived, 

more than 80% of New Zealand was covered in forest. Māori burnt about 40% of the 

forest within 200 years of arriving – probably to clear space for gardens, tracks and 

settlements. Large numbers of Europeans settled in New Zealand after 1840 (Masters, 

et al. 1957). They cleared much of the remaining lowland forest for farming, and cut 

down many more large trees for timber. Today less than a quarter of New Zealand is 

covered in forest and cleared land in hilly areas is prone to erosion. 

In particular, the effects of land use change in Canterbury, over the past 1000 

years, shows a dramatic change from prior to Maori settlement and even to that before 

European settlement 150 years ago. In all areas across the Plains, there has been an 
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almost total transformation of the original land cover to a dominance of introduced 

plant species. The landscape is now dominated by pasture or cropping and lesser 

extent, by exotic forest plantations. Conversion of these formerly forested landscapes 

to grassland through Maori and European fires has arguably been one of the most 

significant human-induced changes to the carbon stocks both above- and below-

ground with the almost complete removal of tree biomass resulting in exposed soil 

(Web, 2008).  

Soil is still the largest terrestrial carbon pool but is threatened by ongoing removal 

of natural woody habitats (Vashum & Jayakumar, 2012). It is known that woody 

vegetation features in agro-ecosystems can act to mitigate lost or impaired ecosystem 

services (Bullock et al., 2001). These woody vegetation features, or ‘non-production’ 

uses of land, (Seabrook et al., 2008; Welsch et al., 2014) such as shelterbelts, 

hedgerows, riparian strips and road-side plantings, have been shown to serve 

numerous functions (Brandle et al., 2004; Marshall & Moonen, 2002), including the 

provision of essential habitats for a range of taxa (Mize et al., 2008), sequestration 

and storage of carbon (Czerepowicz et al., 2012; Nair et al., 2009), and enhancement 

of biodiversity and ecological functions (Devictor & Jiguet, 2007; Gurr et al., 2003; 

Kramer et al., 2011). 

1.3 New Zealand agricultural landscapes 

Growing sufficient food for an ever growing world population is one of the 

major challenges of the 21st century (Godfray et al., 2010). This challenge is 

accompanied by the concomitant increasing challenge of mitigating or reversing 

environmental damage and biodiversity loss (Godfray et al., 2010; Godfray & 

Garnett, 2014). Paradoxically, land use change and intensification to increase 

production is increasingly being perceived as one of the solutions to the issue, both 

globally and in New Zealand (Allan et al., 2015; Green & Clarkson, 2005; Phalan et 

al., 2011).  

Modifying the natural ecosystem for agricultural production means modifying 

the agro-ecosystem purposefully to increase human benefits (Baudron & Giller, 

2014). Those changes can be both direct and indirect, with direct modifications of 

biotic additions (i.e. domestic and exotic species) (Ehrlich & Mooney, 1983) and 

biotic removals (i.e. competitors, predators and pests). The indirect changes for the 
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agro-ecosystem result from biogeochemical cycle changes (i.e. nitrogen and 

phosphorus) the hydrological cycle (i.e. irrigation, change of land cover) and species 

habitat (i.e. clearing of shelterbelts). These listed changes, in turn, affect the 

ecosystem and carbon cycle processes (i.e. decomposition, nutrient cycling and 

mineralisation). 

The favourable temperate climate, the abundance of agricultural land and the 

unique farming practices used in New Zealand facilitate the use of year-round 

extensive outdoor grazing systems (MfE, 2010). New Zealand has 14.4 million ha of 

agricultural and cultivated land (StatisticsNZ, 2012) covering approximately 53% of 

its total area. Since 1990, there have been changes in the proportions of the main 

livestock species farmed in New Zealand as the profitability of dairy products has 

become relatively high compared with sheep and beef products. Pastoral land used for 

dairy has increased, and pastoral land used for sheep and, to a lesser extent, beef has 

decreased (MfE, 2013). At the same time, land cover such as shelterbelts and woody 

native remnants has been decreasing as part of the change in livestock type and the 

accompanying farm management activities (Welsch et al., 2014). This change in land 

cover, and the clearing of shelterbelts and other woody vegetation covers, has reduced 

the potential to improve environmental performance by, for example, carbon storage 

in trees and soil carbon sequestration. These woody vegetation features are important 

for terrestrial ecosystems and are major components of carbon sequestration strategies 

(Millward & Sabir, 2011). Time series analysis of satellite data since 1970 and aerial 

photography since the early part of the twentieth century provide insigts into how land 

use and land cover have changed. Most of the change happen slowly and on 

individual parcels of land, which makes it difficult to detect overall landscape change 

and its impact on carbon in woody vegetation and soil with the human eye. Therefore, 

photographic time series analysis of satelite images can at least provide insights into 

the change of land cover over time. 

Over time, the New Zealand rural landscape has become simplified due to the 

spread of technological and chemical innovations, and the shift towards larger 

production units and more intensive agriculture practices (PCE, 2004). This 

development has often been the only way to ensure economic viability, with the 

agricultural production sector being a major component of the New Zealand economy 

(MPI, 2014). However, this focus on economics has left environmental sustainability 
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behind; for example, the agricultural sector contributed around 50% to New Zealand’s 

greenhouse gas emissions (MfE, 2013). 

1.4 Carbon stocks and processes 

Soil carbon sequestration is considered an important strategy to offset growing 

emissions from agricultural industries (Lal, 2004b; Nair et al., 2010; Rees et al., 

2005). Farm soil carbon pools account for a significant fraction of global carbon 

storage (Cole et al., 1993) and play an important role in reducing carbon emissions. 

This has arisen because of the need to sequester carbon to overcome global climate 

change (Paustian et al., 1998), and to improve soil quality, as we develop more 

sustainable and land management practices (Carter, 2002).  

However, many variables can affect the dynamics of soil carbon. Studies have 

demonstrated that climate change may lead to soil degradation and losses in crop and 

pasture production (IPCC, 2007b). Aside from climate change, land use management 

practices can also affect soil carbon storage (Post & Kwon, 2000). Soil carbon stocks 

decline after land use changes from pasture to plantation (−10%), native forest to 

plantation (−13%), native forest to crop (−42%), and pasture to crop (−59%) (Guo 

and Gifford 2002). Because of soil carbon’s sensitivity to management (Lal, 2004a) 

global farmland has lost a large amount of carbon as a result of cultivation and tilling. 

The carbon cycle is dependent on climatic factors (i.e. seasons, precipitation 

and temperature), soil fertility, carbon dioxide concentrations in the atmosphere and 

the functional traits of plants (i.e. leaf area) (Chapin et al., 2002). These factors 

determine the rates of photosynthesis and biomass production. Decomposition and 

respiration rates influence the ability of an ecosystem to accumulate biomass, 

including carbon. Decomposition rates are influenced by the climate and soil 

environment (climate variables, and soil variables including pH, chemistry, texture 

and parent material), woody and leaf litter quality (chemistry and palatability to 

decomposer organisms) and the decomposer community itself (biomass and 

specificity) (Strickland et al., 2009; Swift et al., 1981; Wardle & Lavelle, 1997). 

Respiration rates are determined by photosynthesis and decomposition rates, with an 

additional consideration of herbivore interactions (Bardgett et al., 1998). Figure 1-1 

summarises the major carbon cycle processes in a terrestrial ecosystem. 

Approximately half the carbon entering the ecosystem is stored in plants and the soil. 
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The majority of carbon released occurs through leaf litter fall and root exudation 

leading to increases in soil organic matter (SOM) (Chapin et al., 2002). Litter is 

decomposed by microorganisms in the soil. Again, a large proportion is respired and 

the rest is converted to less decomposable fractions (i.e. humus). Some of the soil 

carbon is leached from the ecosystem, or transferred through erosion or disturbance 

by animals.  

The main carbon stores in ecosystems dominated by woody plants are woody 

biomass, roots and soil (Brown, 2002) (Figure 1-1). While much effort has been put 

into assessing and quantifying carbon stocks of forest plantations and natural forests, 

relatively little effort has been invested to do the same with shelterbelts and other 

more linear woody vegetation features within the agricultural landscape (Perry et al., 

2009). While shelterbelts may represent a somewhat smaller terrestrial carbon pool in 

comparison to that of forests or forest remnants, they may still offer a suitable option 

for storing carbon quantities on such non-productive and/or marginal areas on farms 

(Czerepowicz et al., 2012; Nair, 2011). In some forest ecosystems, litter, dead 

standing wood and coarse-woody debris (CWD), can also be significant (Brown, 

2002), representing up to 20% of the total C stored in the system (Delanay et al., 

1998). 
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native shelterbelt species, for carbon storage and carbon cycle processes, is less clear. 

The common perception is that using native species for shelterbelts is not effective 

due to different growth rates and maintenance demands during the establishment 

phase. Therefore, efforts were directed towards faster growing, less time demanding 

species for shelter. These assumptions arose primarily from anecdotal stories within 

the farming community. At the same time, native shelterbelts may be able to provide 

more than just carbon storage, through multi-aged species and habitat to native flora 

and fauna within the agro-ecosystem (Anton et al., 2015; Cierrad et al., 2015). Kirby 

and Potvin (2007) noted that it is not only the amount of carbon sequestered above-

ground that is important, but also the below-ground soil carbon stocks, processes and 

biodiversity benefits. 

Carbon estimates in the agricultural landscape have been carried out around 

the world at various scales using a range of methods. At the global scale, pre-existing 

national and region soil carbon inventory data are compiled and used to estimate 

above- and below-ground live plant carbon storage, or biomass estimates, which are 

used to determine overall carbon stocks in agricultural landscapes (Berenguer et al., 

2014; Buringh, 1984; Falloon et al., 2009; Parvia et al., 2012). At the national scales, 

above- and below-ground carbon estimates in paddocks, shelterbelts, or native 

remnants may be based on compilations of data from representative inventory sites 

used in combination with few local field-based sample plots (Baah-Achemfour et al., 

2014; Carswell et al., 2012; Garcia-Palacios et al., 2013; Holdaway et al., 2010; 

Mason et al., 2012). Regional and local scale carbon inventories are usually based 

merely on individual plots or low number of representative study sites (Berenguer et 

al., 2014; Kelliher et al., 2014; Sauer et al., 2007). 

There is a certain amount of variability present in every scale and 

measurement of carbon stocks and processes, both above- and below-ground. This 

variability has primarily to do with the spatial variability inherent in agro-ecosystems 

due to historical land use and current management (Scharlemann et al., 2014; Smith & 

Reid, 2013). Accounting for this variability in the agro-ecosystem is therefore key 

consideration when extrapolating carbon estimates from local to landscape or even to 

national scale and requires attention to the appropriate scales (Fahrig et al., 2011). 

Therefore, with increased understanding of the links, relationships and drivers 

between agricultural factors and carbon stocks and processes at various scales, more 
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accurate predictions of carbon can be made at the various scales that account for the 

inherent variation across scales (Bennett et al., 2006; Cumming & Spiesman, 2006; 

Kivinen et al., 2007; Ricketts et al., 2008). However, drivers for local variability are 

poorly understood and information at the landscape scale in a highly heterogeneous, 

complex and interacting agricultural landscape is lacking (Ekbom et al., 2000; 

Meehan et al., 2013; Wickings et al., 2016). Research on farms has commonly 

focused on the production area rather than on non-production land with woody 

vegetation cover. This begs the question: is there a difference between production and 

non-production soils on farms and what role does the above-ground cover (shelterbelt 

or pasture/crop), land use or management play? 

Furthermore, researchers have recognised that the actions of individual 

farmers can have far-reaching impacts at the local and, even, regional scale 

(Schellhorn et al., 2008). This shows the necessity of connecting the biophysical and 

spatial science throughout the landscape, rather than just at the individual property, is 

necessary. Future studies of ecosystem services and functions (such as carbon 

storage) should embrace a broad range of scales and systems, if the generality of these 

relationships is to be understood. 

Previous studies, looking into spatial variation of carbon in above-ground 

woody biomass, primarily in forests, have shown that the biomass and carbon 

contents of these pools are influenced by various factors, including climate, 

vegetation type, topography, soil physical and chemical properties and disturbance 

regimes (Porazinska et al., 2003; Raich et al., 2014; Sariyildiz et al., 2015). The 

majority of these variables have also been shown to have important influences on 

below-ground carbon stocks and processes (de Blécourt et al., 2013; de Vries et al., 

2009; Kristensen et al., 2015). Although the spatial variability of above-ground and 

below-ground carbon in agro-ecosystems and their links and relationships with 

agricultural production have been addressed separately, few studies have looked at 

both the above- and below-ground carbon stocks and processes at the same time (i.e., 

Bardgett et al., 1998; Doetterl et al., 2015; Freschet et al., 2013; Helmisaari et al., 

2002; Kristensen et al., 2015) and none have attempted to investigate this in New 

Zealand at a landscape scale.  
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1.6 Research aim and objectives 

This thesis aims to quantify and understand variation in above- and below-

ground carbon stocks and processes in shelterbelts and paddocks at multiple scales 

within an agro-ecosystem.  

The research had the following objectives: 

1. Characterise and quantify variability of soil carbon stock and process 

measures at fine scales, within-shelterbelt, paddocks and farms to determine 

an adequate sampling approach. 

2. Identify key spatial scales at which above- and below-ground carbon stock and 

process measures vary within the agro-ecosystem. 

3. Characterise possible drivers of variability in carbon stock and process 

measures across an agro-ecosystem at multiple spatial scales, including 

shelterbelt- (species, age, and biomass), farm- (land use) and landscape scale 

(soil type, climate). 

4. Quantify the potential spatial effect of land use, change and intensification on 

soil carbon stocks across an agro-ecosystem over time, including historical 

land use and cover change (2004 - 2014) and the potential effects of land use 

change on soil carbon stocks into the future (2014 - 2024). 

 

1.7 Thesis structure 

To address the above research objectives, the reminder of this thesis will cover 

the following topics: 

In Chapter 2, I characterise variability in both soil carbon stock and process 

measures to quantify the degree of uncertainty both at a fine-scale (within-shelterbelts 

and paddocks), among different farms and through measurements. This chapter uses 

collected field based data of soil carbon stocks (including total soil carbon, labile 

carbon and organic carbon) and carbon cycle process indicators (leaf litter and 

organic matter decomposition, invertebrate and microbial activity and soil microbial 

carbon assay). Using these measures, the study investigated the variability patterns in 

shelterbelts and the adjacent paddocks, within- farms and across different farms. 
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Furthermore, the optimal spatial sampling intensity for these stocks and processes are 

determined. The results from this analysis directly inform the sampling design for the 

landscape scale study in the next two chapters (Chapter 3 and Chapter 4). 

In the following two chapters, I quantified the differences in above- and 

below-ground carbon stocks (Chapter 3) and processes (Chapter 4) among 

shelterbelt types and adjacent paddocks to investigate at what scale stock and process 

indicators vary and which factors explain the variation at multiple scales. Both 

chapters are based on extensive field data collection. The scales range from within-

shelterbelt and paddock factors, to landscape factors. I use variance partitioning to 

identify the key scales at which carbon stock and process indicators vary and apply 

mixed effects models to determine; first, the drivers of soil carbon stock variability 

(Chapter 3) and; second, apply a mixed effects model to determine the drivers of 

variability in process indicators including the soil carbon stocks as explanatory 

variables (Chapter 4). The aim of both chapters is to provide a general indication of 

which factors are driving carbon stock and process indicators within the agro-

ecosystem and at which scale. 

In Chapter 5, I assess historical land use and cover change effects on the soil 

carbon stock capacity (2004-2014) and explore and evaluate a number of agriculture 

land use and management scenarios and their impact on soil carbon stocks over the 

next 10 years (2014 – 2024) in combination with quantifying the amount of 

shelterbelt area needed to offset the potential soil carbon lost across the different 

scenarios using a GIS-based spatial analysis (2014 to 2024). Soil carbon capacity is 

investigated across Canterbury using a set of GIS-based data sets. The approach uses 

land use, land cover and agricultural management practices based on a New Zealand 

Ministerial reporting approach of Greenhouse Gas Emissions. Using these data sets, I 

investigate how the soil carbon capacity has changed over the past ten years across 

Canterbury and provide future scenarios. The future scenarios are based on: first, 

using the Ministerial model for dairy, arable and sheep and beef and, secondly, using 

a number of agriculture land cover and management scenarios based on soil carbon 

research and various intensities. The future scenario also quantify the amount of 

shelterbelt area (exotic and native) needed to offset the potential soil carbon lost 

across the different scenarios. The results highlight the effect of the input parameters 

for the models, the data quality and an extrapolation of soil carbon stocks forecasting 
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using spatial analysis, as well as the opportunities shelterbelts can provide to improve 

the agro-ecosystem.  

Chapter 6 concludes the thesis with a general discussion of the results 

emerging from the previous four chapters, along with implications and some 

suggestions for possible directions of future carbon research within the agro-

ecosystem and the role of shelterbelt types.  
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Chapter 2 

Variability in soil carbon stocks and key carbon cycle 

processes at fine scales in the agro-ecosystem 

2.1 Introduction 

Soil carbon stocks and processes present at any particular location are a result 

of trade-offs between inputs of organic matter from plant biomass or leaf material 

deposited and losses of soil carbon due to soil respiration, erosion or leaching. This 

balance is affected by a series of complex interactions between plant growth, climate, 

soil type, topography, land use and farm management (Baldock & Skjemstad, 1999). 

These factors affect soil carbon quantities and cycling process rates on a range of 

different temporal and spatial scales ranging from plant/shelterbelt scale (0.1 

mm – 100 m), to farm scale (20 m – km) and to landscape scale (> km) (Bird et al., 

2001). The relative importance of both natural and anthropocentric factors varies at 

different spatial scales, and the resulting spatial patterns and drivers for carbon stocks 

and processes are still poorly understood (Doetterl et al., 2015; Vasenev et al., 2015).  

Defining the spatial scales at which soil carbon stocks and processes are 

investigated is critical within the agro-ecosystem, as they have been studied at 

different scales (mm, cm, m and km). Indeed, a review of different methods for 

assessing variability and agro-ecosystems indicates the need for more emphasis on 

spatial scale in such studies (Payraudeau & Van der Werf, 2005). Common scales 

range commonly from the individual sample point measured with a soil corer 

(approximately 28 cm2), several sample points are the within-shelterbelt scale (0.01-1 

ha) as well as within-paddock scale (0.01-10ha), farm scale consists of multiple 

paddocks and shelterbelts (10-1000 ha) and the landscape scale is made up of multiple 

farms (> 1000 ha). The spatial geography of agriculture requires attention to the 

appropriate scale (Fahrig et al., 2011), including above- and below-ground as part of 

these scales. Research has shown that agro-ecology studies across the landscape 

should not only focus on the field or shelterbelt scale and dynamics of spatial 

heterogeneity, but also on the exchanges of biotic and abiotic resources found across 

the wider heterogeneous landscapes and how their spatial heterogeneity influences 

these biotic and abiotic processes (Payraudeau & van der Werf, 2005; Risser et al., 
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1984). Across scales, spatial variability of stocks and processes have been found to be 

influenced by numerous factors, including land use, soil carbon content, topography, 

above-ground plant cover (pasture vs. woody vegetation; or size, spacing, age), 

substrate hotspots and fine roots (Banfield et al., 2002; Conant et al., 2003; D’Acunto 

et al., 2014; Ettema & Wardle, 2002; Li et al., 2016; Schöning et al., 2006). Assessing 

the spatial variability of carbon stocks and processes within a site and between 

different sites will help develop better sampling strategies of these above-ground biota 

and abiotic properties as well as soil properties and carbon stock (Conant & Paustian, 

2002; Ettema & Wardle, 2002; Singh et al., 2010). This highlights the importance of 

determining spatial variability of these stocks and processes in farm environments 

(i.e. paddocks and shelterbelts), even within small areas, in order to obtain meaningful 

results for soil carbon and microbial properties.  

In New Zealand, soils under pasture and shelterbelts are important for both 

extensive and intensive livestock farming. While there is a growing body of evidence 

about above-ground carbon stocks and variability in shelterbelts, both internationally 

and in New Zealand (Bangura et al., 2015; Czerepowicz et al., 2012; Hawke et al., 

1999; Sauer et al., 2007), the same cannot be said for agricultural soils. Agricultural 

soils play a key role in the mitigation of climate change and the provision of a range 

of ecosystem services that includes the sequestration of carbon (Kort & Turnock, 

1998; Mize et al., 2008). Despite growing interest in both above- and below-ground 

carbon stocks and processes in agricultural soils in recent times, little information is 

available on the soil carbon stocks and processes in the New Zealand agricultural 

landscape. There are studies investigating soil carbon at a local (Kelliher et al., 2014), 

land use specific (Schipper et al., 2007), or smaller regional scale (Parfitt et al., 2013; 

Schipper et al., 2012; Schipper et al., 2014). The issue is the stocks and processes 

measurements and their level of variability due to different soil depth increments, 

sampling intensity, seasonality, different environmental conditions, and analytical 

approaches. 

2.1.1 Soil carbon stocks, processes and measures 

The total soil carbon pool (Total C) is made up of a number of different 

fractions, which include soil organic carbon (SOC) - organic matter containing a 

range of materials as well as inorganic carbonates and bicarbonates (McCarthy et al., 
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2008; Trumbore, 2006; Trumbore et al., 1995). The organic pool is estimated to be as 

twice as large as the inorganic stocks and amounts to ~1500 Gt C within the top 1 m 

in the soil profile (Batjes, 1996). Another soil C pool is the labile pool (Labile 

Carbon), which can also be chemically labile, or biologically labile, neither or both. 

For the former, it will depend on the other reactants (e.g. reactive with 0.1 M H2O2) 

and, for the latter, it is likely to vary with organisms (different microbes will find 

different parts of the organic matter easier to consume – more labile (Dalal & Chan, 

2001)). Several studies have been carried out to estimate how these soil carbon stocks 

vary in relation to soil properties, land use and climate (Banfield et al., 2002; Conant 

et al., 2003; Doblas-Miranda et al., 2013; Parras-Alcantára et al., 2015). While these 

studies frequently refer to ‘variability’ they ultimately describe the increasing or 

decreasing effects on a particular carbon stock in different soil types (Perruchoud et 

al., 2000; Zhang & Shao, 2014), land use (Don et al., 2011; Don et al., 2007), or 

topography (Parras-Alcantára et al., 2015). There is limited evidence that examines 

the variability of these stocks at a different scales within the same agricultural 

landscape (Kelliher et al., 2014; Sauer et al., 2007; Schipper et al., 2014; Schöning et 

al., 2006; Singh et al., 2010). 

A central component of the carbon cycle is the microbial community. This is 

considered to be the driver for many soil processes, and it plays a key role in 

aggregate formation, decomposition and nutrient mineralisation (Schmidt & Waldron, 

2015). The microbial biomass consists mostly of bacteria and fungi that decompose 

crop residues and organic matter in soil, as they are one of few types of organisms 

able to break down lignin, and only bacteria and fungi produce celluloses, which can 

break down the major plant carbon cellulose (Kutsch et al., 2010). This process 

releases nutrients that are then available for plant uptake into the soil, such as nitrogen 

(N). About half the microbial biomass is located in the surface 10 cm of a soil profile 

and most of the nutrient release also occurs here. Invertebrate activity plays a key role 

in the breakdown of leaf litter, the biomass above-ground and in the decomposition of 

organic matter (Keuskamp et al., 2013; Kratz, 1998). Key process indicators for 

decomposition and mineralisation are invertebrate activity, microbial biomass and 

community-level physiological profiling (CLPP) of microbes (Campbell et al., 2003). 

There are a number of common assays available to quantify the mass, functional 

composition and activity levels of the soil microbial community (e.g. Biolog or 
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MicroResp™) to estimate the metabolic potential of microbial communities to use 

carbon substrates (Campbell et al., 2003; Smalla et al., 1998). Dehydrogenase 

enzymes are generally present in the topsoil and are essential components of the 

respiratory enzyme systems of soil microorganisms. Dehydrogenase activity (DHA) 

can, therefore, be used as an indicator of biological redox systems and a measure of 

microbial activity in the soil (Wolińska & Stępniewska, 2012). While all the indicator 

measures discussed have been applied individually, or in some smaller combinations 

in the past (Burton et al., 2010; Creamer, Stone, et al., 2016; Littlejohn et al., 2015; 

Simpson et al., 2012; Subhani et al., 2001), no attempt has been made, so far, to 

combine them to produce a clear picture of how these process indicators vary across 

scales. 

2.1.2 Sampling design and scales 

Soil carbon stocks and processes are highly variability at the fine scale 

(Houghton, 2003; Jian-Bing et al., 2006; Toodd-Brown et al., 2013). This means that 

we need to know about the nature of this fine-scale variability in order to: 1) develop 

appropriate sampling designs for quantifying carbon; and 2) to quantify (scale up) the 

carbon to larger scales with a known level of certainty. The ability to make inferences 

about soil carbon stocks and processes is compromised at any scale without an 

appropriate sampling design and sample size to account for the variability (Allen et 

al., 2010). Results from a recent small-scale study on carbon stock variability on two 

farms showed clear differences in soil carbon stocks between them (Appendix A). 

The study found that different soil carbon measures were able to detect differences 

between locations (paddocks and shelterbelts) and land management, based on the 

sampling design and intensity. Evidence from Bangura et al. (2015) supported the 

sampling design and sample number in this small-scale variability study based on 

investigations of soil carbon sequestration in agro-forestry systems in Australia. This 

study provided the first indicative approach for a clear sampling approach to assess 

spatial variability of carbon stocks and processes within farms and across 

heterogeneous agricultural landscapes.  

The estimation of carbon stocks and processes at a higher spatial resolution 

(finer scale) requires an understanding of the factors that cause this variability at the 

farm and paddock level in the agricultural landscape, and how these factors are 
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related to carbon cycling in the soil. Several recent studies have started to unravel the 

spatial variability in soil carbon stocks at point, and on field or farm level scale, in a 

range of natural and modified environments (Bangura et al., 2015; Don et al., 2007; 

Follain et al., 2007; Schöning et al., 2006). The carbon stock results at field or farm 

levels are site specific and are difficult to extrapolate or transfer to other sites or to 

larger scales. At the other extreme, some studies focussed on the estimation of carbon 

stocks on a national or global scale (i.e. Bhatti et al., 2002; Tan et al., 2004; Vejre et 

al., 2003). Such estimates rely on a large landscape scale, national or worldwide soil 

maps, and are based on a small number of soil profiles. Until recently, there were few 

studies that had used a large number of direct measurements at the landscape or farm 

scale (Banfield et al., 2002; Grueneberg et al., 2010; Kulmatiski et al., 2004; 

Perruchoud et al., 2000). Average carbon stock and process estimates, appropriate for 

larger scales and national scale modelling, are inadequate for capturing this variability 

at a local scale.  

2.1.3 Aim and objectives 

The aim of this chapter was to characterise the variability in soil carbon stocks 

and key carbon cycle process indicators, both at a fine scale (within shelterbelts and 

paddocks) and among different sites (farms).  

Therefore, the objectives of this chapter were:  

1. Assess the ability of different measures to detect spatial differences in soil 

carbon stocks and carbon cycle processes. 

2. Quantify the variability of soil carbon stocks and carbon cycle process 

indicators between farms, cover types (shelterbelt and paddock) and at 

different sampling intensities. 

3. Use a power analysis to determine an optimal sampling design and spatial 

sampling intensity for these stocks and processes.  
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2.2 Methods 

2.2.1 Study sites 

The study was conducted at four sites on the Canterbury Plains, New Zealand 

(Figure 2-1 and Table 2-1). All four farms sampled in this study had very similar land 

use histories - low intensive sheep farming for at least 20 years - and all four study 

sites were made up of a regularly-trimmed pine shelterbelt (Pinus radiata) in the 

adjacent paddock. Pine shelterbelts were selected because this species is commonly 

planted widely across Canterbury. The undisturbed soil under the shelterbelt was, 

typically, covered by 20 cm thick pine needle layer. All shelterbelts studied were 

oriented N-S or NE-SW, which are the predominant wind directions crop and stock 

need shelter from. The four study sites were selected for this variability study because 

they were located on brown, gley, recent and pallic soil types, as these soil types 

comprise approximately 80% of all agricultural soils types in Canterbury (Figure 2-1).  

 

Figure 2-1: The map shows the four farm sites and main soil types within the 
Canterbury region. The green dots show the locations of the four study sites 
(A, B, C and D). The inset map shows the location of the study area within 
the South Island of New Zealand. 
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The most prominent soil type, brown soils, have a brown or yellow-brown 

subsoil below a dark grey-brown topsoil. The brown colour is caused by thin coatings 

of iron oxides weathered from the parent material which contirbutes to its carbon 

storage capabilities. Gley Soils are strongly affected by waterlogging and have been 

chemically reduced. They have light grey subsoils, usually with reddish brown or 

brown mottles. The grey colours usually extend to more than 100 cm depth. 

Waterlogging occurs in winter and spring, and some soils remain wet all year. This 

soil type has common segregated iron and manganese oxide mottles, concretions or 

nodules. Organic matter content is usually high. Recent Soils are weakly developed, 

showing limited signs of soil-forming processes. A distinct topsoil is present but a B 

horizon is either absent or only weakly expressed. Pallic Soils have pale coloured 

subsoils, due to low contents of iron oxides. The soils have weak structure and high 

density in subsurface horizons. Pallic Soils are dry in summer and wet in winter. This 

soil type has medium to high nutrient content ( except for sulphur), high base 

saturation, low concentrations of secondary oxides, and low organic matter contents. 
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Table 2-1: Summary of general soil, climate and vegetation characteristics of shelterbelts and adjacent paddocks sampled at the four sheep farm 
study sites, as shown in Figure 2-1. 

Farm site  Soil order Shelterbelt age 
(years) 

Height 
(m) 

Shelterbelt 
width 
(m) 

Average 
annual rainfall pH ± SD Soil moisture 

(% ± SD) 

A 
Shelterbelt Brown soil 

(B) 

18 6 2.5 
1000 mm 

5.8 ± 0.3 11.5 ± 1.8 

Paddock    6.1 ± 0.1 5.8 ± 2.5 

B Shelterbelt Brown soil 
(B) 

25 6 2.5 650 mm 6.2 ± 0.2 11.8 ± 2.1 
Paddock    6.1 ± 0.3 3.4 ± 1.8 

C Shelterbelt Recent soil 
(R) 

60 15 4.5 633 mm 4.7 ± 0.1 12.5 ± 2.2 

Paddock    5.7 ± 0.2 9.6 ± 2.2 

D Shelterbelt Gley soil 
(G) 

60 15 5 633 mm 4.5 ± 0.1 9.4 ± 2.1 
Paddock    5.3 ± 0.1 3.3 ± 1.4 
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2.2.2 Field sampling and processing 

To achieve precise estimates of the paddock and shelterbelt variability, a 

sampling design that controlled for two important sources of variation (shelterbelt 

species and land use) was used (Table 2-1 and Figure 2-2). Shelterbelt species and land 

use were controlled to limit the sampling effort and replication necessary to assess the 

magnitude of the likely variation. The sampling was done in early summer over the first 

two weeks in December. The study assessed the variability along three parallel 120 m 

transects within each shelterbelt, as well as in three companion transects in the adjacent 

paddock that ran parallel to, but 25 m from, each shelterbelt edge. The three transects 

were located within each shelterbelt, centred approximately on the shelterbelt’s midpoint 

(Figure 2-2). The transects were spaced at even intervals within 50 cm of the edges of 

the shelterbelt to ensure that the samples collected were representative of the processes 

within the shelterbelt. Samples were taken at 20 m intervals (from one red point to 

another). The red dots signified the sample points for organic soil carbon, soil 

characteristics (pH and soil moisture). The orange circles indicated the sample point for 

the Bait-Lamina Probes (BLP) and the decomposition experiment with the Tea Bag 

Index (TBI); both are described below. The dark blue circles along the centre line 

indicated sample points for total carbon and nitrogen, labile carbon, microbial C and N 

and microbial community profiling with MicroResp™. The green circles indicated the 

microbial biomass sampling points. 
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was determined on a 10 g ground sample in a deionised (DI)-water solution, well stirred 

and left for 24 h. The soil-water solution was stirred well again before taking a pH 

measurement on the resulting soil-water solution with a pH meter (Mettler Toledo 

Seven; In-line Pro electrode). Soil moisture and pH will, hereafter, be referred to as soil 

characteristics.  

Total soil carbon and nitrogen was measured using an air-dried sub-sample of 

each soil core using an Elementar Vario-Max CN Elemental Analyser (Elementar 

GmbH, Hanau, Germany). Total organic carbon (TOC) was quantified using the loss on 

ignition method (LOI) (Blackmore et al., 1987). This analysis used a 10 g air-dried soil 

sample in a pre-weighed crucible and dried at 105°C for three hours, then cooled in a 

desiccator and reweighed. The sample was then ignited at 500°C in a muffle oven for 

four hours. Once the sample had cooled in a desiccator it was reweighed. The equation, 

below, was used to calculate total organic carbon (TOC as a per cent measure), 

400 (%) 13.89oven C

oven

DW IWTOC
DW


 

  
 

    

 (Equation 1) 

 

where, DWoven is the oven dry weight (g) and IW400°C is the weight after ignition 

(g). TOC was then used to quantify soil organic carbon (SOC), using the formula by Xu 

et al. (2011):  

𝑺𝑶𝑪 = %𝑻𝑶𝑪 × 𝑩𝑫 ×  𝒉,        (Equation 2) 

where TOC is the total organic carbon concentration (%); BD is the soil bulk 

density (g cm-3); and h is the soil depth (h), here 10 cm. Bulk density (BD) was 

determined using the ‘driving hammer’ method (10 cm ×10 cm) (Blake & Hartge, 

1986).  

Labile carbon was quantified using the ‘active carbon’ technique for the 

determination of permanganate oxidisable carbon (POXC) soil samples (Weil et al., 

2003). The protocol used 2.5 g of air-dried soil, which was transferred into 50 ml screw-

top centrifuge tubes. An 18 ml aliquot of deionised water and 2 ml of 0.2 M KMnO4 

stock solution was added; the tubes were then placed in an oscillation shaker for exactly 

2 min at 240 oscillations per minute. After removing the tubes from the shaker and 
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leaving them to settle for 10 min, 0.5 ml of the supernatant was transferred to another 

50 ml tube and mixed with 49.5 ml of deionised water. A 200 µl aliquot of each sample 

was then transferred into a 96-well plate (Tissue Culture Plates, 96 well – non treated, 

Flatbottom, Jet Biofil) together with a set of standards that included a blank of deionised 

water, four standard stock solutions (0.00005, 0.0001, 0.00015, and 0.0002 mol L-1 

KMnO4), a soil standard and a solution standard. These standards were repeated for each 

plate. The sample absorbance was read at 550 nm using a Shimadzu UVmini-1240 

spectrophotometer fitted with a sipper 160 unit (Shimadzu Corp., Tokyo, Japan). The 

POXC (mg kg-1 soil) was determined using the following equation: 

𝑷𝑶𝑿𝑪 = [𝟎. 𝟎𝟐 𝒎𝒐𝒍 𝒍−𝟏 − (𝒂 + 𝒃 × 𝑨𝒃𝒔)] × (𝟗𝟎𝟎𝟎 𝒎𝒈 𝑪 𝒎𝒐𝒍−𝟏) × (𝟎. 𝟎𝟐 𝑳 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏/

 𝑾𝒕),         (Equation 3) 

where 0.02 mol/L is the concentration of the initial KMnO4 solution, a is the 

intercept, b the slope of the standard curve, Abs is the absorbance of the unknown soil 

sample, 9000 mg is the amount of C oxidised by 1 mol of MnO4; 0.02 L is the volume of 

KMnO4 solution reacted and Wt is the mass of soil (kg) used in the reaction. Labile 

carbon was scaled up to density values (t ha-1 soil). 

From this point the measures introduced above (total carbon, organic carbon, 

labile carbon, nitrogen and C:N - ratio) will be referred to as ‘soil carbon stocks’. 

Carbon cycle process indicators 

Microbial carbon and nitrogen were measured using a sub-sample of fresh soil. 

Both microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were 

determined using the fumigation-extraction method, according to Cabrera and Beare 

(1993). The metabolic quotient (qCO2) was obtained by dividing the respiration of the 

soil by the microbial carbon biomass. All analyses were conducted in duplicate and 

expressed on a dry weight basis (mg/g dry soil-1). 

The soil dehydrogenase enzyme activity (DHA) was used as an indicator of 

microbial activity (Alef, 1995; Thalmann, 1968) by measuring the rate of reduction of 

triphenyltetrazolium chloride (TTC) to triphenyl formazan (TPF). The 100 mM Tris-

HCl buffer was made by dissolving 12.1 g of Tris (hydroxymethyl) - aminomethane 

(BDH) in 700 ml of DI water, adjusting the pH to 7.6 with HCl, and then adding DI 

water to make 1 litre. The TTC solution was made by dissolving 0.7 g of TTC (Sigma) 

in 100 ml of Tris buffer, and the TPF stock standard was prepared by dissolving 50 mg 
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of TPF (Fluka) in 100 ml acetone (Analar grade). Standards (0 – 50 μg TPF ml-1) were 

made by pipetting aliquots of the TPF stock standard into 50 ml volumetric flasks, 

adding 8.3 ml of Tris buffer, and making this up to 50 ml with acetone. 

Samples of field-moist soil (5 g) were mixed with 5 ml of TTC solution in 82 ml 

plastic tubes, which were sealed and then incubated in the dark for 24 h at 30°C. Each 

run included a blank containing only 5 ml of TTC solution. After the 24 h incubation, 

40 ml of acetone was added to each tube and the contents were mixed thoroughly. The 

tubes were then incubated in the dark for a further 2 h, with shaking at half-hourly 

intervals. After this time, the solutions were filtered and the absorbance was measured at 

546 nm on Shimadzu UVmini-1240 spectrophotometer fitted with a sipper 160 unit 

(Shimadzu Corp., Tokyo, Japan) and the following equation was used to calculate DHA 

(Alef, 1995): 

𝑫𝑯𝑨 =
[(𝒂−𝒃)∗𝟏𝟐𝟎𝟎]

[𝟐𝟒∗𝒎∗𝑫𝑴]
,         (Equation 4) 

 

where DHA is expressed in µg/g dry soil.hr-1, a is the TPF concentration of 

sample in µg ml-1, b is the average of blanks in µg ml-1; m is the weight of sample (g); 

and DM is the soil dry matter content expressed as a percentage. 

The MicroResp™ measure provided an indication of the microbial carbon source 

use in the soil as an indicator for the carbon mineralisation process. Whole soil carbon 

utilisation profiles were assessed using the MicroResp™ system, where colorimetric 

changes provided a measure of carbon source use within each soil sample (Campbell et 

al., 2003). When using carbon substrates, the microbes reduce a colourless dye to violet 

formazan, which is then measured spectrophotometrically. The study approach used 

seven soil samples taken from the central transect in each shelterbelt and paddock, and 

one bulk sample based on 10 g from the previous seven soil samples (Figure 2-2). The 

laboratory analysis of MicroResp™ consisted of a deep well microplates (Eppendorf 1.1 

ml volume) which were filled with 0.45 g of sieved soil with seven replicates and one 

bulk sample for each shelterbelt. Plates were pre-incubated for 7 days at 20°C to ensure 

available carbon in each soil was utilised, priming each soil for reception of carbon 

compounds. The response to 22 carbon sources, including eight sugars (L- arabinose, D-

fructose, D-galactose, D-glucose, D-xylose, maltose, sucrose and raffinose) at 30 mg/ml 
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soil water, six amino acids (L-proline, glycine, L-alanine, L-serine, arginine and 

tyrosine) at 15 mg/ml soil water and one further amino acid (cysteine) at 7.5 mg/ml soil 

water, three organic acids (citric acid, glycolic acid and tartaric acid) at 30 mg/ml soil 

water, and triton-X 100, glycerol, urea and D-(+) glucosamine hydrochloride at 30 

mg/ml soil water was measured. The carbon sources were pipetted into relevant wells in 

a total of 100 µl of water. Two water only controls were included. The microtire plates 

were sealed to a CO2 trap using a double sided rubber seal and incubated at 25°. 

Immediately prior to sealing the absorbance of the CO2 trap was measured at 570 nm 

filter and following 3h at 25°C. 

To prepare the colorimetric CO2 traps, 150 µl of warm (50°C) 1% Noble agar 

(Difco, Becton, Dickinson and Co) containing cresol red, (12.5 ppm wt/wt) and 

potassium chloride (150 mM) and sodium biocarbonate (2.5 mM) was used to fill each 

well of shallow well microtire plates (Campbell et al., 2003). Prior to use, the CO2 traps 

plates were placed in a desiccator and kept in the dark to prevent the absorbance of CO2. 

Immediately prior to sealing to the soil microplate, the absorbance of the colorimetric 

gel trap plate was measured at 570 nm (Thermo Scientific, Multiskan Go 

spectrophotometer) and then following incubation of the MicroResp plates for 3 h at 

25°C. All substrate absorbance data was normalised before analysis. 

Bait-Lamina Probes (BLP) were used to determine invertebrate soil activity in 

the shelterbelts that was contributing to the breakdown and decomposition of organic 

material (Torne, 1990). Ten lamina probes were placed in the central point of each of the 

shelterbelts (Figure 2-2). This probe technique was used to measure the activity and 

effect of the invertebrate decomposition processes in the shelterbelts on-farm in the top 

10 cm of the soil. Bait-Lamina Probes are PVC strips: 120 mm × 6 mm × 1 mm in 

which 16 holes of 1 mm in diameter are drilled 5 mm apart in the lower 85 mm of the 

strip. Holes were baited with a standardised mixture (by weight) of 65% cellulose, 15% 

agar, 10% wheat bran and 10% bentonite (activated carbon). This mixture matched the 

key constituents of dead plant material on, or in, the soil (Helling et al., 1998). Soil 

microorganisms and invertebrates consumed the ‘bait’ and the number of holes that 

were empty (partially or fully) were counted: namely, 1 if the bait was completely 

removed, 0.5 if the bait was partially removed and 0 if the bait was intact (Sandhu et al., 

2008). This gave a relative measure of the rate of invertebrate and general soil fauna 

feeding activity (Kratz, 1998; Simpson et al., 2012). The Bait-Lamina Probes were 
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placed vertically with the upper-most bait hole at the surface level of the mineral soil 

(Kratz, 1998). The strips were checked every 10 days for progress over an initial test 

period of 30 days; because no feeding occurred in the first 30 days, the time frame was 

extended to 90 days.  

Soil organic matter decomposition for the four shelterbelts on the study farms 

was quantified using the Tea Bag Index (TBI) (Keuskamp et al., 2013). This index 

provided a relative measure of the rate of mineral soil decomposition by 

microorganisms. Parameters comprising the TBI, decomposition rate (k) and litter 

stabilisation factor (S), were the integrative estimators that characterised the carbon 

decomposition dynamics and can be used to compare different biomes, ecosystems and 

soil types (Keuskamp et al., 2013). This method used commercially-available tea bags as 

standardised test kits and this provided a cost effective way to gather data. Tetrahedron-

shaped synthetic tea bags with sides of 5 cm and with four pairs of green and rooibos tea 

bags (Lipton, Unilever) were used. Green tea and rooibos tea have contrasting 

decomposition rates and were dug into the top 8 cm of organic matter and left there for 

90 days. They were easily retrieved at the marked locations due to the synthetic nature 

of the tea bags. This enabled the construction of a decomposition curve using a single 

measurement over time. The acquired TBI consisted of two parameters describing 

decomposition rate (k) and the litter stabilisation factor (S).  

To calculate the TBI, it was assumed that during short field incubations the 

weight loss of the recalcitrant fraction was negligible. The decomposition rate of rooibos 

tea was low compared with green tea. Consequently, decomposition of labile material 

still continued in rooibos tea after all labile material in green tea had already been 

consumed. The difference between these litter types allowed an estimate of the 

decomposable fraction from green tea and the decomposition rate constant k from 

rooibos tea at a single point in time. For each shelterbelt type per farm, four pairs of 

green and rooibos tea bags were buried at a 8 cm depth, as described in Keuskamp et al. 

(2013). The tea bags were weighed before being put in the ground and then reweighed 

when dug up 90 days later, after being oven dried for 48 h at 105°C. Two TBI 

parameters were calculated: decomposition rate k and stabilisation factor S. The 

decomposition factor k is a measure for the turnover time of labile carbon. The 

stabilisation factor S is a measure for the stabilisation of the decomposition of organic 

carbon (Keuskamp et al., 2013). Therefore, to calculate TBI: 
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𝑾(𝒕) =  𝒂𝒆−𝒌𝒕 + (𝟏 − 𝒂),        (Equation 5) 

where Wt is the weight of the substrate after incubation time t, a is the labile 

carbon?? and 1-a is the recalcitrant fraction of the litter, decomposition rate k 

𝑺 = 𝟏 − 
𝒂𝒈

𝑯𝒈
 ,         (Equation 6) 

where ag is the decomposable fraction and Hg is the hydrolysable fraction of 

green tea. The decomposable fraction in rooibos tea (ar) is calculated from the 

hydrolysable fraction of rooibos tea (Hr) (see Keuskamp et al., 2013 ; Table 1 for 

details) and the stabilisation factor S: 

𝒂𝒓 = 𝑯𝒓 (𝟏 − 𝑺),        (Equation 7)  

where Wr(t) and ar are known, k is calculated using the exponential decay 

function given in Equation 5. 

 

2.2.3 Data Analysis 

To address the first objective, the MicroResp™ data set for the four shelterbelts 

was analysed using principal component analysis (PCA) in order to investigate the 

correlations among the different carbon sources and the four shelterbelt sites. The PCA 

multivariate plot provided an indication of how samples differed in their carbon 

substrate use across the four sites, after transforming the data to meet the assumptions of 

normality using the Euclidian distance function on the standardised data.  

The results were then used in a PCA, together with soil carbon stocks, processes 

and soil characteristics in paddocks and shelterbelts in the heterogeneous agricultural 

environment. The PCA was performed on both paddock and shelterbelt data sets after 

transforming the data to meet the assumptions of normality, using Euclidean distance 

functions on the standardised data. All PCA analysis were conducted using R version 

3.0.1 (R Core Team, 2015) using the ‘prcomp’ function (Venables & Ripley, 2002) from 

the “vegan” package to perform the PCA (Oksanen et al., 2015). 

In order to address the second objective, a two-way analysis of variance 

(ANOVA) was used to test for significant differences in the soil carbon stock values and 

the carbon cycle process indicator values between the four study sites as well as between 
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paddocks and shelterbelts across the sites. All analyses were conducted using R version 

3.0.1 (R Core Team, 2015). 

A power analysis was carried out to calculate the minimum sample size required 

to detect an effect of a given size. To determine an appropriate sample size, given the 

level of observed variation in soil carbon stocks and carbon cycle process variables, a 

post hoc power analysis was conducted. The analysis was done using the function 

‘pwr.anova.test ‘ in the ‘pwr’ package developed by Stéphane Champely, as outlined by 

(Cohen, 1988) for R version 3.0.1 and RStudio version 0.99 (R Core Team, 2015). The 

power analysis was performed on all soil carbon stocks and carbon cycle process 

variables for the paddock and shelterbelt subsets to calculate the minimum sample size 

required so that it can be reasonably likely to detect an effect of a given size at the two 

levels of power, 0.8 (p = 0.05) and 0.9 (p = 0.01).  
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2.3 Results  

The shelterbelts sampled across the four farms varied in age from 18 to 60 years 

and in height from 6 to 15 m (Table 2-1 ). Soil moisture and pH across the four farms 

differed considerably between paddock and shelterbelts and between some of the farms 

(Figure 2-3). The average soil pH in paddocks was significantly higher than in soil under 

shelterbelts across all four farms (Figure 2-3). The average moisture levels under 

shelterbelts were almost twice as high as in paddocks across the majority of the farms 

(Figure 2-3).  

 

 

Figure 2-3:  A comparison of: a) soil moisture (%); and b) pH (mean ± 2 standard errors) 
across four farm sites (A, B, C and D) between paddocks and shelterbelts 
(N = 120 for each variable, and N = 30 per farm) 
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2.3.1 Key variables to detect spatial differences in shelterbelts and 
paddocks 

Multivariate analyses of the MicroResp™ soil carbon profiling data revealed 

spatially different patterns among the four farm sites (Figure 2-4). The eight samples per 

farm site did not vary considerably among the replicates (samples 1-7) and the bulk 

sample (8) (P = 0.569) (Figure 2-4). Axis 1 (PC1) explained 41.4% of the variation and 

was positively weighted by sugars such as D. fructose, D. galactose, and D. glucose. 

Axis 2 (PC2) explained 23.7% of variation and was negatively weighted by amino acids 

such as L. proline, glycine but not tyrosine (Figure 2-4).  

 

 

Figure 2-4:  PCA ordination of MicroRespTM soil carbon profiling in shelterbelts at the 
four farm sites (A, B, C, D). Points represent the individual sampling points in 
each shelterbelt (N = 7 plus one bulk sample) (Figure 2-2). Ellipses highlight 
the centre and dispersion of samples in the ordination space (using the 
standard error of the weighted average of scores). A further description of the 
inter-farm site variation is provided in the text. The first and second axes 
account for 41.4% and 23.7% of the data variation, respectively.  
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Plotting the soil carbon stock, carbon cycle process and soil characteristic 

variables in shelterbelts onto a reduced-space principal component analysis (PCA) biplot 

revealed differences between farm sites and variables in terms of the overall patterns in 

the shelterbelts (Figure 2-5). There was a distinction in the ordination space between the 

four shelterbelt sites (highlighted through the four different colours and ellipses). Axis 1 

explained 31.6% of the variation and was positively weighted by pH and total N, labile 

carbon and C:N-ratio but negatively for total nitrogen (Figure 2-5).  Axis 2 explained 

14.9% of the variation and was positively weighted towards microbial C and N as well 

as the Tea Bag Index –k (short-term decomposition). The factor loadings for principal 

component axis one (PC1) indicated that this gradient could be characterised by the 

cumulative measures of soil carbon stocks and MicroResp™ PC1 and PC2 (Table 2-2) 

and were correlated with pH. This suggested that sites with higher pH had higher soil 

organic carbon but lower labile and total soil carbon content. The second principal 

component axis (PC2) could be viewed as a measure of microbial biomass in terms of 

the metabolic activity in the organic matter (Table 2-2). The factor loadings for principal 

component axis two (PC2) indicated that increasing the axis would increase microbial C, 

N, and k, which described the decomposition rate of the Tea Bag Index. 

Table 2-2:  Principal component axis loadings for shelterbelt data and the variance 
explained. The table shows the loadings for carbon stocks, carbon cycle 
processes and soil characteristic variables. PC scores are shown for each axis.  

Variables PC1 PC2 
Soil organic carbon (SOC) 0.0772 -0.0605 
Soil moisture 0.2041 0.2934 
pH 0.4058 -0.0540 
Total nitrogen -0.3482 0.3265 
Total carbon -0.4372 0.2253 
C:N-ratio -0.3563 -0.0682 
Labile carbon -0.3672 0.2157 
DHA 0.3228 -0.0304 
Tea Bag Index - k (TBI) 0.2624 0.4115 
Tea Bag Index – S (TBI) -0.1358 -0.2114 
Bait-Lamina Probes(BLP) 0.1236 0.0294 
Microbial C 0.0836 0.5041 
Microbial N 0.1342 0.5229 
MicroResp™-PC1 -0.1833 0.1773 
MicroResp™-PC2 -0.1988 0.1849 
Variance (%) 31.6 14.9 
Cumulative variance (%) 31.6 46.5 
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Figure 2-5:  PCA ordination of carbon stocks, carbon cycle processes and soil 
characteristic variables in shelterbelts at the four farm sites (A, B, C, D). 
Points show the clustering of the farm sites and the variables investigated with 
arrows. Ellipses highlight the 50% centroids and the dispersion of samples in 
the ordination space. A further description of the variation is provided in the 
text. The first and second axes account for 36.6% and 17.2% of the variation, 
respectively.  

 

Plotting the soil carbon stock, carbon cycle process and soil characteristics 

variables in paddocks on a reduced-space principal component analysis (PCA) biplot 

revealed differences between the farm sites and the variables (Figure 2-6). There was a 

distinct clustering in the ordination space between the four paddock sites (highlighted 

through the four different colours and ellipses). Axis 1 explained 48.7% of the variation 

and was positively weighted towards total carbon, the C:N-ratio, and labile carbon 

(Table 2-3). Axis 2 explained 17.4% of the variation and was negatively weighted 

towards microbial C and N and also the Tea Bag Index. The factor loadings for principal 

component axis one (PC1) indicated that this gradient could be loosely characterised as 

the cumulative measures of the soil carbon stocks (C, N, C:N-ratio, labile carbon) (Table 

2-2). The loadings from the second principal component (PC2) indicated increases in the 
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three carbon cycle process variables (DHA, TBI, BLP) and decreasing soil organic 

carbon (SOC) (Table 2-3). This component could be viewed as a measure of microbial 

activity in the soil in terms of microbial biomass, activity and decomposition, leading to 

reduced quantities of organic carbon. 

 

Table 2-3:  Principal component axis loadings for paddock data and variance explained. 
The table shows the loadings for carbon stocks, carbon cycle processes and soil 
characteristic variables with the bold PC scores for each axis. 

Variables PC1 PC2 
Soil organic carbon -0.29549 0.396152 

Soil moisture -0.08363 -0.2777 
pH -0.35765 -0.21128 

Nitrogen 0.3838 -0.0508 
Total carbon 0.434891 -0.10531 

C:N-ratio 0.435808 -0.08748 
Labile carbon 0.421496 -0.03372 

DHA -0.25991 -0.51816 
Tea Bag Index (TBI) -0.04954 -0.51968 

Bait-Lamina Probes (BLP) 0.061232 -0.40036 
Variance (%) 48.7 17.4 

Cumulative variance (%) 48.7 66.1 
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Figure 2-6: PCA ordination plot for carbon stock and carbon cycle process data in 
paddocks across four study sites (A, B, C, D). Points show the clustering of the 
farm sites and the variables investigated with arrows. Ellipses highlight the 
50% centroids and dispersion of samples in the ordination space. A further 
description of the variation is provided in the text. The first and second axes 
account for 48.7% and 17.4% of the variation, respectively.  

 

2.3.2 Variability in soil carbon stocks and carbon cycle processes  

Variability of soil carbon stocks among the farm sites 

Total carbon was significantly higher in shelterbelts and varied significantly 

among the sites and between the paddocks and shelterbelts (Table 2-4 and Figure 2-7). 

The average nitrogen was 1.19 ± 1.7 t C ha-1 across all four farm sites and did not vary 

significantly between paddock and shelterbelts (Table 2-4 and Figure 2-7). Mean labile 

carbon values were not significantly different among the farms, 1.65 to 2.1 t C ha-1 and 

was not significantly different between paddock and shelterbelts (1.36 ± 2.0 t C ha-1 and 

1.42 ± 2.2 t C ha-1, respectively). Soil organic carbon (SOC) varied significantly 

between the four study sites, ranging from 1.73 to 9.2 t C ha-1, but was not significantly 

different between paddocks and shelterbelts (Table 2-4 and Figure 2-7). The majority of 

soil carbon stock variables were found to be significantly different between farm sites, 
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meaning at least one farm was significantly different from another farm (Table 2-4 and 

Figure 2-7).  

Variability of carbon cycle processes among farm sites and between paddocks and 
shelterbelts 

Dehydrogenase enzyme activity (DHA) was found to have significantly higher 

levels in paddocks (4.42 ± 1.6 µg g-1 dry soil h-1) than in shelterbelts (1.20 ± 1.1 µg g-

1 dry soil h-1) and varied significantly among the farm sites (Table 2-4 and Figure 2-7). 

Invertebrate activity was significantly higher in shelterbelts compared to paddocks but 

not between the farm sites. While organic matter decomposition rates assessed with the 

Tea Bag Index (TBI) appeared higher in shelterbelts, they had a high level of variation, 

both among the paddocks and shelterbelts and between the four farm sites (Table 2-4 

and Figure 2-7). Microbial carbon and nitrogen were only analysed for the shelterbelts at 

all four study sites, but the farm sites were non-significantly different (Table 2-4 and 

Figure 2-7). These results showed that a number of carbon cycle process variables were 

able to detect differences between paddocks and shelterbelts, and there were some even 

among-site differences.  

 

Table 2-4: Soil carbon stocks and processes across the four farm sites and two cover types 
(paddocks and shelterbelts). Samples were collected from paddocks and 
shelterbelts at each of the farm sites. ANOVA was used to compare means for 
each cover type (paddock and shelterbelt; df = 1; F-values, P-value) and the 
differences between the farm sites (A, B, C, D; df = 3; F-values, P-value). 
Microbial C and N were not analysed for the paddock sites. Dehydrogenase 
enzyme activity (DHA). 

Variable  F - value P - value 

Total carbon (t ha-1) Cover type 17.89 < 0.001 
Farm sites 26.11 < 0.001 

Total nitrogen (t ha-1) Cover type 0.035   0.854 
Farm sites 18.20 < 0.001 

Labile carbon (t ha-1)  Cover type 0.02   0.882 
Farm sites 0.74   0.527 

Soil organic carbon (t ha-1) Cover type 0.29   0.591 
Farm sites 13.52 < 0.001 

DHA (µg/g soil) Cover type 134.21 < 0.001 
Farm sites 20.62 < 0.001 

Bait-Lamina Probes (%) Cover type 22.53 < 0.001 
Farm sites 0.47 0.700 

Tea Bag Index (rate) Cover type 3.46 0.071 
Farm sites 1.41 0.256 

Microbial C (mg/g) Farm sites 0.213 0.886 
Microbial N (mg/g) Farm sites 0.694 0.568 
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Within-shelterbelt and paddock variability of carbon stocks, processes and soil 
characteristics  

Variation of pH, soil moisture, DHA and SOC between rows in the shelterbelts and 

paddocks (Figure 2-2) were assessed for each farm site. The three rows within a shelterbelt or 

paddock were compared against each other and none of the four variables were found to vary 

significantly among the shelterbelt or paddock sites (Table 2-5 and Figure 2-8) for any of the 

four farm sites. For example, soil moisture showed similar mean levels across all rows 

within- shelterbelts and the paddocks, varied between paddocks and shelterbelt (Table 2-5). 

Similarly, pH values were not significantly different between rows within paddock and 

shelterbelt. 

Table 2-5: Mean (± standard deviation) soil organic carbon stock (SOC), soil characteristics 
(pH and soil moisture) and dehydrogenase enzyme activity (DHA) within paddocks 
and shelterbelts (total df = 59, treatment df = 2 (excluding DHA; total df = 35, 
treatment df = 2). The reduced number of variables is due to fewer variables 
analysed per sample point per site due to cost. 

Variables Among-
rows 

Mean ±SD F-value P-value 

Soil organic carbon 
Shelterbelt 20.0 ± 12.1 0.553 0.578 
Paddock 20.9 ± 10.3 0.021 0.979 

pH 
Shelterbelt 5.1 ± 1 0.019 0.981 
Paddock 5.8 ± 0.4 0.168 0.846 

Soil moisture 
Shelterbelt 13.3 ± 2.3 0.020 0.980 
Paddock 7.5 ± 3.3 0.070 0.933 

DHA 
Shelterbelt 1.2 ± 1.1 0.281 0.757 
Paddock 4.4 ± 1.5 0.190 0.828 
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Figure 2-8:  Mean (± 2 standard errors) soil organic carbon (SOC), soil moisture, pH and 
dehydrogenase enzyme activity (DHA) variability between the rows in paddocks 
and shelterbelts across all four farm sites (A, B, C, D). The four variables were 
sampled in paddocks and shelterbelts sites in rows 1, 2 and 3 (Figure 2-2). The 
number of samples per row is included in brackets. 
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2.3.3 Post hoc power analysis for optimal sampling intensity 

The application of power analysis to the data from this study found that soil carbon 

stocks, carbon cycle processes and soil characteristics were, on the whole, sampled with the 

appropriate number of samples at the 0.8 power threshold (Table 2-6). In the majority of 

cases fewer samples would have been needed to achieve the same level of accuracy in both 

paddocks and shelterbelts. All carbon stock variables, excluding SOC, needed five or fewer 

samples for sufficient accuracy, both in the paddocks and the shelterbelts. Soil organic carbon 

was the only measure that would need a larger number of samples in paddocks in order to 

achieve sufficient accuracy, possibly reflecting the level of site-specific variability. In 

contrast, the majority of carbon cycle process variables appeared to need a somewhat higher 

number of samples in order to achieve the desired accuracy in their measurements. The only 

variable that was found well within the accuracy levels, using the current sampling intensity, 

was DHA. Microbial C, and, to some extent, BLP, TBI and microbial N required at least 

twice the number of samples currently used in order to have an 80% chance of detecting 

differences.  
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Table 2-6: Power analysis results for soil carbon stock, soil characteristics and processes, The 
table shows the number of samples necessary to have a 80% or 90% chance of 
detecting the differences for shelterbelt and paddock site separately. 

 

Variables Sample 
Site 

Current 
Number of 

samples 

Number of samples needed to reach 
each level of power 

 Power analysis 
(80%) 

Power analysis 
(90%)) 

Soil carbon 
stock 

Total 
carbon 

Paddock 5 4 5 
Shelterbelt 5 3 3 

Total 
nitrogen 

Paddock 5 2 2 
Shelterbelt 5 4 5 

Labile 
carbon 

Paddock 5 2 2 

Shelterbelt 5 5 7 

Soil 
organic 
carbon 

Paddock 15 13 16 

Shelterbelt 15 4 5 

Soil 
Characteristic

s 

Soil 
moisture 

Paddock 15 3 4 
Shelterbelt 15 10 13 

pH Paddock 15 2 3 
Shelterbelt 15 2 2 

Carbon cycle 
Processes 

DHA Paddock 9 4 5 
Shelterbelt 9 3 3 

Bait-
Lamina 
Probes 
(BLP) 

Shelterbelt 5 10 12 

Paddock 4 13 14 

Tea Bag 
Index 
(TBI) 

Shelterbelt 4 13 15 

Paddock  4 10 11 

Microbial 
C Shelterbelt 5 61 78 

Microbial 
N Shelterbelt 5 9 11 
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2.4 Discussion  

Soil carbon stocks and process indicator data enabled the investigation of variability 

in a number of scales from within-shelterbelt or paddocks, to farm and landscape scales. In 

the past, accurately quantifying both stocks and processes across an agricultural landscape 

had been seen as notoriously hard due to its inherent variability. Thus, this study has 

demonstrated that combining both stocks and processes provided new insights into farm soils 

and had an enormous potential to enable more general assessments across farms and 

agricultural regions. Clearly, the biggest advantage derived from this study was the improved 

understanding of sampling intensity and variability when studying carbon stocks and 

processes in agro-ecosystems. The results suggested that the majority of soil carbon stocks 

and processes can be adequately sampled with fewer samples to achieve the required level of 

replication for detecting significant differences among the farm sites. Further, finer scale 

assessments within farms were also likely very important in understanding soil carbon stocks 

and the drivers of variation (Kelliher et al., 2014). The study found significant differences 

between shelterbelts and paddocks for the majority of soil carbon stocks, as well as a number 

of carbon cycle processes. This may suggested that future farm management and agro-

ecosystem changes may have to take the soils into account. The combination of carbon stock 

and process indicator measures across the agricultural landscape provided a point of 

difference to previous studies on shelterbelts and the effects of shelterbelts on the carbon 

cycle (Brandle et al., 1992; Kort & Turnock, 1998; Sauer et al., 2007). In particular, the 

difference was investigating a range of variables that combine both carbon stock and process 

measures with various intensities to quantify the nature of variability in paddocks and 

shelterbelts across several farms within the agricultural landscape. 

2.4.1 Optimal sampling intensity of carbon stocks and processes 

This study showed that total organic and labile carbon stocks, nitrogen, pH and soil 

moisture were sampled with the appropriate number of samples across the farms (Table 2-6). 

The analysis showed that the majority of measurements could be adequately sampled with 

fewer samples (two to five) per farm for the paddocks and shelterbelts. This highlighted the 

fact that the sampling regime applied was the required level of replications for detecting 

significant differences among the samples for each of the soil carbon stocks and it was able to 

provide precise statistics and achieve the 0.8 level of power. A power of 80% or greater was 

generally considered necessary for the chance of finding a statistically significant difference 
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when there was one (Hintze, 2008). Furthermore, testing the same data with the power of 0.9 

or 90% showed that the majority of sampled variables were still accurately represented with 

the number of samples taken per paddock and shelterbelt.  

A larger number of samples appeared to be needed in order to achieve the desired 

accuracy in the power analysis results for the carbon cycle processes measured with Bait-

Lamina Probes, Tea Bag Index, MicroResp™ and microbial C and N. Only the sampling 

intensity for DHA provided the level of accuracy needed to meet the power threshold of 0.8 

(Table 2-6). The required number of samples for DHA was below the current sample 

numbers for both the paddocks and shelterbelts. All other variables required at least twice the 

number of samples than currently used in order to provide the required level of replication for 

detecting significant differences among the samples for each of the carbon cycle processes, 

and to achieve the 0.8 power level for adequate site information. The results indicated a high 

level of variability both within- and among farms for carbon cycle processes (Figure 2-7). 

This became particularly apparent for the Tea Bag Index and the microbial C and N (Table 

2-4 and Figure 2-7). This was not necessarily surprising as soil processes were much more 

complex and variable than the soil characteristics or carbon stocks, as shown previously 

(Table 2-4 and Figure 2-7). The spatial variability of microbial soil properties and their 

activities (decomposition, mineralisation, respiration) were highly variable and influenced by 

numerous factors both above-ground and below-ground (i.e. land use, soil carbon content, 

plant cover, topography, substrates and geo-chemical properties) (Creamer, Hannula, et al., 

2016; Ettema & Wardle, 2002; Sauer et al., 2007). While this study controlled for land use, 

shelterbelt species and management, the inherent natural variability of farm environments 

highlighted the complexity of using microbial activity-based indicators (Burton et al., 2010; 

Chen, Zheng, et al., 2013; Fraterrigo et al., 2006; Järvan et al., 2014). 

2.4.2 Spatial variability of carbon stocks and processes 

The results suggested that the soil carbon stocks and carbon cycle process indicators 

exhibited clear spatial differences among the four study sites (Table 2-4). The existence of 

spatial patterns in both the soil carbon stocks (total, labile and soil organic carbon) and 

processes (DHA, MicroResp™, Tea Bag Index and Bait-Lamina Probes) at this scale were 

consistent with previous studies (Didham et al., 2015; Martin & Bolstad, 2009). These studies 

showed that the variation occurred at the landscape scale for both soil biogeochemical and 

microbial respiration across different sites rather than within sites. This outcome was 
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consistent with the expectation that there was less variability between soil under paddock and 

shelterbelts due to individual management goals and history of each site, typically leading to 

a more homogenous farm environment (Didham et al., 2015; Mzuku et al., 2005). By 

contrast, others have found an almost overriding effect from land use (Schipper et al., 2007) 

or soil type (Schipper et al., 2010) on soil carbon properties, on top of any inherent variation 

that might have occurred prior to the conversion to agriculture. The reason why some studies 

have found over riding effects, and others did not, was still being debated with some 

proposing that certain soil types have a stronger effect, others suggested that farm 

management, historical land use and degradation have driven the differences. 

This study found significant differences between paddocks and shelterbelts for the soil 

carbon stock variables. Both locations showed differing levels of total, organic and labile 

carbon. This result is in line with findings by Sauer et al. (2007) and D’Acunto et al. (2014), 

who showed significantly higher carbon stocks within woody features and field margins 

compared to pasture or the adjacent cultivated land. The reason for this was associated with 

the influence of above-ground woody vegetation on soil carbon stocks in both studies. The 

results presented did indicate a considerable difference between paddocks and shelterbelts for 

various soil carbon stock measures. The majority of shelterbelts were usually planted around 

the boundary of the property, for shelter between paddocks and occasionally on marginal or 

unproductive land that used to be farmed. Others have suggested that the impact of farm 

management and above-ground shelterbelt management may only be expected over longer 

time frames (Stark et al., 2004). Considering the historical land cover change and impact on 

soil carbon in Canterbury and the low-plains over the last 1000 years, considerable and 

noticable changes in soil carbon stocks based on shelterbelts may only be expected in decades 

or centuries to come.  

Carbon cycle process variables exhibited clear spatial differences between paddocks 

and shelterbelts (Figure 2-7). Microbial activity, measured with DHA, was greater in 

paddocks than in shelterbelts. This could be explained through active management of 

productive land for pH levels which are enhancing microbial activity as well as soil moisture 

levels through irrigation (Singh & Ryan, 2015). Invertebrate activity, measured with Bait-

Lamina Probes and organic matter decomposition, measured with the Tea Bag Index, had 

higher processes and activity rates in shelterbelts than in the adjacent paddocks. This outcome 

was partially consistent with the expectation that cultivated and managed soils were less 

active, since cultivation or actively managed pastures disrupted the soil biota activity below-



 

60 
 

ground (De Nergaard, 2009). The paddock sites had been actively managed over several 

years, or decades, while the shelterbelts were fenced off and the soils had, most likely, been 

undisturbed since the establishment of the shelterbelts. These findings were supported by 

Sauer et al. (2007) who found significantly higher decomposition rates under the shelterbelts 

than in soil from cultivated fields. Shelterbelts on farms have been found to increase the 

number of soil carbon stocks and microbial mineralisation processes due to increased soil 

organic matter content, an enlarged soil microbial biomass pool and greater soil N availability 

(Kaur et al., 2000). Thus, the variability found in the shelterbelts studied was supported by 

the literature and also supported the idea of shelterbelts representing small, yet significant, 

carbon cycle processes on farms compared to pastures. 

The variability between rows within both the shelterbelts and paddocks was very 

small and did not vary significantly across all four study sites (Table 2-5, Figure 2-8). This 

suggested that there was no edge effect within the shelterbelts and only a little fine-scale 

variability within the paddock where there was no edge. The low level of variation in the soil 

carbon variables at these fine scales was supported by results from other shelterbelt studies 

(Bangura et al., 2015; Sauer et al., 2007). These studies found no significant variation in soil 

carbon stocks at 20 - 30 m sampling distances. These results were in contrast with findings by 

Martin and Bolstad (2009), who observed that fine scale (1 – 10 m) differences varied greatly 

for soil geo-chemical properties and were highly variable among sites but with no clear 

pattern. The high level of variability indicated that the fine scale samples were independent 

and not spatially auto-correlated. The low level of variation within shelterbelt and paddocks 

provided further evidence that the applied sampling design was able to assess the variability 

of soil carbon stocks and carbon cycle processes at the fine scale.  

2.4.3 Factors affecting site differences in carbon stocks and processes 

The results from the PCA highlighted that different soil carbon stocks and process 

variables were driving the outcomes in the paddocks and shelterbelts separately, within the 

study sites (Figure 2-5, Figure 2-6). The soil carbon stocks and process rates in shelterbelts 

were driven by an increasing gradient of soil carbon stocks on a spatial axis from the foothills 

(farm A) to the low-plains (farm D) (Figure 2-5). This result was similar to other studies that 

found landscape gradients when studying soil carbon variables, typically between geographic 

extremes, such as the coasts and mountains or hill tops and gullies (Parras-Alcantára et al., 

2015). The altitude gradients were related to geological and climatic sensitivity of soil carbon 
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stocks in studies with similar patterns (Parras-Alcantára et al., 2015; Wang et al., 2013). The 

shelterbelt results also underlined the correlation between carbon stocks in relation to a 

number of soil properties and biomass activity in the top layers of the soil, and the close links 

with soil organic carbon. Although other studies (Follain et al., 2007; Sauer et al., 2007) 

found an influence between soil carbon stocks, microbial community activity and woody 

above-ground vegetation, they did not necessarily take into account the particular site 

differences (i.e. soil type) and gradients (i.e. altitude). On the other hand, the somewhat 

undisturbed soil under shelterbelts could have the potential to contribute to soil microbial 

activity through plant residues and roots, and support decomposition and change in the soil 

properties (D’Acunto et al., 2014).  

The PCA results from the paddock sites highlighted that soil carbon stocks and carbon 

cycle processes drove the variation between sites. DHA, invertebrate and microbial processes 

drove the variation between farms A and B-C-D on the one hand and and the orthogonal 

variation  in carbon stocks coupled with PH explained difference between A-B-C farms on 

one hand and D on the other.  This may be due to active pasture management for a 

production-favourable soil pH and the effect this had on soil properties. Furthermore, the 

sites appeared to show less variability within them. The low level of variability was further 

supported by research findings which highlighted the effect of land management on paddock 

sites and the resulting homogeneity in soil carbon stocks and reduced variability in the 

paddocks (D’Acunto et al., 2014; Didham et al., 2015), and this appeared to lead to a 

reduction in soil carbon stocks and changes in biological properties (Stark et al., 2004). As 

such, soil organic carbon (SOC) can be lost through paddock preparation and a single 

cultivation (VandenBygaart & Kay, 2004) or over a few years of pastoral management (Jones 

& Donnelly, 2004). SOC accumulation typically occurs within a few decades and normally 

reaches its equilibrium after 30 - 50 years under constant management (Allen et al., 2010). 

This effect of land use and pasture management potentially explained the SOC results for the 

paddock sites. This is supported by the results for shelterbelts, where the youngest shelterbelt 

has the highest SOC and DHA and the oldest shelterbelt has the smallest value. This 

reinforces the suggestion that todays shelterbelts in Canterbury are planted on fertile soils for 

shelter rather than land being marginal.  

Soil carbon stocks and process indicator data enabled a successful investigation of 

variability from within-shelterbelts or paddocks, to the farm and landscape scales. Such an 

exercise has been seen, so far, as an expensive, time consuming and difficult approach due to 
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its inherent variability. Thus, this study has demonstrated a novel approach in sampling 

intensity that combined both soil carbon stocks and process indicators. The results provided 

new insights into farm soils and had an enormous potential to enable more general 

assessments across farms and agricultural regions. However, it was important to recognise 

that soil carbon stock and process data from one point in time may not be representative of 

the average soil carbon stock and process indicator occurring at a given location and it would, 

therefore, be useful to average data sets over longer periods and areas. This is particularly 

relevant as agricultural soils were perceived as having considerable potential to reduce on-

farm carbon emissions and increase current carbon stocks (Altieri et al., 2015; McDermot & 

Elavarthi, 2014). This study enabled me to carry out a larger scale study of carbon stock and 

process indicators, as described in the following chapter and, therefore, have implications for 

future field sampling in terms of appropriate sampling distances and sampling intensity in 

agro-ecosystems. 

 

 



 

63 
 

Chapter 3 

Effects of tree species, land use and individual farm management 

on soil carbon stocks under shelterbelts and paddocks 

3.1 Introduction  

Significant research has been conducted to assess carbon stocks and the potential of 

natural and plantation forests, but comparatively little has been done to assess the different 

carbon pools associated with shelterbelts or other small woody vegetation features on farms 

(Czerepowicz et al., 2012; Perry et al., 2009; Smith & Reid, 2013). The importance of such 

woody vegetation features for carbon storage and sequestration in shelterbelts is accepted 

internationally; and a number of studies have highlighted the potential of shelterbelt above-

ground carbon sequestration in the USA, Argentina, France and Australia (Baggio & 

Heuveldop, 1984; D’Acunto et al., 2014; Follain et al., 2007; Smith & Reid, 2013). There is 

also a growing body of literature for native and plantation forest carbon stocks in New 

Zealand (Beets et al., 2014; Beets et al., 2011; Mason et al., 2012). However, few studies 

have been carried out for shelterbelts and other small woody vegetation features within the 

heterogeneous agricultural landscape (Perry et al., 2009).  

One of the most common shelterbelt species in Canterbury, New Zealand are exotic 

conifers, such as Monterey pine (Pinus radiata, D.Don) (Winterbourn & Knox, 2008). This 

species’ ability to shelter and shade is undisputed, but how it compares with New Zealand 

native shelterbelt species regarding carbon storage is currently unknown. Shelterbelts 

consisting of native species on farms have simply been ignored in regard to carbon storage, 

despite the focus on native forests (Carswell et al., 2009), conservation land (Mason et al., 

2012) or urban environments (Schwendemann & Mitchell, 2014). The impact of different 

kinds of shelterbelts in the production landscape, on GHG emissions and carbon stocks has 

yet to be assessed thoroughly in a landscape context. The few studies that have investigated 

shelterbelts were primarily concerned with carbon sequestration estimates for above-ground 

biomass in New Zealand (Czerepowicz et al., 2012; Appendix A), but there are several 

components in shelterbelt ecosystems that should be accounted for when estimating carbon 

storage potential. The potential of how New Zealand native species compare to exotics is yet 

to be shown in regard to carbon stocks in above-ground woody vegetation, the coarse-woody 
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debris (CWD), herbaceous biomass and litter and the below-ground soil carbon pool (Brown, 

2002).  

Above-ground woody vegetation represents the largest amount of biomass in 

shelterbelts and is, therefore, a key component of carbon storage (Appendix A). The overall 

contribution of woody vegetation is large, both in carbon amount and the time it stays 

inaccessible compared to coarse-woody debris or herbaceous biomass. Woody vegetation, of 

sometimes mixed ages and diverse numbers of plants and species, is able to store 

considerably larger amounts of carbon in the above-ground biomass compared to agricultural 

pastures or crops (Eldridge & Wilson, 2002; Wilson et al., 2009; Young et al., 2009). Other 

above-ground carbon compartments include coarse-woody debris, herbaceous biomass and 

leaf litter. These three compartments have been found to accumulate significant amounts, 

with up to 20% of the total carbon stock in pastoral systems with trees (Brown, 2002; 

Appendix A; Sauer et al., 2007). 

Soil carbon is another important carbon stock compartment under shelterbelts. This 

terrestrial carbon pool of soil carbon is estimated to be around 2500 Gt (Lal, 2004a). The total 

soil carbon pool (total C) consists of a number of different fractions, including soil organic 

carbon (SOC) - as organic matter contains a range of materials and inorganic carbonates and 

bicarbonates. The organic pool is estimated to be twice as large as the inorganic stocks and 

amounts to ~1500 Gt C within the top 1 m of the soil profile (Batjes, 1996). Another soil 

carbon pool is the labile pool (labile carbon), which consists of soluble fresh plant residues 

(i.e. fine roots and living organisms). This pool is typically measured as soluble, microbial 

products, root exudates and organic fractions in the soil (Dalal & Chan, 2001). While the total 

carbon pool does vary significantly across soils, it is still over three times the atmospheric 

pool and a key storage compartment of significant amounts of carbon (Lal, 2004b, 2008). 

This highlights the importance of soil as a carbon pool. Soils can be both carbon sink and 

source, depending on land use and management. Carbon varies horizontally across soil types, 

vegetation types and climatic zones, as well as vertically (Chapin et al., 2002). Forest 

ecosystems are known to store carbon closer to the soil surface than grasslands which, in 

contrast, have larger carbon concentrations with increasing depth (Jobbagy & Jackson, 2000). 

Therefore, shelterbelts and other small woodlots on farms are expected to show similar 

variation in the soil, as influenced by previous farm management, land use, climate, or forest 

type (Paul et al., 2002). 
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3.1.1 Land use, production land and shelterbelts 

Land use can affect soil carbon stocks in the adjacent unfarmed or marginal land 

(Didham et al., 2015). Farm management and inputs, such as nutrients, chemical or irrigation 

application, livestock type and numbers, are non-static and can easily spillover laterally into 

adjacent woody vegetation features on farms (Didham et al., 2015; Tinker, 1997; van 

Noordwijk et al., 2004). While there is very limited quantitative evidence about the 

magnitude of these effects, the spillover affects both soil carbon stocks and soil attributes (i.e. 

soil moisture or pH) under shelterbelts (D’Acunto et al., 2014; Simón et al., 2013). The 

potential effects of woody vegetation on adjacent managed pasture and vice versa have rarely 

been studied in agricultural systems (Blitzer et al., 2012; Boutin & Jobin, 1998; Moller et al., 

2008). Recent evidence suggests that land management may have a substantial negative 

effect on adjacent shelterbelts carbon stock through spillover (Allan et al., 2015; Didham et 

al., 2015) as well as spatial inefficiency from nutrient movement (van Noordwijk et al., 2004) 

and the cumulative effects of intensively managed landscapes (Duncan et al., 2008; Smale et 

al., 2008; Stevenson, 2004). This might mean that the only hope is a more wildlife friendly 

farming approach, which integrates native biodiversity into farm management through native 

shelterbelts for example (Pywell et al., 2012; Fischer et al., 2008). 

Soil carbon stocks in the agricultural landscape may be explained through a 

hierarchical structure of factors ranging from the individual shelterbelt, individual farm and 

management to soil type (Aynekulu et al., 2011; Hickman et al., 2014). Recent evidence 

suggests that soil type can fully override, in general, any effect of land use or shelterbelt on 

soil carbon stocks (Schipper et al., 2007). The study observed significant and widespread 

losses of carbon and nitrogen in New Zealand soil profiles on flat to rolling land with 

different livestock farming intensities (Schipper et al., 2007). These soil carbon losses are 

consistent with other studies of grazed pastures (Elmore & Asner, 2006; Lettens et al., 2005). 

Others have observed no clear variation of carbon stock changes due to land use or different 

management practices (McSherry & Ritchie, 2013).  

3.1.2 Aim and objectives 

The aim of this chapter was to quantify the differences in carbon stocks for multiple 

ecosystem compartments above- and below-ground in shelterbelts and the adjacent paddocks 

with different land use and soils attributes.  
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Therefore, this chapter had the following objectives: 

1. Characterise and quantify differences in above- and below-ground carbon stocks 

within and between native and exotic shelterbelts and the adjacent paddocks. 

2. Identify at what spatial scales do soil carbon stocks vary within and between 

shelterbelts and paddocks. 

3. Characterise possible drivers for variation in soil carbon stocks in shelterbelts and 

pastures across the agro-ecosystem, including soil type, land use, individual farm and 

shelterbelt characteristics. 

 

3.2 Methods 

3.2.1 Study region 

The study was conducted on 34 farms across the Canterbury Plains, New Zealand 

(Figure 3-1). In order to address the aim of this study, the sampling design at this scale was 

based on four criteria: first, to cover the four main agricultural land uses; arable, beef, dairy 

and sheep farming (definition for land use: stock type made up at least 60% of income); 

secondly, to have a good distribution of farms across the region; thirdly, to have an 

approximately equal replication across the four main soil types and four land uses; and 

fourthly, each farm had to have at least one pine shelterbelt (Pinus radiata, D.Don) of a 

similar age to the other pine shelterbelts in the study and undergo management (trimming), as 

well as a native shelterbelt in close proximity. 

All 34 study sites have been under pastoral or arable farming for the last 20 years (see 

Table 3-1 for more detail). Twenty-five of the 34 farms also have a native shelterbelt on the 

farm that comprised one, or combination of, native species. The sampled mono-species 

shelterbelts were New Zealand Fuscospora fusca (Hook.f; red beech remnant), Kunzea 

serotina, (kanuka; de Lange & Toelken) on the central plains and Kunzea robusta (de Lange 

& Toelken) in the foothills, and Olearia paniculata (J. R. Forst & G. Forst, olearia). The 

mixed-native shelterbelts sampled comprised Cordyline australis (Hook. F.; cabbage trees), 

Phormium tenax (J. R. Forst & G. Forst, flax), Pittosporum eugenioides (A. Cunn, 

lemonwood), and Pittosporum tenuifolium (Gaertn, matipo) (see Table 3-3 for further 

details). A fully balanced design was not achieved owing to the lack of availability of certain 

land uses in regions within the extent of the study. It was evident that all shelterbelts were 
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subjected to a regular trimming regime. One of the reasons for selecting shelterbelts 

comprising pine and mixed-native species was the common usage and site suitability of these 

species in Canterbury. Both shelterbelt types are common on farms due to their growth 

patterns for shade, shelter and survival rate. In addition, information was collected directly 

from each of the landowners regarding the type and length of current and past land use, 

current farm management matters, such as stock units, fertiliser application and irrigation 

approach.  

This study used a hierarchical spatial framework approach in order to examine the 

differences and variability between different carbon stocks and a number of agro-ecological 

factors at different scales (Figure 3-1, c). These factors were soil type, individual land use and 

shelterbelt species. The coarsest scale unit was the dominant soil order (brown, gley, recent 

and pallic) within the Canterbury region. The next two scales were nested within each other 

in increasingly smaller units. The individual farm and its management represented the next 

smaller scale. The next finest scale comprised the individual shelterbelt and paddock. The 

finest scale comprised the within-shelterbelt or paddock scale at the point level. 
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Table 3-1:  Summary of all farms by land use (beef, crop, dairy and sheep), soil order (G - grey; 
B - brown; P - pallic; R - recent), general farm number, shelterbelt type and 
botanical name of shelterbelt species. The farm code links back to Figure 3-1, a) for 
their location. 

Land 
use 

Soil 
order 

Farm 
code 

Shelterbelt 
type Species specifics 

Beef B 5 exotic Pinus radiata 

    5 native Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium 

    11 exotic Pinus radiata 
  P 9 exotic Pinus radiata 
    9 native Fuscospora fusca 
    12 exotic Pinus radiata 
  R 2 exotic Pinus radiata 
    2 native Fuscospora fusca 

Crop B 25 exotic Pinus radiata 

    25 native Cordyline australis, Pittosporum eugenioides, 
Pittosporum tenuifolium 

  G 17 exotic Pinus radiata 

    17 native Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium 

  P 16 exotic Pinus radiata 
    16 native Olearia paniculata 
  R 4 exotic Pinus radiata 
    15 exotic Pinus radiata 
    15 native Olearia paniculata 
    19 exotic Pinus radiata 
    20 exotic Pinus radiata 

Dairy B 21 exotic Pinus radiata 
    22 exotic Pinus radiata 
  G 18 exotic Pinus radiata 

    18 native Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium 

    33 exotic Pinus radiata 

    33 native 
Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium, Kunzea 
serotina 

  R 3 exotic Pinus radiata 
    3 native Olearia paniculata 
    13 exotic Pinus radiata 
    13 native Kunzea serotina 
    14 exotic Pinus radiata 

    14 native Fuscospora fusca, Kunzea serotina, Pittosporum 
tenuifolium 

Sheep B 6 exotic Pinus radiata 
    6 native Fuscospora fusca 
    24 exotic Pinus radiata 
    24 native Kunzea serotina 
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    32 exotic Pinus radiata 
  P 7 exotic Pinus radiata 
    7 native Olearia paniculata 
    8 exotic Pinus radiata 
    8 native Fuscospora fusca, Kunzea robusta 
    10 exotic Pinus radiata 
    26 exotic Pinus radiata 
    26 native Fuscospora fusca 
    27 exotic Pinus radiata 
    27 native Kunzea robusta 
    28 exotic Pinus radiata 
    28 native Kunzea robusta 
    29 exotic Pinus radiata 
    29 native Fuscospora fusca 
    30 exotic Pinus radiata 
    30 native Kunzea robusta 
    31 exotic Pinus radiata 

    31 native 
Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium, Kunzea 
serotina 

    34 exotic Pinus radiata 
    34 native Fuscospora fusca 
  R 1 exotic Pinus radiata 
    1 native Fuscospora fusca 
    23 exotic Pinus radiata 

    23 native Cordyline australis, Phormium tenax Pittosporum 
eugenioides, Pittosporum tenuifolium 

 
 

3.2.2 Field sampling and processing 

Sampling design – individual farm scale  
Soil and biomass samples were taken both in pasture and shelterbelts on all farms 

(Table 3-1). Shelterbelt carbon stocks were quantified along 100 m transects within each 

shelterbelt, centred approximately on each shelterbelt’s midpoint (Figure 3-2). The study 

assessed the variability of soil carbon stocks along the 100 m transect within each shelterbelt 

as well as in a companion transect in the adjacent paddock that ran parallel to, but 25 m from, 

each shelterbelt edge. The distance of 25 m was used as it is almost twice the height of the 

typical shelterbelt and, therefore, assumed to be outside the area of influence (Bangura et al., 

2015). Soil samples and or above-ground biomass samples were taken at each point using a 

soil corer and zip lock bags. At 20 m intervals (red point Figure 3-2) along each transect, the 

carbon stocks were quantified for the following compartments: live woody vegetation, 
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of how each biomass compartment was sampled and what measurements were taken (Figure 

3-2). 

Table 3-2:  Summary of biomass compartments (above-ground tree biomass, coarse-woody 
debris, herbaceous biomass, litter, root estimates and soil). This is followed by 
indicating the different ways each compartment is sampled and which 
measurements are taken and used for further analysis.  

Biomass compartment Sampling method Measurement taken 
Above-ground tree biomass (AGB) Biomass sampling Height, dbh 
Coarse-woody debris 50 × 50 cm sample plots 

 
Herbaceous biomass 25 × 25 cm sample plot 
Leaf litter 25 × 25 cm sample plot 
Roots Base on AGB Root : shoot ratio 
Soil 10 cm soil core Total soil carbon 

 

To quantify the above-ground tree biomass for each shelterbelt cover type at the 34 

farm sites, two different methods were used depending on whether an allometric equation for 

a given species was available in the literature. For most woody species, published allometric 

equations were available. The New Zealand-specific biomass equation presented by Moore 

(2010) for pine species was used to estimate above-ground biomass (AGB) for P. radiata 

trees (Equation 8):  

Ln(𝐴𝐺𝐵) =  −0.9069 +  1.2273 ln 𝑑𝑏ℎ +  0.1411 (ln 𝑑𝑏ℎ)2–  0.0078 ln ℎ +  0.0840 (ln ℎ)2, 

(Equation 8) 

where AGB is the above-ground biomass in kg tree-1; dbh is tree diameters at breast 

height (1.3m) measured in cm, over bark using a tape measure for two trees to a 0.1 cm 

precision; h is the tree height in cm using FORESTOR VERTEX (Digital hypsometer, Forest 

Instrument AB, Sweden) to an approximate precision of ± 2 m at each sampling point within 

the shelterbelt  

The New Zealand-specific above-ground tree biomass (AGB) calculations for the 

native species F. fusca, K serotine, K.robusta, O. paniculata, P. eugenoides, P. tenuifolium 

were based on the allometric equation presented by Coomes et al. (2002) (Equation 9); 

 

𝐿𝑁(𝐴𝐺𝐵) =  0.0000598 × 𝝆 × (𝑑𝑏ℎ2 × ℎ)0.946 × (1 − 0.0019 × 𝑑𝑏ℎ) + 0.03 ×

𝑑𝑏ℎ2.33 + 0.040 × 𝑑𝑏ℎ1.53,        (Equation 9) 

Dry-weight of 
sample 
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where AGB, dbh, h are quantified as explained above, and 𝛒 the species-specific mean 

stem tissue density (kg/m3) were taken from (Holdaway, Easdale, et al., 2014) (Table 3-3). 

For shrubs, where height measurement with FOREST VERTEX was not possible or sensible 

due to low branching habit or diminutive height of the specimen, height was measured using 

height poles and their total number within the shelterbelt was recorded.  

New Zealand-specific allometric equations were not available in the literature for flax 

(Phormium tenax) or cabbage trees (Cordyline australis). The use of destructive sampling 

(e.g. Beets et al., 2012; Schwendemann & Mitchell, 2014) to estimate biomass for these 

species was not an option as none of the land owners gave permission for this to be carried 

out. Therefore, the biomass for these two species was based on results from small trials that 

provided biomass quantities on a kg per plant basis of: 11.3 kg for cabbage trees (Marden et 

al., 2005; Watson & Marden, 2004) and 3.32 kg for flaxes (McGruddy, 2006). In these 

studies, the growth was only available for five years of plant growth. None of the native 

shelterbelts with flax or cabbage trees in this study were older than ten years. The available 

biomass quantities from the literature were converted into annual increases and used to add 

annual growth of biomass to the cabbages and flaxes for the additional years needed to 

correct for their carbon content.  

Table 3-3:  Summary of all tree, shrub and plant species in this study, common name, botanical 
name, order, family, stem tissue densities over bark (Holdaway et al., 2014) used for 
analysis and the allometric or total biomass equation references  

Common name Botanical name Order or family 

Mean stem 
tissue density 𝛒  
(kg/m3) 
 

Source 
 

Pine tree Pinus radiata Pinaceae - Moore 2010 
NZ Red Beech Fuscospora fusca Nothofagaceae 555.3 Coomes et al 2002 

Kanuka 
Kunzea serotina, 
Kunzea robusta Myrtaceae 637.3 Coomes et al 2002 

Oleria Olearia paniculata Asteraceae 493 Coomes et al 2002 

Lemonwood Pittosporum 
eugenioides 

Pittosporaceae 637 Coomes et al 2002 

Matipo 
Pittosporum 
tenuifolium 

Pittosporaceae 583.8 Coomes et al 2002 

Cabbage tree Cordyline australis Asparagaceae  
Watson & Marden 
2004 
Marden et al., 2005 

Flax Phormium tenax Xanthrrhoeaceae  McGruddy 2006 
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Tree level biomass (kg tree-1) was up-scaled to tonnes of carbon per shelterbelt (C t 

shelterbelt-1) and tonnes of carbon per hectare, using data collected about shelterbelt width 

(m), height (m), length (m), the number of rows and trees, and the spacing of trees in each 

row; based on the procedure presented by Czerepowicz (2011) (Table 3-2). The carbon tonne 

quantities are based on the assumption that 50 per cent of tree biomass is carbon (Coomes et 

al., 2002). 

Coarse-woody debris was sampled by collecting all woody pieces greater than 5 mm 

in diameter within the sample quadrat of 50 × 50 cm (Table 3-2). Where pieces crossed the 

quadrat boundary, an imaginary cut was put across the specimen so only wood inside the 

quadrat was included. Its weight, after drying at 25ºC for two weeks (over an extremely dry 

summer for Canterbury) was converted to carbon content, based on the assumption of 50 per 

cent of each wood sample was carbon (Smith, 2010; Snowdon et al., 2000).  

Herbaceous biomass was sampled using 50 × 50 cm sampling quadrats and litter was 

sampled using 25 × 25 cm sampling quadrats at each sampling point (Figure 3-2 and Table 

3-2) (Smith & Reid, 2013; Tothill et al., 1978). The difference in sampling quadrats was due 

to different amounts of sample matter and processing capabilities. Both samples types were 

dried for 72 hours at 60°C. Herbaceous biomass and litter were weighed separately and 50 

per cent of their weight was assumed to be carbon content (Snowdon et al., 2000).  

Root biomass was estimated using the above-ground biomass of the plant, using root 

to shoot ratios. The above-ground biomass was multiplied by 0.25 for woody vegetation 

(Beets et al., 2012; Snowdon et al., 2000) (Table 3-2). Recent results from a New Zealand-

based study observed that root biomass quantities were species-specific and ranged between 

17 - 23% of total plant carbon (Schwendemann & Mitchell, 2014). Therefore, a species-

specific root to shoot ratio was used for F. fusca, K. serotine, K.robusta, O. paniculata, P. 

eugenoides, P. tenuifolium based on the observations of Schwendemann and Mitchell (2014).  

Soil samples were taken to measure soil carbon using a 10 cm step-on soil coring 

device with a radius of 3 cm (Volume of 282.74 cm3). Soil cores were obtained at each farm 

from the five sampling points within each shelterbelt and in the parallel transect in the 

paddocks (Figure 3-2 and Table 3-2). Cores were stored in zip-lock plastic bags in a cool box 

in the field, then stored at 8°C in the laboratory for up to one week before air-drying. Soil 

samples were ground to pass through a 2 mm sieve. Moisture content was determined on a 

sub-sample from the ground sample (after drying at 105°C for 48 hours) for subsequent 
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calculation of oven dry bulk density. In addition, another sub-sample from each sample point 

was used to quantify the pH (Blackmore et al., 1987). 

Total soil carbon and nitrogen were measured on air-dried sub-sample of each soil 

core using an Elementar Vario-Max CN Elemental Analyser (Elementar GmbH, Hanau, 

Germany). Total organic carbon (TOC) was quantified using the loss on ignition method 

(LOI) (Blackmore et al., 1987). Carbonates in alkaline soils were removed for the TOC 

analyses with hydrochloric acid (Fernandes & Krull, 2008; Walthert et al., 2010). This 

analysis uses a 10 g air-dried soil sample in a pre-weighed crucible and dried at 105°C for 

three hours, then cooled down in a desiccator and reweighed. It was then ignited at 500°C in 

a muffle oven for four hours. Once the sample had cooled down in a desiccator it was 

reweighed. To calculate total organic carbon (TOC as a per cent measure), 

𝑇𝑂𝐶 =
 
(𝑜𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡−𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛)

𝑜𝑣𝑒𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 ×100

7.2
,    (Equation 10) 

TOC was then used to quantify soil organic carbon (SOC), using the formula by Xu et al. 

(2011): 𝑆𝑂𝐶 = %𝑇𝑂𝐶 × 𝐵𝐷 ×  ℎ, where TOC is the total organic carbon concentration in 

(%); BD is the soil bulk density (g cm-3); and h is the soil depth (h) here 10 cm. Bulk density 

(BD) was determined using the ‘driving hammer’ method (10 cm ×10 cm) (Blake & Hartge, 

1986).  

Labile carbon was quantified using the ‘active carbon’ technique for the determination 

of permanganate oxidisable carbon (POXC) soil samples (Weil et al., 2003). The protocol 

used 2.5 g of air-dried soil, which was transferred into 50 ml screw-top centrifuge tubes. 

Deionised water (18 ml) and 2 ml of 0.2 M KMnO4 stock solution were added, then the 

samples were placed in an oscillation shaker for exactly 2 min at 240 oscillations per minute. 

After removing the tubes from the shaker and leaving them to settle for 10 min, 0.5 ml of 

supernatant were transferred into another 50 ml tube and mixed with 49.5 ml of deionised 

water. Each sample (200 µl) was then transferred into a 96-well plate together with a set of 

standards, including a blank of deionised water, four standard stock solutions (0.00005, 

0.0001, 0.00015, and 0.0002 mol l-1 KMnO4), a soil standard and solution standard. These 

standards were repeated for each plate. The sample absorbance was read, using a 

spectrophotometer at 550 nm. POXC (mg kg-1 soil) was determined using the following 

equation: 
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 𝑃𝑂𝑋𝐶 = [0.02 𝑚𝑜𝑙 𝑙−1 − (𝑎 + 𝑏 × 𝐴𝑏𝑠)] × (9000 𝑚𝑔 𝐶 𝑚𝑜𝑙−1) ×

(0.02 𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛/ 𝑊𝑡),          

 (Equation 11) 

 

where 0.02mol/l is the concentration of the initial KMnO4 solution, a is the intercept, 

b the slope of the standard curve, Abs is the absorbance or the unknown soil sample, 9000 mg 

is the amount of C oxidised by 1 mol of MnO4, 0.02 l is the volume of KMnO4 solution 

reacted and Wt is the mass of soil (kg) used in the reaction. Labile carbon was scaled up to 

density values (t ha-1 soil). 

Total site carbon was determined by summing the different carbon contents of each 

component (above-ground woody biomass, referred to as tree biomass, CWD, herbaceous 

biomass, litter, roots and total soil C) on a tonnes per hectare basis. This was carried out for 

the pine and native mixed shelterbelts on all study sites (Beets et al., 2012; Schwendemann & 

Mitchell, 2014; Smith, 2010). 

3.2.3  Data analysis 

To address the first objective, mean carbon stocks compartments above- and below-

ground were illustrated graphically between and within native and exotic shelterbelts and the 

adjacent paddocks. The dependent variables were the different above- and below-ground 

carbon stocks in shelterbelts. These were calculated and up-scaled to C t ha-1 ± 2 standard 

errors. The independent variables were exotic and native shelterbelts. The total, organic and 

labile carbon for the exotic and native shelterbelt soil carbon stocks were then graphically 

compared with the adjacent paddock carbon stocks.  

To address the second objective, variability within the soil carbon data was partitioned 

for shelterbelts and paddocks across the four spatial scales (Figure 3-1, c). The study fitted 

several separate intercept-only hierarchical regression models for each to the soil region 

scale, farm scale, shelterbelt scale and within-shelterbelt scale. To address soil carbon stock 

variability, the same set of models was used to partition the variance between paddock and 

shelterbelt sites as well as to quantify the variance within the native and exotic shelterbelts. 

The variance partitioning approach followed Crawley (2011); an example of its 

application can be found in Case and Duncan (2014). The dependent variable in each of the 

regression models was the individual soil carbon stock and the four categorical variables 
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identifying the spatial unit were entered as nested random effects, to reflect the hierarchical 

nature of the sampling design (Figure 3-1; c). This framework was implemented using a 

hierarchical regression models using the function ‘lme’ in the ‘nlme’ package within R, 

version 3.01 (R Core Team, 2015). Separate hierarchical regression models were fitted to 

partition the variance in the soil carbon data across the three spatial scales. The variation in 

each soil carbon stock residing at each spatial scale was then determined using a variance 

component analysis (Crawley, 2012), which was calculated as the squared deviations of the 

random effects at each scale (from the lme output summary) expressed as proportion of the 

total variance. 

To address the third objective, the potential drivers of the variation in carbon stocks 

were modelled statistically (Table 3-4). The response variables were each of the three soil 

carbon stocks (total carbon, soil organic carbon and labile carbon) within the shelterbelts and 

paddocks. Several competing, alternative mixed-effect models were established to assess the 

relative influences of soil order (brown, grey, pallic and recent soil), land use (arable, beef, 

dairy or sheep farm), shelterbelt or paddock (shelterbelt biomass, age and shelterbelt type), 

within shelterbelt or paddock (pH and soil moisture) and all factors combined, on the 

response variable. An intercept-only model that contained no explanatory factors was 

included as a null model, providing a baseline against which to compare the relative effects of 

the other four models. In addition, several combinations of models were included for the 

shelterbelt and paddock analysis. Dependent variables were tested for normality assumptions 

and correlations with each other. The majority of dependent variables fulfilled the normality 

assumption and only negligible deviations from normality were detected. There were 

relatively weak correlations (r < 0.5) among variables and, therefore, multicollinearity was 

not considered an issue. This was carried out to quantify the amount of variation that may be 

explained by more than one or two variables using the function ‘lmer’ in the R package 

“lme4” (Bates et al., 2014; Bates & Martin, 2015). These models were ranked, using the 

small-sample-size-corrected version of Akaike’s Information Criterion (AICc) and their 

model-averaged parameter values were estimated (Anderson, 2008; Burnham & Anderson, 

2002). The method allowed the inclusion of a random effect for the individual farm and 

shelterbelt as information was nested within farm and shelterbelt (Figure 3-1). This accounted 

for the fact that the sample sites (shelterbelts or paddocks) were within a farm and resulted in 

better estimates of standard errors for the regression parameters than would be obtained by 

linear regression modelling (Mazerolle, 2014; Symonds & Moussalli, 2011; Zuur et al., 
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2013). In this framework, the model with the lowest AICc was considered to be the most 

informative with respect to explaining variation in the response variable; models within two 

AICc units of the top-ranked model are considered equally informative, those within two to 

seven AICc units moderately informative to relatively uninformative (Anderson, 2008). The 

function ‘r.squared’ in the package ‘MuMIn’ was used to calculate r-squared values for each 

model, including both marginal and the conditional coefficients of determination, which 

showed the percentage of variation as explained by the random and fixed effects (Barton, 

2014). Explanatory variables comprising each model set were assessed for multicollinearity 

prior to modelling, but none was highly correlated (r > 0.6). The model averages were used to 

illustrate the results graphically, using the predicted values, by showing the effect of each 

predictor variable on the response variable after all other predictors had been accounted for 

(Mazerolle, 2014). The resulting figures included both the model average predicted values for 

the response variable, in combination with the factors and the raw, observed data, as well as 

estimates for each explanatory variable. The analyses were performed with R version 3.10 

and RStudio version 0.98 (R core team 2014) and all graphs were produced using the ggplot2 

package (Wickham, 2009). 
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Table 3-4:  Summary of all multi-model inference models used for analysis with the soil carbon 
stocks. The list contains the different candidate models used and the variables 
within each model are listed. Shelterbelt and paddock model sets differ as the 
paddock sites did not have above-ground woody vegetation or age of shelterbelt. 

Response variable Candidate models Variables in the model 

Soil carbon stocks 
under shelterbelt: 
total, organic and 

labile carbon 

Full All below 
Within shelterbelt Soil moisture, pH 
Shelterbelt Age and shelterbelt biomass, shelterbelt type 

Shelterbelt and within shelterbelt Soil moisture, pH, age, shelterbelt biomass, 
shelterbelt type 

Land use Beef, crop, diary or sheep farm 
Land use and shelterbelt Land use, age, shelterbelt biomass, shelterbelt type 
Land use, shelterbelt and within 
shelterbelt 

Land use, age, shelterbelt biomass, shelterbelt 
species, pH and soil moisture 

Land use and within shelterbelt Land use, pH and soil moisture 
Soil order Brown, gley, pallic and recent soil 
Null None 

Soil carbon stocks 
under paddock: 

total, organic and 
labile carbon 

Full All below 
Within paddocks Soil moisture, pH 
Land use Beef, crop, diary or sheep farm 
Land use and within paddock Land use, soil moisture, pH 
Soil order  Brown, gley, pallic and recent soil 
Soil order and within paddock Soil order, pH and soil moisture 
Null None 

Paddock Paddock site adjacent to native or exotic 
shelterbelt 

Within paddock and paddock Soil moisture, pH and paddock site 
Paddock and land use Land use and paddock site 
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3.3 Results 

The shelterbelts investigated across all 34 farms had pine shelterbelts and 25 of these 

farms also had a native shelterbelt nearby (Table 3-5). The exotic shelterbelts were, typically, 

more mature than the native shelterbelts and, on average, were 27 ± 7 years old 

[mean ± 2 standard error]. The average native shelterbelt age was 16 ± 11 years, including 

some more recently-planted ones. Native shelterbelts were younger and typically comprised 

more low-growing shrubs. Native shelterbelts rarely attained the dimensions reported for the 

exotic shelterbelts. The exceptions were native beech remnants on a small number of farms. 

The spacing of shelterbelt trees was, on average, 2.1 m for exotics and 1.9 m for natives per 

rows and typicaly 1.5 between rows. Native shelterbelts had, on average, 39 trees and/or 

shrubs per 100 m of shelterbelt, whereas pine shelterbelts had approximately 60 trees in all 

rows acros the whole transect (Table 3-3 and Table 3-5).  

 



 

81 
 

Table 3-5:  Summary of all 34 study farms and ordered by shelterbelt type (exotic or native) and grouped by land use. The farm code (refer to 
Figure 3-1), and shelterbelt characteristics are given. Shelterbelt characteristics include age, diameter at breast height (DBH; mean ± 
one standard deviation (SD)), height, number of rows and spacing of trees. In addition, the soil characteristics, pH and soil moisture, are 
included for each shelterbelt type as site-level means ± one standard deviation (SD).  

 

Shelterbelt 
type Land use Farm 

code  
Age 

(years) 
DBH ± SD  

(cm) Height (m) 
Numbe

r of 
rows 

Spacing 
(m) pH ± SD Soil moisture (%) 

± SD 

Exotic beef 2 27 35.4 ± 3.1 17 3 1.5 5.35 ± 0.1 6.73 ± 5.3 
  5 22 46.33 ± 1.5 7 1 2.5 5.55 ± 0.7 18.25 ± 7.2 
  9 24 43.35 ± 10.1 25 20 3.8 5.54 ± 0.5 13.4 ± 5.5 
  11 35 45.93 ± 15.3 20 3 2.5 4.96 ± 0.2 12.19 ± 3.8 
  12 28 53.12 ± 7.5 18 2 2.8 5.32 ± 0.5 14.6 ± 5.8 
 crop 4 29 46.33 ± 1.5 7 1 2.5 4.92 ± 0.9 15.71 ± 6.1 
  15 19 20.25 ± 4.5 5 1 0.5 5.85 ± 0.1 12.85 ± 2.6 
  16 22 22.77 ± 5.6 5 1 0.8 5.85 ± 0.1 12.85 ± 2.6 
  17 20 43.17 ± 5.9 25 10 2 5.6 ± 0.3 17.79 ± 6.1 
  19 26 54.18 ± 3.8 5 2 1.5 5.99 ± 0.3 20.05 ± 7.7 
  20 25 70.03 ± 18.7 6 2 3 4.83 ± 0.1 18.26 ± 3.7 
  25 35 40.17 ± 11.1 20 3 1.5 4.87 ± 0.2 14.75 ± 6.6 
 dairy 3 19 34.17 ± 2.3 8 1 1.8 5.81 ± 0.3 16.94 ± 6.1 
  13 24 39.65 ± 17.3 10 2 2 5.52 ± 0.3 13.11 ± 8.2 
  14 22 41.75 ± 14.1 18 4 2 5.77 ± 0.4 9.36 ± 12.6 
  18 18 24.38 ± 1.4 6 1 1.5 5.2 ± 0.3 28.95 ± 26.1 
  21 29 102.68 ± 10.8 6 1 2.5 5.49 ± 0.7 16.19 ± 5.6 
  22 28 67.23 ± 35.1 6.5 2 3.5 6.29 ± 0.1 21.2 ± 7.1 
  33 45 161.67± 33.12 10 1 1.8 4.95 ± 0.4 10.71 ± 2 
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Shelterbelt 
type Land use Farm 

code  
Age 

(years) 
DBH ± SD  

(cm) Height (m) 
Numbe

r of 
rows 

Spacing 
(m) pH ± SD Soil moisture (%) 

± SD 

Exotic sheep 1 25 30.1 ± 8.09 8 1 0.95 6.03 ± 0.3 12.43 ± 5.1 
  6 17 22.9 ± 2.1 6.5 2 1.2 5.63 ± 0.1 16.62 ± 3.1 
  7 24 45.25 ± 13.6 5 1 2.8 4.93 ± 0.5 18.33± 4.8 
  8 31 35.68 ± 4.0 25 15 3 5.22 ± 0.2 18.9 ± 7.3 
  10 25 159.23 ± 35.7 10 1 2.5 5.24 ± 0.7 16.51 ± 6.9 
  23 31 38.28 ± 5.5 25 2 2.5 5.25 ± 0.3 15.68 ± 5.9 
  24 15 58.52 ± 15.1 5 1 1.5 5.45 ± 0.1 13.78 ± 6.2 
  26 24 36.8 ± 14.0 18 5 2.5 5.05 ± 0.4 15.53 ± 9.0 
  27 45 35.03 ± 13.1 25 8 3.5 5.26 ± 0.3 17.66 ± 8.7 
  28 29 41.3 ± 10.2 15 4 2 5.85 ± 0.2 20.56 ± 15.4 
  29 26 36.55 ± 13.7 15 3 1.8 5.68 ± 0.2 27.22 ± 2 
  30 28 34.55 ± 12.3 25 8 3.5 5.13 ± 0.1 20.97 ± 6.7 
  31 40 60.45 ± 31.9 5 1 0.8 5.03 ± 0.6 12.24 ± 1.3 
  32 45 47.52 ± 13.7 9.5 2 2 5.05 ± 0.7 17.21 ± 6.0 
  34 27 59.27 ± 9.8 20 9 2.5 5.66 ± 0.2 12.69 ± 2.3 

Native beef 2 6 15.3 ± 0.7 7.5 3 2 5.35 ± 0.3 11.69 ± 8.6 
  5 6 12 4.5 3 2 5.66 ± 0.1 19.94 ± 7.4 
  9 17 24.13 ± 1.3 15.5 3 3.5 5.72 ± 0.4 29.11 ± 11.5 
 crop 15 16 21.35 ± 4.5 4 1 1.9 5.49 ± 0.2 15.39 ± 8.1 
  16 17 21.5 ± 2.7 4 1 1.8 5.49 ± 0.2 15.39 ± 8.1 
  17 10 11.9 5 2 1.8 5.83 ± 0.2 17.8 ± 5.1 
  25 7 14 2 2 0.75 5.46 ± 0.2 16.77 ± 3.7 
 dairy 3 10 17.8 ± 1.9 5.5 1 1.2 5.51 ± 0.7 14.81 ± 2.2 
  13 35 16.45± 4.3 3.5 1 2.5 5.46 ± 0.4 8.89 ± 3.9 
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Shelterbelt 
type Land use Farm code Age 

(years) 
DBH ± SD 

(cm) Height (m) Number 
of rows Spacing (m) pH ± SD Soil moisture (%) ± 

SD 
Native dairy 14 10 20.03 ± 2.1 4 20 2 6.3 ± 0.2 16.63 ± 11.9 

  18 7 17.6 2 3 1.2 5.49 ± 0.3 29.19 ± 15.6 
  33 10 15 3 10 1.5 5.99 ± 0.1 33.07 ± 10.5 
 sheep 1 15 16.1 ± 7.5 8 2 2 5.33 ± 0.7 16.57 ± 3.1 
  6 50 16.95 ± 3.0 18.75 2 3 5.63 ± 0.1 24.16 ± 2.6 
  7 9 11.9 ± 2.3 4.5 1 1.8 6.37 ± 0.1 15.27 ± 5.8 
  8 27 14.73 ± 2.1 9.67 18 3 5.52 ± 0.2 25.38 ± 3.2 
  23 8 15 3.5 2 0.5 5.21 ± 0.3 16.08 ± 10.1 
  24 7 5.8 ± 1.4 3 2 1.5 5.54 ± 0.3 19.91 ± 5.8 
  26 10 25 5 10 2.5 5.68 ± 0.2 27.22 ± 2 
  27 25 11.38 ± 1.9 15 10 2.5 5.54 ± 0.1 24.54 ± 15.1 
  28 25 10.83 ± 2.8 4.5 8 2.5 5.02 ± 0.1 22.85 ± 8.1 
  29 27 30.72 ± 2.7 20 5 2.5 5.71 ± 0.2 20.59 ± 21.8 
  30 30 17.03 ± 3.7 11 12 1.5 5.57 ± 0.3 24.33 ± 8.1 
  31 7 10 2.5 1 0.5 5.6 ± 0.4 20.4 ± 3.5 
  34 11 25.43 ± 6.5 5 2 2.2 5.89 ± 0.2 16.42 ± 3.8 
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3.3.1 Above- and below-ground carbon stocks within and between exotic and 
native shelterbelts and the adjacent paddocks 

The vast majority of shelterbelt carbon was stored in the above-ground shelterbelt 

vegetation biomass (tree biomass) (Figure 3-3). For all sampled shelterbelts, the above-

ground tree carbon values differed considerably and ranged between 9.6 t C ha-1 and 146.2 t 

C ha-1. Exotic shelterbelts had higher quantities carbon than natives across all four land uses. 

In comparing carbon stocks by land use, the dairy farm had the highest mean shelterbelt 

vegetation carbon stocks compared with all other three land uses, that increased in the order 

of beef < crop < sheep < dairy (beef: 24.8 t C ha-1; crop: 75.3t C ha-1; sheep: 79.5 t C ha-1; 

dairy 137.6 t C ha-1). Soils comprised the next largest carbon stock compartment, with no 

obvious differences among the different land uses. Coarse-woody debris, litter and 

herbaceous biomass contributed small quantities to the total shelterbelt carbon with negligible 

differences among land uses and shelterbelt types. The exception was the herbaceous carbon 

stock under natives, which was almost 7.9 times higher, on average, than the herbaceous 

carbon stocks under exotic shelterbelts across all four land uses. Total carbon stocks in exotic 

and native shelterbelts showed the high level of variability between the two types and among 

the four land uses (Figure 3-3).  

The results for soil carbon stocks under paddocks and shelterbelts showed a large 

degree of variability within each soil carbon stock and between the three soil carbon stocks 

(Figure 3-4). However, the three soil carbon stock quantities did not vary considerably 

between the exotic and native shelterbelts and the adjacent paddocks.  
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Figure 3-3:  Comparison of carbon stocks (t ha-1 ± 2 standard error) within native and exotic 
shelterbelts. The carbon stocks were quantified for six ecosystem pools (tree 
biomass, coarse-woody debris (CWD), herbaceous vegetation, litter, roots, soils and 
Total), among different shelterbelt types of native and exotic species and four 
contrasting land use types (crop, beef, dairy, sheep); Data table was added in 
Appendix B 1. 
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Figure 3-4:  Comparison of total, organic and labile carbon stocks (mean t ha-1 ± 2 standard 
errors) between native and exotic shelterbelts and the adjacent paddocks. The soil 
carbon stocks were quantified across all 34 farms; Data table was added in 
Appendix B 2. 
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3.3.2 Determining the drivers of soil carbon variability under shelterbelts and 
paddocks 

Variance partitioning of soil carbon stocks in shelterbelts and paddocks 
The majority (> 70%) of variation for all three soil carbon stock resided at the fine 

scale, at the shelterbelt scale or within the shelterbelt scale for both the paddocks and 

shelterbelts (Figure 3-5; a, b, c, d). Little variation of soil carbon stocks resided at farm scale 

and soil regional scale (on average, 10% and 4%, respectively) across all shelterbelts and the 

paddocks (Figure 3-5; a, b, c, d). The majority of the variability in total soil carbon and labile 

carbon variability resided at the paddock or shelterbelt and farm scale (Figure 3-5; a, b). The 

majority of variability in soil organic carbon resided at the within-shelterbelt and paddock 

scale (Figure 3-5; a, b, c, d). The explanatory power of scales for the native and exotic 

shelterbelts differed considerably, soil carbon stock variation under natives resided at within-

shelterbelt and at shelterbelt scale (Figure 3-5; c, d). In contrast, soil carbon stock variability 

under exotic shelterbelts resided predominantly (> 82%) at the within-shelterbelt scale and, to 

a minor degree (10%), at the farm scale (Figure 3-5; c, d).  
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3.3.3 Explaining the variation in soil carbon stocks in shelterbelts and paddocks  

Drivers for soil carbon stock variability in shelterbelts 
Model selection suggested that the best models for describing total soil carbon in 

shelterbelts included shelterbelt (age, tree biomass and species) and landscape variable (soil 

order), as indicated by the Δ AICc values (Table 3-4 and Table 3-6). The top-ranked model 

was a combination of shelterbelt and soil order, which explained 14% of the variation in the 

data and had a 31% chance of being the best fitting model for total soil carbon (R2M = 0.14 

and R2C = 0.47). The fixed and random effects combined in the conditional R2C showed that 

there was still a considerable amount of unexplained variability within the fixed effects 

possibly due to farm and shelterbelt (R2C = 0.47; Table 3-6) variables that the model had not 

accounted for. Both shelterbelt and landscape variables were within two AICc rankings of the 

top-ranked model, indicating that these former two models also contained considerable 

information. The second and third best model of landscape and shelterbelt variables both 

explained 8% of variation in the data and had a 29% and 18% chance, respectively, of being 

the best fitting model for total soil carbon stocks under shelterbelts.  

Soil organic carbon stock in shelterbelts was best explained (R2M = 0.07) by a model 

containing shelterbelt variables describing tree biomass, shelterbelt type and age across all 

farms in this study (Table 3-4). This model had a 42% chance of being the best fitting model. 

The second best model, within two AICc rankings of the top-ranked model, with shelterbelt 

and farm variables and explained 10% of variation but only had a 32% chance of being the 

best fitting model for soil organic carbon. Both models had very small marginal R2 of less 

than or equal to 0.1 (Table 3-6) and combined fixed and random effects of R2C = 0.19. 

Neither of these two models, indicated by the delta AICc values, explained much of the 

variation found for soil organic carbon in shelterbelts. 

Model selection suggested that the four best models describing labile carbon stocks 

included soil order, within shelterbelt, and the full and null models (Table 3-6). Having the 

null model within two AICc of the top ranked model meant that the selected variables did not 

accurately explain the labile carbon stocks and indicated the high level of variability within 

and between the shelterbelts across the farm sites. 
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Table 3-6:  Model selection results for soil carbon stocks under shelterbelts and a set of 
candidate models; models are ranked based on AICc with the most informative 
mode (lowest AICc) at the top. For each model are a number of parameters shown, 
including the candidate model names, the number of model parameters (K), the 
second-order Akaike information criterion (AICc), the distance from the best model 
(ΔAICc), the Akaike weight (wi), log likelihood (LL), the fixed/marginal effects 
alone (R2m) and the fixed and random/conditional effects combined (R2C); bolded 
models are within two AICc of the top model and considered equally informative.  

Model 
data 
set 

Model names K AICc Δ AICc wi LL R2 M R2 C  

Total 
carbon 

Shelterbelt and soil order 10 2077.61 0.00 0.31 -1028.31 0.14 0.47 
Soil order 7 2077.74 0.13 0.29 -1031.62 0.08 0.47 
Shelterbelt model 7 2078.68 1.07 0.18 -1032.09 0.08 0.47 
Null 4 2080.29 2.68 0.08 -1036.06 0 0.47 
Farm model 7 2081.46 3.84 0.05 -1033.48 0.05 0.47 
Shelterbelt and farm model 10 2081.50 3.88 0.04 -1030.26 0.11 0.47 
Within and shelterbelt model 9 2082.88 5.27 0.02 -1032.04 0.08 0.47 
Within shelterbelt model 6 2084.42 6.81 0.01 -1036.03 0 0.47 
Full 15 2085.44 7.83 0.01 -1026.63 0.16 0.47 
Within, shelterbelt and farm model 12 2085.82 8.20 0.01 -1030.21 0.11 0.47 

Soil 
organic 
carbon 

Shelterbelt model 7 1824.97 0.00 0.42 -905.24 0.07 0.19 
Shelterbelt and farm model 10 1825.53 0.56 0.32 -902.28 0.1 0.19 
Farm model 7 1828.52 3.54 0.07 -907.01 0.05 0.19 
Within and shelterbelt model 9 1828.97 3.99 0.06 -905.08 0.07 0.19 
Within, shelterbelt and farm model 12 1829.51 4.54 0.04 -902.05 0.11 0.19 
Shelterbelt and soil order 10 1829.69 4.71 0.04 -904.35 0.08 0.19 
Null 4 1830.75 5.77 0.02 -911.29 0 0.19 
Full 15 1832.64 7.66 0.01 -900.22 0.12 0.19 
Within shelterbelt model 6 1833.88 8.91 0.00 -910.76 0.01 0.19 
Soil order 7 1835.57 10.59 0.00 -910.54 0.01 0.19 

Labile 
carbon 

Soil order 7 1130.01 0.00 0.33 -557.76 0.09 0.48 
Within shelterbelt model 6 1130.57 0.56 0.25 -559.10 0.03 0.49 
Full 15 1131.23 1.21 0.18 -549.52 0.22 0.49 
Null 4 1131.39 1.38 0.16 -561.61 0 0.48 
Farm model 7 1134.60 4.59 0.03 -560.05 0.04 0.48 
Shelterbelt and soil order 10 1135.43 5.41 0.02 -557.22 0.1 0.48 
Within and shelterbelt model 9 1136.01 6.00 0.02 -558.61 0.04 0.49 
Shelterbelt model 7 1137.25 7.24 0.01 -561.38 0 0.48 
Within, shelterbelt and farm model 12 1139.36 9.35 0.00 -556.98 0.08 0.49 
Shelterbelt and farm model 10 1140.78 10.76 0.00 -559.90 0.04 0.48 
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Where the pH was higher under shelterbelts, total soil carbon was higher (Figure 3-6, 

A), and where pH was higher labile carbon was lower (-1.0606 ± 0.4695) (Figure 3-8; A) but 

this did not appear to affect affect soil organic carbon (Figure 3-7 and). Exotic shelterbelts 

tended to have lower pH soils (5.1 ± 0.5) in contrast to native shelterbelts, which tended to 

have higher pH soils (5.4 ± 0.4). The predicted values for land use (beef, crop, sheep and 

dairy) and the two shelterbelt types showed that natives were above exotic soil carbon 

predictions for all three carbon stocks (Figure 3-6, Figure 3-7, Figure 3-8, A). All three soil 

carbon stocks were higher under older shelterbelts (Figure 3-6, Figure 3-7, Figure 3-8; B). 

Exotic shelterbelts were predominantly older than the native shelterbelts (27 ± 7; 16 ± 11 

years, respectively). Native soil carbon stocks were predicted to be higher across all four land 

uses compared to carbon stocks under exotic shelterbelts (Figure 3-6, Figure 3-7, Figure 3-8, 

B). However, the modle-average coefficeints and standard errors suggest a non-significant 

effect. Where soil moisture was higher under shelterbelts, labile carbon was higher but not 

significant (Figure 3-8; C), but this was not detected for total or soil organic carbon under 

shelterbelts (Figure 3-6, Figure 3-7; C). Exotic shelterbelts tended to have lower soil moisture 

(13.1 ± 7.3%) in contrast with native shelterbelts, which tended to have higher soil moistures 

(18.9 ± 9.9 %). Where shelterbelt biomass was higher, labile carbon appeared higher without 

a significant model-average coefficient (Figure 3-8; D), but no such change was detected for 

total or soil organic carbon under shelterbelts (Figure 3-6, Figure 3-7; D). 
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Figure 3-6:  Model average predicted total soil carbon value (n = 243) for farm types (lines) coloured by the shelterbelt types (exotic, native) for: a) 
pH; b) age; c) soil moisture; and d) shelterbelt biomass, as generated from shelterbelt model sets (Table 3-6), including a model-average 
estimate ± unconditional standard error; points are observed data coloured for native and exotic shelterbelts.  
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Figure 3-7: Model average predicted soil organic carbon (n = 243) for farm types (lines) coloured by the shelterbelt types (exotic, native) for: a) pH; 
b) age; c) soil moisture; and d) shelterbelt biomass as generated from shelterbelt model sets (Table 3-6) , including model-average 
estimate ± unconditional standard error; points are observed data coloured for native and exotic shelterbelts.  
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Figure 3-8:  Model average predicted labile carbon (n = 243) for farm types (lines) coloured by the shelterbelt types (exotic, native) for: a) pH; b) 
age; c) soil moisture; and d) shelterbelt biomass as generated from shelterbelt model sets (Table 3-6), including model-average estimate ± 
unconditional standard error; points are observed data coloured for native and exotic shelterbelts. 
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Drivers for soil carbon stock variability in paddocks  
Model selection suggested that the best models describing all three-soil carbon stocks 

(total, organic and labile carbon) in paddocks was the null model, as indicated by the Δ AICc 

values (Table 3-7). The null model was the model with the lowest AICc, and was considered 

to be the most informative with respect to explaining the variation in all three soil carbon 

stocks in paddocks. While there appear to be a number of relations ships in the model 

averaging coefficients, they have to be considered in the light of the Null model being the 

most informative. Where pH was higher in paddocks, total soil carbon and soil organic 

carbon were lower (Figure 3-9, Figure 3-10; A), but where pH was higher, labile carbon was 

higher (Figure 3-11; A). Paddocks adjacent to exotic shelterbelts tended to have a very 

similar pH (5.6 ± 0.4) compared with paddocks adjacent to native shelterbelts (5.7 ± 0.3). The 

predicted values for soil carbon in paddocks showed higher predicted values for paddocks 

adjacent to natives rather than in exotics for all three carbon stocks for the different land uses 

(beef, crop, sheep and dairy) in the paddocks adjacent to the two shelterbelt types (Figure 3-6, 

Figure 3-7, Figure 3-8, A). Where soil moisture was higher under shelterbelts, total, organic 

and labile carbon was lower (Figure 3-9, Figure 3-10, Figure 3-11; B). Paddocks adjacent to 

exotic shelterbelts tended to have lower soil moisture (18.6 ± 11.1 %) in comparison with 

paddocks adjacent to native shelterbelts (21.3 ± 12.7 %) across all four farm types.  
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Table 3-7: Model selection results for soil carbon stocks under paddock and a set of candidate 
models; models are ranked based on AICc with the most informative mode (lowest 
AICc) at the top. For each model are a number of parameters are shown, including 
the candidate model names, the number of model parameters (K), the second-order 
Akaike information criterion (AICc), the distance from the best model (ΔAICc), the 
Akaike weight (wi), log likelihood (LL), the fixed/marginal effects alone (R2m) and 
the fixed and random/conditional effects combined (R2C); bolded models are within 
2 AICc of the top model and considered equally informative. 

Model 
data 
set 

Model names 
K AICc Δ AICc wi LL R2 M R2 C 

Total 
soil 

carbon 

Null 4 1914.08 0.00 0.25 -952.95 0 0.8 
Paddock model 5 1914.68 0.60 0.18 -952.21 0.02 0.8 
Farm model 7 1915.44 1.35 0.12 -950.47 0.07 0.8 
Within paddock model 6 1915.89 1.81 0.10 -951.76 0 0.8 
Soil order model 7 1916.01 1.93 0.09 -950.76 0.06 0.8 
Within, paddock model 7 1916.49 2.41 0.07 -951.00 0.02 0.8 
Farm, soil order model 10 1917.10 3.02 0.05 -948.06 0.13 0.79 
Within paddock, farm model 9 1917.25 3.17 0.05 -949.23 0.07 0.8 
Within, paddock, farm model 10 1918.14 4.06 0.03 -948.58 0.09 0.8 
Within paddock, soil order model 9 1918.21 4.12 0.03 -949.70 0.06 0.8 
Full 13 1920.13 6.05 0.01 -946.24 0.15 0.8 

Soil 
organic 
carbon 

Null 4 1793.30 0.00 0.36 -892.57 0 0.4 
Soil order model 7 1794.40 1.10 0.21 -889.95 0.07 0.4 
Paddock model 5 1795.27 1.96 0.14 -892.50 0 0.4 
Within paddock 6 1796.41 3.11 0.08 -892.02 0 0.4 
Farm model 7 1796.44 3.14 0.08 -890.97 0.04 0.42 
Farm, soil order 10 1797.33 4.02 0.05 -888.17 0.1 0.42 
Within paddock, soil order model 9 1797.79 4.48 0.04 -889.49 0.07 0.4 
Within and paddock 7 1798.30 5.00 0.03 -891.90 0 0.4 
Within paddock, farm model 9 1799.64 6.34 0.02 -890.42 0.04 0.42 
Within paddock, farm model 10 1801.41 8.11 0.01 -890.21 0.04 0.42 
Full 13 1802.35 9.04 0.00 -887.35 0.1 0.42 

Labile 
carbon 

Null 4 1096.65 0.00 0.31 -544.24 0 0.63 
Within paddock 6 1096.98 0.34 0.26 -542.31 0.01 0.63 
Paddock model 5 1098.73 2.08 0.11 -544.23 0 0.63 
Within, paddock 7 1099.11 2.46 0.09 -542.31 0.01 0.63 
Farm model 7 1099.83 3.19 0.06 -542.67 0.04 0.63 
Within paddock, farm model 9 1100.18 3.53 0.05 -540.69 0.06 0.63 
Soil order model 7 1100.27 3.62 0.05 -542.89 0.04 0.63 
Within paddock, soil order model 9 1100.66 4.01 0.04 -540.93 0.05 0.63 
Within paddock, farm model 10 1102.34 5.70 0.02 -540.68 0.06 0.63 
Farm, soil order model 10 1103.56 6.92 0.01 -541.29 0.08 0.63 
Full 13 1106.10 9.46 0.00 -539.23 0.09 0.63 
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Figure 3-9:  Model average predicted total soil carbon (n = 239) in paddocks under different 
land use (lines) for: a) pH; and b) soil moisture in paddocks; generated from 
paddock model sets (Table 3-7), including model-average estimate ± unconditional 
standard error. Raw data of paddocks adjacent to native or exotic shelterbelts are 
shown in green and red, respectively. 
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Figure 3-10: Model average predicted soil organic carbon (n = 239) in paddocks under different 
land uses (lines) for: a) pH; and b) age of paddock and c) soil moisture, as generated 
from paddock model sets (Table 3-7), including model-average estimate ± 
unconditional standard error. Raw data of paddocks adjacent to native or exotic 
shelterbelts are shown in green and red, respectively. 



 

99 
 

 

Figure 3-11: Model average predicted labile carbon (n = 239) in paddocks under different land 
uses (lines) for: a) pH; b) age of paddock; and c) soil moisture, as generated from 
paddock model sets (Table 3-7), including model-average estimate ± unconditional 
standard error. Raw data of paddocks adjacent exotic and native shelterbelts are 
shown in red and green, respectively. 
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3.4 Discussion 

This study revealed that shelterbelts on farms contribute considerable carbon stocks 

within New Zealand farming landscapes. When all the above- and below-ground carbon 

stocks considered, the woody tree biomass contributed over three times more carbon than the 

adjacent paddock soils alone (Appendix B1 and B2). Furthermore, a similar amount of total 

soil carbon was, on average, observed under native and exotic shelterbelts. While highly 

variable, there was a similar amount of total carbon stored in both exotic and native 

shelterbelts, despite exotics being, on average, 10 years older. This might suggest a future 

potential for native shelterbelts in regard to carbon storage and added ecosystem benefits. The 

high degree of variability of total, organic and labile carbon stocks in the soil showed no clear 

picture regarding soil carbon stocks. This might indicate that shelterbelts have been planted 

on poor and marginal land or that land management in the paddock could spill over into the 

shelterbelt and override the soil carbon potential that shelterbelts brought. Another reason 

could be that there has been insufficient time since shelterbelt establishment for shelterbelts 

to have excerted any influence on soil carbon, considering the historical land clearance 

impact and time needed for considerable soil carbon stock change to occure. The results 

showed that neither farm type, shelterbelts (native or exotic), nor paddocks appeared to lead 

to differences in the amount of carbon in the soil. The majority of variability was observed at 

the shelterbelt and within-shelterbelt scale, with variables such as shelterbelt species, age and 

biomass. Soil carbon stocks were higher in soils with high pH and under older shelterbelts, 

while soil moisture and biomass did not show a clear pattern in the shelterbelts. Variation in 

the three soil carbon stocks observed in paddocks was not significantly explained by the 

variables measured in this study with exeption to soil moisture and pH.  

3.4.1 Above- and below-ground carbon stocks in shelterbelts and adjacent 
paddocks 

The above- and below-ground biomass contributed the largest amount of carbon 

within shelterbelt irrespective of whether an exotic or native shelterbelt (Figure 3-3). Above- 

and below-ground carbon stocks were, on average, 152.6 ± 131 t C ha-1 for exotic, and 

110.8 ± 128 t C ha-1 for native shelterbelts. The above-ground biomass stocks equated to 67% 

in the exotic shelterbelts, and 55% in the native shelterbelts, of the total carbon stock. Soil 

carbon stocks contributed 28% under exotic shelterbelts and 37% under native shelterbelts. 

These observations were supported by a recent study of above- and below-ground stocks in 

native scrub and forest carbon stocks, which observed that carbon stocks ranged between 
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49 t ha-1 and 206 t C ha-1 (Mason et al., 2012). Similarly, a recent shelterbelt study in 

Canterbury found total above- and below-ground carbon stocks under exotics accounted for 

400 ± 130 t C ha-1 , with 80 ± 96 t C ha-1 under natives (Appendix A). Results from forest 

plots cross the South Island have found similar above-ground carbon stocks, ranging between 

150 – 300 t C ha-1 to 204 t C ha-1 (Coomes et al., 2002; Hall & Hollinger, 1997; Staley, 

2010) in mature forest and accounting for the varying degrees of spatial variation in carbon 

quantities in above-ground biomass. The observed variability between native and exotic 

above-ground carbon pools was largely reflected through differences between shelterbelts, 

including the shelterbelt age, tree biomass and shelterbelt management activities. For 

example, the exotic shelterbelts were well established across all farm sites (27 ± 7) and were 

trimmed regularly, resulting in a dense above-ground woody biomass relative to the native 

shelterbelts. In contrast, native shelterbelts were markedly younger (16 ± 11 years), 

established more recently and made up of more shrub vegetation (medium-sized woody plant, 

multiple stems and shorter height, usually under 6 m) rather than trees, resulting in lower 

above-ground carbon stocks. It is likely that differences in both shelterbelt types (owing to 

evergreen (native) and conifer (exotic) shelterbelts) and structural characteristics resulted in 

the carbon stock variation observed within other shelterbelt ecosystem carbon pools, by 

influencing litter, coarse woody debris quantities and, ultimately, the incorporation of carbon 

into the soil (Smith et al. 2013). For example, natives and conifer have differing effects on 

soil carbon stocks through the varying amounts of coarse-woody debris and leaf litter 

produced and their effect on herbaceous biomass growth (Brown, 2002). Conifer species have 

been found to directly affect both the herbaceous biomass, quantity of litter and soil carbon 

stocks (Jackson & Ash, 1998; Jobbagy & Jackson, 2000; Scholes, 2003), due to the chemical 

composition of the pine needles (Girisha et al., 2003). The difference in litter quality and 

quantity directly affects the ability of herbaceous biomass to establish and litter to accumulate 

(Donath & Eckstein, 2008; Loydi et al., 2014; Stahlheber et al., 2015). This was supported by 

other research from around the world, indicating that evergreen species, like the native 

shelterbelts in this thesis, had higher herbaceous biomass and contributed to higher carbon in 

surrounding soil (Howlett et al., 2011; Appendix A; Paul et al., 2002). 

The studied shelterbelts displayed a high level of variation in soil carbon stocks for 

total, organic and labile carbon between shelterbelt types and the adjacent paddock but no 

noticeable differences (Figure 3-3 and Figure 3-4). The average total soil carbon stocks under 

paddocks were 40.3 ± 20.1 t C ha-1 across all land uses with no noticeable differences and a 
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high level of variability. When up-scaled to 0 – 30 cm depth, mean total soil carbon stocks 

(87.4 ± 9.34 t C ha-1) for the study area were in line with another New Zealand soil carbon 

stock assessment data, reporting an average of 83.8 ± 9.8 t C ha-1 across the study area 

(NZAGRC, 2015). In contrast, evidence from Australia suggested that pasture had some of 

the lowest carbon stocks with as little as 21.9 t C ha-1 on grassland sites (Smith, 2010). The 

soil organic carbon stocks observed were 19.6 ± 12.5 t C ha-1 under paddocks and 

21.2 ± 12.7 t C ha-1 under shelterbelts. These quantities were 20 - 40% lower than officially 

published data by MfE (MfE, 2013). The Ministerial figures estimated pastures to range 

between 105.5 and 117 t SOC ha-1, and shelterbelts or grassland with woody biomass at 

around 92.59 t SOC ha-1 (MfE, 2013). Soil organic carbon stocks in Australian grassland 

have been observed to have similar quantities but may range between 16.8 t C ha-1 and 

98.6 t C ha-1 (Smith & Reid, 2013). Results from other studies carried out in a variety of 

forest types have found that below-ground carbon stocks vary with the dominant tree species 

and geology (Li et al., 2010; Rhoades et al., 2000; Rodeghiero et al., 2010; Yimer et al., 

2006) . The wide range of soil organic carbon stocks have been linked to the influence of 

above-ground woody vegetation in terms of carbon stocks and sequestration, as suggested by 

Wilson et al. (2008) and Young et al. (2005). While this might suggest that the above-ground 

shelterbelt biomass was the main contributor to soil organic carbon, the results from this 

study did not provide sufficient evidence for this. However, there is indicative evidence for 

an increase of total C under native shelterbelts compared to adjacent paddocks but not yet for 

the other two soil carbon fractions. The current results were more likely to suggest that sites 

where shelterbelts were planted, were no better in regard to carbon stocks than the paddocks. 

These days shelterbelts tend to be planted on productive land rather than marginal and 

unproductive land (Welsch et al., 2014). This might mean that soil carbon stock do not differ 

as much from the paddock sites. 

3.4.2 Variation and the variables that explained the variation in carbon stocks 

Soil carbon stocks for total, organic and labile carbon were the result of complex 

interactions above- and below-ground on farms. Results from the soil carbon stock analysis in 

shelterbelts and paddocks, followed by variance partitioning, highlighted the variability at the 

different scales (some more than others) (Figure 3-5). The results observed showed that the 

variability resided largely at the shelterbelt or within-shelterbelt scale, while farm scale 

played a minor role for all three soil carbon stocks (Figure 3-5). This outcome was further 

corroborated by the mixed-effect models (Table 3-6) the shelterbelt model was most highly 
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ranked for the majority of soil carbon stocks in shelterbelts. The same was not observed for 

soil carbon stock variability in paddocks (Table 3-7). It was widely recognised that soil 

carbon stocks were spatially variable and this variability was also dependent on the present 

above-ground conditions (Grange & Rawson, 2010). Indeed, land cover and changes thereof, 

including farm management, can lead to different soil carbon stocks (Guo & Gifford, 2002; 

Schipper et al., 2010).  

Soil carbon stocks under different above-ground cover (i.e. pastures or trees) can be 

affected by farm management of paddocks and the potential spillover from paddocks into the 

shelterbelt soil (Didham et al., 2015). Observations of soil carbon stock variability in both 

paddocks and under shelterbelts were in line with those of previous studies (Figure 3-3 and 

Figure 3-4; Appendix A). Furthermore, soil carbon stocks under native shelterbelts may hint 

at the influence vegetation might have on below-ground soil stocks over time (Figure 3-4). 

The top-soil in paddocks was often filled with the fine roots of grasses and other small 

herbaceous vegetation, adding to 75% of total root biomass (Don et al., 2009). This could be 

expected since the shelterbelt area was a somewhat undisturbed area where leaf litter and 

woody debris accumulated, decomposed at the surface and fed back into the soil (Simón et 

al., 2013). The adjacent pasture could be seen as being under constant production pressure 

with irrigation, fertiliser and herbicide application. This could explain why shelterbelts, in 

some studies, contained more carbon in the organic layer compared to in paddocks (Gale & 

Cambardella, 2000; Rees et al., 2005). This was presumably because of high inputs of 

organic matter associated with decomposing fine-root and leaf litter of the above-ground tree 

and other herbaceous ground-cover plants in shelterbelts. Such differences have been 

reported world-wide, highlighting the effect of increasing trees on farms and their positive 

effect on soil carbon stocks (Baah-Achemfour et al., 2014; Lal, 2005; Nair et al., 2010; Smith 

& Reid, 2013; Takimoto et al., 2008). On the other hand, lower soil carbon and nitrogen 

levels have been found in paddocks in New Zealand, which have been interpreted as an effect 

of the increased farming intensity and livestock (Elmore & Asner, 2006; Lettens et al., 2005; 

Schipper et al., 2007). However, not everyone has found decreased soil carbon stocks on 

farms, as the effects appeared to vary over time, land use changes, soil types and a range of 

management practices (Guo & Gifford, 2002; McSherry & Ritchie, 2013; Paul et al., 2002; 

Schipper et al., 2010). This highlights the potential of different factors to work at different 

scales over time and space. Simultaneously, local farm effects can be overwritten by the 

characteristics and effect of soil type, climatic zone or altitude (Cierrad et al., 2015; Kumar et 
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al., 1992; Schipper et al., 2010). Active management of paddock soil moisture levels and pH 

was not unexpected as pastures and arable land was managed for these two characteristic in 

regard to pasture and crop growth worldwide (Rutledge et al., 2015). At the same time, other 

processes that influenced soil carbon stocks might dominate the effect of shelterbelt tree 

species at the landscape level and lead to a high level of variation between paddock and 

shelterbelt soil carbon stocks. For example, the effects of different land uses (McLauchlan, 

2006), land use history (Verheyen et al., 1999), management (Jandl et al., 2007) and soil type 

(Schipper et al., 2007) all influenced soil carbon stocks at the paddock/shelterbelt scales of 

analysis, rather than farm or landscape scale. At the landscape level, excluding these diverse 

landscape effects from soil carbon stock assessments may lead to erroneous estimates. 

Therefore, including such effects in quantifying soil carbon stocks and attributes under 

shelterbelts could help to improve estimates.  

Land use played a minor role in explaining the results of soil carbon stocks variability 

(Table 3-6). This minor role could first be reflected in the management of adjacent fields, 

resulting in spillover into the shelterbelt and the trimming or pruning of the shelterbelt itself. 

The role of farm and shelterbelt management on carbon stocks above- and below–ground has 

been identified by other studies as influencing these stocks (Didham et al., 2015; Appendix 

A). More recently, studies have been looking into spillover effects from managed pastures 

into non-productive land and vice versa. The results indicated that there is an effect on 

adjacent land, such as shelterbelts, but their magnitude was yet to be clarified (Allan et al., 

2015; Blitzer et al., 2012; D’Acunto et al., 2014; Didham et al., 2015). While this study found 

that primarily fine scale variables, such as the shelterbelt type and local soil characteristics 

helped explained carbon stocks and their variability, the effects of land use around 

shelterbelts warrant further investigation. 

There have been very few studies that had gathered and analysed above- and below-

ground biomass for carbon stocks assessment in shelterbelts and paddocks across the 

agricultural landscape, particularly in New Zealand (Czerepowicz et al., 2012; Appendix A). 

This chapter, to my knowledge, presented the results of the first region wide assessment of 

above- and below-ground carbon stocks for native and exotic shelterbelts in New Zealand. 

The use of multiple biomass measures and farm characteristics across the landscape should 

enable the development of a more comprehensive picture of shelterbelt carbon stocks and 

their sequestration potential than was possible to date. Thus, the field-based, landscape-scale 

approach used in this study filled a gap in the shelterbelt carbon stock literature between 
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using satellite imagery to estimate above-ground carbon stocks in shelterbelts (Czerepowicz 

et al., 2012) and the information offered by other international assessments, but not New 

Zealand-specific, and investigations of shelterbelt carbon potential (Benhamou et al., 2013; 

Follain et al., 2007; Walter et al., 2003). In New Zealand, for example, much of what has 

been published about native species and their carbon stock potential comprised studies at a 

few sites with other settings (i.e. urban parkland) and not in the agricultural landscape 

(McGruddy, 2006; Schwendemann & Mitchell, 2014; Watson & Marden, 2004). The results 

from this study could be used to generate new hypotheses about possible causes and drivers 

of shelterbelt carbon stock variation and the direct species-specific research at national scales 

in order to best address the hypotheses. 

This study has confirmed the great potential of shelterbelts in the agricultural 

landscape for carbon sequestration, as observed by Falloon et al. (2004); Walter et al. (2003), 

thanks to the effects of shelterbelts or woody field margins on above- ground carbon stocks. 

Providing more accurate estimates of soil carbon stocks was a crucial step given the potential 

of carbon mitigation in the agricultural landscape. This study has highlighted the importance 

of estimating carbon stocks at the landscape scale by investigating different shelterbelt 

species. Until recently, there was a perception that using native species for shelterbelts and 

carbon storage above-and below- ground was not effective due to their different growth 

habits and a slightly more demanding establishment phase. Therefore, efforts were directed 

towards faster growing, less time-demanding species for shelter. These assumptions arose 

primarily from anecdotal stories within the farming community. However, the current results 

put both shelterbelt types on a similar basis in regard to carbon stocks (Figure 3-3 and Figure 

3-4). In addition, using native species would create a more ‘natural’ shelterbelt system due to 

the presence of multi-aged species and diversity of both characteristics and growth rates 

(Anton et al., 2015; Cierrad et al., 2015). Kirby and Potvin (2007) noted that it is not only the 

amount of carbon sequestration that is important, but also the potential benefits through other 

ecosystem services native species would provide in the agricultural landscape. This may have 

future impacts in regard to the selection of shelterbelt species and potential benefits apart 

from carbon sequestration on farms. 
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Chapter 4 

Carbon cycle processes above- and below-ground in shelterbelts 

and paddocks across the agricultural landscape 

4.1 Introduction 

Soil organisms are driver of ecosystem services, in particular, those soil ecosystem 

services associated with sustainable agricultural production. These include primary 

production of food, fibre and fuel, nutrient cycling, carbon cycling and storage, and water 

infiltration (Hooper et al., 2005). Many of these functions depend on the diversity and 

activities of soil organism communities. Increasingly, a multi-faceted approach is required for 

agricultural land management, with an increasing need for greater food production while, 

simultaneously, delivering other ecosystem services or soil functions, such as carbon (Tardy 

et al., 2015) and nutrient cycling (Fierer et al., 2012). Agricultural land management can lead 

to the degradation of carbon stocks in soils. Therefore, understanding the role of soil biota in 

carbon cycling and storage is vital. The soil carbon pool is 3.3 and 4.5 times the size of the 

atmospheric (760 Gt) and the biotic pools (560 Gt), respectively (Lal, 2004b). It is essential 

from a climate change perspective to protect carbon storage potential in the soils. 

Furthermore, active cycling of carbon, combined with large amounts of organic carbon 

temporarily stored in soils, increases primary productivity and stabilises soil structure as well 

as increasing nutrient retention and water filtration (de Vries et al., 2013). Land management 

also has a significant impact on the capacity of the system to cycle nutrients, providing a 

constant supply to crops, as needed, to ensure optimum productivity. 

There are plenty of studies that have investigated the impact of land use and 

management on soil biota, carbon stocks and soil processes (i.e., Bartz et al., 2014; Creamer, 

Hannula, et al., 2016; De Deyn et al., 2004; de Vries et al., 2013; Lohaus et al., 2013) but the 

majority of the research has been focusing on single aspects of carbon cycle processes or soil 

biota, such as species richness, respiration or community structure (Burton et al., 2010; 

Creamer, Stone, et al., 2016; Tsiafouli et al., 2015). Therefore, there is a need for more multi-

factorial and integrated approaches. As well as emphasising a multi-disciplinary and 

integrated research, Haygarth and Ritz (2009) highlighted the need for further research and 

identification of robust soil biological indicators for processes above- and below-ground. 

However, both overseas and in New Zealand there is a lack of baseline information about soil 
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ecosystem functioning and, in particular, in the agricultural production landscape. The lack of 

data collection, inconsistency of methods applied, and the highly heterogeneous and variable 

agricultural landscape, has led to this situation. Furthermore, the development and consistent 

use of methods and protocols for the measurement of soil carbon processes across all land 

uses has been highlighted as a key research priority (Beckett & Webster, 1971; Bünemann et 

al., 2006; Fierer et al., 2009; Luo et al., 2010). This is essential, considering that 

investigations into land use change, and its effect, could be fraught if some potential 

differences in the nature of the soil samples collected under different land use are not 

considered and consistency ensured. 

Much of the focus in agricultural systems or forests has been on quantifying one 

process or examining an individual plant species, while biotic relationships are exposed to 

increased risks of anthropogenic and environmental disturbances (Adams & Angradi, 1996; 

Pocock et al., 2012). Traditional methods, such as microbial biomass estimates or leaf litter 

decomposition using multivariate statistics, can reveal the role of abiotic or biotic factors in 

driving the community structure or rate of decomposition (Cronwell et al., 2008; Freschet et 

al., 2013; Harden & Joergensen, 2000). However, they rarely took into account the role of 

invertebrates or leaf litter type and their environments, which can be very important factors 

shaping any natural process (Garcia-Palacios et al., 2013; Milcu et al., 2008). Using a 

multivariate approach can help investigate the relationship and variation between soil biota 

(microbial biomass), decomposition and trees or pasture at various scales, ranging from local 

to across landscapes.  

There is very little information on the effect and relationship of agriculture and 

shelterbelt and their effect on the carbon cycle processes above- and below-ground, across the 

landscape. While studies have examined the carbon cycle and selected soil microbial 

processes in different ecosystems, such as different forest types (Holdaway, McNeill, et al., 

2014; Jonsson & Wardle, 2010), different tree species (Berg & Staaf, 1980; Sauer et al., 

2007; Smith & Reid, 2013), scrub or bush land (Follain et al., 2007; Jobbagy & Jackson, 

2000; Jones et al., 2003) and soils (Hopkins et al., 2009), small scale woody vegetation 

features such as hedges, shelterbelts or windbreaks have rarely been studied. These woody 

features are slowly attracting a growing number of studies around carbon sequestration 

(Czerepowicz et al., 2012), ecosystem services provisions (Littlejohn et al., 2015) and soil-

biological improvements (Didham et al., 2015) in New Zealand. While there are a growing 
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number of studies on individual processes within agricultural landscapes, there is a limited 

understanding of its variability and drivers. 

The impact of different shelterbelt species in the agricultural production landscape on 

carbon cycle processes has yet to be assessed in a landscape context. One of the most 

common shelterbelt species in New Zealand is the exotic conifer Pinus radiata, D.Don 

(pine). More recently, a mix of native shelterbelt species is being planted as shelterbelts on 

farms. While the variability of soil carbon stocks within and between shelterbelts and 

paddocks was well documented in Chapters 2 and 3, understanding of variability in carbon 

cycle processes is lacking in both paddocks and shelterbelts across the agricultural landscape. 

In addition, there is considerable farm, region and landscape variation, with farm and soil 

type or climatic factors (temperature and precipitation) varying quite markedly over scales 

ranging from sample points to many hundreds of kilometres. The major climatic gradients are 

temperature, elevation and precipitation ranging between 600mm to over 1000mm; mean 

temperature ranging between 25 - 32ºC in summer and -10 - 4ºC in winter and elevation 

between near sea level to around 500m asl (SIDDC, 2014). Understanding the role each of 

the different scales play in the variation of carbon cycle processes is challenging because 

many factors can locally influence individual processes above- and below-ground (Burton et 

al., 2010; Castro et al., 2010; Li et al., 2016; Tyre et al., 2006). Climate gradients, together 

with precipitation and temperature gradients, can affect the activity rates of decomposition 

and mineralisation if the critical threshold is set by moisture and temperature (Wang et al., 

2013) or if the local soil type would support certain processes more than others due to soil 

characteristics and profile (Schipper et al., 2014). At farm scales, land use and farm 

management (i.e. fertiliser application, irrigation) strongly influences factors such as soil 

carbon stocks, soil moisture and pH in paddocks and shelterbelts (VandenBygaart, 2006; 

Vesterdal et al., 2013). This, in turn, can change or alter the soil process rate causing local 

variability in paddocks and shelterbelts on the individual farm. 

4.1.1 Aim and objectives 

The aim of this chapter was to quantify above- and below-ground carbon cycle 

process variation within and between native and exotic shelterbelts and adjacent paddocks 

and understand the variation at multiple scales (local to landscape). The carbon cycle 

processes investigated included above- and below-ground decomposition, invertebrate 
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activity, microbial activity and community profiling. Therefore, this chapter had the 

following objectives: 

1. Identify at what spatial scales do carbon cycle processes vary within and between 

shelterbelts and paddocks (and to provide more information about the relationship of 

these at specific spatial scales). 

2. Characterise the drivers of variation in carbon cycle processes under shelterbelts and 

paddocks across multiple scales, including local, farm, region and climatic factors. 

 

4.2 Methods 

4.2.1 Study region 

The study was conducted on 34 farms across the Canterbury Plains, New Zealand 

(Figure 3-1). In order to address the aim of this study, the sampling design at this scale was 

based on four criteria: first, to cover the four main agricultural land uses: arable, beef, dairy 

and sheep farming; secondly, to have a good distribution of farms across the region; thirdly, 

to have approximately an equal replication across the four main soil types and four land uses; 

and fourthly, each farm had to have at least one pine shelterbelt (Pinus radiata, D.Don), of a 

similar age to the other pine shelterbelts in the study and have management (trimming) as 

well as preferably a native shelterbelt in close proximity. All 34 study sites have been under 

pastoral or arable farming for the last 20 years (see Chapter 3: Figure 3-1 and Table 3-1 for 

more detail). Twenty-five of the 34 farms also have a native shelterbelt on the farm, 

comprising one, or a combination of, native species (Figure 3-1, a). For more information 

about the farms, soils and shelterbelt specifics please refer to Chapter 3, Section 2.2. 

This study used a hierarchal spatial framework approach in order to examine the 

differences and variability between different carbon cycle processes and a number of agro-

ecological factors at different scales (Figure 3-1, c). These factors were soil type, individual 

land use and shelterbelt species. The largest scale unit (Scale 1) was the dominant soil order 

within the Canterbury region. The next two scales were nested within each other with 

increasingly smaller units. The next smaller scale (Scale 2) was represented by the individual 

farm and its management. The next finer scale (Scale 3) was comprised of the individual 

shelterbelt and paddock. The finest scale (Scale 4) was within the shelterbelt or paddock scale 

at the point level.   
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Figure 4-1:  Maps showing: (a) the location and distribution of all 34 farm sites, coloured by 
land use type; the different shapes represent shelterbelt type. The numbers relate to 
the farm code in Chapter 3, Table 3-1; shelterbelts and the adjacent paddock were 
sampled at each farm site; (b) the location of the study area within New Zealand; 
and (c) a depiction of the hierarchical sampling scheme at the four scales; Scale 1 
represents the Landscape (coarsest) scale and is shown in the map nested within 
Canterbury; all 34 farms are nested within the regional scale, as illustrated on the 
right hand side.  

c) 
 

b) 
a) 



 

111 
 

4.2.2 Field sampling and processing  

Sampling design – individual farm scale 
Soil and carbon cycle process measures were taken both in paddocks and shelterbelts 

on all farms (Figure 3-1). Carbon cycle processes were quantified along 100 m transects 

within each shelterbelt, centred approximately on each shelterbelt’s midpoint (Figure 3-2). 

The study assessed variability along the 100 m transect within each shelterbelt as well as in a 

companion transect in the adjacent paddock that ran parallel to, but 25 m from, each 

shelterbelt edge. The distance of 25 m was used as it is almost twice the height of the typical 

shelterbelt and, therefore, assumed to be outside the area of influence (Bangura et al., 2015). 

At 20 metre intervals (purple circle Figure 3-2) along each transect, the carbon cycle 

processes were quantified; signifying the sample points for soil samples used for microbial 

community profiling (MicroResp™) and microbial activity (Dehydrogenase enzyme activity) 

to a 10 cm soil depth as well as leaf litter decomposition in all shelterbelt sites. The green 

circle in Figure 3-2 represented organic matter decomposition location, measured with the 

‘Tea Bag Index’ (TBI) and invertebrate activity via ‘Bait-Lamina Probes’ (BLP) using 

established national and international protocols (Gongalsky et al., 2008; Keuskamp et al., 

2013; Kratz, 1998) 

Unfurtunately, collection or mesurement of all process mesurements in the adjacent 

paddocks and cropping fields were not possible for all farms, as very few land owners gave 

permission and/or had the ability to keep stock away from experiments, particularly those that 

required several days/months (Figure 3-2). Therefore, only soil sample based measures were 

taken, including microbial community profiling (MicroResp™) and microbial activity 

(Dehydrogenase enzyme activity). 
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Table 4-1: Summary of carbon cycle process measures, indicating what measurements were 
taken and used for analysis for each process in shelterbelt and paddocks; ‘X’ 
indicates where each process was sampled 

Measurement Sampling 
method Process 

Shelterbelt Paddock 

Surface leaf litter 
decomposition 

Leaf litter in bag, 
measured via 
relative weight 
loss 

Surface decomposition rate for both 
native and exotic leaf litter in native 
and exotic shelterbelt 

X  

Organic matter 
decomposition 
experiment 

Tea Bag Index 
(TBI) 

Organic matter decomposition rate 
in the top 10 cm X  

Organic matter 
invertebrate 
activity 

Bait-Lamina 
Probes (BLP) 

Decomposer/mineralisation 
community in the organic matter X  

Microbial 
activity 

Dehydrogenase 
enzyme activity 
(DHA) 

Microbial biomass X X 

Microbial 
community 
profiling 

MicroResp™ Mineralisation X X 

 

Above-ground decomposition measured with leaf litter bags 
The leaf litter bag experiment was used to measure above-ground decomposition rates 

at the soil surface under native and exotic shelterbelts (Table 4-1). Fresh pine needles and 

native shelterbelt leaves (P.eugenonides, P. tenuifolium, O. paniculata, in equal amounts ~2g 

each) were collected and air-dried for one week at 25°C. Leaf litter was used to determine 

decomposition because this plant organ represents a substantial portion (50 - 75%) of the total 

above-ground litter biomass production and nutrient source for the soil (Sundarapandian & 

Swamy, 1999). Leaves also decompose faster than twigs or leaf petioles, therefore, the 

petioles were removed from air-dried leaves to get a uniform decomposition for the purpose 

of study (Anderson & Swift, 1983). 

The decomposition rate was quantified through the litter bag experiment and the 

relative weight loss (Swift & Anderson, 1989). The leaf litter bag was a 20 × 20 cm nylon 

bag, which suited the pine needles and the native leaf litter and was considered appropriate 

for the litter-specific ecosystem in the shelterbelts (Robertson & Paul, 2000). The litter bag 

mesh size of 2 × 2 mm was chosen to optimise access for microorganism and invertebrates 

and to the leave the litter while avoiding particle loss through the mesh (Robertson & Paul, 

2000; Sundarapandian & Swamy, 1999). The bags were filled with approximately 3 – 5 g of 
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air-dried leaf litter of pine needles and native mixed leaves. Each sampling bag was weighed 

separately and was recorded as the initial weight of each sample then labelled numerically. 

The experimental layout for the leaf litter bags in the shelterbelt cover types was a 

pair-wise litter experiment for each farm that had pine and native shelterbelts on the farm. 

Farms with only pines did have native litter bags from a native shelterbelt study site nearby. 

Three sampling points within each shelterbelt were selected (Figure 3-2), with five leaf litter 

bags for each litter type (pine and native) at each point. The bags were placed at the study 

sites in March/April 2013, with representative bags subsequently harvested every six months 

in the first week of the allocated month (September 2013, March 2014, September 2014, 

March 2015, and September 2015). All the litterbags for one time point were labelled 

appropriately and pegged down to a central sampling point. A total of 1635 handmade litter 

bags were used for this decomposition experiment. The litter bags were collected at their 

respective sampling dates and then cleared of any extraneous material on the outside, or fine 

roots on the inside. The bags were then oven dried for 48 h at 60°C and weighed until a 

constant weight was obtained. The final weight of the leaf litter represented the amount of 

leave litter after decay. The leaf litter decomposition rate, relative weight loss over time for 

native and exotic litter was compared within-shelterbelt as well as between native and exotic 

shelterbelts. 

Top-soil decomposition measured with the ‘Tea Bag Index’ 
Organic matter decomposition data was collected across native and exotic shelterbelts 

on the study farms using the ‘Tea Bag Index’ (TBI) (Keuskamp et al., 2013). Parameters 

comprising the TBI, decomposition rate (k) and litter stabilisation factor (S), were the 

integrative estimators that characterise carbon decomposition dynamics and can be used to 

compare different biomes, ecosystems and soil types (Keuskamp et al., 2013). This method 

used commercially-available tetrahedron-shaped synthetic tea bags, with sides of 5 cm, as 

standardised test kits and provided a cost effective way of gathering data with five pairs of 

green and rooibos tea bags (Lipton, Unilever). Green tea and rooibos tea have contrasting 

decomposability and were dug into the top 8 cm of organic matter, left there for 90 days and 

were easily retrieved at the marked location due to the synthetic nature of the tea bags. This 

enabled the calculation of a decomposition rate using a single measurement in time. The 

acquired TBI consisted of two parameters describing decomposition rate (k) and litter 

stabilisation factor (S).  
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To calculate the TBI, it was assumed that during short field incubations, the weight 

loss of the recalcitrant fraction was negligible. This approach used two litter types with 

different decomposition rates. The decomposition rate of rooibos tea was low in comparison 

with green tea. Consequently, the decomposition of labile material still continued in rooibos 

tea after all the labile material in green tea had already been consumed. The difference 

between these litter types allowed an estimate of the decomposable fraction from green tea 

and decomposition rate constant k from rooibos tea at a single point in time. For each 

shelterbelt type per farm, four pairs of green and rooibos tea bags were buried at a 8 cm 

depth, as described in Keuskamp et al. (2013). Tea bags were weighed before being put in the 

ground and re-weighed when being dug up 90 days later, after being oven dried for 48 h at 

105°C. Two parameters comprising the TBI were calculated: decomposition rate k and 

stabilisation factor S. The decomposition factor k is a measure for the turnover time of labile 

carbon. The stabilisation factor S is a measure for the stabilisation of the decomposition of 

organic carbon (Keuskamp et al., 2013). Therefore, to calculate TBI: 

𝑾(𝒕) =  𝒂𝒆−𝒌𝒕 + (𝟏 − 𝒂),        (Equation 12) 

where Wt is the weight of the substrate after incubation time t, a is the labile fraction 

and 1-a is the recalcitrant fraction of the litter, decomposition rate k 

𝑺 = 𝟏 − 
𝒂𝒈

𝑯𝒈
 ,         (Equation 13) 

where ag is the decomposable fraction and Hg is the hydrolysable fraction of green tea. 

The decomposable fraction in rooibos tea (ar) is calculated from the hydrolysable fraction of 

rooibos tea (Hr) (see Keuskamp et al., 2013 ; Table 1 for details) and the stabilisation factor 

S: 

𝒂𝒓 = 𝑯𝒓 (𝟏 − 𝑺),        (Equation 14)  

where Wr(t) and ar are known, k is calculated using the exponential decay function 

given in Equation 12. 

 

Soil invertebrate activity measured with Bait-Lamina Probes (BLP) 
Bait-Lamina Probes (BLP) were used to determine invertebrate soil activity in the 

shelterbelts that was contributing to the breakdown and decomposition of organic material 

(Table 4-1) (Torne, 1990). Ten lamina probes were placed in the central point of each of the 



 

116 
 

shelterbelts (Figure 3-2). This probe technique was used to measure the activity and effect of 

the invertebrate decomposition processes in the shelterbelts on-farm in the top 10 cm of the 

soil. Bait-Lamina Probes are PVC strips: 120 mm × 6 mm × 1 mm in which 16 holes of 1 mm 

in diameter are drilled 5 mm apart in the lower 85 mm of the strip. Holes were baited with a 

standardised mixture (by weight) of 65% cellulose, 15% agar, 10% wheat bran and 10% 

bentonite (activated carbon). This mixture matched the key constituents of dead plant 

material on, or in, the soil (Helling et al., 1998). Soil microorganisms and invertebrates 

consumed the ‘bait’ and the number of holes that were empty (partially or fully) were 

counted: namely, 1 if the bait was completely removed, 0.5 if the bait was partially removed 

and 0 if the bait was intact (Sandhu et al., 2008). This gave a relative measure of the rate of 

invertebrate and general soil fauna feeding activity (Kratz, 1998; Simpson et al., 2012). The 

Bait-Lamina Probes were placed vertically with the upper-most bait hole at the surface level 

of the mineral soil (Kratz, 1998). Based on results from the variability study in Chapter 2, 

Section 2.2.2, the strips were collected after 90 days.  

Microbial activity measured using the Dehydrogenase enzyme activity (DHA) method 
Dehydrogenase enzyme activity (DHA) was used as an indicator for microbial activity 

in the soil along the central transect in shelterbelts and paddocks (Figure 3-2) (Wolińska & 

Stępniewska, 2012). The soil dehydrogenase enzyme activity (DHA) was measured using 

tetrazolium salts, where dehydrogenase assays were based on the reduction of 

triphenyltetrazolium chloride (TTC) and form a water-insoluble coloured formazan and 

measured spectrophotometrically, for more detail see Chapter 2, Section 2.2.2 (Alef, 1995). 

𝑫𝑯𝑨 =
[(𝑎−𝑏)∗1200]

[24∗𝑚∗𝐷𝑀]
,        (Equation 4) 

where DHA is expressed in µg/g dry soil.hr-1, a is the TPF concentration of sample in 

µg ml-1, b is the average of blanks in µg ml-1; m is the weight of sample; and DM is the soil 

dry matter content expressed as a percentage. 

Microbial community carbon profile measured with MicroResp™ 
The MicroResp™ measure provided an indication of microbial carbon source use in 

the soil as an indicator for the carbon mineralisation process. Whole soil carbon utilisation 

profiles were assessed using the MicroResp™ system, where colorimetric changes provided a 

measure of carbon source use within each soil sample (Campbell et al., 2003) (Table 4-1). 

The study approach used three soil samples taken from the central transect in each shelterbelt 

and paddock (Figure 3-2). The laboratory analysis of MicroResp™ consisted of a deep well 
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microplate (Eppendorf 1.1 ml volume) which were filled with 0.45 g of sieved soil with three 

replicates for each shelterbelt and adjacent paddock. Plates were pre-incubated for 7 days at 

20°C to ensure available carbon in each soil was utilised, priming each soil for reception of 

carbon compounds. The response to 22 carbon sources, including eight sugars (L arabinose, 

D-fructose, D-galactose, D-glucose, D-xylose, maltose, sucrose and raffinose) at 30 mg/ml 

soil water, six amino acids (L-proline, glycine, L-alanine, L-serine, arginine and tyrosine) at 

15 mg/ml soil water and one further amino acid (cysteine) at 7.5 mg/ml soil water, three 

organic acids (citric acid, glycolic acid and tartaric acid) at 30 mg/ml soil water, and triton-X 

100, glycerol, urea and D-(+) glucosamine hydrochloride at 30 mg/ml soil water was 

measured. The carbon sources were pipetted into relevant wells in a total of 100 µl of water. 

Two water only controls were included. The microtire plates were sealed to a CO2 trap using 

a double sided rubber seal and incubated at 25°. Immediately prior to sealing the absorbance 

of the CO2 trap was measured at 570 nm filter and following 3h at 25°C. 

To prepare the colorimetric CO2 traps, 150 µl of warm (50°C) 1% Noble agar (Difco, 

Becton, Dickinson and Co) containing cresol red, (12.5 ppm wt/wt) and potassium chloride 

(150 mM) and sodium biocarbonate (2.5 mM) was used to fill each well of shallow well 

microtire plates (Campbell et al., 2003). Prior to use, the CO2 traps plates were placed in a 

desiccator and kept in the dark to prevent the absorbance of CO2. Immediately prior to 

sealing to the soil microplate, the absorbance of the colorimetric gel trap plate was measured 

at 570 nm (Thermo Scientific, Multiskan Go spectrophotometer) and then following 

incubation of the MicroResp plates for 3 h at 25°C. All substrate absorbance data was 

normalised before analysis. 

The first analysis of the soil samples with the MicroResp™ method did not provide 

significant insight into community carbon profiles, neither in the native and exotic 

shelterbelts nor in the adjacent paddocks. The method was adjusted to fine-tune the analysis 

approach, after a review of the data and the method by Campbell, C. (co-inventor of the 

MicroResp™ technique) and New Zealand expert advice on the data. The recommended 

changes were to increase the soil moisture content of all soil samples used for the 7-day 

incubation to approximately 30%, half the amount of glucose, and to increase the incubation 

time at 25°C with the aqueous carbon sources to 6 h. 
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4.2.4 Spatial scales 

The study applied a hierarchical spatial framework in order to examine the 

relationship between carbon cycle processes and factors at different spatial scales (Table 4-2). 

Scale 1 represented the coarsest scale with soil type and climate (i.e. precipitation and 

temperature) factors nested within Canterbury (Figure 3-1, C) and all 34 farms were nested 

within this scale and ranged from the coast to the foothills of the Southern Alps in 

Canterbury. The climate gradient, including precipitation and temperature or soil type, can 

affect the carbon cycle process rate (Davidson & Janssens, 2006). The remaining three scales 

were nested within the landscape scale and defined with increasingly smaller units (Table 

4-2). The next scale, the farm scale, was defined by the different land uses, management and 

past land use history, which had the potential to influence processes through impact on soil 

environment (i.e. irrigation, fertiliser application and clearance) (Guo & Gifford, 2002; 

Schulp & Verburg, 2009). The shelterbelt scale consisted of shelterbelt type (exotic or 

native), age and biomass. Different shelterbelt types (conifer or evergreen) and age (Howlett 

et al., 2011; Paul et al., 2002) can influence local carbon cycle process rates through the 

above-ground biomass and affect the herbaceous biomass, quantity of litter and soil carbon 

stocks (Jackson & Ash, 1998; Jobbagy & Jackson, 2000; Scholes, 2003). The fine-scale, 

within- paddock or shelterbelt, comprised fine-scale measures of soil moisture, pH and soil 

carbon stocks, including total, organic and labile carbon, from the Chapter 3. The fine-scale 

measures included as varying levels of soil pH, soil moisture levels were considered key 

variables when investigating carbon cycle processes (Creamer, Stone, et al., 2016). Fine-scale 

carbon cycle processes might also be influenced and mediated by local soil carbon stocks, 

such as labile, organic and total soil carbon. Decomposition or mineralisation was often 

associated with available soil (organic) carbon content (Fierer et al., 2009). 

Table 4-2:  Derivation and description of four scales comprising the hierarchical spatial 
analysis framework used in the mixed-effects modelling for shelterbelt and paddock  

Scale Data and variables used for 
analysis Ecological mechanism 

1 - Landscape scale Temperature, precipitation, soil 
order 

Precipitation and 
temperature on landscape 
gradient affect soil activity;  
soil resource limitation 

2 - Farm scale Land use Farm management and 

3 - Shelterbelt scale Tree biomass, age, shelterbelt type Above-ground biomass 
natural limitations to 
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decomposition and soil 
carbon input 

4 - Within-
shelterbelt scale 

Soil moisture, pH, soil carbon 
stocks 

Local soil moisture, pH 
levels, carbon 
availability/limitation 

 

4.2.5 Data analysis 

To address the first objective, the variability within the carbon cycle data was 

quantified for shelterbelts and paddocks across the four spatial scales (Figure 3-1, c). The 

study fitted several separate intercept-only hierarchical regression models for each: the soil 

region scale, the farm scale, the shelterbelt scale and the within-shelterbelt scale. To address 

carbon cycle processes, the same set of models was used to partition the variance between the 

paddock and shelterbelt sites as well as to quantify the variance within the native and exotic 

shelterbelts separately.  

The variance partitioning approach followed Crawley (2011); an example of its 

application can be found in Case and Duncan (2014). The dependent variable in each of the 

regression models was the individual carbon cycle process and the four categorical variables 

identifying the spatial unit were used as explanatory variables (Figure 3-1; c). For further 

information, refer to Chapter 3, Section 3.2.3. Variance partitioning was implemented with R 

version 3.10 and RStudio version 0.98 (R Core Team, 2015).  

To address the second objective, the potential drivers of the variation in the carbon 

cycle processes were modelled statistically (Table 3-4). The response variables were each of 

the five carbon cycle process measures (litter decomposition rate, Bait-Lamina Probes, Tea 

Bag Index, Dehydrogenase enzyme activity and MicroResp™; Table 4-1), within-shelterbelts 

and paddocks. Several competing, alternative mixed-effect models (Table 3-4) were 

established, based on all possible additive combinations of the explanatory variables at each 

scale (Table 4-2). This included the landscape scale (soil order, temperature and 

precipitation), farm scale (crop, beef, dairy or sheep farm), shelterbelt or paddock scale 

(shelterbelt biomass, age and shelterbelt type), within-shelterbelt or paddock scale (pH and 

soil moisture; total, labile and organic carbon), and all factors combined, on the response 

variable. An intercept-only model that contained no explanatory factors was included as a 

null model and provided a baseline against which to compare the relative effects of the other 

models. The dependent variables were tested for normality assumptions and correlations with 
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each other. The majority of dependent variables fulfilled the normality assumption and only 

negligible deviation from normality was detected. Variables were not correlated (r < 0.5), 

apart from the random effect of total soil carbon, which was strongly correlated with both soil 

organic and labile carbon (r >0.5) at the within-shelterbelt and paddock scale. It was therefore 

removed from modelling for that scale. In addition, several combinations of models were 

included for shelterbelt and paddock analysis (Table 3-4). This was carried out to quantify the 

amount of variation that may be explained by more than one or two variables using the 

function ‘lmer’ in the R package “lme4” (Bates et al., 2014; Bates & Martin, 2015). These 

models were ranked, using the small-sample-size-corrected version of Akaike’s Information 

Criterion (AICc) and their model-averaged parameter values were estimated (Anderson, 2008; 

Burnham & Anderson, 2002). The method allowed the inclusion of a random effect of 

individual farm and shelterbelt number as information was nested within the individual farm 

and each shelterbelt/paddock (Figure 3-1; c) and this resulted in better estimates of standard 

errors for the regression parameters than would be obtained by linear regression modelling 

(Mazerolle, 2014; Symonds & Moussalli, 2011; Zuur et al., 2013). In this framework, the 

model with the lowest AICc was considered to be the most informative with respect to 

explaining variation in the response variable; models within two AICc units of the top-ranked 

model were considered equally informative, those within two to seven AICc units were 

consdiered moderately informative to relatively uninformative (> 7 AICc) (Anderson, 2008). 

The function ‘r.squared’ in the package ‘MuMIn’ was used to calculate r-square values for 

each model, including both marginal and the conditional coefficients of determination, which 

showed the percentage of variation explained by random (R2M) and fixed effects (R2C) 

(Barton, 2014). The model averages were used to illustrate the results graphically using the 

predicted values by showing the effect of each predictor variable on the response variable 

after all other predictors had been accounted for (Mazerolle, 2014). The resulting figures 

included both the average model-predicted values for the response variable in combination 

with the factors and the raw, observed data as well as estimates for each explanatory variable. 

The analyses were performed with R version 3.10 and RStudio version 0.98 ((R Core Team, 

2015) and all graphs were produced using the ggplot2 package (Wickham, 2009). 
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Table 4-3:  Multi-model inference models used for analysis with the carbon cycle processes in 
shelterbelts and paddocks. The list contains the different candidate models used and 
the variables within each model are listed. Shelterbelt and paddock model sets 
differ as the paddock sites did not have above-ground woody vegetation effects, 
such as age or biomass of shelterbelt. 

 

  

 Model name  Included factors 

Shelterbelt 

Null model 
Random intercept-only model which includes no fixed 
effects, and is used as a null type model against which to 
evaluate the relative strength of the other models 

Full model 

Including fixed effect for the within-shelterbelt model 
factors (soil moisture, pH, organic and labile carbon), 
shelterbelt factors (age, biomass, and vegetation type), farm 
model factor (land use) and landscape model factors 
(precipitation, temperature, soil order). 

Within-
shelterbelt 
model 

Including fixed effect for the within-shelterbelt model 
factors, soil moisture and pH and organic and labile carbon 

Shelterbelt 
model 

Including fixed effect for the three shelterbelt model 
factors, age, biomass, and vegetation type. 

Farm model Including fixed effect for the farm model factor, land use 
(crop, beef, dairy, and sheep farming) 

Landscape 
model 

Including fixed effects for the three landscape model 
factors, precipitation, temperature, and soil order. 

Paddock 

Null model 
Random intercept-only model, which includes no fixed 
effects, and is used as a null type model against which to 
evaluate the relative strength of the other models 

Full model 

Including fixed effect for the within-paddock model factors 
(soil moisture, pH), farm model factor (land use) and 
landscape model factors (precipitation, temperature, soil 
order). 

Within-
paddock 

Fixed effects for the within-paddock model factors, soil 
moisture and pH and organic and labile carbon 

Paddock 
model 

Including fixed effects for the paddock model factors, cover 
type ( pasture or cropping) 

Farm model Including fixed effect for the farm model factor, land use: 
(arable, beef, dairy, and sheep farming) 

Landscape 
model 

Including fixed effects for the three landscape model 
factors, precipitation, temperature, and soil order. 
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4.3 Results 

4.3.1 Process measurement summary of above- and below-ground carbon cycle 
processes in shelterbelts and paddocks 

The principal component analysis (PCA) of MicroResp™ data for paddocks and 

shelterbelts revealed similar trends in carbon source use in both locations (Figure 4-3). Axis 

one (PC1) for the shelterbelt soil profiles explained 57.2% of the variation and was positively 

weighted by sugars, i.e. D.galactose, D.fructose and D.glucose (Figure 4-3, a). Axis two 

(PC2) explained 9.4% of variation and was negative weighted by amino acids, such as 

cysteine and argine. The paddock samples showed a similar result where axis one (PC1) 

explained 54.1% of variation and was negatively weighted by sugars, such as L.arabinose 

and D. fructose and glycerol.50 (Figure 4-3, b). Axis two (PC2) explained 8.7% of variation 

and was positively weighted by organic acid, such as citric acid and glycolic, and negatively 

weighted by sucrose, a sugar. 

 

 

Figure 4-3: PCA ordination of MicroResp™ soil carbon profiling in; a) shelterbelts (N = 168); 
and b) paddocks (N = 168). Further description of inter-farm site variation 
provided in text. The first and second axis account for 41.4% and 23.7% of the data 
variation, respectively. 



 

123 
 

The observed dehydrogenase enzyme activity was twice as high in the paddocks as in 

the shelterbelts (1.15 ± 0.8 and 0.47 ± 0.5 µg/g dry soil.hr- [mean ± 2 standard error]), and 

was almost double for native shelterbelts (0.63 ± 0.6 µg/g dry soil.hr-1) compared to exotic 

shelterbelts (0.35 ± 0.3 µg/g dry soil.hr-). The Tea Bag Index observed high levels of 

variability but no large differences between native (0.02 ± 0.01) and exotic shelterbelts 

(0.02 ± 0.01) in organic matter decomposition (Figure 4-4). Higher levels of invertebrate 

activity were observed under native shelterbelts (63.2 ± 19.1%) compared to exotic 

shelterbelts (25.1 ± 13.4%), as measured by the Bait-Lamina Probes. 

 

Figure 4-4:  Decomposition rate k and stabilisation factor S (± 2 standard errors) from Tea Bag 
Index for native and exotic shelterbelt sites (N = 59); k represents short-term 
dynamics and S is indicative for long-term carbon storage within two different 
shelterbelt types.  

The pair wise leaf litter experiment showed that decomposition of litter was 

comparable in both shelterbelts, as measured through weight loss (Figure 4-5). The native 

leaf litter decomposed quicker than the exotic leaf litter in both shelterbelts. Due to this 
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observation, the study will use only the exotic litter for exotic shelterbelts and native litter for 

native shelterbelts from here onwards.  

 

Figure 4-5:  Mean (± 2 standard error) leaf litter residue (%) in shelterbelt for exotic and native 
leaf litter within exotic and native shelterbelts (N = 177)  

 

4.3.2 Determining the drivers of variability in carbon cycle processes in 
paddock and shelterbelts 

Variance partitioning of carbon cycle processes in shelterbelts and paddocks 
While MicroResp™ variation in the paddocks resided as almost equal thirds at the 

farm (41%), shelterbelt (39%) and within-shelterbelt (20%) scales, Dehydrogenase enzyme 

activity variation resided almost completely at the within- and shelterbelt scales (46% and 

51%, respectively) (Figure 4-6; a). Carbon cycle process variation in shelterbelts showed that 

Bait-Lamina Probes and DHA resided primarily at the shelterbelt scale (97.5% and 89%, 

respectively), whereas the Tea Bag Index variation resided largely at the within-shelterbelt 

scale (67%) (Figure 4-6; b). MicroResp™ and litter variation resided at all four scales with 
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similar amounts (Figure 4-6; b). Almost half of all carbon cycle process variability in native 

shelterbelts resided at the within-shelterbelt scale (44%) and farm scale (38%), with less than 

10% of variation residing at all other scales on average (Figure 4-6, c). Carbon cycle process 

variations in exotic shelterbelts resided on average, at the within-shelterbelt and farm scales 

(56% and 25%, respectively) (Figure 4-6, d). DHA showed a different pattern where the 

majority of variation resided at the farm scale (70%) and the shelterbelt (20%) scale. Bait-

Lamina Probes showed that variation in invertebrate activity resided at the within-shelterbelt 

and farm scales. This was similar to litter and the TBI, where over a third to a half of the 

variation resided at the within-shelterbelt scale and further a 30% at the farm scale.  
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4.3.3 Explaining the variation in carbon cycle processes in shelterbelts and 
paddocks  

Drivers for carbon cycle variability in shelterbelts 
Model selection suggested that the best fitting model describing MicroResp™ in 

shelterbelts profiling the microbial carbon community, included within-shelterbelt (pH, soil 

moisture, organic and labile carbon) and shelterbelt variables (age, tree biomass and 

shelterbelt type), as indicated by the Δ AICc (Table 4-4). The top-ranked model was a 

combination of soil pH, moisture and soil carbon stock variables, which explained 20% of the 

variation in the data and had a 55% chance of being the best fitting model for MicroResp™. 

The fixed and random effects combined in the conditional R2C showed that the modles 

explain omst of the variability within the fixed effects (R2C = 0.8) possibly due to farm and 

shelterbelt variables that the model had not accounted for. The shelterbelt model, alone, was 

within two AICc of the top-ranked model, indicating that the shelterbelt variables contained 

much information. This model explained 20% of variation in the data and had a 32% chance 

of being the best fitting model to describe the microbial community profile of soil carbon 

sources in shelterbelts. 

Litter decomposition in the shelterbelt was best explained by the shelterbelt model 

(R2C = 10%); it contained variables that described biomass, age and species across all farms 

(Table 4-4). This model had a 60% chance of being the best fitting; with the conditional R2C 

showing that there was still a large amount of unexplained variability within the fixed effects 

(R2C = 0.6). 

Model selection for Dehydrogenase enzyme activity in shelterbelts suggested that the 

best model describing it was the within-shelterbelt model (10%), as indicated by the Δ AICc 

(Table 4-4). This model had an 84% chance of being the best fitting; with the conditional R2C 

showing that there was still a large amount of unexplained variability within the fixed effects 

(R2C = 0.8). 

Model selection suggested the best model describing invertebrate activity (60%), 

measured with Bait-Lamina Probes in shelterbelts was the shelterbelt model, as indicated by 

the Δ AICc (Table 4-4). This model had a 76% chance of being the best fitting model with the 

conditional R2C still highlighting unexplained variability (R2C = 0.1). 

Model selection suggested that the best model describing organic matter 

decomposition (measured with the Tea Bag Index) was the farm model (Table 4-4). 
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However, the null model was within two AICc of the top-ranked model, which meant that the 

selected variables did not accurately explain the decomposition rate of TBI and this indicated 

the high level of variability within and between the shelterbelts across the farm sites. 

 

Table 4-4:  Model selection results for above- and below- ground carbon cycle processes 
considering above-ground shelterbelt vegetation cover (native and exotic woody 
vegetation) and a set of candidate models; models are ranked based on AICc with 
the most informative mode (lowest AICc) at the top. Shown for each model are a 
number of parameters, including the model names, the number of model 
parameters (K), the second-order Akaike information criterion (AICc), the distance 
from the best model (ΔAICc), the Akaike weight (wi), log likelihood (LL) and the 
regression coefficient of variation (R2); bolded models are within two AICc of the 
top model and are considered equally informative. Dehydrogenase enzyme activity 
(DHA), Bait-Lamina Probes (BLP) and Tea Bag Index (TBI). 

Model 
data 
set 

Model names K AICc ΔAICc wi LL R2m R2C 

Micro
Resp™ 

Within-shelterbelt, 
shelterbelt 11 769.50 0.00 0.55 -372.90 0.2 0.8 
Shelterbelt 7 770.56 1.06 0.32 -377.93 0.2 0.8 
Within-shelterbelt 8 773.99 4.49 0.06 -378.54 0.03 0.81 
Shelterbelt and farm 10 774.79 5.29 0.04 -376.69 0.21 0.8 
Null 4 776.03 6.53 0.02 -383.89 0 0.8 
Within-shelterbelt, 
shelterbelt and landscape 16 778.63 9.13 0.01 -371.51 0.23 0.81 
Farm 7 780.16 10.66 0.00 -382.73 0.04 0.8 
Landscape factors 9 783.14 13.64 0.00 -382.00 0.07 0.8 
Full 19 784.56 15.06 0.00 -370.71 0.27 0.81 
Farm and landscape factors 12 788.81 19.31 0.00 -381.40 0.09 0.8 

Litter 

Shelterbelt 7 410.71 0.00 0.60 -198.02 0.1 0.6 
Null 4 413.05 2.33 0.19 -202.41 0 0.58 
Landscape factors 9 414.57 3.86 0.09 -197.75 0.11 0.58 
Shelterbelt and farm 10 416.00 5.29 0.04 -197.34 0.11 0.58 
Within-shelterbelt, 
shelterbelt 11 417.02 6.30 0.03 -196.71 0.1 0.58 
Within-shelterbelt 8 418.05 7.34 0.02 -200.60 0.03 0.58 
Within-shelterbelt, 
shelterbelt and landscape 16 418.10 7.39 0.02 -191.35 0.22 0.59 
Farm 7 418.56 7.85 0.01 -201.95 0.01 0.58 
Farm and landscape factors 12 419.03 8.32 0.01 -196.57 0.13 0.58 
Full 19 422.71 12.00 0.00 -189.94 0.24 0.59 

DHA 

Within-shelterbelt 8 78.22 0.00 0.84 -30.79 0.1 0.8 
Within-shelterbelt, 
shelterbelt 11 81.51 3.29 0.16 -29.16 0.19 0.85 
Within-shelterbelt, 
shelterbelt and landscape 16 89.17 10.95 0.00 -27.34 0.25 0.85 
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Full 19 94.01 15.79 0.00 -26.24 0.28 0.86 
Shelterbelt 7 108.56 30.34 0.00 -47.03 0.1 0.84 
Null 4 108.96 30.75 0.00 -50.40 0 0.84 
Shelterbelt and farm 10 112.35 34.13 0.00 -45.68 0.13 0.84 
Farm 7 112.47 34.25 0.00 -48.99 0.04 0.84 
Landscape factors 9 115.51 37.29 0.00 -48.35 0.06 0.84 
Farm and landscape factors 12 119.73 41.51 0.00 -47.16 0.09 0.84 

BLP 

Shelterbelt 7 1435.57 0.00 0.76 -710.54 0.6 1 
Within-shelterbelt, 
shelterbelt 11 1438.49 2.92 0.18 -707.65 0.59 0.99 
Shelterbelt and farm 10 1441.27 5.70 0.04 -710.14 0.6 0.99 
Within-shelterbelt, 
shelterbelt and landscape 16 1442.92 7.35 0.02 -704.21 0.65 0.99 
Full 19 1449.71 14.14 0.00 -704.09 0.65 0.99 
Null 4 1487.42 51.85 0.00 -739.62 0 0.99 
Within-shelterbelt 8 1490.59 55.02 0.00 -736.98 0 0.99 
Farm 7 1492.02 56.45 0.00 -738.76 0.03 0.99 
Landscape factors 9 1493.53 57.96 0.00 -737.36 0.07 0.99 
Farm and landscape factors 12 1499.79 64.22 0.00 -737.19 0.08 0.99 

TBI 

Farm 7 -1479.90 0.00 0.41 747.20 0.1 0.4 
Shelterbelt and farm 10 -1478.52 1.37 0.21 749.75 0.1 0.4 
Null 4 -1477.99 1.90 0.16 743.08 0 0.4 
Within-shelterbelt 8 -1476.99 2.90 0.10 746.82 0.04 0.38 
Shelterbelt 7 -1475.29 4.61 0.04 744.89 0.03 0.38 
Farm and landscape factors 12 -1474.68 5.21 0.03 750.04 0.12 0.37 
Landscape factors 9 -1474.33 5.57 0.03 746.56 0.06 0.37 
Within-shelterbelt, 
shelterbelt 11 -1472.41 7.49 0.01 747.80 0.06 0.38 
Within-shelterbelt, 
shelterbelt and landscape 16 -1471.81 8.08 0.01 753.15 0.14 0.38 
Full 19 -1471.54 8.36 0.01 756.53 0.19 0.38 

 

Where soil moisture and labile carbon were higher under shelterbelts, the 

MicroResp™ carbon source use was lower; whereas where pH, age and tree biomass was 

higher, carbon source use was higher under shelterbelts (Figure 4-7, a, b). The model 

predictions were very similar for farm type for native and exotic shelterbelts across all eight 

variables (Figure 4-7; a - h). 

Litter residue was found to be higher under exotics compared to native shelterbelts 

across the different farm type predictions (line) (Figure 4-8). Where pH and soil moisture 

were higher under shelterbelts, less leaf litter had decomposed. Exotic shelterbelts tended to 

have lower pH soils (5.1 ± 0.5) in contrast with the native shelterbelts (5.4 ± 0.4). Where 

shelterbelts were older, litter decomposed somewhat slower (Figure 4-8, h) with exotic 
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shelterbelts being older compared to the native shelterbelts (27 ± 7; 16 ± 11 years, 

respectively). Where soil carbon stocks (organic and labile) were higher, decomposition was 

lower (Figure 4-8; e, f) with native shelterbelt predictions typically found to decompose 

quicker than the natives.  

Where soil moisture, pH and labile carbon were high under shelterbelts, microbial 

activity (DHA) was higher for both native and exotic shelterbelt predictions across farm type 

(Figure 4-9; a, b, f). Where soil organic carbon was low under shelterbelts, DHA was higher 

(Figure 4-9; e). Neither precipitation, temperature, tree biomass nor age showed a trend to 

increase under shelterbelts across farm type. 

Invertebrate activity, measured with Bait-Lamina Probes, was found to be higher 

under native shelterbelts (63.2 ± 19.1%) in contrast with to the exotic shelterbelts 

(25.1 ± 13.4%) across all eight prediction variables and across farm types (Figure 4-10; a - h). 

Where shelterbelts were older, invertebrate activity was higher (Figure 4-10; h). All other 

variables had a no increasing or decreasing trends when changing the dependent variable. 

Organic matter decomposition, measured with Tea Bag Index, was found to be similar 

under native and exotic shelterbelts (Figure 4-11, a - h). The TBI was lower under older 

shelterbelts, with exotic shelterbelts being older, on average, in contrast to native shelterbelts 

(Figure 4-11; h). There were no obvious changes in the TBI from increases or decreases in 

any of the dependent variables. The different land use model prediction values separated out 

across all eight variables with the same pattern throughout (Figure 4-11; a - h). 
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Figure 4-7:  Model average predicted MicroResp™ value (n = 168) for farm types (lines) coloured by the shelterbelt types (exotic, native) for: a) soil 
moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; f) labile carbon; g) tree biomass; and h) age of shelterbelt as 
generated from shelterbelt model sets (Table 4-4), including model-average estimate ± unconditional standard error; points are observed 
data, coloured by exotic and native shelterbelts.   
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Figure 4-8:  Model average predicted litter residue value (N = 177) for farm types (lines) coloured by the shelterbelt types (exotic, native) for: a) soil 
moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; f) labile carbon; g) tree biomass; and h) age of shelterbelt, as 
generated from shelterbelt model sets (Table 4-4), including model-average estimate ± unconditional standard error; points are observed 
data, coloured by exotic and native shelterbelts.   
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Figure 4-9:  Model average predicted Dehydrogenase enzyme activity (DHA) value (N = 235) for farm types (lines) coloured by the shelterbelt types 
(exotic, native) for: a) soil moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; f) labile carbon; g) tree biomass; and 
h) age of shelterbelt, as generated from shelterbelt model sets (Table 4-4), including model-average estimate ± unconditional standard 
error; points are observed data, coloured by exotic and native shelterbelts.  
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Figure 4-10: Model average predicted Bait-Lamina Probes (BLP) value (N = 235) for farm types (lines) coloured by the shelterbelt types (exotic, 
native) for; a) soil moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; f) labile carbon; g) tree biomass; and h) age 
of shelterbelt as generated from shelterbelt model sets (Table 4-4), including model-average estimate ± unconditional standard error; 
points are observed data, coloured by exotic and native shelterbelts.  
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Figure 4-11: Model average predicted Tea Bag Index (TBI) value (N = 235) for farm types (lines) coloured by the shelterbelt types (exotic, native) 
for: a) soil moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; f) labile carbon; g) tree biomass; and h) age of 
shelterbelt as generated from shelterbelt model sets (Table 4-4), including model-average estimate ± unconditional standard error; 
points are observed data, coloured by exotic and native shelterbelts. 
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Drivers for carbon cycle variability in paddocks 
Model selection suggested that the best model describing MicroResp™ carbon source 

use in paddocks included the null and the paddock model (Table 4-5). Having the null model 

as the top-ranked model meant that the selected variables did not accurately explain the 

MicroResp™ results and indicated the high level of variability within, and between, the 

paddocks across the farm sites. 

Dehydrogenase enzyme activity in paddocks was best explained (R2M = 0.27) by a 

model containing within-paddock variables that included soil moisture, pH, organic and 

labile carbon across all farms (Table 4-5). This model had a 74% chance of being the best 

fitting model. The fixed and random effects combined in the conditional R2C showed that 

there was still a considerable amount of unexplained variability within the fixed effects 

possibly due to farm and paddock (R2C = 0.54). 

The model average prediction showed that neither an increase nor decrease in the six 

explanatory variables (soil moisture, pH, precipitation, temperature, soil organic carbon and 

labile carbon) showed any obvious effect in MicroResp™ carbon source use across paddocks 

(Figure 4-12, a - f). Similarly, there was little effect between farm types and the paddocks 

adjacent to native nor exotic shelterbelts. 

Where pH and soil moisture was higher in paddocks, DHA was also higher (Figure 

4-13; a, b). Similarly, where soil organic carbon and labile was higher, DHA was higher in 

paddocks (Figure 4-13; e, f). Precipitation and temperature change did not show a change in 

DHA. The model average prediction across all six variables for the different farm types did 

not differentiate among them nor between the paddocks adjacent to native or exotic 

shelterbelts. 
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Table 4-5:  Model selection results for carbon cycle processes in paddocks and a set of 
candidate models; models are ranked based on AICc with the most informative 
mode (lowest AICc) at the top. Shown for each model are a number of parameters 
including the model names, the number of model parameters (K), the second-order 
Akaike information criterion (AICc), the distance from the best model (ΔAICc), the 
Akaike weight (wi), log likelihood (LL) and the regression coefficient of variation 
(R2); bolded models are within two AICc of the top model and considered equally 
informative. Dehydrogenase enzyme activity (DHA), Bait-Lamina Probes (BLP), 
Tea Bag Index (TBI). 

Model data 
set Model names K AICc ΔAICc wi LL R2M R2C 

MicroResp™ 

Null 4 767.02 0.00 0.39 -379.38 0 0.73 

Paddock 5 767.19 0.17 0.36 -378.40 0.01 0.73 
Within-paddock and 
paddock 9 770.49 3.47 0.07 -375.66 0.03 0.75 

Within-paddock 8 770.91 3.88 0.06 -376.98 0.01 0.75 

Farm  7 771.37 4.35 0.04 -378.32 0.04 0.74 

Paddock and farm 8 771.41 4.39 0.04 -377.23 0.05 0.75 

Landscape factors 9 772.66 5.64 0.02 -376.74 0.11 0.74 
Within-paddock, 
paddock, landscape 14 776.71 9.69 0.00 -372.93 0.14 0.75 

Farm and landscape 
factors 12 778.88 11.86 0.00 -376.39 0.12 0.74 

Full 17 782.67 15.65 0.00 -372.21 0.15 0.76 

DHA 

Within-paddock 8 498.61 0.00 0.74 -240.99 0.27 0.54 
Within-paddock and 
paddock 9 500.76 2.15 0.25 -240.98 0.27 0.54 

Within-paddock, 
paddock, landscape 14 507.15 8.53 0.01 -238.62 0.31 0.55 

Full 17 510.91 12.29 0.00 -237.04 0.32 0.54 

Null 4 558.30 59.69 0.00 -275.06 0 0.43 

Paddock 5 560.14 61.53 0.00 -274.94 0 0.43 

Landscape factors 9 560.96 62.34 0.00 -271.08 0.07 0.43 

Farm  7 564.17 65.56 0.00 -274.84 0 0.43 

Paddock and farm 8 566.09 67.48 0.00 -274.73 0.01 0.43 
Farm and landscape 
factors 12 566.56 67.95 0.00 -270.58 0.08 0.43 
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Figure 4-12: Model average predicted MicroResp™ value (N = 168) for farm types (lines) coloured by the paddock adjacent to shelterbelt types 
(exotic, native) for: a) soil moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; and f) labile carbon as generated 
from paddock model sets (Table 3-4), including model-average estimate ± unconditional standard error; points are observed data, 
coloured by paddock adjacent to native and exotic shelterbelts.   
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Figure 4-13: Model average predicted Dehydrogenase enzyme activity (DHA)value (N = 245) for farm types (lines) coloured by the paddock adjacent 
to shelterbelt types (exotic, native) for: a) soil moisture; b) pH; c) precipitation; d) temperature; e) soil organic carbon; and f) labile 
carbon as generated from paddock model sets (Table 3-4), including model-average estimate ± unconditional standard error; points are 
observed data, coloured by paddock adjacent to native and exotic shelterbelts.  
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4.4 Discussion  

The chapter offered three unique contributions to the small, but growing, body of 

research on carbon cycle processes in the agro-ecosystem: (1) the combined use of multiple 

carbon cycle process indicators, including biomass, soil and microbial measures across a 

large spatial extent; (2) the investigation of these processes in both native and exotic 

shelterbelts as well as adjacent paddocks; and (3) an extensive, landscape-scale analysis of 

process patterns in relation to shelterbelt and agriculture variability. 

A multi process-based approach was used to describe landscape-scale carbon cycle 

process patterns in shelterbelts and paddocks and across the landscape in Canterbury, New 

Zealand. This was achieved through the use of five indicator measures describing carbon 

cycle process variation in the agro-ecosystem, including above-ground leaf litter 

decomposition, invertebrate activity (BLP), organic matter decomposition (TBI), microbial 

activity (DHA) and microbial community carbon source use (MicroResp™) among the exotic 

and native shelterbelts as well as the adjacent paddocks. The approach provided a means to 

characterise the spatial structure of these carbon cycle processes, nested within-shelterbelt or 

paddock, within farm, within landscape structure, into a hierarchical statistical analysis 

framework (Figure 3-1). This enabled the study to dissect the variation in carbon cycle 

processes by spatial scale and to identify scales at which most variation resided (Figure 4-6). 

The results showed that the majority of variation was observed at the fine and local scales 

(within- and shelterbelt or paddock scale), farm scale played a minor role and soil type scale 

almost non-existent. The study was also able to identify the abiotic factors most strongly 

related with different carbon cycle process at each of spatial scale (Table 4-4, Table 4-5). In 

line with the variance-partitioning results, the drivers of variation in carbon cycle processes 

were primarily within- and shelterbelt factors. This enabled a better understanding of the 

scales at which different processes vary and drive the individual process rate or activity. 

The drivers of variability of carbon cycle processes and the scales most strongly 

associated with the variability differed considerably across the five process indicators. There 

was a shift from an influence of: first, within-shelterbelt factors on the microbial community 

and activity measures (MicroResp™ and DHA); secondly, to more shelterbelt type factors for 

litter decomposition and invertebrate activity (BLP); and thirdly towards farm and land use 

factors for organic matter decomposition (TBI) in shelterbelts. These observation were in 

agreement with a number of studies, highlighting the role of soil moisture, pH and organic 
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carbon for soil microbial biomass and activity (Weil & Magdoff, 2004; Wickings et al., 2016; 

Yuste et al., 2007), the above-ground leaf litter quality, invertebrate activity and its effect on 

decomposition (García-Palacios et al., 2016; Jobbagy & Jackson, 2000; Scholes, 2003), and 

the susceptibility of organic matter decomposition (TBI) to spillover effects from farm 

management (Didham et al., 2015). Similar relationships have also been found in forested 

environments where microbial biomass and soil carbon sensitivity have been highlighted in 

relation to disturbance regimes and spillover effects (Yang et al., 2010). This provided a new 

insight into how complex the set of drivers was that affected the variability of the multitude 

of carbon cycle processes, from fine scale to landscape scale, within the agro-ecosystem.  

In contrast to expectations (Appendix A), which suggested that farm type being a 

potential driving factor in explaining soil carbon stocks and processes, the results from this 

study showed that farm type appeared to have little impact on soil microbial community and 

activity indicators, MicroResp™ and DHA. This finding was in agreement with a small body 

of literature showing the limited response of soil microbial composition and function to shift 

towards low-input agricultural management (Järvan et al., 2014; Parfitt et al., 2005). The soil 

microbial communities in this study were exposed simultaneously to multiple, potentially 

interacting practices within each farm, including tillage, pesticide, fertiliser and irrigation. 

Each of these practices was well known for exerting independent and interactive effects on 

soil biological function (Fiedler et al., 2015; Muñoz-Leoz et al., 2012; Wickings et al., 2011). 

For example, converting from grassland to intensively managed agricultural land affected the 

soil structure, organic matter and microbial communities. Many microbial groups can carry 

out the same function, so you may see differences in the structure (diversity, and relative 

abundance of different groups) of the microbial community, but actually detect limited 

differences in the ‘function’ – microbial activity as assessed by DHA or ability to metabolise 

carbon sources with MicroResp™. For example a pesticide may inhibit one group – but 

another group takes there place. Soil microbes drove the decomposition of crop residues in 

agricultural soils, and the process fueled multiple ecological services, including soil organic 

matter formation and nutrient mineralisation. Yet, under conventional agricultural 

programmes, decomposition and other soil microbial functions can deteriorate due to 

intensive pest and soil management practices (Wickings et al., 2016). Thus, it was possible 

that the strong differences in soil microbial activity between paddocks and shelterbelts across 

the four farm types may be related to some practices enhancing, moderating or negating the 

effects of others in contrast to the shelterbelt. While the study’s findings did not diminish the 
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recognised benefits derived from low-intensity farming on soil ecological services (Tilman et 

al., 2002) they indicated that in order to extend such soil ecosystem benefits, more significant 

changes might be necessary (Liiri et al., 2012). 

While some of the variation in the carbon cycle processes was found at the individual 

farm-scale (Figure 4-6), the effects were minimal, similarly to the impact of above-ground 

shelterbelt-scale (Table 4-4). The above-ground biomass was influencing soil microbial and 

invertebrate activity, which were both key for decomposition and mineralisation processes. 

The model average parameters showed considerable differences for soil microbial activity 

under shelterbelts. This observation concurs with other researchers (Li et al., 2010; 

Rodeghiero et al., 2010; Sauer et al., 2007), who found that above-ground shelterbelt or tree 

species may be more important for decomposition and carbon inputs than agricultural 

management practices in predicting carbon cycle processes. Invertebrate activity and leaf 

litter decomposition rate were twice as high in native shelterbelts as in exotic shelterbelts 

regardless of agricultural management (Figure 4-4). This pattern was mirrored by microbial 

activity, which was roughly twice as high in native shelterbelts as in exotic shelterbelts with 

an increasing trend towards greater activity in soils under shelterbelts with higher pH and soil 

moisture levels (Figure 4-8,Figure 4-9 and Figure 4-10). This difference between the two 

shelterbelt types could be due to the type of tree, because pine leafs are very resitant to 

decomposition due to their chemical composition being more recalcitrant to microbial 

breakdown compared to native leafs. Furthremore, the native shelterbelts were commonly 

mixed species rather than monocultures in pine shelterbelts. This is supported by the finding 

that the shelterbelt variables were the main driver for explaining the differences. The findings 

highlight that the variability of all three processes was found, primarily, at the within-

shelterbelt and farm scale and explained by the within- and shelterbelt variables (shelterbelt 

species, age and biomass, soil moisture and pH) (Figure 4-6 and Table 4-4). Other studies 

have observed similar responses for soil processes, microbial activity and community to 

above-ground cover in agricultural soils (Bardgett et al., 1998; van der Putten et al., 2009). 

Similar relationships have also been observed in non-agricultural sites, such as such as forest 

and meadows (Askin & Kizilkaya, 2009; Kussainova et al., 2009). Another study found that 

due to the close link with microbial activity and mineralisation, soil organic carbon in hedges 

to be locally significant, in and around farms where the margins contained, on average, 

greater soil organic carbon than agricultural production land and the landscape (Follain et al., 

2007). To my knowledge, however, this study provided the first assessment of carbon cycle 
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processes and the importance of woody vegetation features in the agro-ecosystem context for 

conventional farming practices in New Zealand and, different shelterbelt species, in 

particular. The implications of the observed variability in carbon cycle processes across 

landscapes and among shelterbelt types and paddocks, provided insight into understanding 

soil ecosystem processes across all major farm systems and the advantage of mixed native 

shelterbelts and thei leaf litter compared with monocultures of exotics. However, its 

implications for carbon cycle processes were particularly important for agro-ecosystems, 

where pasture and crop production was often prioritised over shelterbelts, which were 

typically displaced to marginal and low fertile land on farms. 

Despite the relevance of landscape scale, regarding the spatial patterns of carbon cycle 

processes and the relative influence of environmental factors (i.e. climate) versus local 

agricultural activities and factors, few investigations have been conducted at this scale 

(Wickings et al., 2016). Recent studies of soil microbial biogeography have highlighted the 

major contribution of proximal soil characteristics as drivers of microbial communities 

(Fierer & Jackson, 2006; Griffiths et al., 2011). However, the considerable soil heterogeneity 

occurring on a wide scale may mask other drivers associated with human activities, such as 

agriculture (Fierer & Ladau, 2012). Here, I studied indicator measures for carbon cycle 

process across a landscape, which represented the typical scale of human and agricultural 

activities, to better identify and rank landscape versus land management drivers (local). The 

studied landscape was mainly characterised by pastoral and arable farming of varying 

intensities across a landscape gradient from the coast to the foothills (Figure 3-1). Soil 

characteristics (pH, soil moisture) and soil carbon stocks matched national estimates 

(NZAGRC, 2015). This suggested that the sampling approach in this thesis was able to 

account for the variability in soil stocks and processes as well as capture the variation across 

the landscape. 

Gaining insights into the linkages among carbon cycle process patterns in paddocks 

and shelterbelts, agricultural heterogeneity and underlying landscape scale effects was one of 

the driving aims of landscape agro-ecology. However, possible insights gained through the 

examination of carbon cycle patterns and agricultural relationships at the agro-ecosystem 

level were highly dependent on the analysis approaches applied (Kehoe et al., 2015). In this 

study, different results may have emerged by computing the carbon cycle processes across 

scales in a different way, using different additional soil, process and farm management 

measures to describe carbon cycle process variability, or, indeed, via a different statistical 
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analysis approach. Nonetheless, the fact that the results showed process variability to be 

found at the within and shelterbelt scale and around 20% of variance in multivariate carbon 

cycle processes were explained by fine scale shelterbelt and paddock factors, suggested that 

the methods used were enabling meaningful descriptions of these carbon cycle processes in 

agro-ecosystems. In addition, one issue related to the different scales and variability at which 

this analysis was carried out: while the power analysis in Chapter 2 determined an optimal 

sampling design and spatial sampling intensity for these processes, inference from this study 

may be limited to these scales. It was well recognised that carbon cycle process variability 

results from numerous factors at multiple spatial scales (Constancias et al., 2015; Wickings et 

al., 2016); therefore, multi-variate analyses that can tease apart these scale-dependent effects 

on carbon cycle processes in agro-ecosystems were warranted. 
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Chapter 5 

Past, Present and Future:  

Land use, cover, management and soil carbon in Canterbury, 

New Zealand 

 

5.1 Introduction 

Growing sufficient food for an ever growing world population is one of the major 

challenges of the 21st century (Godfray et al., 2010). This challenge is paralleled by the need 

to mitigate or reverse environmental damage and biodiversity loss through agricultural 

intensification (Godfray et al., 2010; Godfray & Garnett, 2014). Paradoxically, the use of 

sustainable agricultural intensification to increase production is increasingly perceived as one 

of the solutions to these issues, both globally and in New Zealand (Allan et al., 2015; Green 

& Clarkson, 2005; Norton et al., 2013; Phalan et al., 2011). Generally, intensification has 

been shown to negatively affect the soil environment of agricultural lands (Takahashi et al., 

2008). For example, many land use changes involving intensification are accompanied by 

below-ground disturbances and result in soil carbon loss (Guo & Gifford, 2002; Post & 

Kwon, 2000; Raciti et al., 2011). Soil carbon is very sensitive to farm management (Lal, 

2004a), and large losses in soil carbon on farmland can occur from changes in farm 

management and cultivation. 

New Zealand agriculture has experienced dramatic changes due to conversions to 

increasingly intensive farm management practices over the past two decades (Parfitt et al., 

2008; Parfitt et al., 2006). These changes are particularly significant when considered with 

ongoing development of water storage and irrigation schemes across New Zealand (Paterson 

& Huse, 2013). Such schemes are typically associated with increased intensification of the 

farms within its boundaries. For example, pastoral land used for intensive dairy farming has 

increased, while less intensive sheep and beef farming has decreased (MfE, 2013). The 

changes in farm land use and management that are associated with such land use conversions 

are known to affect soil carbon stocks, including increase in farm infrastructure and 

resurfacing of paddocks (Chen, Day, et al., 2013), increased stocking rates (Allan et al., 2015; 

Didham et al., 2015; Schipper et al., 2010), land clearing (Neill et al., 1997), irrigation 

(Kelliher et al., 2012), and fertiliser application (Joyce, 2001). While these practices are 
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commonly understood to alter soil properties (Hobbie et al., 2007), detailed paddock-level or 

whole farm studies of these agricultural practices and their impacts on soil carbon stocks and 

processes are costly and time consuming. 

Landscape assessments commonly quantify one or several environmental variables, 

such as soil carbon (C) storage, to demonstrate the effect of production and management on 

soil environment in agricultural landscapes. This type of assessments uses environmental data 

in combination with physical landscape variables to model its effects using geographic 

information systems (GIS) and statistical models. In recent years, there has been increased 

recognition of the need for better agricultural landscape assessments directed at quantifying 

spatial and temporal patterns, quantities or changes in above- and below-ground agro-

ecological interactions (i.e., Rossing et al., 2007; Willemen et al., 2012; Williams et al. 2011; 

Zhang et al., 2015). Existing approaches for such assessments range from field-scale analyses 

to complex multivariate, spatial modelling. The sophistication of such approaches has been 

enhanced by the use of spatial analysis tools and GIS over the past decades (i.e., Seabrook et 

al., 2008; Welsch et al., 2014). A number of analyses have focused on agricultural intensity, 

as expressed through land use and cover and its impact on biodiversity conservation, land 

cover types or soil organic matter (Phelps et al., 2013; Lee et al., 1999; Firbank et al., 2008; 

Collard & Zammit, 2006). These studies rely heavily on accurate, high resolution land use 

and land cover data for carrying out such spatial assessments. These spatial assessments were 

done for above-ground carbon stocks in plant biomass and effect on soils across vineyards 

(Williams et al. 2011), land use changes affecting on soil carbon stocks (Kauffman et al., 

2009) or the impact of deforestation, land use and agricultural abandonment on soil carbon 

stocks (Huang et al. 2009). While there has been a growing effort in using GIS for spatial 

assessments around the world, they are still lacking in New Zealand’s agricultural landscapes 

and in regard to greenhouse gases. 

The Intergovernmental Panel on Climate Change (IPCC) has established and 

published guidelines (IPCC, 2006b) to assess national greenhouse gas (GHG) emissions and 

the effect on below-ground soil carbon variables. In their fourth volume (Agriculture, 

Forestry and Other Land Uses) they provide guidance on carbon accounting methods to 

estimate soil organic carbon stocks and changes in regard to above-ground land use changes 

(IPCC, 2006a). Carbon accounting uses three tiers to estimate soil organic carbon change. 

The Tier 1 (T1) method is the estimate between two points in time. The stocks are calculated 

by assigning a reference soil carbon stock quantity, which represents the amount of soil 



 

 147 

carbon under a certain land cover (i.e., pasture or forest), and then multiplies this value with a 

default stock change depending on land use and management. The difference between Tier 2 

(T2) and Tier 1 (T1) is that while the same approach and equations are used for both, the 

actual soil carbon stocks and the change factors for Tier 2 calculations are based on locally-

gathered data. The Tier 3 (T3) method includes more complex models and inventory 

measurement systems driven by high-resolution imagery and intensive soil sampling data that 

better capture variability for local conditions (IPCC, 2006b; Ravindranath & Ostwald, 2008). 

The accuracy increases with each tier level, and also with the complexity and amount of local 

and fine-scale information needed to quantify those estimated changes (Ravindranath & 

Ostwald, 2008). The limitations of using the Tier 1 (T1) approaches are well recognised and 

the IPCC is encouraging countries to develop their own carbon measurement approaches 

(Lokupitiya & Paustina, 2006). While the Tier 1 approach provides a useful “first-

approximation” of land use and management impacts on soil carbon, the IPCC has recognised 

Tier 3 as the most complex and least developed approach (Lokupitiya & Paustina, 2006). 

New Zealand has been using a very similar approach to the IPCC Tier 1 approach in 

its carbon monitoring system (CMS) to report on its soil carbon changes (MfE, 2013). This is 

undertaken by the Ministry for Environment (MfE) for its greenhouse gas reporting 

commitments. The CMS uses climate, soil type and land use, and assigns steady state soil 

carbon stocks (and is referred to as the MfE model here after). The steady state carbon stock 

values for each land use type are calculated using the CMS (McNeill & Barringer, 2014). The 

MfE model for soil carbon and change is based on the assumption that changes in soil carbon 

take place over a decadal timescale and are usually restricted to transitions in land use 

(Baisden et al., 2006). The model itself uses factor values that indicate the “carbon stock 

capacity” of soils. Soil carbon stock capacity describes the potential ability of soil to hold, or 

increase or decrease, soil carbon under the combined influence of above-ground factors, 

including land use, land cover and management. A number of studies have investigated the 

effect of land use change on soil carbon stock, mostly on a single farm or catchment basis 

(i.e., Kelliher et al., 2012; Schipper et al., 2010), rather than using GIS to model and predict 

landscape scale impacts. Using GIS to assess and model various scenarios around land use 

and cover change, national soil carbon stocks or greenhouse gas emissions has been a 

common approach (i.e., Swetnam et al., 2011; Lawler et al., 2014) as it enables modelling of 

the effects of different policy decision on ecosystem services and climate change.  
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Internationally, New Zealand is the number one food producing country based on net 

food per capita production value (FAO, 2015), 9th in total milk production countries and 17th 

in the top food exporting categories worldwide. Total agricultural exports account for almost 

half of New Zealand’s total exports (StatsNZ, 2009a) covering approximately 53% of its total 

land area. In addition, Canterbury has a long history of research information about the effects 

of management practice on soil carbon and changes (i.e., Schipper et al., 2010, 2012; Kelliher 

et al., 2012, 2014, Didham et al., 2015). This study will use that fine scale information about 

the effects of management practice on soil carbon and changes and combine it with already 

available spatial national land use and cover data (AsureQuality, 2006, 2013; MfE, 2004, 

2014) to create a richer research informed approach which is potentially useful for the 

development of a Tier 2 method. Therefore, there is a need to assess above-ground changes in 

agricultural practices and model their effect on soil carbon stocks, at varying scales and over 

time. Considering that such land use and management scenarios have not been looked at 

through the IPCC framework, it is of particular interest to understand the effect of different 

management settings (i.e., irrigation, tilling intensities and fertilizer application) on soil 

carbon stocks for different farming types in combination with land cover changes over time. 

 

5.1.1 Aim and objectives 

The aim of this study was to assess soil carbon stock capacity in a Canterbury 

agricultural landscape, and predict its change over time, based on land use, land cover and 

management practices. Current changes in Canterbury with increased agricultural 

intensification provide a case study to model soil carbon stocks.  

Therefore, the chapter has four specific objectives: 

1. To quantify the major spatial changes in land use and cover on the Canterbury 

Plains over the past 10 years (2004 – 2014);  

2. To assess the potential changes in soil carbon stock capacity in Canterbury through 

application of the MfE model (using land use, land cover and management) over the 

past 10 years (2004 - 2014);  

3. Predict and evaluate a number of agriculture land use and management scenarios 

and their impact on soil carbon stocks over the next 10 years (2014 – 2024);  

4. Quantify the amount of shelterbelt area needed to offset the potential soil carbon 

lost across the different scenarios evaluated in (3) above. 
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2014 were used (LCDB version 2 and 4; and Agribase 2006 and 2013). These datasets 

contained 34 land use and land cover classes, which were subsequently reclassified in the 

GIS into 10 classes, in accordance with the New Zealand Greenhouse Gas Inventory 

(NZGGI) and the NZGGI framework (MfE, 2013; NZAGRC, 2015) (see Appendix B). The 

resulting reclassified polygon data for LCDB and Agribase were analysed in the GIS for 

major spatial changes over the past 10 years in the study area, up to and including the 

foothills (< 500 m above sea level). 

5.2.3 Potential changes in the trajectory of soil carbon stock capacity for Canterbury 
through application of the MfE model  

In order to address Objective 2, the re-classified land use and land cover datasets were 

used to model potential changes in ‘soil carbon stock capacity’, described as the potential 

ability of soil to maintain, increase, or decrease soil carbon under the combined influence of 

three above-ground factors: land use, land cover and management. In line with the current 

NZGGI document, 'factor values' were applied in the GIS to the 10 land cover and land use 

types, as well as for management intensity (i.e., tilling, irrigating, fertilizer application), to 

allow to model the change in soil carbon stock capacity (Table 5-1,Table 5-2, Table 5-3) 

(MfE, 2013; NZAGRC, 2015). Essentially, the factor values define the relative effect (no 

effect, positive, or negative) that the different land use, land cover and management intensity 

categories are exerting on the soil carbon stock capacity at a given time. Thus, a factor value 

of ‘1’ indicates no effect on (or maintenance of) carbon stock capacity, while factor values 

above 1 indicate a positive effect and below 1 a negative effect. 
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Table 5-1: Summary of land cover types with the assigned factor values and rationale taken 
directly from the New Zealand Greenhouse Gas Inventory (MfE, 2013). The factor 
values express the effect on soil carbon capacity and change for land cover (re-
classed LCDB data). 

Land cover 
(LCDB) 

Land cover 
factor value Rationale 

Natural forest, Planted forest, 
Grassland with woody biomass, 
Vegetated wetlands, Other land, 
Settlement, Low producing 
grassland 

1.0 

Natural state of no loss 
and no gain of soil carbon 
capacity 

High producing grassland 1.11 

Higher growth rates of 
pastures increase organic 
matter and soil carbon 
capacity 

Crop 0.71 No crop residue reduced 
the soil carbon capacity 

Open water 0 Non terrestrial  
 
 
 
Table 5-2:  Summary of land use classes with factor value and rationale. The land use classes, 

factor values and rationale are derived from the New Zealand Greenhouse Gas 
Inventory (MfE, 2013); The land use factor values express the effect on soil carbon 
capacity and change for land use (re-classed Agribase data)  

Land use 
(Agribase) 

Land use 
factor value Rationale 

Arable, Sheep, Beef, 
Native vegetation, 

Forestry, Other livestock, 
Other 

1.0 

Neutral state of both 
increase and decrease in 
carbon capacity due to 

land use 

Dairy 1.14 
Farming approach 

assumes and increasing 
effect on soil carbon 

Lifestyle 0.70 
Concentrated disturbance 

for building and 
development 
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Table 5-3: Summary of default values for management and rationale of various land cover 
types derived from the New Zealand Greenhouse Gas Inventory (MfE, 2013). The 
factor values express the effect on soil carbon capacity and change for land cover 
(re-classed LCDB data).  

Land cover Management 
factor value Rationale 

Natural forest, Planted forest, 
Grassland with woody 

biomass, Vegetated wetlands, 
other land 

1.0 

Neutral state of 
both increase and 
decrease in carbon 

capacity 

Settlement 0.7 
Soil disturbance 

through site 
preparation 

Crop land 0.91 Tilling 
 

In the GIS, the factor values associated with each reclassified land use/land cover 

polygon were used to calculate the soil carbon stock capacity for the years 2004 and 2014, 

based on the international Tier 1 method (IPCC, 2003):  

𝐿𝑈𝐿𝐶𝑖 =  LU ∗  LC ∗  Mngt ,      (Equation 15) 

where LULCi is the soil carbon capacity at a particular time i, LU is the land use factor value 

(e.g., sheep farming), LC is the land cover factor value (e.g., high-producing grassland) and 

Mngt is management intensity (e.g., tilling, fertilizer, irrigation). 

To assess the change in soil carbon capacity between 2004 and 2014, the relative 

change over the past decade was quantified. The change between the two points was 

calculated as follows: 

∆𝐶𝐻𝑖 =  𝐿𝑈𝐿𝐶0 −  𝐿𝑈𝐿𝐶0−𝑖 ,      (Equation 16) 

where ∆CHi is the relative change of soil carbon capacity over time period i, LULC0 is the soil 

carbon capacity at point 0 (2014), and LULC0-i (2004) is the soil carbon capacity i years 

before the current capacity. 

5.2.4 Potential changes in the trajectory of carbon stocks in the Selwyn case study area 
under different future scenarios (2014 – 2024) 

To investigate potential future changes in soil carbon stocks over the next 10 years, 

soil carbon stock capacity was recalculated for 15 different scenarios, testing the relative 

effects of a range of land use, land cover, and management intensity factor values  

(Table 5-5). The tested scenarios assumed that all properties within the case study area would 

convert to a certain scenario. These scenarios were applied in the GIS within the boundaries 

of the Central Plains Water (CPW) scheme in the Selwyn District in Canterbury, which will 



 

 154 

be fully developed across most of Selwyn's lowland areas and completed by 2018 and will 

likely involve large-scale increases in dairy and irrigated pastoral farming in general (Figure 

5-1, b). The land use scenarios in Table 5-5 link back to the three main land use types 

addressed throughout this thesis (dairy farming, sheep and beef, and arable). Scenarios, and 

their associated factor values, were based on published studies that have investigated land 

use, land cover, and management impacts on soil carbon. The scenarios also aimed to 

evaluate a range of meaningful combinations of land use, land cover or management 

activities that are of potential interest. The soil carbon stock and change is based on the 

assumption that changes are occurring at a decadal timescale (Baisden et al., 2006). 

The first three scenarios for each of dairy, sheep and beef and arable farm types use 

the default factor values from the MfE model (Table 5-1, 5-2, and 5-3), which provided a 

baseline for comparing alternative scenarios. In contrast to the MfE model default values, 

land use will be assumed to have no effect across the remaining 12 alternative scenarios 

because the classification of land use is assumed to have a neutral effect on soil carbon in 

contrast with water (Table 5-5). This means the focus of the land use scenarios was on using 

land cover types (i.e., varying pasture types), in combination with different management 

intensities (i.e., irrigation, fertilizer application, manure application or tilling intensity), 

because changes in the land cover and/or management can have a considerable effect on soil 

carbon stock (Kelliher et al., 2012; Conant et al 2007; Leifeld & Fuhrer, 2010; Guo & 

Gifford, 2002).  

The dairy, and sheep and beef farming scenarios explored the effect of different 

pasture types in combination with irrigation and fertilizer application (Table 5-4 and  

Table 5-5). Long term research has shown that after 50 years fertiliser input has had no 

decreasing effect on soil carbon (Metherell 2003; Moinet et al., 2017; Kelliher et al., 2014), 

while increasing the frequency of irrigation has actually resulted in lower soil carbon levels 

(up to 10% per decade) (Kelliher et al., 2012. Furthermore, the combination of irrigation and 

fertilizer resulted in a net loss of soil carbon (Moinet et al., 2017). Pasture development (i.e., 

low to high producing grassland and dry land to irrigated system) with the accompanying 

increased stocking rate was associated with a considerable decrease in soil C (Shipper et al., 

2007; Metherell, 2003; Houlbrook et al., 2008).  

The arable farming scenarios explored a number of different tilling intensities (no till 

to increased frequency of tilling) and additional manure application or crop residues  

(Table 5-4  and Table 5-5). Manuring and incorporation of crop residues are well-proven 
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practices on arable land to maintain current soil carbon stocks but no additional carbon 

sequestration may be achieved (Liang et al., 1998; Schlesinger, 2000; Liu et al., 2013). Loss 

of soil carbon was due to additional irrigation (Dersch & Böhm, 2001). The adoption of non-

tillage can have a neutral effect on soil carbon stocks (Gattinger et al., 2012), but soil C 

declines significantly following even one tillage event (1–11%) of soil C lost (Conant et al., 

2007; Dersch & Böhm, 2001) Longer-term soil carbon losses increased as frequency of 

tillage increases on average 27% less for continuous tilling (Conant et al 2007). In contrast 

soil C content in organic arable farming systems increased annually by 2.2% on average, 

whereas in conventional systems soil carbon content did not change significantly (Leifeld & 

Fuhrer, 2010). Differences between crop rotations did not appear to change soil carbon stocks 

either.  

 

Table 5-4: Summary of different land cover changes and management effects on soil carbon 
stocks per decade for dairy, sheep and beef and arable farming (‘↔’ no change, ‘↘’ 
decrease and ‘↗’ increasing effect on soil carbon stock). 

 

Fertilizer Irrigation 
Irrigation 

& 
fertilizer 

Land cover change Tilling 
/ 

resurfacing 

Manure 
application 

Low to high 
producing 

pasture 

Crop 
rotation 

Dairy 
farming ↔ ↘ ↘ 

(>10%) ↘  ↘  

Sheep and 
beef 
farming 

↔ ↘ 
(~10%) 

↘ 
(>10%) ↘  ↘  

Arable 
farming  ↘ ↘  ↔ ↘ ↔ 

 

 

The NZGGI Tier 1 scenario evaluated for Canterbury in the previous section provided 

only a relative indicator of soil carbon capacity and its change, but did not incorporate any 

real measures of soil carbon in its calculation. In this present scenario analysis, soil carbon 

stock data derived from paddock-level soil carbon analyses (presented in Chapter 3) were 

incorporated into the calculations of soil carbon stock trajectories to add a level of reality to 

the scenario analyses. The average soil carbon stock measured across the case study area in 

this thesis (Chapter 3 & Figure 5-2) was 87.4 ± 9.3 t C ha-1 (up-scaled to 0-30 cm depth using 

bulk density from the top 10 cm from Chapter 3), which is comparable to the mean of 

83.8 ± 9.8 t C ha-1 calculated from the national soil carbon stocks dataset collated by the NZ 

Agricultural Greenhouse Gas Research Centre (NZAGRC) for the same area (derived from 
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the NZ Soil Carbon Monitoring System; McNeill & Barringer, 2014; McNeill et al., 2013).  

This provided confidence in the use of the data collected in this thesis as a basis for the 

scenario analysis. 

 

Figure 5-2:  Current soil carbon stocks in 2014 for the case study area from Chapter 3; white 
areas (larger water bodies or parcels with no information mean no carbon stock 
data available).  

 

For each scenario, the trajectory of soil carbon stocks was first of all estimated using 

Equation 15 and Equation 16, as per the earlier analysis. Next, the potential trajectory of the 

soil carbon stocks for the case study area (Figure 5-1, b) were calculated by integrating 

measured soil carbon stock data quantities (Chapter 3) into the following equation: 

𝐶2024  =  𝐶2014 ∗  ∆𝐶𝐻  ,    (Equation 17) 

where 𝑪𝟐𝟎𝟐𝟒 is the soil carbon stock for the future scenario in the year 2024 in tonnes carbon 

per hectare (t C ha-1), 𝑪𝟐𝟎𝟏𝟒 is the current soil carbon stock (0 – 30 cm t C ha-1), ∆𝑪𝑯 is the 

soil carbon stock capacity change factor between the 2024 scenario and the current 2014 

situation (calculated via Equations 15 and 16). 

Finally, the projected change in carbon stocks for all polygons across the study area 

was calculated using Equation 18 the case study area. 

𝐶 =  𝐶2024 −  𝐶2014,        (Equation 18) 
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The resulting soil carbon stocks at different times and under different scenarios were 

illustrated at a 1000 × 1000 m grid scale for easy visual analysis. 

 
 
Table 5-5:  Summary of all scenarios for the three farming types (dairy, sheep and beef, arable 

farming), a short scenario description and indicating which factor values were used 
for land use, land cover and management. 

 

5.3.5 Shelterbelts to offset projected carbon losses in scenarios  

To address Objective 4, the amount of shelterbelt area needed to offset the potential 

soil carbon lost under all of the scenarios in Table 5-5 was quantified. This calculation was 

carried out for the use of both exotic and native shelterbelts and their mean carbon stocks as 

quantified in Chapter 3 and in Welsch & Case (2016) (exotic: 152.68 t C per h-1; native: 

110.88 t C per h-1). The average farm size for dairy, arable and sheep and beef was calculated 

as the average from the used Agribase dataset within the case study area. The average dairy 

 Scenario Scenario description Land use 
factor 

Land 
cover 

Management 
factor 

D
ai

ry
 fa

rm
in

g 

D 1 MfE model scenario 1.14 1.00 1.11 

D 2 Dairy, low producing grassland and 
irrigation 1 1 0.9 

D 3 Dairy, low producing grassland and 
no irrigation (Dryland dairying) 1 1 1 

D 4 Dairy, high-producing grassland 
and irrigation (irrigated dairying) 1 1.11 0.9 

D 5 Dairy, high producing grassland, 
irrigation and fertiliser application 1 1 0.7 

Sh
ee

p 
an

d 
be

ef
 fa

rm
in

g SB 1 MfE model scenario with high 
producing grassland 1 1.11 1.1 

SB 2 MfE model dryland sheep and beef 
farming 1 1 1 

SB 3 Irrigated sheep and beef farming 1 1.11 0.9 

SB 4 
Irrigated and fertilised sheep and 
beef farming with high producing 
pastures 

1 1.11 0.7 

SB 5 Fertilised dryland sheep and beef 
farming 1 1 1 

A
ra

bl
e 

fa
rm

in
g A 1 MfE model scenario 1 0.71 0.91 

A 2 No tilling, manure and crop residue 1 0.71 1 
A 3 Irrigated crops 1 0.71 0.9 
A 4 Long-term arable tilling field 1 0.71 0.73 

A 5 
Organic arable farm (low- till, 
manure, crop residue and fallow 
time) 

1 0.9 1.02 
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farm was 256.1 ha, 281.3ha for arable and 273.6 ha for sheep and beef farms. The amount of 

shelterbelt area needed was quantified by using the average change in soil carbon stock in t C 

per ha, divided by the average farm size for each land use. This enabled the calculation of 

hectares of shelterbelt needed to offset loss (ha) with total soil carbon loss per farm and the 

shelterbelt type mean carbon stock. The result provided an indication of the relative area (%) 

for each land use scenario needed to be planted with exotic or native shelterbelts every 

decade to offset the soil carbon losses caused by land use, cover and management. 

 

5.3 Results 

5.3.1 Land use and land cover change in Canterbury 
The land use statistics for 2006 and 2014 indicated a decrease in sheep farming by 7% 

and an increase in dairy farming by 6% across the Canterbury Plains (up to 500 m a.s.l.) 

(Figure 5-3, a) . The total land area recorded under sheep farming had decreased by 7% 

whereas the land area under dairy farming has increased by 6%. Beef farming and forestry 

increased by 1% whereas lifestyle blocks and other livestock decreased by 1%. 

Land cover statistics did not show large differences in total area covered by each of 

the 10 land cover classes between 2001 and 2012 across the Canterbury Plains (up to 500 m 

a.s.l.) (Figure 5-3; b). High producing grassland covered the largest area (59%) of the Plains, 

followed by arable and horticultural land (15%). The agricultural land cover (arable land and 

different grassland types) covered over 80% over the past decade. Wetlands covered the least 

amount (1.4%). 
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a) 

(b)  

 

Figure 5-3:  Summary of land use and land cover data for Canterbury for (a) the total area each 
land use class occupies (ha) based on Agribase data in 2006 and 2014; and (b) the 
total area each land cover class occupies (ha) data based on LCDB data in 2001 and 
2012, on the Canterbury Plains (500 m a.s.l.) in New Zealand. 
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5.3.2 Soil carbon capacity and change in Canterbury (2004 - 2014) 

The assessment of the soil carbon capacity across the Canterbury Plains, based on the 

NZGGI Tier 1 approach, for 2004 showed a medium to high capacity overall (Figure 5-4; a). 

The foothills and inland areas showed an increase in capacity (pink – purple - dark blue). The 

lower plains area showed a neutral soil carbon capacity and a somewhat decreasing capacity, 

particularly along major rivers and towards coastal areas (orange and yellow).  

The assessment of the soil carbon capacity across Canterbury for 2014, showed a very 

similar overall capacity to 2004 (Figure 5-4; b). In particular, the plains appeared to have 

neutral soil carbon capacity right across the region (dark blue and purple) and also some 

decreasing capacity along the major rivers and the coast (dark orange/red).  

The temporal change between 2004 and 2014 soil carbon capacity was very subtle 

across Canterbury (Figure 5-5), with a few localised areas of a strong increase or decrease 

inland. On average, Canterbury did not appear to have changed much regarding its soil 

carbon capacity over the past decade. 
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a) 

 

b)

 

Figure 5-2:  Soil carbon stock capacity maps based on land use, cover and management in the study area for a) 2004 and b) 2014 across Canterbury. 
The map shows the result of the soil carbon capacity calculations on a scale between decreasing capacity (orange-yellow; 0 to 1), no 
change (red; 1) and increasing capacity (pink, purple, dark blue; 1-1.3). White areas (larger water bodies or parcels with no information 
were not considered in the analysis). 
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Figure 5-3:  Change in the trajectory of soil carbon stock capacity between 2004 and 2014 across 
Canterbury (Figure 5-2). White areas (larger water bodies or parcels with no 
information were not considered in the analysis)  

 

5.3.3 Potential change in trajectory of soil carbon capacity 2014 – 2024 

Results for the change in potential carbon stocks in the Central Plains Water scheme 

case study area under the different scenarios highlighted a somewhat distinctive pattern 

among the three land use types and resulting changes of soil carbon stocks (Figure 5-6, and 

Table 5-6). The default values from the MfE model for the dairy or sheep and beef scenarios 

showed increasing soil carbon stock predictions over the next 10 years (103 t C ha-1 and 90.7 

t C ha-1, respectively) (Table 5-6). The mean soil carbon stock for the four alternative dairy 

farm scenarios showed a decrease to an average of 79 t C ha-1 which is below the current 

mean soil carbon stock of 87.4 t C ha-1. Similarly, the average sheep and beef farming 

scenario had a lower mean carbon stock of 82.1 t C ha-1. Overall, the alternative scenarios 
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for both dairy or sheep and beef predicted soil carbon stock decreases between 1% and 23% 

commonly linked to irrigated and fertilised pastoral farming scenarios (i.e., SB9, D5 D2 in 

Figure 5-6).  

The default values from the MfE model for arable farming scenario indicated a 

generally decreasing effect on soil carbon stocks on average (43.5%) over the next 10 years 

(Table 5-6). The MfE model default scenario predicted 49.3 t C ha-1 while somewhat lesser 

losses were predicted for the alternative arable scenarios ranging between 10% and 55% 

(average 36%). The soil carbon losses increase with growing frequency in tilling and 

irrigation 
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Dairy farming scenarios Sheep and beef scenarios Arable farming scenarios 
   

D 1: MfE model scenario SB 1: MfE model scenario A 1: MfE model scenario 

 
  

   
D 2: Dairy, low producing grassland and irrigation SB 2: MfE model, dryland sheep and beef farming A 2: No tilling, manure and crop residue 
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D 3: Dairy, low producing grassland and no 
irrigation (Dryland dairying) SB 3: Irrigated sheep and beef farming A 3: Irrigated crops 

 
  

   
D 4: Dairy, high-producing grassland and irrigation 

(irrigated dairying) 
SB 4: Irrigated and fertilized sheep and beef farming 

with high producing pastures A 4: Long-term arable tilling field 
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D 5: Dairy, high producing grassland, irrigation and 

fertilizer application SB 5: Fertilized dryland sheep and beef farming A 5: Organic arable farm (low- till, manure, crop 
residue and fallow time) 

  
 

Figure 5-4:  Summary of all scenarios (Table 5-5) and projections of future soil carbon stock changes over the next 10 years in the case study area, 
assuming a case study wide conversion to various scenarios outline in Table 5-5; Current soil carbon stock data are based on the 
Chapter 3 data.  
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5.3.4 Projected soil carbon loss offset through shelterbelts 

The three distinct land use and accompanied scenarios for dairy farming, sheep and 

beef farming as well as arable farming indicated variable amounts of soil carbon gains and 

losses which meant a range of shelterbelt area was needed to offset the loss in each case 

(Table 5-6). Offsetting the predicted loss for the dairy farming scenarios ranged between 1.7 - 

53ha which represents between 1 - 20% on the average farm and depending on the shelterbelt 

type (exotic or native) in the study area. Similar ranges were found for sheep and beef 

farming scenarios ranging between 1.8 - 56ha which equates to 1 - 20% of the average farm 

size and depending on shelterbelt type. The arable scenario predictions showed an increased 

amount of area needed in shelterbelts between 20 - 140ha which equates to 5 - 50% of the 

farmed property to offset soil carbon stock loss predictions. The arable farming scenarios 

overall predicted a loss, which equated to a considerable amount of shelterbelt area to offset 

the soil carbon loss predicted.  
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Table 5-6: Summary of the current, three MfE model default and all 12 scenarios regarding soil carbon stock quantities and change; the predicted 
mean stock [mean ± standard deviation]; the average change from the current change and relative change (%); the shelterbelt (exotic, 
native) area needed to offset decadal loss; and the relative amount (%) the area represents for each scenario and shelterbelt type. 

 

Scenario Mean carbon 
t C ha-1±  std dev 

Average change 
t C ha-1  ±  std dev 

Relative 
change (%) 

Hectares of shelterbelt needed to 
offset loss (ha) 

Relative amount of 
shelterbelt area for each loss 

(%) 
Exotic Native Exotic Native 

 Current 87.4 ± 9.34 - -     

D
ai

ry
 fa

rm
in

g D 1 103.84 ± 25.15 16.43 ± 21.3 18.80 0 0 0 0 
D 2 78.66 ± 8.42 -13.52 ± 18.72 -15.47 26.1 35.7 10.2 13.9 
D 3 87.4 ± 9.34 0 ± 0 0 0 0 0 0 
D 4 86.53 ± 9.24 -0.87 ± 0.10 -1.00 1.7 2.3 0.7 0.9 
D 5 67.30 ± 7.19 -20.10 ± 2.15 -23.00 38.7 53.1 15.1 20.7 

Sh
ee

p 
an

d 
be

ef
 fa

rm
in

g SB 1 90.73 ± 24.39 3.32 ± 21.03 0 0 0 0 0 
SB 2 87.4 ± 9.34 0 ± 0 0.00 0 0 0 0 
SB 3 86.53 ± 9.24 -0.87 ± 0.10 -1.00 1.8 2.5 0.7 0.9 
SB 4 67.30 ± 7.19 -20.10 ± 2.15 -23.00 41.4 56.7 15.1 20.7 
SB 5 87.4 ± 9.34 0 ± 0 0 0 0 0.0 0 

A
ra

bl
e 

fa
rm

in
g 

A 1 49.39 ± 22.38 -38.02 ± 20.76 -43.50 80.5 110.2 28.6 39.2 
A 2 55.76 ± 22.65 -31.64 ± 20.74 -36.20 67.0 91.7 23.8 32.6 
A 3 55.06 ± 5.88 -32.34 ± 3.45 -37.00 68.5 93.8 24.3 33.3 
A 4 38.98 ± 21.99 -48.42 ± 20.84 -55.40 102.5 140.4 36.4 49.9 
A 5 80.24 ± 8.57 -7.16 ± 0.76 -8.19 15.2 20.8 5.4 7.4 
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5.5 Discussion 
Although a range of previous landscape change studies have used combinations of 

above-ground indicators, such as land use or land cover-based metrics for below-ground 

modelling (Deng et al., 2011; Jackson et al., 2013; Lee et al., 1999), the present study was 

one of the first to test the combination of spatial above-ground-based models with field based 

soil data to explore the difference and effect on soil carbon capacity and stocks below-

ground. The future scenarios undertaken investigated the effect of various land cover and 

management combinations and their effect on forecasting soil carbon stock (2014-2024). The 

results showed a 10%, 6%, 34% decrease of soil carbon stocks in the alternative dairy, sheep 

and beef and arable scenarios. The main driver for decreases in soil carbon stock predictions 

was commonly irrigation and tilling intensity and supported by the literature (i.e., Dersch & 

Böhm, 2001; Kelliher et al., 2012; Moinet et al., 2017). These modelling results indicated a 

large discrepancy in projected soil carbon stocks between the default values used by the MfE 

model in contrast to the research informed scenarios (2014 - 2024). This result corroborated 

the notion that soil carbon stocks were driven by above-ground activities that occurred at the 

local scale (Chapter 3 and Chapter 4). A second key finding was the indication of how much 

shelterbelt area would be needed per decade to offset the predicted losses; estimates ranged 

between 1 ha and 50 ha per farm, representing up to 49% of the farmed land. Furthermore, 

this study had applied the MfE model approach to investigate the soil carbon capacity change 

across Canterbury over the past decade. The results highlighted very subtle changes, with a 

few localised areas of both strong increase and decrease inland resulting in no real change 

across the Canterbury plains regarding its soil carbon capacity over the past decade (2004 - 

2014). This finding supported the notion that the majority and significant land use and cover 

changes in Canterbury might have happened before the decade investigated (Parfitt et al., 

2008; Parfitt et al., 2006). Thus, this study has demonstrated the potential for the application 

of such models to soil carbon research in the agricultural farm environment. 

 

5.5.1 Modeling carbon stock trajectory over time 

Trying to project soil carbon stocks over time with the MfE model default values in 

comparison with the various scenario combinations showed very different results and raises 

the issue of reliability of the model and its inputs. The MfE model values appeared to be 

based on the assumption of a general increase in soil carbon capacity for pastoral based 
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farming land use, land cover and management. Whereas, the arable models were suggesting a 

considerable decrease in soil carbon stocks. In contrast, the various scenarios suggested a 

somewhat more differentiated picture with soil carbon loss under certain land cover types 

(i.e., crops) and/or due to certain management actions (i.e., irrigation) (Kelliher et al., 2012; 

Schipper et al., 2010). At the same time the method is somewhat fraught with uncertainties 

and over-simplifications.  The MfE scenarios, which related back to the IPCC T1 methods, 

were based on a number of implicit assumptions that were not completely consistent with the 

current scientific understanding of carbon cycling in soils and effects farming practices such 

as irrigation can have (IPCC, 2003; Sanderman & Baldock, 2010). These assumptions and 

conceptual constraints and limitations need to be avoided through using more adequate 

frameworks in New Zealand. The alternative scenarios for each land use provided a different 

result, using a different set of factor values for land cover and management. The projected 

stocks provided a sobering picture of potential effects of farming changes in the case study 

area and a considerable drop in soil carbon capacity. The minor changes in the input 

parameters of ‘factor values’ had significant effects on the outcome in the scenarios.  

Other countries and studies have attempted to develop and apply a T2 approach in 

order to test soil carbon accounting methods. Recently, Villarino et al. (2014) successfully 

tested an empirical T 2 method, without field or laboratory study information, to account for 

regional soil organic carbon differences at a country level in Argentina. Soil carbon 

simulation models at a regional level have been developed to estimate carbon stock changes 

through land use (Caride et al., 2012; Cerri et al., 2007; Cerri et al., 2004; Falloon & Smith, 

2002). Further attempts to model soil carbon stock with a T3 model should consider the 

GEFSOC model developed by Easter et al. (2007) for regional-scale soil carbon assessments. 

The problem with these models was their need for high level of computing expertise and the 

amount of spatial and field data necessary. Up-scaling field data to wider regions or reducing 

the coarse data for local specific areas, using both spatial data and field-based data, was a 

general problem as scale was a crucial concept and there is no universal scaling method 

(Bierkens et al., 2000). Each model has specific problems and limitations (Wu & Li, 2009). 

The reason why no one method has been proved to be effective may stem mainly from the 

heterogeneity of agricultural landscape and the nonlinearity of the retrieval models 

(Malenovský et al., 2007). Model results for soil carbon stocks and change were often just 

cross referenced with other studies in similar conditions rather than field-tested and, even less 

often, monitored over time. Independent from what model may be used to predict the impact 
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of soil carbon stocks across New Zealand, or in smaller region, any model will need to use 

more local field data than previously used for local studies by ministries (MfE, 2013, 2015), 

or international organisations (IPCC, 2003). While the New Zealand evidence-based model 

may be over simplified for accurate forecasting, it highlighted the importance of accurate 

‘factor values’ or the effect small changes in these can have on the prediction.  

Consideration of applying this somewhat over-simplified method to examine soil 

carbon stocks over time has showcased the importance of using field-based data with spatial 

datasets. The combination introduced in this chapter provides opportunities for future efforts 

to develop better prediction models for agricultural landscape and soil carbon and policy 

development (Brussard et al., 2010). The spatial modelling component is of particular 

importance as it lifts individual field or farm data up to a catchment or regional level (Caride 

et al., 2012). Tools such as GIS can be effective in visualising local/regional/landscape or 

nationwide wide effects of different actions and impacts investigated to direct policies and 

actions towards the envisaged outcome. This provides a means to model possible future 

agriculture and farming scenarios and potential outcomes given a set of input factors, 

parameters and assumptions (Seabrook et al., 2008).  

 

5.5.2 Land use scenario soil carbon stocks over time 

The GIS modelling and projections for the three farming conversions across the case 

study area indicated a range of soil carbon stock changes with commonly marked decreases 

for dairy and sheep and beef farming as well as considerable decreases in soil carbon stocks 

for arable scenarios (Figure 5-6 and Table 5-6). The aggregated results indicated that 

intensification through irrigation, fertilizer application and tilling can have unwarranted 

consequences on soil carbon stock and, consequently, could have an impact on overall the 

soil carbon stocks region-wide. The approach used a weighted-factor model and the estimates 

were broad extrapolations that will require further investigation using more process based and 

local evidence modelling. On the other hand, they provided pertinent indications in 

comparison with the scenarios and frameworks used. Indeed, Kelliher et al. (2014) estimated 

the carbon stock under dairy cattle to be between 78 - 100 t C ha-1. In terms of magnitude, 

this value was comparable to our soil carbon stocks under different land uses in 2014 for both 

soil carbon data sets. The soil carbon stocks for 2014 were also in agreement with other 

research quantifying soil carbon stocks on a conventional dairy farm (Appendix A). 
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Furthermore, these stocks were similar to the global averages of soil carbon stock, which 

ranged between 3.1 – 80 t C m-2 (Batjes, 1996). However, if some of the scenario weighted-

factors would be applied, certain areas of New Zealand may be at risk of quickly decreasing 

soil carbon stocks at regional scales, in particular, Waikato, Canterbury and Southland. The 

latter ones have been intensified considerably over the past 15 years through irrigation 

schemes, increase stocking rate and fertilizer application to achieve high producing pastures 

or crop production, whereas the Waikato has been farmed with dairy for much longer. In 

other words, changing to more intensive harvests could have detrimental consequences. Soils 

would fix less carbon due to the loss of part of this carbon stock, as indicated by the results. 

The scenario projections for soil carbon stocks indicate an increasing diversion between 

pastoral farming and arable farming operations potential in soil carbon storage and or loss per 

hectare.   

On average 10%, 6%, 34% of the soil carbon stocks were lost for the alternative dairy, 

sheep and beef and arable scenarios, respectively compared to the MfE model default 

scenarios (D 1, SB 1 and A 1; Table 5-6). Changing the ‘factor value’ had the biggest impact 

on projected soil carbon stocks. This was interesting and dangerous, as these small changes in 

factor values for this case study have shown to have dramatic effects on the predicted soil 

carbon stock. Dangerous, also, in regard to the potential to pre-empt the desired result with 

arbitrary values rather than based on actual country, regional or locally supported values, 

which may show an undesired reality. The data sources used (LCDB, Agribase, and soil 

carbon data) did not represent any real issue in regard to the model outcomes presented. On 

the whole, these results highlighted the benefits of combining both spatial data and soil data 

in carrying out spatial analysis using weighted-factor model frameworks in combination with 

GIS analyses of soil carbon across regions in order to provide guidance about the changes of 

soil carbon stocks and variability over time. At the same time, using the evidence-based 

inputs was equally important. 

The literature informed the factor values for the alternative scenarios which suggested 

that intensification (i.e. irrigation, fertilizer application) can decrease soil carbon stocks to 

varying degrees and depending on combination with fertilizer or land cover. At the same time 

it was obviously very dependent on the input factor values in this case. The reduction in 

carbon stocks and changes in farm management can have a negative effect on a farm’s soil 

and decrease its nutrient availability (Douglas & Crawford, 1998). This could lead to a 

reduction in site fertility and pasture growth (Soussana & Lemaire, 2014), thereby reducing 
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carbon stocks in the soil in the long-term. At sites where soil carbon stocks were inherently 

low, intensive farming practices should, consequently, be discouraged to prevent productivity 

decline from occurring. Otherwise, the negative effects of land cover and management should 

be mitigated by reducing the overall impact on the soil or increase the area of semi-

permanent woody vegetation biomass pool and reduce the soil carbon disturbance with 

shelterbelts for example (Nair et al., 2010; Schoeneberger, 2009). 

 

5.5.3 Land use and land cover change in Canterbury 

The quantification of land use and land cover change over the past decade revealed 

minor changes across Canterbury. The analysis showed that it was, and is, still dominated by 

four major land uses (dairy, beef, sheep, arable) and a variation in land cover (i.e. high 

producing grass, low producing grass and tussock) (Figure 5-2). Pastoral farming with higher 

production grassland outputs has been consistent. This land use and cover combination 

ultimately modified moisture, energy budgets and ecological processes across farms and 

landscapes (Mahmood et al., 2014; Pielke et al., 2011). Evidence suggested these land use 

and cover changes were associated with changes in soil carbon stocks when replacing native 

vegetation and forests, tussocks or grasslands with crops and high-producing pastures (Guo & 

Gifford, 2002). Replacement of woody vegetation by agriculture production (i.e. cropping or 

pastures) was related to changes in local ecosystems and reductions in soil carbon (Guo & 

Gifford, 2002; McAlpine et al., 2007). This might indicate that tracking agricultural 

landscape changes were important when trying to understand the effect the changes have. 

How local change can affect the nearby regions and influence neighbouring and remote areas 

was still inconclusive (for example, see Pielke et al., 2011). This showed that developing 

better monitoring through high resolution remote sensing techniques (Verma et al., 2014) and 

landscape scale data sets on changes in the landscape were vital to understanding the impact 

future changes can have on soil ecosystems. On the whole, this highlighted the benefits of 

carrying out future projections of changes across regions in order to provide better 

characterisation of soil carbon stock variability and change. 
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5.5.4 Spatially-explicit case study area and oportunities for above-ground 
carbon in shelterbelts 

The future scenario was based within the Selwyn district in Canterbury. The district 

could theoretically be expecting large-scale change in farming practices with the Central 

Plains Water (CPW) scheme being developed and covering two/thirds of the flat area of the 

district. The farming scenarios were based on the provision of irrigation and the proximity to 

processing plants (i.e., dairy-based products). Therefore, various farming and intensification 

scenario within the area district provided a good starting point. This study has also provided 

some carbon loss offsets and storage solutions with shelterbelts and the respective area 

amounts needed (Table 5-6). The scenario projections indicated an increasing diversion 

between pastoral farming and arable farming operations and potential in soil carbon storage 

and or loss per hectare. This indicated that shelterbelts and other woody vegetation features 

are one of several options needed to offset and capture carbon on farms. This study provided 

a preliminary quantification of area needed to offset soil carbon losses with shelterbelts and 

how these quantities vary both between shelterbelt cover types and farming types. To our 

knowledge, this is one of the first studies to provide estimates for carbon pools on agricultural 

land in combination with shelterbelts in New Zealand.  

Although the number of tested scenarios was small and the model used was somewhat 

over-simplified, the results indicated a range of variability in carbon quantities needed to 

offset losses that could be expected in agro-ecosystem and shelterbelt types. The results 

provided initial evidence for a land use effect on soil carbon stocks and shelterbelt area needs. 

Thus, this study provides a baseline which can be extended to provide more insights into the 

agro-ecology of shelterbelts and their potential as carbon sinks in comparison to agricultural 

soils. Every farm has a property boundary and or roads where the adjacent area should be 

used and planted with shelterbelts (Welsch et al., 2014). These areas on farm properties 

represent between 1 - 15% of dry-stock farms, but less so on arable farms. Evidence about the 

added value of carbon in shelterbelts compared to paddocks suggested up to five times more t 

C ha-1 than pasture (Appendix A). Considering this within the context of agro-ecology and 

carbon sequestration on farms suggested future opportunities to increase carbon stocks on 

farms across the landscape. The long-term potential and benefits of increasing the shelterbelt 

areas on farms, both native and exotic, for carbon storage is also the increase of wildlife 

friendly corridors.  
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The carbon contribution of shelterbelts and other woody vegetation features in agro-

ecosystems is an aspect that has been missing completely in MfE modelling and prediction 

approach. There are currently no spatial datasets available which include shelterbelts and 

other woody vegetation features on farms. Part of the reason was the difficulty of digitising 

such small and predominantly linear features across large agricultural areas (Nair, 2011). 

Another reason was the amount of information needed about shelterbelt tree species and 

biomass in combination with the inherent variability in such carbon estimates (Nair et al., 

2009). Third, the capability to estimate small-scale woody vegetation and shelterbelt carbon 

stocks in a spatially explicit manner across the agricultural landscape was needed to link 

field-based measurements with meaningful GIS data sets that depicted shelterbelts 

biophysical characteristics (Czerepowicz et al., 2012). However, this study has made a 

considerable effort to consider the whole farm including soil, shelterbelts, land cover and 

management to investigate future soil carbon stock scenarios.  To our knowledge this is the 

first such attempt in New Zealand and should help guide the way towards a more accurate 

and relevant GHG model to predict soil carbon stocks across agricultural landscapes. The 

ability to include shelterbelt-specific carbon stocks may provide some meaningful guidance 

in regard to the intensification and maintenance of carbon stocks within farms and the wider 

agro-ecosystem. 
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Chapter 6 

General Discussion 

6.1 General discussion 

This study has provided the first comprehensive assessment for New Zealand of 

variability in agro-ecosystem carbon stocks and process indicators at multiple spatial scales. 

Specifically, the study quantified the above- and below-ground carbon stock and process 

indicators in native and exotic shelterbelts, as well as in the adjacent paddocks, across four 

main land uses in Canterbury (beef, crop, dairy and sheep farming) from the coast to the 

foothills. The three main findings of this thesis are: (1) younger native shelterbelts have 

similar soil carbon stocks compared with older exotic shelterbelts; (2) several carbon cycle 

process indicators (leaf litter decomposition, invertebrate and microbial activity) were twice 

as high in native shelterbelts as in exotic shelterbelts; and (3) carbon stock and process 

indicators were found to be at similar levels for farms across the landscape, while they were 

found to vary most on the within-farm scale, between native and exotic shelterbelts, as well 

as between paddocks and shelterbelts. Methodologically, this provided high-quality field-

based data for GIS-based spatial analysis of carbon dynamics in the agro-ecosystem.  

Results from this study highlighted that variation of carbon stock and process 

indicators within-shelterbelts and paddocks (fine-scale) did not overshadow the variation 

between shelterbelts or farms (Chapter 2). The existence of spatial patterns in both soil 

carbon stock and process indicators at this scale was consistent with previous studies (Follain 

et al., 2007; Schöning et al., 2006). The analysis demonstrated that the level of accuracy 

needed for statistically-significant results to detect differences between paddocks, shelterbelts 

and across farms could be adequately obtained with fewer samples (2 - 5) per paddock and 

shelterbelt. The results highlighted that the majority of the variation in carbon stocks (total 

and soil organic carbon) and processes (DHA, TBI and BLP) was found within-farm, and 

between paddocks and shelterbelts, rather than among farms across the agro-ecosystem. This 

outcome was consistent with the expectation that the common farm management goals and 

history would, typically, lead to a more homogenous farm environment (Didham et al., 2015; 

Mzuku et al., 2005). This fine-scale variability was investigated on only four farms but the 

consistent level of variability within- and between farms and the level of accuracy achieved 
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through the sampling approach provided considerable evidence to investigate carbon stock 

and process indicators at the landscape scale.  

Little information was available about carbon stock and sequestration on farms, with a 

focus on soil and production land, rather than non-productive woody vegetation and 

shelterbelts in the past. The pastoral ecosystems represented 30% of the total land surface 

area and were an important component of the national carbon budget in New Zealand (Trotter 

et al., 2004). While there was some information about exotic trees and their carbon 

sequestration potential in forest plantations, there has been very little about exotic shelterbelts 

and none for native shelterbelts, within the agro-ecosystem. The examination of carbon 

stocks in exotic and native shelterbelts, as well as the adjacent paddocks, enabled a 

comprehensive picture of the variability of above- and below-ground carbon in shelterbelts 

and across the landscape (Chapter 3). Consideration of the sampling approach from Chapter 

2, in a multivariate analysis, offered a novel insight into the quantities, variability and drivers 

of shelterbelt carbon in the agro-ecosystem at multiple scales in New Zealand. The results in 

Chapter 3 highlighted that the above- and below-ground total carbon was very similar in both 

the native and exotic shelterbelts. Soil carbon stocks were similar in paddocks and 

shelterbelts. While the type of tree, age and size directly influenced the amount of above-

ground biomass carbon, the large age difference between the natives and exotics did not show 

the expected differences and this suggested that native shelterbelts could store more carbon 

than exotic shelterbelts over time. This indicated that native shelterbelts could provide a 

cumulative and significant ecosystem service of carbon sequestration on farms; in particular, 

when considering the increase in carbon stock projected into the future for the currently 

younger natives, in comparison with older exotic shelterbelts. This work represented the first 

substantial estimates of the existing above- and below-ground carbon stocks for native 

shelterbelts in New Zealand and also investigated drivers for these stocks across multiple 

scales in the agro-ecosystem. This work found that the main driver for variation of carbon 

stocks was found at the shelterbelt scale  

Very little quantitative information was currently available about carbon cycle 

processes in most agro-ecosystems, including the effect of farm management, shelterbelts 

types and ecosystem service provision across multiple scales. This was of particular 

importance in New Zealand, where farm land occupied large areas across the country and 

where on-going change in farming practices land management and intensification across 

landscapes were affecting carbon cycle dynamics and the provision of ecosystem services. 
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The mineralisation indicator, microbial activity, was found to be twice as high in paddocks 

rather than in shelterbelts and was almost double for native shelterbelts compared with exotic 

shelterbelts. The lattter may be due to a more recent conversion of paddock soil to native 

shelterbelt, rahter native and exotic shelterbelts as such. Microbial carbon source use did not 

differ between paddocks and shelterbelts. The results highlighted that leaf litter 

decomposition, microbial activity and invertebrate activity, were much higher or more active 

in the native shelterbelts compared to the exotic shelterbelts. This supported the close 

relationship between above-ground shelterbelt type and decomposition and mineralisation 

processes (Bardgett et al., 1998; Doetterl et al., 2015). The leaf litter decomposition rate and 

invertebrate activity were impressive, being twice as active within the native shelterbelts. 

While the processes were studied across the agro-ecosystem at multiple scales, the majority 

of this activity and variation was driven at the shelterbelt level by shelterbelt characteristics 

with little effect from the farm or landscape scale variables. Considering that the native 

shelterbelts were over 10 years younger, and the majority of process indicators already 

showed higher activity levels or rates, this suggested a much greater future potential for 

multiple processes and ecosystem services being provided by native, compared to exotic, 

shelterbelts. While individual processes have been studied on farms and/or in shelterbelts in 

the past (Baah-Achemfour et al., 2014; D’Acunto et al., 2014; Follain et al., 2007; Sauer et 

al., 2007), this study was the first to sample multiple process indicators across multiple scales 

and use mixed-effects modelling, as this enabled the various factors to be teased apart at 

different scales. This work confirmed that the shelterbelt type and characteristics that 

influenced litter and soil characteristics drove much of the variation in carbon cycle processes 

in the agro-ecosystem, largely at the shelterbelt-scale. Overall, the results represented 

significant new insights into carbon dynamics in paddocks and shelterbelts, which should be 

investigated in other agricultural landscapes and shelterbelt types in New Zealand.  

In New Zealand, the on-going conversion from extensive dryland sheep and beef 

farming to intensive irrigated dairy farming represented a major land-use change (MacLeod 

& Moller, 2006). Dairy pastures were typically intensively managed, including high stock 

numbers, high inputs of fertiliser and irrigation at sites with low rainfall. Such practices are 

known to result in changes in the rates of soil organic matter decomposition and soil carbon 

stocks (Conant et al., 2001; Paul et al., 1996). This highlighted the importance of 

investigating carbon stocks in agro-ecosystems over time, which were also suggested in 

Chapters 3 and 4 in regard to the age difference between the native and exotic shelterbelts 
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and differences in soil carbon stocks. Therefore, in Chapter 5, a GIS-based spatial analysis 

used the soil carbon stock data from Chapter 3 for a case study area in the Selwyn District 

with several land use scenarios of conversion for dairy, arable and sheep and beef farming 

within the next 10 years. Soil carbon stocks from Chapter 3 were very similar to those from a 

recent national soil carbon dataset for 2015 (NZAGRC, 2015). For example, average soil 

carbon quantities per hectare were within 2% (or 3.4 t C ha-1) of each other, on average. This 

showed that the approach used to collect soil carbon data in this thesis provided high-quality 

data at the fine scale, which compared well with the first comprehensive national assessments 

and reflected the variability in the agro-ecosystem. Furthermore, projecting the change of soil 

carbon stocks into the future depended very much on which farm typem land cover and 

management approach was applied. While the MfE model default settings predicted an 

increase in soil carbon stocks, the literature based alternative scenarios, commonly predicted 

a decrease of 10%, 6%, 34% in soil carbon stocks in the alternative dairy, sheep and beef and 

arable scenarios. The model inputs are only as good as their input parameters, but the most 

up-to-date soil carbon science for Canterbury and country wide did not provide evidence for a 

beneficial factor from the intensification of land use and management on soil carbon stocks 

(Kelliher et al., 2012; Moinet et al., 2016; Schipper et al., 2007). This highlighted the need 

for careful selection of the model and its input parameters. These input parameters should be 

based on the best locally-based evidence and interpreted carefully.  

6.2 New insights into shelterbelt and paddock carbon stocks and processes 

Results from Chapter 3, showing that younger native shelterbelts had similar soil 

carbon stocks and similar above-ground carbon than the older exotic shelterbelts. Many of the 

farmers in my study held anecdotal beliefs that native shelterbelts are less ‘valuable’ from a 

carbon point of view which my findings contradict. This study has clearly identified the 

small, but significant, carbon potential of native shelterbelts. The results presented showed 

similar total carbon stocks between a 26 year-old exotic and a 15 year-old native shelterbelt, 

which could indicate an, as yet, unknown future carbon sequestration potential of native 

shelterbelts on farms. While the potential value of native shelterbelts regarding carbon 

sequestration has recently been suggested (Appendix A), this study has provided significant 

evidence of the different shelterbelt carbon pools above- and below-ground in the agro-

ecosystem. In addition, native shelterbelts provided a higher rate of activity in a number of 

carbon cycle process indicators (leaf litter decomposition, invertebrate activity and microbial 



 

180 
 
 

activity) that were a key to decomposition and mineralisation, compared to the exotic 

shelterbelts (Chapter 4). Essentially, in a given shelterbelt or paddock, shelterbelt leaf litter 

quality can act to increase the decomposition rate (i.e. diverse leaf litter encourages 

invertebrate and microbial community) or supress decomposition rate (e.g. lowering soil pH). 

This meant native shelterbelts may support the breakdown of organic material and 

mineralisation resulting in a quicker provision of plant-available nutrients. This highlighted 

that natives not only stored considerable carbon quantities, but also enhanced key carbon 

cycle processes compared to exotic shelterbelts. These research findings extended our very 

limited understanding, to date, of the value and benefit of native shelterbelts in agro-

ecosystems. This carbon stock and process indicator assessment will serve as a basis for 

future studies into native shelterbelt carbon storage over time, in combination with other 

ecosystem services (ES) associated with native vegetation on farms, including habitat for 

native birds (Stevens, 2006), improved soil environment and biodiversity as well as safe 

harbour for rare and local native plant species (Bowie et al., 2016). The use of native 

shelterbelts could buffer the region-wide degradation and loss of native biodiversity across 

farming landscapes (Norton & Reid, 2013), while maintaining current production rates. As a 

transition, exotic forests blocks could be used as native forest restoration sites in the already 

fragmented agricultural landscape (Forbes et al., 2016). These exotic canopies have the 

potential to facilitate native scrub and forest regeneration. 

Results from this thesis have shown that the level of variability across the agro-

ecosystem was low while the variability between native and exotic shelterbelts was high for 

the above- and below-ground carbon stock and process indicators. In particular, variability of 

process indicators, such as leaf litter decomposition, and microbial activity, was small among 

native shelterbelts but considerably different between the native and exotic shelterbelts. 

While native shelterbelts were younger and had a smaller tree biomass, in regard to carbon 

stocks above-ground, it was likely they will increase and possibly overtake exotic shelterbelts 

over time. There has been a range of investigations in both New Zealand and other countries 

into the spatial variation of carbon in forest ecosystems or in pasture. Many of these studies 

focused predominantly on large-scale estimates and spatial distribution of tree biomass 

carbon (Brown & Schroeder, 1999; Chave et al., 2003), or below-ground carbon pools and 

microbial measures (Mulder et al., 2011; Scott et al., 2002; Tate et al., 2005); combining both 

above- and below-ground measurements has been carried out by very few researchers 

(Coomes et al., 2002; Davis et al., 2003; Raich et al., 2014; Williams & Norton, 2012). In 
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addition, some have attempted to link above- and/or below-ground carbon stocks to 

environmental variables (Jian-Bing et al., 2006; Laurance et al., 1999; Paoli et al., 2008; 

Richardson et al., 2009; Slik et al., 2010; Spielvogel et al., 2009), but some have attempted 

both (Banfield et al., 2002; Dickie et al., 2011; Millard et al., 2007; Rodeghiero et al., 2010; 

Zhao et al., 2010). While the results of these studies varied widely, they highlighted the 

complexity of carbon stocks and process dynamics, with a great deal of uncertainty and 

variability across scales. This research was novel in its approach to this problem in New 

Zealand, as it aimed at quantifying variability in both above- and below-ground carbon stocks 

and processes at multiple scales and relating this variability to variables representing 

landscape-, farm-, shelterbelt- and site-specific characteristics. While the inherent variability 

of agro-ecosystems was well known, this evident distinction in the level of variability at 

different scales was much clearer than what has been previously described for shelterbelt and 

paddock carbon in New Zealand, based on these site-specific observations (Appendix A). 

This underlined the need for the application of spatial sampling approaches that were able to 

capture and characterise the complexity of carbon stocks and processes, both between 

paddocks and shelterbelts as well as across landscapes (Campeau et al., 2014; Liu et al., 

2011; Peters et al., 2006).  

There were few differences in soil carbon stocks between paddocks and shelterbelts. 

All three carbon stock indicators used showed very similar quantities across the landscape. 

Only native shelterbelts showed significantly higher total soil carbon stocks compared to the 

paddocks. Comparing soil carbon stocks in paddocks and shelterbelts was important as it 

provided context and a more complete picture of the agro-ecosystem. In the past, the majority 

of studies within the agro-ecosystem have focused solely on production land rather than 

studying the whole farm environment (Kelliher et al., 2014; Neill et al., 1997; Rutledge et al., 

2015; Singh et al., 2010), which should always include the shelterbelts. This is particularly 

important when considering that pasture and cropping land is undergoing a frequent trend of 

intensification to increase agricultural productivity (MacLeod & Moller, 2006). While this 

commonly led to increased food and fodder production, including the unfarmed and less 

disturbed shelterbelts provided more insights into local impacts on the soil carbon dynamics, 

which remained largely unknown. This study has highlighted that carbon stocks and 

processes were largely homogenous across the landscape with the shelterbelts mainly 

influencing the process indicators in the soil below. The nature of the effect of these 

shelterbelt and woody vegetation features on spreading into adjacent production land or vice-
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versa is largely unknown (Barnes et al., 2011; D’Acunto et al., 2014). This understanding 

was of particular importance for New Zealand, where production land covered large areas 

and is under current land management changes and further intensification. This highlighted 

the need for further investigation of land management changes and the impact this has on soil 

carbon dynamics across farms and the landscape into the future.  

To address possible future consequences of continuous intensification and conversion 

to irrigated dairy farming for example, this thesis used the soil carbon stocks from Chapter 3 

and investigated the trajectory of soil carbon stocks under an intensification scenario for the 

next 10 years in the Selwyn district, using spatial modelling (Chapter 5). While the results 

highlighted the prevalente projection of decrease in soil carbon stocks, it also showed the 

opportunities which shelterbelts represent in regards to offsetting some of the losses. There is 

still uncertainty regarding the quantities (area), types (species), and arrangements of woody 

vegetation and shelterbelts that are required to achieve both carbon offsetting, acricultural 

production and a functioning agro-ecosystem across the landscapes (Bridle et al., 2009). This 

issue is complex as different species, farming types, historical soil legacies or ecological 

processes may benefit from differing landscape designs (Kleijn and Sutherland, 2003). 

Canterbury's lowland agroecosystems, for example, have essentially been depauperate in 

native biodiversity for over a century and research is therefore required to determine the best 

re-integration of more wildlife friendly, native vegetation pathways for this landscape (Moller 

et al., 2008). Associated with this, and of particular interest, is the extent to which native and 

exotic woody vegetation features differ in terms of the provision of ecosystem function and 

services. However, this thesis has shown that the potential of re-introducing native vegetaiton 

and enhancing agro-ecology on farms through native shelterbelts would not only improve 

carbon storage in such woody vegetation features on farms but also provides the opportunity 

for more wildlife friendly corridors on farms and the wider agro-ecosystem. 

6.3 Implications and future research 

This study used extensive field measurements to understand above- and below-ground 

carbon and process indicators. The quantification of native shelterbelt carbon stocks in the 

agro-ecosystem was a first in New Zealand and provided important baseline evidence for 

future carbon research.  

This study focused only on two common shelterbelt types on Canterbury farms (pine and 

mixed natives) (Chapter 3) due to time constraints, availability and a lack of understanding 
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about native shelterbelts, in general. The new insights on carbon stocks for both shelterbelt 

types and the successful application of the sampling method should be used as a starting point 

for future research into a wider variety of both exotic and native shelterbelt species on farms. 

In particular, what was the effect and change in the soil environment under different native 

shelterbelt species and how far did this effect reach into the adjacent production land? While 

the potential effect has been suggested by a small number of studies internationally 

(D’Acunto et al., 2014; Simón et al., 2013), there was no evidence available for native New 

Zealand species. In addition, recent greenhouse experiments found that P. tenax and Carex 

virgata (pukio), have a greater potential to reduce nitrate leaching than woody shelterbelt 

species and were the most suitable for receiving effluent (Franklin, 2014). Combining these 

two species into future shelterbelt designs may not only help with buffering farm runoff but 

also provide carbon sequestration benefits for native shelterbelts, particularly on dairy farms 

and along waterways. This needs to be tested across the agro-ecosystem in Canterbury and 

New Zealand. Furthermore, this thesis only studied shelterbelts on conventional farm types, 

such as beef, sheep, crop and dairy farms. Future studies should investigate a wider range of 

farming styles, including organic farming, different types of arable farming and variety of 

intensities across them all. Recent evidence suggested that organic farming had a 

considerable positive effect on soil carbon stock and resulted in significantly higher soil 

carbon stocks than on a conventional dairy farm (Appendix A). This may indicate an 

untapped potential for future farming and carbon sequestration in farm soils, depending on 

the land management style. 

While this study focused on carbon stock and process indicators in shelterbelts 

(Chapter 3 and 4), future studies should investigate what the effect of different native and 

exotic shelterbelts was on pasture yield, and how far this effect reached into the production 

land. The effect of shelterbelt on pasture yield was particularly difficult to define due to the 

large number of variables that may affect pasture yield (Bird, 1998). A growing number of 

international studies have suggested that such an effect existed (D’Acunto et al., 2014; Simón 

et al., 2013), including evidence from Australia and New Zealand (Hawke & Tobbleson, 

1993; Radcliffe, 1983; Bird, 1998). A recent study in Canterbury provided evidence for the 

benefit of bioenergy-crop shelterbelts, which had increased pasture yields by up to 18% under 

irrgated dairy farm management (Littlejohn et al., 2015). This method should be investigated 

further and applied to a range of shelterbelts on farms in order to measure the effects on 

pasture yield and soil function. If certain shelterbelt species were found to increase pasture 
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yield and store significantly more carbon both above- and below-ground than currently-used 

shelterbelt species, then this could directly affect the balance of carbon emissions from 

particular farms and types shelterbelt management. The international carbon market provided 

a unique opportunity to increase ecosystem services, such as carbon and biodiversity, through 

the re-vegetation of agricultural landscapes (Lin et al., 2013). Although the primary 

motivation for revegetation was to increase carbon sequestration, revegetated areas can 

provide additional financial, social, and environmental co-benefits that provide different 

levels of private and public net benefit (Welsch et al., 2014). Agricultural landscapes were 

dynamic, and farmers constantly adapted to environmental changes in incremental ways 

(Tilman et al., 2001; Tscharntke et al., 2005). Although, in the past, the trend was towards 

tree clearing and deforestation in many parts of the world, carbon farming has created an 

incentive to reverse this trend and to increase tree planting and revegetation activities across 

agricultural landscapes (Crossman et al., 2011). 

On the whole, this research has made significant contributions towards the 

understanding of the variability and quantities in carbon stock and process indicators in the 

agro-ecosystem, in general. It would be useful to now apply the successful sampling 

approach of above-and below-ground measures to different farm types, shelterbelt species 

and in other agricultural production areas of New Zealand. This approach will provide high-

quality data which can then be used to model the effect of future land use changes and carbon 

stocks at the landscape scale. The current loss and release of carbon was significant when 

considering the on-going conversion from extensive to more intensive farming types, 

combined with the clearing of shelterbelts for irrigation and the streamlining of farms. On the 

positive side, on many farms there was land that provided little to no direct farm income and 

that can be revegetated, including fence lines, field and property margins, roadsides, riparian 

areas, slopes, gullies and the triangle in the corner of centre pivots (Meurk & Swaffield, 

2000; Welsch et al., 2014). The opportunity cost of revegetation on these parts of the 

landscape where agricultural production was marginal, may be very low. Carefully conceived 

carbon farming on these areas with native species represented a true win-win opportunity, 

because the overall production area loss will be very low, carbon sequestration will be 

increased, native species re-introduced and other ecosystem services on farms supported and 

enhanced (Macfadyen et al., 2012; Norton & Reid, 2013; Paul et al., 2013). 
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Appendix A  

 

A.1 Appendix A - Pilot study 
This pilot study was completed before the PhD research started, in order to investigate 

and explore the topic and its potential for a PhD in general. Subsequently, the study has now 

been published as a ‘Short communication’ in the New Zealand Natural Sciences Journal 

(2016) 41:14-28. 
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Abstract 

Although woody ecosystems provide a key carbon sink to compensate for current and future 

greenhouse gas emissions, the potential utility of such sinks within agro-ecosystems has not yet been 

fully investigated. We quantified shelterbelt carbon variability, within above- and below-ground 

pools, for two contrasting farms: a conventional dairy farm and an organic mixed-cropping farm. 

Shelterbelts comprised deciduous, evergreen and mixed-native species occurring on silt loams, as well 

as adjacent paddock soils for comparison. Considering all above- and below-ground components, 

woody shelterbelts contained up to fifteen times more carbon (>600 t C ha-1) than sampled paddock 

soils (c. 45 t C ha-1). Carbon quantities within organic farm shelterbelt soils were 2.5 times higher 

than dairy farm soils, suggesting a potential land use effect. Soil carbon comprised about 10 % of total 

ecosystem carbon within shelterbelts. This study indicates that farm shelterbelts can serve a role as 

relevant carbon sinks within New Zealand agro-ecosystems. 
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Introduction 

Agriculture and land use change contribute approximately 20% to anthropogenic CO2 

emissions at a global level (Dumanski & Lal, 2004) and approximately 50% in New Zealand 

(MfE, 2014). These rising contributions could potentially be mitigated by maintaining 

existing large forest carbon pools, while increasing carbon sequestration by additional 

vegetation and soil pools, such as those on agricultural lands (Batjes, 1998; House et al., 

2002; UNEP, 2011). For example, agroforestry practices, such as the planting of shelterbelts 

on farm margins and in other non-productive zones, may offer great promise to sequester 

carbon (Czerepowicz et al., 2012; D’Acunto et al., 2014).  

A number of studies have highlighted the potential of shelterbelt carbon sequestration 

in the Americas (Baggio & Heuveldop, 1984; D’Acunto et al., 2014; de Jong et al., 1995; 

Romero et al., 1991), Europe (Follain et al., 2007) and Australia (Smith & Reid, 2013). While 

much effort has been put into assessing and quantifying carbon pools within forest 

plantations and natural forests in New Zealand (i.e., Beets et al., 2014; Beets et al., 2011; 

Maclaren, 1996; Mason et al., 2012), comparatively few studies have been carried out for 

shelterbelts and other more linear woody vegetation features within the agricultural landscape 

(Perry et al., 2009). The only study, to our knowledge, on shelterbelt carbon stocks in New 

Zealand suggested that about 6 t C ha-1 is currently missing from the agricultural “grassland 

with woody biomass” carbon pool because shelterbelts have been essentially excluded from 

carbon accounting exercises (Czerepowicz et al., 2012). Although soils in the agricultural 

landscape represent a significant low-to-no-cost carbon sink (Lal, 2004; Pacala & Socolow, 

2004; Schipper et al., 2007), little is known about their soil carbon stocks and their 

variability, particularly beneath shelterbelts, in New Zealand.  

Land use clearing and agricultural intensification over the past century in New 

Zealand has probably impacted agro-ecosystem processes such as carbon sequestration and 

storage, although the nature and extent of these effects is poorly understood. The Canterbury 

region is one of New Zealand’s key agricultural production areas. It is located on the east cost 

of the South Island of New Zealand. Canterbury is still experiencing an increase in 

intensification of farming practices in combination with reductions in shelterbelts and other 

woody vegetation as part of contemporary farm management activities (Welsch et al., 2014). 

Thus, quantifying above- and below-ground carbon pools and testing the extent to which they 

vary with differing shelterbelt tree species, underlying soil characteristics, and adjacent land 

use and management contexts is an important first step towards understanding the effect of 
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landuse on carbon sequestration and storage in New Zealand agroecological landscapes. In 

this study, we quantified above- and below-ground carbon stock variation for different 

shelterbelt species on two contrasting farm types on the Canterbury Plains, New Zealand: an 

organic mixed cropping farm operated for over 20 years and a conventional dairy farm that 

had been established for almost 15 years. The shelterbelts studied were of similar age and 

spatial extent on both farms. We quantified carbon stocks in five separate pools: aboveground 

biomass, coarse woody debris, herbaceous biomass, litter, and soil. Additionally, soil carbon 

was quantified within adjacent farm paddocks as a comparison to shelterbelt soil carbon.  

 

Materials and methods 

Study sites 

The two farms were located near Lincoln, Canterbury, New Zealand (Figure 1). Mean 

annual rainfall in the area is 666 mm, and the mean maximum temperature is 32ºC in summer 

and 4ºC in winter (SIDDC, 2014). The two farms have similar land use histories and both are 

situated on the Wakanui silt loam soil type, which is a mottled immature pallic soil (USDA: 

Udic Haplustept) (Hewitt, 1993; Lilburn et al., 2004). The organic mixed cropping farm site 

(43.650 S, 172.455 E) was established in the early 1980s and had since been farmed under 

organic management systems. The conventional dairy farm (43.639 S, 172.461 E) was 

converted from sheep farming after more than 15 years of grazing in 2001 and had an average 

herd size of 679 cows at the time of sampling (DairyNZ, 2013). The shelterbelts on both 

farms had been established for over 30 years (see Table 1) and were oriented N-S/ NE-SW. 

The shelterbelt species investigated were; (a) poplar (Populus nigra), (b) radiata pine (Pinus 

radiata), (c) macrocarpa (Cupressus macrocarpa), (d) oak (Quercus spp.) and (e) a native 

mix of harakeke (flax, Phormium tenax), tī kōuka (cabbage tree, Cordyline australis), and 

kōhūhū (Pittosporum tenuifoliium), and (f) adjacent paddocks comprised mainly of perennial 

ryegrass (Lolium perenne L.), white clover (Trifolium repens L.) and tall fescue (Festuca 

arundinaceae Schreb.) (Table 1). The shelterbelts on the organic farm were annually-to-

biannually trimmed back to within the fenced area (see Table 1 for shelterbelt dimensions). 

The paddocks adjacent to the shelterbelts were never grazed, nor had they received any 

mineral fertiliser or pesticides since organic farm establishment. The conventional dairy farm 

shelterbelts were trimmed annually and adjacent paddocks had been intensively farmed under 

standard sheep and dairy pasture management regimes.  
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Study design and field sampling 

Shelterbelt carbon stocks were quantified along one, 20 m transect within each 

shelterbelt, centred approximately on each shelterbelt’s midpoint. At five metre intervals 

along each transect (five locations per shelterbelt), above- and below-ground carbon 

compartments, including live woody vegetation, coarse-woody debris, herbaceous vegetation, 

litter, and soil to a 15cm soil depth, were sampled using established protocols (IPCC, 2003).  

To quantify above-ground shelterbelt carbon stocks for different shelterbelt vegetation 

cover types, allometric equations were first used to estimate the total tree above-ground 

biomass (kg tree-1) of five representative trees in the shelterbelt. A New Zealand-specific tree 

biomass equation published by Moore (2010) for coniferous species was used to estimate tree 

biomass for radiata pine. No allometric equation was found in the literature for macrocarpa, 

therefore, we estimated biomass quantities for this species based on Czerepowicz (2011). 

There were also no available New Zealand-specific allometric equations for either poplar or 

oak, nor for the three shelterbelt species in the native mixed plantings. Therefore, an equation 

developed in Canada for Populus tremuloides by Case and Hall (2008) was used for the 

poplar. The equation for oak was based on Austrian temperate forest biomass calculations by 

Hochbichler (2002). For all shelterbelts, the approach described in Czerepowicz (2011) was 

used to up-scale treel-level biomass estimates to per hectare carbon quantities for shelterbelt 

species (SB_vegetation in tonnes C ha-1) using field measurements of shelterbelt width (m), 

height (m), length (m), the number of rows of trees and the number of trees, and the average 

spacing of trees in each row. For the native species, the biomass of the individual natives 

recorded within these shelterbelts was estimated by measuring the shelterbelt dimensions and 

quantifying the number of the different species (Table 1). This procedure resulted in biomass 

quantities on a kg per plant basis of: 11.3 kg for cabbage tree, 3.9 kg for kōhūhū, and 3.32 kg 

for flax. These estimates were then extrapolated to both a kg C m-2 and a tonnes C ha-1 basis 

(Gisborn District Council, 2009; Marden et al., 2005; McGruddy, 2006; Watson & Marden, 

2004).  

Coarse-woody debris (CWD) was sampled in shelterbelts by collecting all woody 

pieces >5 mm within 50 × 50 cm sample quadrats at each of the five sampling locations. 

Where debris crossed the quadrat boundary, the dimensions of the specimen portions falling 

within the quadrat was used in calculations. Similarly, herbaceous biomass and litter were 

sampled using 50 × 50 cm and 25 × 25 cm sampling quadrats, respectively, as per published 
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measurement procedures (Smith & Reid, 2013; Tothill et al., 1978). All specimens were dried 

at 25 ºC for two weeks, weighed, and converted to carbon content based on a 50 % 

conversion factor by weight (Smith, 2010; Snowdon et al., 2000). Because we were mainly 

interested in among-species and between-farm differences in coarse-woody debris, 

herbaceous vegetation and litter carbon quantities, quadrat-based data for each of these 

components were pooled for each species before scaling values up to per-hectare carbon 

quantities.  

Soil C was sampled using a 15 cm step-on soil coring device. At each farm, soil cores 

were obtained at the five sampling points within each shelterbelt and 25m away in the 

paddocks. Mixed sub-samples of each soil core were analysed for total soil carbon and 

nitrogen using an Elementar Vario-Max CN Elemental Analyser (Elementar GmbH, Hanau, 

Germany). Total soil organic carbon was quantified using the low-cost, loss on ignition 

method (LOI) (Blackmore et al., 1987). For each soil sample, the ‘driving hammer’ method 

(10cm × 15cm) (Blake & Hartge, 1986) was also used to remove soil samples for soil bulk 

density measurement. To allow for proper comparison of carbon quantities among soil 

samples, total and organic carbon concentrations were converted to per-unit-area carbon 

stock values (kg m-2), accounting for bulk density. Additionally, a sub-sample from each 

sample point was used to quantify soil moisture and pH value (Blackmore et al., 1987). The 

data were corrected for equivalent mass. 

 

Data analysis 

We explored differences among vegetation cover types (paddock, poplar, pine, 

macrocarpa, oak, native) and farms (conventional dairy and organic farm) using one-way 

analysis of variance (ANOVA) in: (1) per-hectare carbon quantities for the five ecosystem 

components, and their totals (t C ha-2); We used the same analysis type to test for differences 

in soil total carbon and soil organic carbon between paddock and vegetation cover type and 

the two farms for (3) soil-core-level carbon quantities (kg C m-2); and (4) ratios of soil 

organic carbon to soil total carbon. All analysis and graphing was performed using R version 

3.10 implemented in RStudio version 0.98 (R Core Team, 2015). Estimates of the overall 

carbon stock per farm with varying shelterbelt cover was analysed using area-weighted 

approach for carbon stocks (t C ha-2) for both farms.  

 

Results 
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Sampled shelterbelt cover types that were common between the two farms 

(macrocarpa, poplar and native shelterbelt species) were of similar ages and dimensions 

(Table 1). However, native shelterbelts were relatively recently planted (4 to 5 years old) 

while the other tree species were all relatively mature (20-30 years old); paddock 

establishment for the current land use occurred 15-20 years ago for the two sites. The number 

of trees per shelterbelt varied based on the species (10-30 trees per transect; see Table 1). The 

organic farm had consistent soil moisture levels of approximately 3% that were similar 

among vegetation cover types. In contrast, soil moisture in the paddock on the conventional 

dairy farm was low (2.8 %) but higher, and more variable, under shelterbelts (3-9 %). Soil pH 

did not vary appreciably within or between farms and ranged between pH 5 and 6. 

The majority of shelterbelt carbon was stored in the above-ground vegetation biomass 

(Figure 2); values ranged between 2 and 650 t C ha-1, increasing in the order of native < 

macrocarpa < radiata pine < oak < poplar. The organic mixed cropping farm had higher mean 

shelterbelt vegetation carbon stocks (225 t C ha-1) compared with the conventional dairy farm 

site (186.5 t C ha-1). Coarse woody debris and soils comprised the next largest carbon stock 

components, with considerable differences among cover types. Overall, both farms had about 

the same mean shelterbelt coarse woody debris stocks (conventional = 22.5 t C ha-1, organic 

= 17.9 t C ha-1). However, mean soil carbon stocks associated with the organic farm (316 t C 

ha-1) were, on average, over 1.5 times those of soil carbon stocks for the dairy farm (201.6 t C 

ha-1) (Figure. 2). Carbon stocks of the herbaceous vegetation and litter components were 

relatively low compared to the other components, with mean values generally below 3 t C ha-

1 on both farms. Herbaceous carbon was highest for native shelterbelts and litter carbon was 

highest for pine and oak shelterbelts. Overall, the two farms varied significantly in regard to 

total carbon stock (F1,73 = 43.95, P < 0.001). 

Soil total carbon densities varied significantly, both between farms (F1,63 = 40.46, P < 

0.001) and within cover types (F4,60 = 9.01, P < 0.001) (Figure. 3). On the whole, the organic 

mixed cropping farm site had higher mean soil total carbon across all cover types (6.79 kg m-

2) compared with the conventional dairy farm site (4.12 kg m-2). On the conventional dairy 

farm, macrocarpa shelterbelts had the highest and most variable soil carbon quantities while 

native shelterbelts had the least. On the organic farm, poplar shelterbelts contained the 

highest and most variable carbon quantities while oak shelterbelts had the lowest soil carbon 

quantities by far compared to the other shelterbelt species. Across both farms, soil carbon 
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quantities within paddock soils were generally comparable to shelterbelt soils, although 

stocks were slightly higher on the organic farm as compared to the dairy farm.  

Soil organic carbon (SOC) varied significantly between the farms (F1,63=64.02, P < 

0.001) and within cover types (F4, 60=9.01, P <0.001). However, shelterbelt and paddock soil 

organic carbon did not differ significantly on average at either site (organic farm F1,38 = 0.35, 

P = 0.560; dairy farm F1,33 = 1.61, P = 0.213). The ratio of soil organic to total carbon also 

showed considerable variability (Figure 4). As a percentage of total carbon, the amount of 

soil organic carbon in the top 15 cm on the organic farm (7.0 %) was on average about 2.5 

times that of the dairy farm (2.8 %) across all the vegetation cover types. Soils beneath the 

oak shelterbelt on the organic farm had the highest proportion of organic carbon (c. 9 %) 

while the pine shelterbelts on the dairy farm had the lowest (< 1 %). For species that were 

present on both farms, the largest differences in the proportion of soil organic carbon to total 

carbon between farm types were observed for native and marcrocarpa shelterbelts, while the 

poplar shelterbelts and paddocks showed the least difference.  

Estimates of the overall C in a farm landscape with and without shelterbelts showed 

that the dairy farm with no shelterbelt had an average C stock of 43.9 t C ha-1, and the organic 

farm had an average of 59.06 t C ha-1 (Figure 5). Adding the actual shelterbelt cover and 

weighting the stocks based on their area cover, the organic farm had a shelterbelt cover of 

3.76% of the total farm area and increased the farm C stock to 69.7 t C ha-1. The dairy farm 

had a shelterbelt cover of 1.25% of the total farm area and increased the farm C stock to 

46.05 t C ha-1. The results shows that every hectare of shelterbelt added to the organic farm is 

worth 5.79 times more t C ha-1 compared to pasture. Every added shelterbelt on the dairy 

farm would add 4.93 times more t C ha-1 than pasture. If we project a 20% increase in the 

proportion of shelterbelt cover on both farms, the organic farm would increase to 115.7 t C 

ha-1, whereas the conventional dairy farm would increase to 78.4 t C ha-1. The trend shows an 

increasing diversion between the organic farm and the conventional dairy farm potential in C 

per hectare and indicates that a small increase in woody vegetation cover can lead to a large 

increase in C per hectare. 

 

Discussion 

This study indicates that farm shelterbelts constitute relevant carbon stocks within 

New Zealand farming landscapes. Considering all above- and below-ground components 
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comprising shelterbelt carbon quantities, woody shelterbelts in this study contained up to 

fifteen times more carbon in the tree biomass than in the sampled paddock soils alone. 

Further, there was more soil total and organic carbon within both shelterbelt and paddock 

soils on the organic farm as compared to the dairy farm, equating to about a 2.5 fold 

difference on average. The high degree of variability in shelterbelt carbon pools among the 

different shelterbelt cover types at both the conventional dairy and organic mixed cropping 

farms shows that the type of vegetation can make a large difference to potential carbon 

sequestration; this effect was driven by both above- and below-ground carbon pools. Soil 

carbon stocks comprised a substantial proportion (about 10%) of total ecosystem carbon 

stocks within shelterbelts.  

The large observed variability in ecosystem carbon pools across the sampled 

shelterbelts largely reflected among-shelterbelt differences in a number of factors including 

the dominant cover types, shelterbelt structural characteristics (dimensions and tree spacing), 

shelterbelt management activities, and shelterbelt ages. For example, the poplar shelterbelts 

on the two farms were well-established (30 years old) and were unpruned, resulting in the 

highest above-ground carbon stock densities relative to the other species. In contrast, the 

native shelterbelts were recently established and were relatively widely-spaced, resulting in 

extremely low above-ground carbon stocks. It is likely that differences in both cover type and 

structural characteristics resulted in the carbon stock variation observed within the other 

ecosystem pools by influencing litter and coarse-woody debris types and amounts, and 

ultimately the incorporation of carbon into the soil (Smith, 2010). For example, evergreen 

and conifer species might have differing effects on soil carbon stocks through the variable 

amount of coarse woody debris and leaf litter produced (Brown, 2002). Thus, these 

shelterbelts represent a small, but relatively undisturbed wooded patches, where ecosystem 

processes such as leaf and woody litter accumulation, decomposition, and mineralisation can 

occur and provide a feedback to the soil (Simón et al., 2013).  

Soil organic carbon was significantly higher on the organic farm compared to the 

dairy farm (Figure 4). Lower soil organic carbon quantities on the dairy farm may be due to 

the differences in management practices (Schipper et al., 2010). Through the effect of higher 

stocking rates, the resulting of greater N fertilizer inputs than other farming systems, which 

was proposed to lower soil organic carbon stocks (Khan et al., 2007). At the same time the 

opposite was found by Zhang et al. (2010). However, animal urine has been found to 

mobilise soil organic matter and result in soil organic carbon loss (Lovell & Jarvis, 1996). 
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This contrasts with the organic farm, for which neither animal stocking nor tilling was carried 

out. 

The studied shelterbelts displayed a small but indicative pattern of variability between 

species and farms for total soil carbon and the proportion of soil organic carbon. Of particular 

interest is the result that, while shelterbelt and paddock soil carbon did not differ on average 

at either site, there were considerable differences between the two farm types. These findings 

suggest that land use has an effect on the quantity of carbon stored in the soil and merit 

further investigation. Of particular interest may be that those two farms varied significantly in 

the relative cover of shelterbelts on their land (Figure 5). The organic farm (3.76%) had a 

shelterbelt cover of almost three times more than the dairy farm (1.25%). This finding is 

supported by other research on vegetation cover on different farm types, which showed low 

level of woody-vegetation cover on dairy farms and decreasing tendency over time (Welsch 

et al., 2014). This may reflect the priority placed by the farmer on maximising productivity 

on their properties, a finding highlighted in other studies (i.e., Mattison & Norris, 2005; 

Rolfe, 2000),and reflecting the influence of activities such as fertiliser application and/or 

irrigation over time on both paddock and associated shelterbelt soil conditions on farms 

(Kelliher et al., 2012; Kelliher et al., 2014). While this study did not investigate if shelterbelts 

have a “shadow effect” on paddock soil carbon extending into the adjacent paddock, other 

studies have suggested that such an effect exists (D’Acunto et al., 2014; Simón et al., 2013) 

and should be investigated more thoroughly as a possible carbon management tool.  

This study provides a preliminary quantification of shelterbelt carbon quantities 

within above- and below-ground pools and how these quantities vary among a range of 

common shelterbelt cover types and in the context of adjacent farming practices. To our 

knowledge, this is also the first study to quantify ecosystem carbon pools for agricultural 

shelterbelts within New Zealand. Carbon quantities from this study are comparable to those 

presented by (Mason et al., 2012) and consistent with indicative Ministerial statistics (MfE, 

2013; MfE, 2009). In conclusion, although our sample was small, these results indicate the 

possible range of variability expected in ecosystem carbon quantities for the main shelterbelt 

types found across New Zealand. Our results also provide initial evidence for a land use 

effect on shelterbelt carbon pools. Thus, this study provides a baseline which can be extended 

to provide more insights into the agroecology of shelterbelts and their potential as carbon 

sinks in comparison to agricultural soils.  
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Table 1. Summary of general shelterbelt and soil characteristics at the two farm study sites. Values for soil pH and percent moisture for each vegetation cover 

type are means and standard deviations. 

Farm Cover type Genus No. of 
sites 

Trees per 
transect Age Shelterbelt 

height (m) 
Shelterbelt 
width (m) pH Soil moisture 

(%) 

Dairy farm 
Paddock 

Lolium 
Trifolium 
Festuca 

2 -- 15 -- -- 6.05±0.15 2.9±1.17 

 Macrocarpa Cupressus 2 13 30 8 5 5.85±0.18 6.27±2.08 
 

Native 
Cordyline 

Pittosporum 
Phormium 

1 
1 
1 
7 

4-5 2.3 3.3 5.85±0.13 6.24±2.24 

 Pine Pinus 2 30 30 8 4 4.54±0.08 9.14±1.33 
 Poplar Populus 2 26 30 24 1.5 4.9±0.90 3.2±0.90 
          

Organic 

farm Paddock 
Lolium 

Trifolium 
Festuca 

2 -- 20 -- -- 6.46 ±0.09 1.96±0.76 

 Macrocarpa Cupressus 1 13 25 4.5 5 5.73±0.13 3.6±1.68 
 

Native 
Cordyline 
Phormium 2 

3.5 
7.5 4-5 2.3 3.3 5.16± 0.56 3.27±0.99 

 Oak Quercus 1 10 35 18.5 5 5.94±0.07 2.5±1.01 
 Poplar Populus 2 25.5 30 24 1.5 6.51±0.39 3.33±1.16 
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Figure 1: The two farms and study area sites are shown in the map. The inset map shows the study 

sites located within Canterbury, and within New Zealand 
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Figure 2. A comparison of shelterbelt carbon quantities (t ha-1), quantified for five ecosystem 

components (above-ground vegetation, coarse-woody debris, herbaceous vegetation, litter, and soils), 

among different shelterbelt species and for two contrasting farm management types. Carbon stocks 

were calculated by compositing all sampled quantities within a given vegetation cover type and then 

converting to a per-hectare density. The ‘Tree biomass’ component does not include roots, ‘CWD’ is 

coarse-woody debris, ‘Soil’ comprises the top 15 cm soil stratum, and ‘Total’ is the sum of all 

component carbon stocks. Note the differences in the range of y-axis values among the ecosystem 

components. 
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Figure 3. Variability in soil total carbon stocks (t ha-1) in the top 15 cm soil stratum, across five 

sampling locations within each of four different shelterbelt cover types and their adjacent paddocks, 

for two contrasting farm management types. Lines inside each box are median values, outer box lines 

are 25th and 75th percentile values, the whiskers extend to 1.5 times the interquartile range, and dots 

signify outliers. 

 

Figure 4. Variability in the ratio of soil organic carbon (SOC) to soil total carbon (STC) stocks (t ha-1) 

in the top 15 cm soil stratum, across five sampling locations within each of four different shelterbelt 

cover types and their adjacent paddocks, for two contrasting farm management types. Lines inside 

each box are median values, outer box lines are 25th and 75th percentile values, the whiskers extend to 

1.5 times the interquartile range, and dots signify outliers. 
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Appendix 

Appendix I: A comparison of shelterbelt carbon stocks (t ha-1), quantified for five ecosystem 

components (tree biomass (not including roots), coarse-woody debris (CWD), herbaceous vegetation, 

litter, and soils), among different shelterbelt tree species and for two contrasting farm management 

types. Carbon stocks were calculated by compositing all sampled quantities within a given vegetation 

cover type and then converting to a per-hectare total. Total carbon is the sum of component carbon 

stocks. 

Farm 
type Compartment Native Macrocarpa Poplar Pine 

C
on

ve
nt

io
na

l 
da

iry
 fa

rm
 

Tree biomass 2.2 31.7 525.6 35.2 
CWD 0.0 33.7 11.4 57.7 

Herbaceous 1.6 0.2 0.9 0.4 
Litter 1.3 1.5 0.3 6.4 
Soil 24.7 49.5 43.7 37.8 
Total 29.9 116.5 581.9 137.6 

      
  Native Macrocarpa Poplar Oak 

O
rg

an
ic

 c
ro

pp
in

g 
fa

rm
 

Tree 3.3 25.6 646.3 333.8 
CWD 0.0 21.7 14.1 56.0 

Herbaceous 2.6 0.1 1.0 1.0 
Litter 1.1 1.9 0.8 2.7 
Soil 72.3 71.4 77.7 35.4 
Total 79.3078 120.7165 739.8865 428.9256 
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A.2 Land use dataset Agribase reclassified 
 
Chapter 5: Agribase re-classified to match New Zealand Greenhouse gas Inventory 
classification (MfE, 2013). Land use classification, numerical code in the model, 
Agribase farm type codes and farm type. 

Land-use 
classification 

Numeric re-
classified 
class code 

Agribase 

Farm_type 
codes: 

Agribase Farm TYPE classification 

Arable 1 ARA Arable cropping or seed production 

Dairy 2 DAI Dairy cattle farming 

 2 DRY Dairy dry stock 

 2 GRA Grazing other people’s stock 

Sheep 3 SHP Sheep farming 

 3 SNB Mixed Sheep and Beef farming 

Beef 4 BEF Beef cattle farming 

Lifestyle 5 LIF Lifestyle block 

 5 NOF Not farmed (i.e. idle land or non-farm use) 

Natural vegetation 6 NAT Native Bush 

Forestry 7 FOR Forestry 

Horticulture 8 FLO Flowers 

 8 FRU Fruit growing 

 8 NUR Plant Nurseries 

 8 OPL Other planted types (not covered by other 
types) 

 8 VEG Vegetable growing 

 8 VIT Viticulture, grape growing and wine 

Other Livestock 9 ALA Alpaca and/or Llama Breeding 

 9 API Beekeeping and hives 

 9 DEE Deer farming 

 9 DOG Dogs 

 9 EMU Emu bird farming 

 9 FIS Fish, Marine fish farming, hatcheries 

 9 GOA Goat farming 

 9 HOR Horse farming and breeding 

 9 NEW New Record 

 9 OAN Other livestock (not covered by other types) 

 9 OST Ostrich bird farming 

 9 PIG Pig farming 

 9 POU Poultry farming 
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Other 10 OTH Enterprises not covered by other 
classifications 

 10 TOU Tourism (i.e. camping ground, motel) 

 10 UNS Unspecified (i.e. farmer did not give 
indication) 

 10 ZOO Zoological gardens 
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A.3 Land cover data base (LCDB) reclassified 
Chapter 5: Summary table for reclassified Land cover database (LCDB) matching the 

New Zealand Greenhouse gas Inventory 2012 (MfE, 2013) classification of land cover. 

Reclassified land cover code for 10 classes, related land cover class based on NZGGI 2012, 

and the original land cover database classes LCDB. 

Reclassified 
land cover 
code 

Land cover class  
Land Cover Database categories (LCDB) 

 

1 Natural forest Broadleaved indigenous hardwoods 

  Indigenous forest 

  Manuka or kanuka 

  Matagouri or grey scrub 

2 Planted forest Exotic forest 

  Forest-harvested 

  Deciduous hardwoods 

  Mixed exotic shrub land 

3 Cropland Orchard, vineyard or other perennial crop 

  Short rotation cropland 

4 High producing crop land High producing exotic grassland 

5 Low producing grassland Depleted grassland 

  Low producing grassland 

  Sub alpine shrub land 

  Alpine grass herb field 

6 Grassland with woody biomass Fern land 

  Flax land 

  Gorse and or broom 

  Tall tussock grassland 

7 Open water Lake or pond 

  River 

8 Vegetated wetlands Herbaceous fresh water vegetation 

  Herbaceous saline vegetation 

9 Settlement Build up areas settlement 

  Transport infrastructure 

  Urban parkland/open space 

  Sand or gravel 

10 Other land Landslide, Surface mine or dump 

  Permanent snow and ice 

  



 

 235 

Appendix B 

 

B.1 Appendix B1 - Above- and below-ground carbon stocks in shelterbelts 
 

Table B1: Comparison of carbon stocks (t ha-1 ± 2 standard error) within native and exotic 

shelterbelts. The carbon stocks were quantified for six ecosystem pools (tree biomass, coarse-

woody debris (CWD), herbaceous vegetation, litter, roots, soils and Total), among different 

shelterbelt types of native and exotic species and four contrasting land use types (crop, beef, 

dairy, sheep) 

 Beef Crop Dairy Sheep 
 Exotic Native Exotic Native Exotic Native Exotic Native 
Tree 
bioma
ss 

40.01±11
.5 

9.65±4.8
8 

103.47±28
.05 

47.12±11
.92 

146.18±59
.15 

128.92±90
.24 

104.42±37
.71 

54.50±39.
34 

CWD 
0.24±0.1
3 

0.85±0.4
5 0.42±0.17 0.410±0.

18 0.29±0.08 1.11±0.55 0.49±0.13 0.57±0.13 

Herba 
ceous 

0.03±0.0
1 

0.44±0.1
3 

0.03±0.00
1 

0.30±0.0
2 

0.02±0.00
1 0.26±0.07 0.04±0.00

1 0.28±0.05 

Litter 
3.57±0.9
1 

6.45±2.2
3 5.24±0.61 6.82±0.9

1 5.05±0.6 6.19±1.82 3.55±0.39 5.65±1.2 

Roots 
0.50±0.1
4 

0.12±0.0
6 1.29±0.35 0.59±0.1

5 1.83±0.74 1.61±1.13 1.31±0.47 0.68±0.49 

Soil 
41.28±5.
38 

32.31±1.
68 

52.15±7.2
8 

36.69±6.
23 

40.53±5.3
2 

44.30±9.9
9 

41.34±3.4
9 

45.80±6.0
5 

Total 
85.64±11
.92 

49.81±6.
41 

162.62±27
.48 

91.93±7.
90 

193.90±63
.22 

182.39±94
.01 

151.17±39
.59 

107.47±38
.33 
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B.2 Appendix B2 – Soil carbon stocks in shelterbelts and adjacent 
paddocks 

Table B2: Comparison of total, organic and labile carbon stocks (mean t ha-1 ± 2 standard 

errors) between native and exotic shelterbelts and the adjacent paddocks. The soil carbon 

stocks were quantified across all 34 farms. 

Vegetation type Location Total carbon  

(t ha-1) 

Labile carbon 

(t ha-1) 

Soil organic carbon  

(t ha-1) 

Exotic Shelterbelt 44.69 ± 3.16 7.27 ± 0.46 20.19 ± 1.84 

 Paddock 41.75 ± 4.14 8.27 ± 0.52 19.51 ± 1.89 

Native Shelterbelt 47.34 ± 5.17 8.56 ± 0.71 22.46 ± 2.86 

 Paddock 35.78 ± 3.21 8.37 ± 0.62 19.78 ± 2.75 
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