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Abstract  

The importance of maintaining and increasing soil organic carbon in terrestrial 

ecosystems has been widely acknowledged both for mitigating greenhouse gas emissions 

and for providing food security. Grasslands play an important role in the global carbon 

cycle as they store around 34% of the global terrestrial carbon. Most of the grassland carbon 

is stored in the soil. In recent decades, afforestation and woody plant encroachment of 

grasslands has been observed worldwide. Land cover change from herbaceous to woody 

vegetation has been found to affect carbon storage and chemistry. This thesis aims to 

quantify changes in physical and chemical soil organic carbon characteristics at the micro 

and macro scale to improve the understanding of soil carbon cycling following land cover 

change in Otago, New Zealand. I used established analytical and statistical methods and 

refined analytical techniques to address the research objectives.  

I found that soil texture (e.g. sand content), soil carbon stocks, mean weight 

diameter and the proportion of the macroaggregate heavy fraction were significantly 

different between the tussock grass dominated catchment and the pine forest catchment, 

however, SOC saturation deficit was similar. Inherent soil characteristics in this complex 

landscape may have masked the effect of recent vegetation change on soil aggregation, and 

soil fraction associated carbon. Besides, I found no significant differences in soil phytolith 

assemblage, soil phytoliths, and phytolith occluded carbon (PhytOC) storage between 

tussock grassland and pine forest. This suggests that phytoliths derived from past 

(grassland) vegetation masked the contribution of phytoliths from the contemporary woody 

vegetation. Further, I analyzed lipids (n-alkane and n-fatty acids) in plant and soil samples 

to separate plant growth forms, to trace the source of soil carbon, and to verify if lipid 

biomarkers can be used to assess the vegetation history of ‘secondary grasslands’. 

Combining n-alkane and n-fatty acids provided a more robust approach to identifying and 

separating plant growth forms and helped to trace the origin of soil carbon. Soil CO2 efflux, 

an indicator of soil carbon loss, was variable across topographic (elevation and aspect) 

gradients. The differences in soil characteristics below and above the historic tree line 

(1150 m) may be related to the past woody vegetation cover. This thesis provides empirical 

data to improve soil carbon models and following a standardisation of extraction methods 

and further ecosystem studies, I envisage PhytOC and n-fatty acids to be useful indicators 

to elucidate the effects of land cover change on soil organic carbon.
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“Nature has endowed the Earth with glorious wonders and vast resources that man may 
use for his own ends. Regardless of our tastes or our way of living, there are none that 

present more variations to tax our imagination than the soil, and certainly none so 
important to our ancestors, to ourselves, and to our children.” 

(Charles Kellogg, The Soils That Support Us, 1956) 
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Chapter 1. Introduction  

 

1.1. Global carbon cycle 

Carbon (C) cycling is one of the most intensively studied ecosystem processes due 

to its critical role in understanding and mitigating climate change (Lal, 2004; Scharlemann 

et al., 2014; Schimel et al., 2015; Wu et al., 2011). The ocean, atmosphere and terrestrial 

biosphere are the main global carbon pools (Figure 1.1). Although the overall magnitude 

of global C stocks and fluxes are reasonably well quantified (Lal, 2008; Schimel et al., 

2015), considerable uncertainty remains at the ecosystem level, in particular in terrestrial 

ecosystems (Le Quéré et al., 2014; Raupach et al., 2007). In terrestrial ecosystems, the soil 

carbon pool consists of two distinct carbon components: organic carbon (OC) and inorganic 

carbon (IC), which together represent the largest terrestrial carbon reservoir (Lal, 2008). 

The carbon balance of ecosystems is governed by the carbon uptake through photosynthesis, 

carbon storage in plants and soils and its loss through plant (autotrophic) respiration and 

microbial (heterotrophic) respiration. Any change in C uptake, storage and loss will have 

an impact on the carbon dioxide (CO2) concentration in the atmosphere, which ultimately 

can lead to a change in climate, both locally and globally (Lal, 2013; Paustian et al., 2016; 

Schimel et al., 2015). 

The importance of maintaining and increasing soil carbon stocks in terrestrial 

systems both for minimizing greenhouse gas emissions and providing food, has been 

widely accepted and is recognized in the Sustainable Development Goals (SDG) set by the 

United Nations, particularly for zero hunger (SDG 2), climate action (SDG 13), and life on 

land (SDG 15) by 2030 (FAO, 2018). However, maintaining and enhancing soil C storage 

requires an in-depth understanding of soil carbon characteristics across scales and the 

feedback between soil carbon, biogeochemical processes and environmental factors 

(Lehmann and Kleber, 2015; Schmidt et al., 2011). 
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Figure 1.1. Main carbon pools (boxes) and fluxes (arrows). Soil carbon pool estimated at 
2500Pg to 1 m depth. It consists of soil organic carbon (SOC) and soil inorganic carbon 
(SIC). 1 Pg = petagram= billion ton. Modified from Lal (2008).  

 

1.2. Soil organic carbon 

Soil contains approximately 2344 Gt (1 gigaton = 1 billion tons) of organic C globally, 

which accounts for 80% of the terrestrial C pool (Lal, 2013; Stockmann et al., 2013). Soil organic 

carbon is mainly derived from both above and belowground organic matter inputs (Jobbágy 

and Jackson, 2000; Paul, 2016).  

Plant-derived organic matter (i.e., litter and roots) is the major organic matter source 

of soil organic carbon (SOC). Thus, plant growth forms (herbs and grasses, conifers, 

broadleaf trees) and plant species composition affect the amount, chemistry and distribution 

of SOC (Jackson et al., 2017). Plant residue differs in quantity and quality depending on 

plant functional and phylogenetic traits. For example, grass-derived litter tends to be more 

enriched in cellulose than leaf litter of trees (Koukoura et al., 2003). Further, conifer and 

broadleaf tree-derived litter often differ in lignin and N concentration (Osono et al., 2014). 

Overall, differences in chemical properties of plant input influence the activity of 

decomposer organisms and hence the decomposability of litter (Freschet et al., 2012; Osono 
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et al., 2014; Ostertag et al., 2008; Xu et al., 2015). A strong effect on SOC has been 

observed when vegetation cover changes from one plant growth form to another (e.g., 

herbaceous vs woody vegetation) (Cortez et al., 2007; Osono et al., 2014). For example, 

lower fine root litter input was associated with lower soil carbon content under tree 

plantations compared with grass-dominated ecosystems (Guo et al., 2007). 

Organic matter is transformed in the soil (Figure 1.2). Carbon input derived from 

plant residue enters the soil, where it is decomposed. The decomposition (or turnover) rate 

depends on the accessibility of the organic matter input to soil microorganisms and their 

activity. Some of the transformation processes result in the release of CO2 through 

heterotrophic respiration (Trumbore, 2006). Protection of SOC through the formation of 

aggregates stabilises SOC and therefore increases SOC residence time (Lehmann and 

Kleber, 2015, Chapter 1.2.2, Figure 1.2). Apart from the stabilisation of SOC, the formation 

of soil aggregates improves soil structure and enhances long-term carbon storage (Rabot et 

al., 2018).  

Recently, the paradigm, which defined SOC as discrete pools (e.g. labile and stable 

soil carbon) based on different carbon turnover rates, has changed. The emerging 

framework considers SOC as a continuum of progressively decomposing organic 

compounds (Lal et al., 2015; Lehmann and Kleber, 2015) (Figure 1.2). Soil organic carbon 

integrates the chemical characteristics of carbon compounds, soil structure, edaphic 

conditions, climate, water availability and organic matter decomposability (Jackson et al., 

2017; Rabot et al., 2018; Schmidt et al., 2011). Soil organic carbon content varies largely 

depending on key factors including (i) total carbon inputs, mainly through net primary 

production, (ii) soil characteristics, such as soil types, through the arrangement of soil 

particles and formation of soil aggregates, and (iii) the physical-chemical environmental 

conditions that influencing soil carbon loss through decomposition, leaching and erosion. 

Determining the physical-chemical characteristics of SOC is critical to linking organic 

matter input and in-soil carbon transformation and its interactions with abiotic and biotic 

factors (Lal et al., 2015; Luo et al., 2017; Salome et al., 2010; Schmidt et al., 2011; Sollins 

et al., 1996). 
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Figure 1.2. Conceptual model of soil organic carbon transformation. Modified from 
Lehmann and Kleber (2015). 

 

Despite a multitude of studies on SOC transformation, further investigation on the 

impact of past and current vegetation change on SOC characteristics in complex landscapes 

is required. A comprehensive understanding of those linkages is needed to improve our 

knowledge on the magnitude and fate of SOC. My thesis intends to address this gap by 

investigating physical and chemical SOC characteristics under different vegetation types 

(Figure 1.3). 
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Figure 1.3. Key questions regarding soil organic carbon (SOC) dynamics and its 
influencing factors studied in this thesis. PhytOC represents carbon occluded in phytoliths. 

 

1.2.1. Soil organic carbon under different vegetation types  

Grasslands cover approximately 52.5 million km2 or 40% of the earth’s surface 

(excluding Antarctica and Greenland) across a wide range of geological and climatic 

conditions (Suttie et al., 2005). Grasslands provide key ecosystem functions (Soussana et 

al., 2004). The carbon stored in grasslands is accumulated mostly below ground, in 

particular in the upper 0-15 cm where most roots are located (Scurlock and Hall, 1998). 

Around 303 Pg of carbon is stored in grassland soils to a depth of 1 m, which is equivalent 

to about 20% of the world’s total soil carbon stock (Stockmann et al., 2013). Changes in 

grassland soil carbon storage will have a strong effect on the global C cycle (Conant et al., 

2017; Eze et al., 2018; Scurlock and Hall, 1998). 

Over recent decades, large areas of grass-dominated systems have been converted 

into shrub/tree-dominated systems through reforestation, afforestation and shrub/woody 

plant encroachment into grasslands worldwide (Berthrong et al., 2012; Jackson et al., 2002; 

Naito and Cairns, 2011; Throop and Archer, 2008). Some of the underlying reasons for 

grassland conversion are to improve soil and water conservation, increase biomass 

production, and enhance carbon sequestration (Berthrong et al., 2012; Bonan, 2008; Liu et 
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al., 2018; Hunziker et al., 2017; Li et al., 2016). While the aboveground carbon storage is 

higher under woody plant-dominated systems (Liu et al., 2011), the changes SOC following 

afforestation and reforesting of grasslands differs between studies. While some studies 

reported on increase in soil C stocks (Deng et al., 2014; Hunziker et al., 2017; Li et al., 

2016; Throop and Archer, 2008; Wang et al., 2016) following the conversion of grasslands 

into shrub/tree-dominated systems, others found a decrease in soil carbon (Farley et al., 

2004; Hewitt et al., 2012; Jackson et al., 2002; Paul et al., 2002) or no changes (Laganière 

et al., 2010; Richter et al., 1999; Sartori et al., 2007). The quantification of SOC stocks and 

the assessment of its driving factors in landscapes with complex topography and vegetation 

patterns remains understudied but is critical to improve our understanding of soil carbon 

dynamics (Conforti et al., 2016; Román-Sánchez et al., 2018). 

Changes in SOC stock following grassland conversion into woody plant ecosystems 

are influenced by a range of factors such as previous land use type (Nave et al., 2013), tree 

species planted (Paul et al., 2002), time after conversion (Bárcena et al., 2014), and inherent 

soil properties (Luo et al., 2017; Qiu et al., 2012). Further, microbial community 

composition (Macdonald et al., 2009), litter quality and quantity (Deng et al., 2014), soil 

depth (Deng and Shangguan, 2017) and climatic conditions (Callesen et al., 2003; Huang 

et al., 2011) are also factors driving SOC following land use change. Given that changes in 

SOC following land cover change appear to be highly variable it is of particular importance 

to assess those effects in landscapes characterised by a complex topography and vegetation 

pattern. 

 

1.2.2. Physical protection of soil organic carbon 

Soil aggregates are groups of particles bound together (Rabot et al., 2018) (Figure 

1.4). Small soil particles (<63 µm) form microaggregates (63-250 µm), which are bound 

together to form macroaggregates (>250 µm). Such a hierarchical aggregate structure is 

often found in soils where soil organic matter is the major binding agent (Six et al., 2000a) 

(Figure 1.4). Fine root exudates, microbial metabolites (Le Bissonnais et al., 2017; Six et 

al., 2004) and fungal hyphae are the principal binding agents (Poirier et al., 2018; Tisdall, 

1982). Further, cations and oxides have been found to enhance aggregation, in particular of 

clay particles (Kögel-Knabner et al., 2008). Soil aggregates provide physical protection of 

SOC as the encapsulation of carbon within soil aggregates reduces the accessibility to 
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microbial organisms (Breulmann et al., 2016; Ekschmitt et al., 2008; Six et al., 2000b). The 

distribution and stability of soil fractions and soil fraction associated carbon and nitrogen 

are sensitive indicators of land cover change and soil management (Bronick and Lal, 2005; 

Rabot et al., 2018; Six and Paustian, 2014). To date, few studies are available investigating 

both the effect of vegetation cover changes and inherent soil characteristics on the degree 

of soil aggregation and in particular size-density fractions. 

 

 

Figure 1.4. Soil aggregation and binding agents. 

 

Associations between SOC and soil mineral surfaces (organo-mineral complexes) 

are often regarded as an important mechanism for physically protecting SOC (Baldock and 

Skjemstad, 2000; Lützow et al., 2006; Kögel-Knabner et al., 2008) and key attributes 

regulating the turnover of SOC (Six and Paustian, 2014) (Figure 1.2). The maximum 

capacity of soils to stabilize SOC (SOC saturation) is closely related to soil pH and fine 

fraction (silt and clay) properties, namely specific surface area, cation exchange capacity, 

extractable aluminum (Al), and iron (Fe) content (Beare et al., 2014). The SOC saturation 

deficit, which is the difference between actual SOC storage and SOC saturation, is closely 

related to the mass and physical/chemical characteristics of the fine fraction (Beare et al., 

2014) and varies between crop and pasture soils (McNally et al., 2017). However, the 

change in SOC saturation and SOC saturation deficit in grassland system encroached by 

shrubs/woody plants has not been investigated.   
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1.2.3. Lipids   

 Plant growth forms (grass, herbs, shrubs, trees) are characterized by distinct 

compounds, in particularly, the substance class of lipids (e.g. leaf wax lipids, n-fatty acids 

and n-alkanes). Lipid characteristics such as primary carbon chain ratio, the carbon 

preference index (CPI) or the average chain length (ACL) have been used to identify 

vegetation sources (Bush and McInerney, 2013; Jansen and Wiesenberg, 2017) and provide 

information on the transformation/degradation of organic matter (Duan and He, 2011; 

Jansen et al., 2006; Zech, 2006; Zech et al., 2009). For example, shrub and tree species 

often show a dominance of the n-alkanes n-C27 and n-C29, whereas n-C31 and n-C33 tend to 

be more abundant in grass and herb species (Jansen et al., 2006; Maffei, 1996; Schäfer et 

al., 2016). However, plant physiological and biochemical processes (Bush and McInerney, 

2013; Gamarra and Kahmen, 2015) and/or environmental factors (Bush and McInerney, 

2015; Hoffmann et al., 2013; Kreyling et al., 2012) also contribute to the variability in the 

molecular composition of leaf waxes.  

Plant ACL has been suggested to be an indicator of climatic conditions with plant 

ACL increasing with increasing temperature (Bush and McInerney, 2015). The odd-over-

even predominance (OEP) for n-alkanes and even-over-odd predominance (EOP) for n-

fatty acids, which is the relative abundance of carbon chain length has been used as a proxy 

for the degree of lipid degradation (Eglinton and Hamilton, 1967; Zech et al., 2009; Zech 

et al., 2012). The effect of organic matter degradation needs to be taken into account when 

employing lipid molecular proxies to trace vegetation sources (Buggle et al., 2010; Tu et 

al., 2011; Zech et al., 2011), which may mask the leaf wax characteristics of the plant 

sources (Bull et al., 2000; Gleixner, 2013; Miltner et al., 2012). Shorter lipid chain length 

may partly result from soil microbial activity (Schulz et al., 2012), physical and chemical 

soil properties (Otto and Simpson, 2005; Sachse et al., 2006), climatic conditions (Bush 

and McInerney, 2015) and fire (Eckmeier and Wiesenberg, 2009; Kuhn et al., 2010). To 

date, most studies focus on n-alkanes (Jansen and Wiesenberg, 2017). However, the use of 

only one lipid molecular proxy may not always be sufficient to identify the plant source 

and investigate the fate of lipids.  
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1.2.4. Phytoliths 

Phytoliths, also known as plant opals, are silica particles, which can be found in, 

inter and intra plant cells of leaves, stem, and roots of many higher plants (Alexandre et al., 

2015; Piperno, 2006) (Figure 1.5). During phytolith formation, atmospheric carbon can be 

captured and occluded in the vacuoles, thus, plants can preserve a fraction of carbon (Figure 

1.5) through the occlusion atmospheric C into phytoliths (Parr and Sullivan, 2005; Song et 

al., 2016). Phytolith occluded carbon (PhythOC) is considered more resistant to 

decomposition compared to other soil organic carbon components (Chen and Smith, 2013; 

Mulholland and Prior, 1993; Wilding et al., 1967) due to the protection by an outer layer 

of Si (Fraysse et al., 2009; Piperno, 2006). Distinct morphotypes of plant phytoliths were 

observed across plant growth forms, and phytolith assemblage has been applied as a 

diagnostic marker at taxonomic levels to reconstruct past vegetation types and climate 

change (Alexandre et al., 1997; Conley and Carey, 2015; Esteban et al., 2017). Phytoliths 

link aboveground vegetation and belowground processes, and couple the silicon and carbon 

cycle (Song et al., 2016; Song et al., 2012a).  

Soil phytoliths are derived from plant input during organic matter breakdown and 

are accumulated in the soil matrix (Figure 1.5). Soil phytolith abundance and assemblage 

has been used to trace plant input (Kerns, 2001; Marx et al., 2004; Strömberg et al., 2007) 

and to reconstruct vegetation and environmental conditions by recovering phytoliths 

derived from past vegetation types (Carter, 2000; Chen and Smith, 2013; Lu et al., 2006; 

Nogué et al., 2017; Thorn, 2006). Production of phytoliths and C sequestration of 

atmospheric CO2 through the occlusion of C in phytoliths (PhytOC) varies depending on 

the overlying plant community and is influenced by land management (Pan et al., 2017a). 

However, the effect of land cover change, especially conversion of grassland into pine 

forest, on soil phytolith assemblage and phytOC storage is not yet well understood.  
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Figure 1.5. Phytoliths in plant tissue and soils, morphotype assemblage and photolith 
occluded carbon (PhytOC).  

 

1.2.5. Soil CO2 efflux  

Soil organic carbon is lost through root/rhizosphere respiration (autotrophic 

respiration) and microbial respiration (heterotrophic respiration) during the decomposition 

of litter and soil organic carbon (Trumbore, 2006). Carbon respired from the soil surface to 

the atmosphere is about ten times the amount of current fossil fuel emissions (Bond-

Lamberty and Thomson, 2010). Changes in magnitude of this carbon flux between soil and 

atmosphere can affect carbon balance, which may accelerate global warming, both locally 

and globally (Schimel et al., 2015).  

A range of edaphic and environmental factors influence soil CO2 efflux (Merbold 

et al., 2011; Rayment and Jarvis, 2000; Szilvia et al., 2009). Main driving factors of soil 

CO2 efflux in temperate ecosystems are soil temperature (Bond-Lamberty and Thomson, 

2010; Darenova et al., 2014), soil water content (Wagle and Kakani, 2014), and soil C and 
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nitrogen (N) concentration (Epron et al., 2004; Rayment and Jarvis, 2000). Given the 

sensitivity of soil CO2 efflux to microclimate, soil CO2 efflux in mountain areas can vary 

considerably over distances of only a few meters (Conant et al., 2000; Kang et al., 2003). 

Variations in soil CO2 efflux have not only been attributed to elevation but also to aspect, 

slope and shading (Atkins et al., 2015; Titshall et al., 2000). Topographic gradients (i.e., 

elevation and aspect gradients) offer a unique opportunity to investigate soil CO2 efflux and 

its driving factors at the landscape scale (Malhi et al., 2010; Riveros-Iregui Diego and 

McGlynn Brian, 2009). Variations have been attributed to not only elevation but also aspect, 

slope and shading, which can play an important role in determining ecosystem processes 

(Atkins et al., 2015; Titshall et al., 2000). This is especially critical in mountain areas 

because climatic conditions can vary considerably over distances of only a few meters. 

However, the effect of topography, edaphic, and climate conditions on the magnitude and 

variation in carbon flux process in tussock grassland ecosystem remain unclear. 

 

1.3. Land cover history in New Zealand 

New Zealand is an isolated oceanic island that has undergone dramatic land cover 

modifications as a consequence of human colonization (Bowman and Haberle, 2010). Prior 

to human settlement, 85-90% of the island was covered by continuous forest. Shrub and 

herbaceous plant communities were mainly restricted to locations above the treeline 

(McGlone, 2001; McWethy et al., 2010; Perry et al., 2014). Tree and shrubs including 

Nothofagus spp. (beech) and Podocarps (Dacrydium cupressinum, Prumnopitys spp., 

Dacrycarpus dacrydioides, Podocarpus spp., Halocarpus spp., and Phyllocladus alpinus) 

were found at lower elevations based on pollen records (McGlone and Wilmshurst, 1999). 

The original woody vegetation was highly susceptible to fire (Perry et al., 2014). 

Polynesian arrival 700-800 years ago and the introduction of fire led to a more than 40% 

loss of native forests (McGlone and Wilmshurst, 1999; McWethy et al., 2009). This 

widespread loss of forest mainly throughout the South Island of NZ was intensive and rapid 

(McWethy et al., 2010) with flow-on effects to ecosystem processes and services (Perry et 

al., 2012a; Perry et al., 2012b). By the time of the Europeans arrival in the first half of the 

19th Century, tussock grassland extended across the South Island (McGlone, 2001). Further 

clearance of forest by Europeans converted the remaining fern-shrubland to pasture land 

with non-native plants (McWethy et al., 2010). Fossil and pollen records enabled mapping 
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the pre-human vegetation pattern for the southern South Island (McGlone, 2001). However, 

as the long-distance dispersion of pollen to the location where the source taxon is absent in 

the local vegetation can complicate the interpretation of the observation (McGlone, 2001), 

other techniques such as lipid biomarkers are needed to facilitate the understanding of 

changes in the vegetation cover.  

 

1.4. Study area  

New Zealand indigenous grassland ecosystems (tussock grasslands) cover around 

13% of the country’s land area (Mark and McLennan, 2005). Current tussock cover is 

mainly restricted to the South Island. Tussock species (bunchgrass) are in general slow-

growing and long-lived grasses, which are characterized by a large amount of dead standing 

aboveground biomass and high root biomass (Williams, 1977). This research is conducted 

in Otago, South Island, New Zealand.  

The region is characterized by a semi-arid continental climate with hot dry summers 

and cold dry winters (Macara, 2015). The topography consists of mountainous (up to 2000 

m a.s.l.) and rolling-to-steep areas. The soil of much of the region developed on an uplifted 

schist basement (Bliss and Mark, 1974). Present vegetation patterns in the region are 

correlated with the steep gradients in rainfall and temperature that are associated with 

altitudinal gradients (Walker et al., 2003; Walker et al., 1995). However, local variation in 

topography and aspect strongly determine the vegetation pattern at smaller scales (Walker 

et al., 1995). I selected a range of sites representing indigenous grassland, native beech and 

conifer forests, and a pine forest. The tussock grassland site at Mt. Cardrona extends along 

an elevation (500 to 1900 m) and aspect (south-to north facing slopes) gradient (Figure 1.6a, 

f). This topographic gradient provided an opportunity to assess the effect of changing 

environment factors on soil carbon. Forest sites located in the Rees Valley and around 

Queenstown (Figure 1.6b) consist of native conifer tree species and beech species that form 

the current low forest and shrubland vegetation units in the semi-arid area and the upper 

montane-subalpine zone in the past (McGlone, 2001). The sites did not show evidence of 

strong human modification. Tussock grassland was compared to an adjacent pine forest 

located in the Glendhu catchment, Lammerlaw Ranges (Figure 1.6c, d, e). The pine forest 

was established on a previous tussock grassland site in 1981.   
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Figure 1.6. Vegetation coverage in Otago, South Island, New Zealand (a) Tussock 
grassland along elevation gradient at Mt. Cardrona, (b) Forest in the Rees Valley, (c) 
Tussock grassland with shrub encroachment in the Lammerlaw Range, (d) Pine forest 
adjacent tussock grassland at Glendhu catchment, (e) Tall tussock grass at Glendhu 
catchment and (f) Short tussock grassland at Mt. Cardrona.  
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1.5. Hypothesis and objectives of this thesis 

The hypotheses are: 

1a. Soil aggregation in woody plant-dominated systems is lower than grass- 

dominated systems due to a reduction in biological binding agents. b. The SOC saturation 

deficit is higher in woody plant-dominated systems due to the loss of large soil aggregates 

following the conversion of grassland into pine forest and shrub encroachment. 

2. Soil phytolith and PhytOC content is higher in tussock grassland due to higher 

phytolith production rates in grass species.  

3. Lipid molecular proxies differ between plant growth forms and primary and 

secondary grassland soils.    

4. Soil CO2 efflux decreases with increasing elevation due to a decrease in soil 

temperature, and aspect is a more important driver than elevation due to a stronger 

temperature gradient. 

In order to test these hypotheses, this thesis aims to examine SOC characteristics, 

the underlying mechanisms, and the influencing factors across scales to improve the 

understanding of soil carbon cycling (Figure 1.3) following land cover change and the 

implication of land cover history in Otago, New Zealand.  

To achieve the research aim, the specific objectives of this thesis are: 

1. To investigate the response of bulk soil physical and chemical properties and soil 

carbon saturation, to quantify soil size and density fractions and soil fraction associated 

carbon in a tussock grassland encroached by native shrub and a 32-year old pine forest 

(Chapter 2). 

2. To assess changes in the accumulation and assemblage of soil phytoliths 

following tussock grassland conversion to pine forest, and to evaluate the difference in 

long-term C storage through C occlusion in phytoliths (PhytOC) between different 

vegetation types (Chapter 3). 

3. To quantify solvent-extractable lipids in plant and soil samples across plant 

growth forms and their persistence in mineral soils, and to explore whether solvent lipid 

proxies in plants and soil can be used to distinguish between ‘primary’ and ‘secondary’ 

grasslands (Chapter 4). 
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4.  To quantify the magnitude of soil CO2 efflux and changes in environmental and 

edaphic characteristics along a topographic gradient, and to determine the factors that are 

driving CO2 efflux process in a mountainous tussock grassland ecosystem during summer 

(Chapter 5). 

 

1.6. Thesis structure 

This thesis consists of three parts. The first part (Chapter 1) introduces the 

background of the research, identifies research gaps, the goal and specific objectives. The 

second part (Chapter 2 to 5) contains four data chapters aimed for publication, where each 

chapter has its own introduction, methodology, results, discussion and conclusion section. 

In Chapter 2, the effects of both soil characteristics and vegetation cover change on bulk 

soil properties and soil fractions were assessed to improve our understanding of SOC 

dynamics in a complex landscape following afforestation and shrub encroachment. In 

Chapter 3, plant-derived phytoliths were recovered from soils and their assemblage and 

storage of soil phytolith and phytolith occluded organic carbon (PhytOC) fraction in 

response to vegetation coverage change were evaluated. In Chapter 4, the molecular 

characteristics of organic compound (long-chain n-alkanes and n-fatty acids) from plants 

and corresponding soils, the persistence/degradation of SOC were investigated and the 

implication for current and past vegetation was discussed. In Chapter 5, the magnitude of 

soil C respired from soil and the variation of environmental factors were quantified, and 

the contribution of these factors in influencing the SOC loss along elevation and across 

aspect gradient were studied. The last part (Chapter 6) presents a synthesis of the overall 

findings of this thesis (Chapters 2 to 5). This chapter discusses the contribution to new 

knowledge, highlights limitations of the study, and proposes recommendations for further 

studies. The structure of this thesis and the linkage between research objectives and the 

thesis chapters was presented in Figure 1.7.  



 

 
 

  
  

 Figure 1.7. Thesis objectives and structure. 
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Chapter 2. Soil aggregation and soil fraction associated carbon under 

different vegetation types in a complex landscape  

 

Abstract  

Land cover change has been shown to affect soil characteristics and soil organic carbon 

(SOC) storage. However, little is known about the driving factors associated with soil carbon 

(C) stabilization in complex landscapes. This study was conducted to investigate the effects of 

both inherent soil characteristics and recent vegetation cover change on soil aggregation and 

soil fractions associated C in a complex landscape. The specific objectives were: (1) determine 

bulk soil properties and SOC saturation deficit; (2) quantify soil aggregation, soil size-density 

fractions and soil fraction associated C, and (3) identify the factors that influence soil fractions 

and soil fraction associated C in two adjacent catchments differing in vegetation cover, Central 

Otago, New Zealand. Catchment GH1 (n = 17 plots) was dominated by tussock grassland and 

native shrubs. Catchment GH2 (n = 21 plots) was converted from tussock grassland into a pine 

forest in 1981. The catchments differed in soil texture (e.g., sand content GH1: 62.9%, GH2: 

50.7%, p = 0.007), SOC stocks (GH1: 5.0 kg C/m2, GH2: 4.3 kg C/m2, p =0.04), mean weight 

diameter (MWD) (GH1: 782.3 µm, GH2: 736.5 µm, p = 0.002), and proportion of the 

macroaggregate heavy fraction (macro_HF) (GH1: 72%, GH2: 55%, p = 0.01). No significant 

differences were found in SOC saturation deficit (GH1: 14.8 mg/g, GH2: 13.1 mg/g, p = 0.13). 

Dominant vegetation cover explained 21% of the variation in MWD in GH1, whereas silt+clay 

C content explained 31.6% of the MWD variation in GH2. The macro_HF fraction was 

negatively correlated with the proportion of silt+clay. Our findings illustrate that physical and 

chemical soil characteristics are important drivers in such a complex landscape and may have 

masked the effect of recent vegetation change on soil aggregation, and soil fraction associated 

C. 

 

 

Li, X., Vogeler, I. and Schwendenmann, L., Soil aggregation and soil fraction associated 

carbon under different vegetation types in a complex landscape, Soil Research, accepted   1 

February 2019 (SR18193.R2). 
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2.1. Introduction 

Soil is the largest terrestrial C pool, storing four times more C than the biosphere and 

over three times more C than the atmosphere (Lal, 2008; Stockmann et al., 2015). Maintaining 

and increasing soil organic carbon (SOC) can aid to reduce the concentration of CO2 in the 

atmosphere, and is thus critical for mitigating climate change (Lal, 2004; Paustian et al., 2016). 

Soil organic C is also the basis of soil fertility and plant productivity and plays an important 

role in soil aggregate stability (Jackson et al., 2017). Soil C storage has been intensively studied 

across ecosystems (Jandl et al., 2007; Jones and Donnelly, 2004; Lal, 2008; Lal et al., 2015). 

Differences in the magnitude of SOC stocks across sites have been attributed to climate, soil 

physical-chemical properties, topography and vegetation cover (Jackson et al., 2017; Rabot et 

al., 2018; Xiong et al., 2014;). However, the quantification of  SOC stocks and the assessment 

of its driving factors in landscapes with complex topography and vegetation patterns remains 

understudied but is critical to improve our understanding of soil C dynamics (Conforti et al., 

2016; Román-Sánchez et al., 2018). 

Changes in vegetation cover have been shown to modify the amount and quality of the 

C input, soil structure, and microbial communities, all of which affect SOC stocks (Delelegn 

et al., 2017; Dlamini et al., 2016; Guo et al., 2007). Worldwide, large areas of grass-dominated 

systems are converted into shrub or tree-dominated systems through reforestation and 

afforestation (Berthrong et al., 2012; Jackson et al., 2002; Throop and Archer, 2008). 

Furthermore, shrub and woody plant encroachment into grasslands has been observed globally 

(Naito and Cairns, 2011). Some studies found an increase in SOC stocks following 

afforestation and shrub encroachment (Deng et al., 2014; Hunziker et al., 2017; Li et al., 2016; 

Throop and Archer, 2008; Wang et al., 2016), whereas others reported decreases (Farley et al., 

2004; Hewitt et al., 2012; Jackson et al., 2002; Paul et al., 2002) or no changes in SOC stocks 

following afforestation (Laganière et al., 2010; Richter et al., 1999; Sartori et al., 2007). In 

New Zealand, where the current study was conducted, a decrease in SOC stocks in the topsoil 

(0-100 mm) was reported following afforestation of grasslands (Davis and Condron, 2002; 

Davis et al., 2007; Hewitt et al., 2012). However, a quantitative assessment of the effects of 

vegetation cover change, in particular shrub encroachment, on soil C in complex landscapes 

such as New Zealand’s hill country is lacking.  

Changes in SOC stocks following the conversion of grasslands into woody ecosystems 

can partly be attributed to changes in soil aggregation (Cong et al., 2015; John et al., 2005; Six 

et al., 2002a). Soil aggregation has been shown to provide physical protection of SOC as the 
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encapsulation of C within soil aggregates reduces the accessibility to microbial organisms 

(Breulmann et al., 2016; Ekschmitt et al., 2008; Six et al., 2000b) and reduces the susceptibility 

of C loss through water erosion (Chaplot and Cooper, 2015). Fine particles (< 63 μm) are bound 

together into microaggregates (63-250 μm), which are bound together to form macroaggregates 

(> 250 μm). Such a hierarchical aggregate structure is often found in soils where soil organic 

matter is the major binding agent (Six et al., 2000a). Other organic binding agents and 

mechanisms are fine root exudates and microbial metabolites (Le Bissonnais et al., 2017; Six 

et al., 2004) and the enmeshment by fine roots and fungal hyphae (Poirier et al., 2018; Tisdall, 

1991). However, aggregate formation and stability is also influenced by inorganic binding 

agents such iron oxides and carbonates (Schrumpf et al., 2013; Six et al., 2004). In addition, 

soil fractions and aggregation may be influenced by present and past fire events, either leading 

to disaggregation because of the destruction of organic matter, or enhancing aggregation 

through recrystallization of minerals (aluminium (Al) and iron (Fe) oxyhydroxides) (Mataix-

Solera et al., 2011).  

Mean weight diameter (MWD) of soil aggregates (van Bavel, 1949), which is 

commonly used as a measure of aggregate size and stability, increased following the 

conversion from grassland to forest (Guidi et al., 2014). This was explained by a shift from a 

bacterial- to a fungal-dominated microbial community, which provides a stronger binding 

mechanism and thus can increase the formation of larger aggregates following grassland 

conversion into forest (Guidi et al., 2014). In contrast, a reduction in fine root biomass 

following the afforestation of grasslands (Guo et al., 2007) leads to reduced aggregate stability 

due to the lack of physical binding by fine roots (Jastrow et al., 1998). To date, few studies are 

available investigating both the effect of vegetation cover changes and inherent soil 

characteristics on the degree of soil aggregation and in particular size-density fractions. 

Separation of soil fractions by density has been used to isolate organic matter which is free or 

only weakly associated with mineral soil particles (i.e., light fraction) from organic matter that 

is strongly associated with soil minerals (i.e., heavy fraction) (Cerli et al., 2012; Diochon et al., 

2016; Kögel-Knabner et al., 2008). Combining both size and density separation can provide 

complementary insights into the role of organic versus inorganic binding agents in the 

formation of aggregates (Diochon et al., 2016; Moni et al., 2012; Wagai et al., 2018). 

Furthermore, size-density fractions and their associated C have been found to be sensitive 

indicators of land cover change and soil management on SOC stocks (Bronick and Lal, 2005; 

Huang et al., 2011; Six and Paustian, 2014; Rabot et al., 2018).  Huang et al., (2011) found that 
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heavy fraction associated C remained stable but light fraction associated C decreased following 

afforestation with evergreen and conifer species in New Zealand.  

The formation of organo-mineral complexes is also an important mechanism for 

physically protecting SOC (Baldock and Skjemstad, 2000; Kögel-Knabner et al., 2008; Lützow 

et al., 2006). This process of C protection has a maximum capacity (Hassink, 1997), which has 

been termed as SOC saturation (Six et al., 2002b). The maximum capacity of soils to stabilize 

SOC is closely related to soil pH and fine fraction (silt and clay) properties, namely specific 

surface area, cation exchange capacity, extractable Al, and Fe content (Beare et al., 2014). 

Wiesmeier et al., (2014) found that the SOC saturation deficit, which is the difference between 

actual SOC storage and SOC saturation, was higher for grassland soils than forest soils, and 

this difference was correlated with temperature and precipitation. However, the change in SOC 

saturation and SOC saturation deficit in grassland system encroached by shrubs and woody 

plants has not been investigated. 

New Zealand has undergone drastic change in land cover since human arrival (Perry et 

al., 2012). Introduced fire resulted in loss of forest coverage and the expansion of tussock ( 

bunch grass) grassland following Polynesian settlement around AD1280 (McWethy et al., 

2010; Perry et al., 2012). Large areas of tussock grassland were converted into pastures 

following the arrival of European settlers in 1840 (Mark et al., 2013). In recent decades, around 

1.7 million ha (ca. 7% of the total land area) has been reforested and afforested with pine 

(mainly Pinus radiata) (Manley, 2017). Moreover, encroachment of shrubs and secondary 

succession has been transforming tussock grasslands in the past decades (Mark and McLennan, 

2005; Walker et al., 2009).  

Given the complex topography of New Zealand’s hill country and its past and present 

change in vegetation cover, this study presents a unique opportunity to assess the effect of both 

soil characteristics and vegetation cover on bulk soil properties and soil fractions to improve 

our understanding of SOC dynamics in a complex landscape following land cover change. The 

specific objectives of this study were to (1) determine bulk soil properties and SOC saturation 

deficit; (2) quantify soil aggregation, soil fractions and soil fraction associated C; and (3) 

identify the factors that drive soil aggregation and soil fractions under grassland, shrubs and 

pine forest in two adjacent catchments in Central Otago, New Zealand. 
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2.2. Material and methods 

2.2.1. Study area  

The study was conducted in the Waipori River headwater area (460 m to 670 m a.s.l.) 

in the Lammerlaw Range, Otago, South Island, New Zealand (45° 50 ʹ S, 169° 45 ʹ E) (Figure 

2.1). The region is characterized by a complex rolling-to-steep topography. The underlying 

bedrock is quartzo-feldspathic schist with some colluvium (Davis, 1994). Much of the bedrock 

is overlain by a loess mantle of variable thickness (0.5 to 3 m) (Stewart, 2015). Soils are 

classified as Dystrochrepts (USDA Soil Taxonomy; Soil Survey Staff, 1999) or Firm Brown 

Soils (New Zealand Soil Classification; Hewitt, 2010). Soils in the plateau-like areas are 

classified as imperfectly drained silt loams, whereas valley bottoms soils are poorly drained 

(Fahey and Jackson, 1997). The mean annual temperature is 7.6 °C and the mean annual rainfall 

is 1350 mm (Stewart, 2015). 

The vegetation history in the Glendhu area has been reconstructed using pollen and  

macrofossils samples, which were taken from a peat bog near T1 in Figure 2.1 (McGlone and 

Wilmshurst, 1999; Webb et al., 1999). Before human arrival, the vegetation was dominated by 

conifers, largely bog pine (Podocarpus bidwillii) and celery pine (Phyllocladus alpinus) and 

silver beech (Nothofagus menziesi). Between 1000 and 700 years BP, more than 40% of native 

forests were lost through fire (McGlone, 2001; McGlone and Wilmshurst, 1999; McWethy et 

al., 2010) following Polynesian arrival. Subsequent vegetation has been dominated by narrow-

leaved snow tussock (Chionochloa rigida) (McGlone and Wilmshurst, 1999). Further land 

cover change occurred following European settlement around 1840. The current landscape in 

the area is dominated by tussock grassland, pastures and fern-shrubland (McWethy et al., 2010). 

More recently, some of the area has been converted into pine forests (Davis, 1994; Fahey and 

Jackson, 1997). 

 

2.2.2. Study sites 

A catchment study was set up in the area in 1979 to monitor the hydrological impacts 

of converting mid-altitude narrow-leaved snow tussock (Chionocloa rigida) grasslands into 

pine forest (Pearce et al., 1984). In 1981, one of the catchments (310 ha, GH2) was contour-

ripped to a depth of 600 mm at approximately 3.5 m intervals and Monterey Pine (Pinus 



 

22 
 

radiata) was planted (1250 stems/ha) over 67% of the catchment (Fahey and Jackson, 1997; 

Stewart and Fahey, 2010). The second catchment (218 ha, GH1) was left under snow tussock 

(Figure 2.1). No fertilizer has been applied in these catchments. Light grazing occurred in both 

catchments until the end of 1982. Grazing continued in the tussock grassland catchment at a 

stock density of less than one sheep/ha (Fahey and Jackson, 1997). Shrub encroachment has 

been observed in the tussock grassland catchment over the past decades (Walker et al., 2003). 

Common shrub species in the tussock grassland catchment include: Leptospermum scoparium, 

Ozothamnus leptophyllus, Veronica odora, Coprosma spp. and Dracophyllum spp. (Mark et 

al., 2013). 

2.2.3. Plot layout and sampling 

As part of a long-term vegetation monitoring program, Manaaki Whenua - Landcare 

Research set up 40 plots (20 × 20 m) along a grid system (Figure 2.1). The grid layout was 

approximately 300 × 300 m with 18 plots located in the tussock grassland catchment and 22 

plots in the pine forest catchment (Figure 2.1). The dominant vegetation cover (tussock, shrub 

and pine) was determined using Google Earth images (2013).  

 

 

Figure 2.1. Paired catchment set up, Glendhu, South Island, New Zealand. Grassland area was 
dominated by tussock grass; forest area was planted with pine trees. 18 plots were distributed 
in tussock grassland catchment, 21 plots were selected in pine forest catchment.  
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In each plot, one location was randomly chosen within each 10 × 10 m quarter (four 

samples per plot). The organic layer was removed before sampling the mineral soil (0-100 mm 

depth) using a soil auger (25 mm in diameter). Soil samples were collected in December 2013 

(GH2) and December 2014 (GH1). Soil samples were placed into paper bags, air dried, and 

sieved to < 2 mm and then pooled into one sample per plot. Two plots (one in each catchment), 

which were located on organic rich substrate (peat), were excluded from the analysis. In total, 

17 tussock grassland and 21 pine forest soil samples were investigated in this study. 

 

2.2.4. Soil fractionation 

For the density separation of bulk soil, 10 g of air dry bulk soil (< 2 mm) was mixed 

with 30 ml sodium polytungstate (SPT, 3Na2WO4.9WO.XH2O; SOMETU, Berlin) following 

the procedure described by Cerli et al., (2012) and Nadal-Romero et al., (2016). The SPT 

density (1.6 g/cm3) was verified using a hydrometer. The light fraction (LF) was collected after 

the soil-SPT suspension was centrifuged at 10,000 ×g for 1 h at room temperature. The 

remaining sample was the heavy fraction (HF). Fractions were thoroughly washed by adding 

distilled water (around 200 ml in total), agitated with a vortex mixer and centrifuged until the 

conductivity of the supernatant was < 0.2 dS/m (Schrumpf et al., 2013).  

Size-density fractionation of bulk soil was conducted following the method of Diochon 

et al. (2016). Firstly, 30 g of bulk soil was wet-sieved through two mesh sieves (250 µm and 

63 µm) to obtain three size fractions: (1) macroaggregates (250-2000 µm), (2) microaggregates 

(63-250 µm) and (3) silt+clay fraction (<63 µm) (Figure 2.2). The soil samples were immersed 

in distilled water for 5 minutes on the 250-µm sieve, to allow slaking of aggregates. After 

slaking, separation of aggregates was conducted manually by moving the 250-µm sieve up and 

down in water with 50 repetitions during 2 minutes. Aggregates retained on the sieve 

(macroaggregates) were thoroughly backwashed and collected. The material that passed 

through the 250-µm sieve was transferred onto a 63-µm sieve, the same sieving procedure was 

repeated to obtain the 63-250 µm fraction (microaggregates). The fraction that passed through 

the 63-µm sieve (silt+clay fraction) was collected after sedimentation according to Stokes’s 

Law. The suspension was put in a sedimentation cylinder for 12 h. All aggregate size fractions 

were dried in a forced-air oven at 50 °C for 48 h and weighed.  

Macroaggregates (10 g) and microaggregates (5 g) were further separated by density as 

described above. Aggregates were shaken with 12 glass beads and 30 ml SPT (1.6 g/cm3) 
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solution for 16 hours to disperse soil aggregates. After centrifuging, LF was collected by 

aspiration and rinsed until the wash water conductivity was < 0.2 dS/m. The remaining HF was 

rinsed and centrifuged. Five fractions (macro_LF, macro_HF, micro_LF, micro_HF and 

silt+clay) were obtained from the size-density separation (Figure 2.2). All fractions were dried 

at 50 °C for 48 hours and weighed. 

 

 

 
Figure 2.2. Flowchart showing the process of size and density separation. Bulk soil was wet 
sieved through 250 µm and 63 µm sieves, density separation was conducted using 
macroaggregates and microaggregates to obtain macro_LF, macro_HF, micro_LF and 
micro_HF. LF = light fraction; HF = heavy fraction. 
 

2.2.5. Soil physical and chemical analyses  

Bulk soil particle size (clay 0.01-3.9 µm, silt 3.9-63 µm and sand 63-2000 µm) was 

determined by dispersing 5 g of material in sodium hexametaphosphate solution (0.55% 

concentration) followed by laser diffraction analysis (Mastersizer 3000, Malvern Instruments 

Ltd, Worcestershire, UK).  
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Bulk soil and soil aggregate samples were ground to fine powder with mortar and pestle 

and analyzed for total C and N concentration using an elemental analyser (Vario EL cube, 

Elementar Vario EL, Germany). Soil 1012 (C = 11.98 ± 0.44% %, N = 0.93± 0.04%, LECO 

Corporation, St. Joseph, Michigan, USA) was used as a standard for bulk soil samples. For size 

fractions (250-2000 mm, 63-250 mm and < 63 mm) and HF samples, soil 1018 (C = 2.42 ± 

0.05% and N = 0.199± 0.013%, LECO Corporation, St. Joseph, Michigan, USA) was used as 

a standard. Micro_LF and macro_LF fractions which contained higher C concentrations were 

calibrated against soil 1010 (C= 13.23± 0.35%, N=1.13± 0.03%, LECO Corporation, St. 

Joseph, Michigan, USA). Replicates were run at random in about 10% of samples except for 

LF where each sample was analyzed twice. Because all the soils had low pH values, measured 

total C therefore was assumed to be organic C. 

 

2.2.6. Calculations and statistical analysis 

Specific surface area (m2/g soil) was calculated by multiplying air-dry water content (g 

water/g soil) times 2. Specific surface area based on air-dry water content is a good indicator 

of soil surface reactivity of New Zealand soils (McNally et al., 2017; Parfitt and Ross, 2011). 

Air-dry water content was obtained by weighing 5 g air-dried bulk soil and drying it in oven at 

105°C until constant weight was reached.  

 

Specific surface area = 2 × air-dry water content                                                                    2.1                             

 

The SOC saturation (predicted upper limit of fine fraction C content, mg/g) was 

calculated based on an empirical relationship developed by McNally et al., (2017), but limited 

to the specific surface area (m2/g soil) as a factor (McNally, personal comm). 

 

SOC saturation  = exp (0.722 + (0.795 × (ln (specific surface area)))                                    2.2 

 

The SOC saturation deficit (mg/g) was calculated as the difference between the 

estimated SOC saturation capacity and measured fine fraction C content of a given sample.  

The MWD (µm) was calculated following van Bavel, (1949). 
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MWD  =   2000+250
2

× 𝐴𝐴 + 250+63
2

× 𝐵𝐵 + 63
2

× 𝐶𝐶                                                                       2.3       

where MWD is the mean weight diameter (µm) and A, B, and C are the mass 

proportions of each aggregate fraction. They were calculated based on the weight of each 

aggregate fraction divided by the sum of fractions. 

Aggregate proportions and aggregate C and N concentrations were sand corrected 

(Elliott et al., 1991; Six et al., 2004).  The calculation of the sand-free aggregate proportion 

(%) was done following the approach developed by Márquez et al., (2004).  

 

Aggregate proportionSand-free = (weight of dry aggregates−sand weight aggregates)
(dry soil weight−bulk soil sand weight)

 × 100      

                                                                                                                                                 2.4 

Sand correction for soil C and N concentration was done as follows Six et al., (1998).  

 

C and N content  fraction sand-free = C and N concentration
1−sand proportion (%)

                                                          2.5  

   

C and N proportion in soil fractions = 

Sand−free C (N) content  in fraction×fraction weight soil⁄  weight
Ʃsand−free total C (N)content in five fractions

 × 100                                                2.6     

                                                                          

The nonparametric Wilcoxon rank test was applied to identify differences in bulk soil 

properties and soil fractions between the two catchments. Recursive partitioning for MWD and 

macro_HF included dominant vegetation cover, pH, bulk density, specific surface area, bulk 

soil SOC and N concentration, C:N, silt +clay proportion, and soil fraction C content as 

prediction variables. Only the two predictive variables with the highest explanatory power for 

each dependent variable (MWD and macro_HF) were presented as the remaining prediction 

variables had very little predictive power. Recursive partition was done separately for GH1 and 

GH2. Statistical significance of the difference was assessed at p < 0.05. All statistical analyses 

were done using JMP (JMP® 12.1.0, SAS Institute Inc., Cary, NC, US). 
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2.3. Results  

2.3.1. Bulk soil characteristics 

Bulk soil (0-100 mm) texture in both catchments was classified as sandy loam but sand 

and silt content and other soil characteristics varied considerably within and between 

catchments (Table 2.1). The proportion of sand was significantly higher (p = 0.0007) in GH1 

(median: 62.9%) than GH2 (median: 50.7%) (Table 2.1). Soil organic C and N stocks in 

GH1were higher (13.5% and 24.1%, respectively) than GH1. Soil C:N ratios were significantly 

lower (p = 0.0021) in catchment GH1 (median: 17.7) compared to GH2 (median: 19.9) (Table 

2.1).  

 
Table 2.1. Bulk soil (0-100 mm) characteristics in catchment GH1 and GH2. Values are 
minimum, maximum, median and standard deviation. Different superscript letters represent 
significant difference of soil properties between GH1 and GH2 (Wilcoxon rank test, p < 0.05). 
SOC = soil organic carbon. 
 

Soil characteristics 
GH1 GH2 

Min Max Median Std Dev Min Max Median Std Dev 

Sand (%) 42.1 74.2 62.9 a 7.7 30.1 60.9 50.7 b 8.7 

Silt (%) 21.9 54.4 34.3 a 7.7 36.3 64.1 44.1 b 8.1 

Clay (%) 1.4 3.5 2.3 a 0.7 2.1 5.8 3.3 b 1.2 

pH 3.5 4.4 4.1 a 0.3 3.8 4.2 3.9 a 0.1 

SOC (mg/g) 51.0 84.1 64.0 a 9.8 43.2 85.1 61.4 a 10.3 

Total N (mg/g) 3.2 5.1 3.9 a 0.5 2.2 4.3 3.0 b 0.6 

C:N ratio 14.4 21.7 17.6 a 1.9 16.5 23.7 19.9 b 1.8 

Bulk density (g/cm3) 0.6 1.0 0.7 a 0.1 0.5 1.2 0.8 a 0.2 

SOC stock (kg C/m2)  4.0 6.1 5.0 a 0.7 3.3 6.4 4.3 b 0.9 

Soil N stock (kg N/m2)  0.2 0.4 0.3 a 0.1 0.2 0.3 0.2 b 0.1 

 

The measured fine fraction C content in GH1 ranged from 42.8 mg C/g - 60.8 mg C/g 

and was significantly higher than GH2 (30.6 mg/g - 54.4 mg/g). However, SOC saturation 

(equation 2.2) in GH1 was also significantly higher (57.1 mg/g - 71.9 mg/g) than in GH2 (46.1 

mg/g - 61.6 in mg/g) (Figure 2.3). The SOC saturation deficit, which is the difference between 

the measured fine fraction C content of a given sample and SOC saturation was similar (p > 

0.05) between the two catchments (Figure 2.3). 
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Figure 2.3.  Measured soil fine fraction C content and estimated SOC saturation (dotted line) 
versus specific surface area (equation 2.1) in catchment GH1 and GH2. Symbols show the 
measured fine fraction C content under tussock (dots), shrub (squares) and pine (triangles). 
Boxplots (minimum, 25% quartile, median, 75% quartile and maximum) show the magnitude 
and variation of SOC saturation (black), measured fine fraction C content (light grey) and SOC 
saturation deficit (grey) between the two catchments. Different capital letters indicate 
significant differences of SOC saturation and SOC saturation deficit between GH1 and GH2. 
Different lower case letters indicate significant differences of measured fine fraction C content 
(Wilcoxon test, p < 0.05). 
 

2.3.2. Soil aggregation and soil fractions 

Mean weight diameter (equation 2.3) in GH1 (722.0 µm - 858.0 µm) was significantly 

higher than GH2 (629.7 µm - 785.2 µm) (p = 0.0002) (Table 2.1). Macro_HF (equation 2.4) 

was the dominant soil fraction in both catchments. Macro_HF was significantly higher (p = 

0.01) in GH1 (median: 72.1%) than GH2 (median: 55.5%) (Figure 2.4). In contrast, the 

silt+clay fraction was significantly lower (14.8%) in GH1 than GH2 (18.2%, p < 0.001). 

Micro_HF, micro_LF and macro_LF did not differ significantly between the two catchments 

(Figure 2.4).  

   



 

29 
 

 

Figure 2.4. Proportion of soil fractions in GH1 and GH2. Silt+clay, microaggregate light 
fraction (micro_LF), sand-corrected microaggregate heavy fraction (micro_HF), 
macroaggregate light fraction (macro_LF), and sand-corrected macroaggregate heavy fraction 
(macro_HF) were presented. Boxplot show minimum, 25% quartile, median, 75% quartile and 
maximum. Different capital letters indicate the soil fraction proportion statistically significant 
different between catchments; different small letters indicate differences between soil fractions 
(Wilcoxon test, p < 0.05). 
 

2.3.3. Total C and N content in soil fractions 

The SOC content varied significantly across soil fractions (equation 2.5) with 

macro_LF (302.6 - 372.1 g/kg) > micro_LF (145.5 - 344.7 g/kg) > micro_HF (77.2 -255.4 

g/kg) > macro_HF (49.8 - 243.4 g/kg) > silt+clay (30.6 - 60.8 g/kg) (Figure 2.5a). The total N 

content was highest in macro_LF and micro_LF > macro_HF > micro_HF > silt+clay (Figure 

2.5b). 

Soils in catchment GH1 had a significantly lower SOC and total N content in macro_LF 

than GH2 (Figure 2.5a, b). In contrast, GH1 soil had significantly higher SOC and N contents 

in macro_HF, as well as in the silt+clay fraction (Figure 2.5a, b).  
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Figure 2.5. (a) Soil organic carbon and (b) nitrogen content (g/kg) in soil fractions in GH1 and 
GH2. Boxplot show minimum, 25% quartile, median, 75% quartile and maximum. Different 
capital letters indicate statistically significant differences between catchments; different small 
letters indicate statistically significant differences between soil fractions (Wilcoxon test, p < 
0.05). 
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2.3.4. Relation between mean weight diameter and environmental factors 

In catchment GH1, dominant vegetation cover explained 21% of the variation in MWD, 

with higher MWD values in shrub than tussock grass dominated plots (Figure 2.6a). The C:N 

ratio had almost the same explanatory power (20%) with MWD values increasing with 

decreasing C:N values (Figure 2.6a). 

In catchment GH2, silt+clay fraction C content explained 31.6% of the variation in 

MWD with higher MWD at locations characterised by higher silt+clay fraction C content 

(Figure 2.6b). Dominant vegetation cover explained only 6.4 % with smaller MWD values 

found under pine-dominated locations (Figure 2.6b), whereas C:N ratio did not show a 

significant effect on MWD in GH2.  

None of the other predictive variables (bulk soil SOC and N concentration, pH, bulk 

density, specific surface area, and silt +clay proportion) had any significant effect on the MWD 

in either of the catchments. 
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Figure 2.6. Recursive partitioning for mean weight diameter (MWD) versus the two predictive 
variables with the highest explanatory power in GH1 (a) and GH2 (b). 

 

2.3.5. Relation between soil fractions and environmental factors 

Recursive partitioning analysis was restricted to macro_HF as this was the predominant 

soil fraction in both catchments (Figure 2.4). In both catchments, silt+clay proportion explained 

most of the variation (but < 30%) in macro_HF proportion (Figure 2.7a, b). Macro_HF 

proportion in both catchments was negatively correlated with silt+clay proportion (Figure 2.7a, 

b). In GH2, the macro_HF C content was also important, and with the silt+clay proportion 

explained 61% of the variation in macro_HF (Figure 2.7b). 
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Figure 2.7. Recursive partition for macro_HF versus the two predictive variables with the 
highest explanatory power in GH1 (a) and GH2 (b). 

 

2.4. Discussion 

2.4.1. Bulk soil properties in complex landscapes  

The complex topography of the study area, which is characterized by easy rolling hills 

dissected by moderately to steep valleys, geology, and land cover history may partly explain 

the variability in texture and soil characteristics within and between catchments (Román-

Sánchez et al., 2018; Zhao et al., 2015 ). A previous study conducted in a subcatchment of GH1 

identified seven different soil types depending on slope and landform (Webb et al., 1999). Sand 

content and SOC concentration in the topsoil was found to differ by 20% and 4% over short 

distances (Webb et al., 1999). However, we did not find any significant correlation between 

particle size distribution, SOC stocks and sampling locations (distance to valley floor) across 

the two catchments.  

Soil organic C stocks were ~14% lower in the pine-dominated catchment GH2 than 

tussock- and shrub-dominated catchment GH1 (Table 2.1). Encroachment by shrubs over the 

past decades into tussock grassland may explain the minor loss of SOC stock (average 0.5 kg 

C/m2) in GH1. Given the complex landscape and the lack of baseline soil data (e.g. SOC stocks, 

soil texture, etc.) for GH1 and GH2 at the time of land use conversion (here: planting of pine 

tree) makes it difficult to distinguish between inherent differences in soil characteristics and 
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the effect of afforestation and shrub encroachment. However, the loss of SOC stocks was 

within the same range (9.5%) as reported by (Davis and Condron, 2002) comparing SOC stocks 

(0-100 mm) in paired grassland and afforested sites (mainly Pinus spp.) across New Zealand. 

Davis and Condron (2002) found that the difference between grassland and afforested sites was 

largely restricted to younger afforested sites (10-20 years). Little difference in SOC stocks 

between grasslands and afforested sites was observed where the time of conversion was above 

20 years (Davis and Condron, 2002). A global meta-analysis reported a reduction in SOC 

following afforestation of pastures and grasslands with pine between 12% and 15% (Guo and 

Gifford, 2002).  

Soil organic C saturation was significantly higher in the tussock-dominated catchment 

GH1 than pine-dominated GH2 due to a higher specific surface area in GH1 (Figure 2.3). In 

this study, specific surface area was estimated using the air-dried water content, which has been 

shown to provide a better indication of surface reactivity in New Zealand soils (Parfitt et al., 

2001). This is in contrast to other studies using the proportion of fine soil particles <20 µm to 

estimate specific surface area (Hassink, 1997). Higher specific surface area, which is an 

indicator of cation change capacity, has been associated with a higher capacity in stabilizing 

soil C (McNally et al., 2015; Stewart et al., 2007). Lower specific surface area and thus SOC 

saturation in GH2 are in line with significantly lower base cation levels in GH2 (Adams et al., 

2001) despite the higher bulk soil fine fraction. Although there were significant differences in 

SOC saturation between GH1 and GH2, the SOC saturation deficit was similar between the 

two catchments (Figure 2.3). The SOC saturation deficit in the Glendhu catchments was within 

the range (12-15 mg/g, 0-300 mm soil depths) reported for non-allophanic soils in New Zealand 

(Beare et al., 2014). Our results suggest that differences in soil properties (e.g., specific surface 

area) in these complex landscapes mask the effect of vegetation cover and land cover change 

on SOC saturation and SOC saturation deficit (Di et al., 2018). 

 

2.4.2. Soil aggregation, major soil fractions, and environmental factors 

The MWD in GH1 (median: 781.4 µm) and GH2 (median: 736.5 µm) was considerably 

lower than values measured in other grassland (2500-3000 µm) and forest (3500 µm) 

ecosystems (Devine et al., 2014; Guidi et al., 2014; Zhu et al., 2017). The lower aggregation 

level in the Glendhu catchments may be attributed to the sandy soil texture (Six et al., 2000b). 

Furthermore, land use history, particularly human-induced fire, may be another reason for the 
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lower aggregation level in our study area. Soil aggregates have been found to be destroyed by 

fire due to the increased rupture of the internal bonds and combustion of soil organic matter 

(Mataix-Solera et al., 2011; Urbanek, 2013). Lower levels of aggregation in GH2 may partly 

be explained by a reduction of the biological activity and in turn in the production of binding 

agents (Cotrufo et al., 2013) as afforestation of grasslands can lead to a decrease in soil 

temperature due to the reduced solar radiation and shading.  

Mean weight diameter was driven by different environmental variables depending on 

the catchment (Figure 2.6a, b). Higher MWD under shrub-dominated locations in GH1 could 

be due to changes in the rooting system following shrub encroachment (Caviezel et al., 2014). 

Root mass and root length densities have been found to be the main drivers of MWD under 

contrasting plant communities (Le Bissonnais et al., 2017). An increase in MWD with 

decreasing soil C;N ratio (Figure 2.6a) may be related to microbial activity. Soil microbial 

activity produces binding agents which play an important role in the formation soil aggregates 

(Cotrufo et al., 2013). Therefore, biological processes including root and soil microbial 

activities could be the principal factors explaining the higher soil aggregation in GH1, 

compared with GH2. 

In contrast, MWD in GH2 was mainly driven by the silt+clay fraction C content (Figure 

2.6b) implying a stronger influence of soil mineralogy and the C associated with soil fine 

particles. Fine fraction C not only acts as a major cementing substance for the formation of 

aggregates (Kögel-Knabner et al., 2008) but also one principal mechanism of protecting C 

against microbial decomposition in soils and sediments (Kögel-Knabner et al., 2008).   

Macro_HF was the predominant soil fraction in both GH1 (median: 72.1%) and GH2 

(median: 55.5%) (Figure 2.4). The proportion of this fraction was in the range of other findings 

(50%-80%) from crop and forest soils (Cong et al., 2015; Moni et al., 2012). Macro_HF 

consists predominantly of minerals with embedded organic C (Magid et al., 2010). The 

proportion of macro_HF at both catchments decreased with increasing bulk soil fine fraction. 

This finding is in contrast to most other studies, which have shown that the fine fraction can be 

a primary constitute and binding agent in macroaggregate formation (Nichols and Halvorson, 

2013; Six and Paustian, 2014). As we did not find any correlation between SOC concentration 

and soil aggregation (MWD), the formation of macro_HF may be driven by other processes 

(Cong et al., 2015). For example, Al and Fe oxides may play an important role in the formation 

of macro_HF. Under acidic conditions, as found in the Glendhu catchments, Al dissolves and 

is available for complexation with carboxyl groups in soil organic matter (Vance et al., 1996; 



 

36 
 

Wesselink et al., 1996). Furthermore, past fires may have resulted in the recrystallization of Fe 

and Al (Mataix-Solera et al., 2011) leading to the formation of more resistant aggregates (e.g 

condensation of hydrophobic substances onto aggregates) (Fox et al., 2007; Mataix-Solera and 

Doerr, 2004), which may also contribute to the macro_HF. 

 

2.5. Conclusions  

Investigating both inherent soil characteristics and vegetation change in a complex 

landscape revealed that soil characteristics (e.g. texture, soil C:N ratio, reactive surface area, 

inorganic binding agents) were main drivers of soil aggregation and soil fractions in two 

adjacent catchments (tussock and shrubs covered one, the other was afforested with pine). We 

did not find a correlation between bulk soil SOC concentration and MWD and macro_HF. The 

overall low level of soil aggregation in these catchments may partly be explained by the fire 

history in the study area. Our findings indicate that the linkages between topography, inherent 

soil characteristics and land use history mask the effects of recent vegetation change on the 

formation of soil aggregates, soil saturation deficit, and SOC storage in complex landscapes. 
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Chapter 3. Conversion from tussock grassland to pine forest: Effect on   soil 

phytoliths and phytolith occluded carbon (PhytOC) 

 

Abstract  

Soil phytoliths have been used as diagnostic markers to reconstruct vegetation history, 

and the role of phytolith occluded carbon (PhytOC) for long-term soil carbon storage is gaining 

increasing attention. In this study, the effect of land cover on soil phytolith assemblage and 

phytolith occluded carbon (PhytOC) was investigated. Soil samples (n = 39) were taken in a 

tussock grassland and forest in Otago, New Zealand. A refined extraction and purification 

procedure (microwave digestion followed by clay and organic matter removal) was developed 

to characterize the soil phytolith assemblage using microscopy and to quantify PhytOC 

concentrations by elemental analysis. Soil phytolith assemblage was similar between tussock 

grassland and pine forest. Grass-derived morphotypes accounted for more than 80% of the 

phytoliths identified. Woody plant-derived phytoliths were found in both land cover types. Soil 

PhytOC storage did not differ between tussock grassland (0.15 kg C/m2) and pine forest (0.14 

kg C/m2) and accounted for 3% of total soil carbon storage. Dominance of grassland-derived 

phytoliths in pine forest soils masks current vegetation. Future research into soil PhytOC 

requires the development and application of standardized extraction procedures. 
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3.1. Introduction 

Phytoliths, also known as plant opals, are rigid, microscopic (<60-100 µm) silica 

particles which can be found in inter and intra plant cells of leaves, stem and roots of many 

higher plants (Alexandre et al., 2015; Piperno, 2006). Phytoliths are formed when Si(OH)4 or 

H4SiO4 in soil solution is taken up by roots (Alexandre et al., 2015; Piperno, 2006). During 

phytolith formation, organic carbon can be occluded in the vacuoles, known as phytolith 

occluded carbon (PhytOC) (Pan et al., 2017a; Pan et al., 2017b; Parr et al., 2010; Song et al., 

2012a; Wilding et al., 1967). The (PhytOC) concentration has been found to range from 0.1 to 

6% (Song et al., 2016). Phytoliths and PhytOC are considered to play an important role in 

linking the biogeochemical cycles of carbon and silicon (Conley and Carey, 2015; Song et al., 

2018; Street‐Perrott and Barker, 2008).  

Plant phytolith concentration range between < 0.5% in most dicotyledons and up to 

15% in Gramineae (Epstein, 1994; Parr et al., 2010). In general, angiosperms produce more 

phytoliths than gymnosperms (Hodson et al., 2005; Yang et al., 2015). Grasslands, croplands, 

wetlands as well as bamboo forests are major contributors to the global phytolith pool due to 

their considerable phytolith production rates and phytolith concentration (Blecker et al., 2006; 

Li et al., 2013; Pan et al., 2017b; Song et al., 2012b; Yang et al., 2015; Zuo and Lü, 2011). 

Herbaceous plants such as those of the Poaceae and Cyperaceae are generally considered the 

most prolific producers of phytoliths (Parr and Sullivan, 2005). Differences in plant phytolith 

concentration are the result of phylogenetic differences in plant Si requirement (Hodson et al., 

2005) and variation in Si availability under different environmental conditions (Guo et al., 

2015; Song et al., 2016). 

Plant phytoliths are generally more than 5 µm in size with characteristic shapes and 

structures that are morphologically distinct (Haynes 2017; Song et al., 2018). Phytolith 

morphotypes are in some cases identifiable to the plant species level (Piperno et al., 1999; 

Strömberg, 2004, 2005). For example, eight different morphotypes (panicoid, chloridoid, 

festucoid, chionochloid, enlongate, other short cell, fan-shaped, and point-shaped) have been 

described for Chionochloa (Danthonieae) and Festuca (Poeae) (Marx et al., 2004). Phytolith 

assemblage analysis has been used to reconstruct past vegetation types (Alexandre et al., 1997; 

Conley and Carey, 2015).  

Plant phytoliths are released and accumulated in soil during plant litter decomposition, 

linking aboveground vegetation and belowground processes. Soil phytoliths constitute 2-5% 
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of the total soil mass across terrestrial ecosystems, representing an important biogenic pool of 

soil Si (Haynes, 2017). Soil phytolith concentration varies between sites depending on plant 

phytolith input, climate, and geomorphology (Drees et al., 1989; Parr and Sullivan, 2005). 

Phytoliths are considered to be relatively resistant to decomposition (Piperno, 2006) and 

maintain their morphological shapes for hundreds to thousands years (Strömberg, 2004). Soil 

phytolith abundance and assemblage has been used trace plant input (Kerns, 2001; Marx et al., 

2004; Strömberg et al., 2007) and to reconstruct vegetation and environmental conditions 

(Carter, 2000; Chen and Smith, 2013; Lu et al., 2006; Nogué et al., 2017; Thorn, 2006).  

The proportion of soil PhytOC may account for up to 40% of total organic carbon in 

some soils (e.g. 10-40% in typical Argiudolls) (Parr et al., 2010; Parr and Sullivan, 2005, 2014). 

Soil PhytOC is considered more resistant to decomposition compared to other soil organic 

carbon components (Chen and Smith, 2013; Mulholland and Prior, 1993; Wilding et al., 1967) 

as carbon is protected by an outer layer of Si (Fraysse et al., 2009; Piperno, 2006). Soil PhytOC 

may therefore play an important role in the long-term storage of soil carbon (Parr and Sullivan, 

2005; Rajendiran et al., 2012; Song et al., 2012b). However, the significance of PhytOC as a 

long-term soil C pool has been recently challenged mainly due to the high uncertainty in 

quantifying PhytOC concentrations from different extraction procedures (Santos and 

Alexandre, 2017; Song et al., 2016). Thus, it is necessary to further evaluate PhytOC and its 

contribution to soil carbon cycling under a wide range of soil and land cover types.   

Studies have shown that the phytolith extraction procedure strongly influences the 

recovery of phytoliths and PhytOC concentrations (Parr and Sullivan, 2014; Song et al., 2016). 

For example, lower amounts of C (or PhytOC) were found in phytoliths extracted from soil by 

dry ashing compared to acid digestion followed by combustion (Kameník et al., 2013). 

Phytolith extraction from plant and soil material has been modified over the past decades (Parr, 

2002; Parr and Sullivan, 2014; Pearsall, 2015) and microwave digestion is now one of the most 

widely applied techniques (Parr, 2002). However, in order to obtain purified phytoliths for the 

purpose of quantifying the amount of phytolith and PhytOC concentration, microwave extracts 

need to be purified further (Parr et al., 2010; Parr and Sullivan, 2014). Heavy liquids (e.g., LST, 

with a specific density of 2.3 g/cm3) have been used to improve the separation of phytoliths 

from the matrix (Horrocks, 2005; Pearsall, 2015). As no standardised protocol is suitable for 

the extraction of phytoliths across soil types (Parr, 2002; Zhao and Pearsall, 1998), it is 

necessary to develop an appropriate procedure for a given research question and soil type. 
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Grassland and forest ecosystems occupy over 60% of Earth’s land surface and therefore 

play a critical role in the global C cycle. In New Zealand, tussock dominated grasslands (grass 

species of the genera Chionochloa, Festuca, and Poa genera) account for 1/3 of the land area 

(Schipper et al., 2017). Since Polynesian and European arrival forests and grasslands have 

undergone extensive modifications due to fire, agricultural and pastoral development, and the 

introduction of weeds and pests (Mark et al., 2013; McGlone, 2001). More recent changes 

include the afforestation of tussock grassland with pine (Davis and Condron, 2002; Fahey and 

Jackson, 1997) and the encroachment of native shrubs on tussock grasslands (Walker et al., 

2009).   

Phytolith research in New Zealand includes the morphological characterisation of 

native grasses, trees (Kondo et al., 1994; Marx et al., 2004), soils and sediments, (Carter, 2002; 

Raeside, 1964) and reconstruction of past vegetation and climatic conditions in lake sediments 

(Carter and Lian, 2000; Carter, 2002; Horrocks et al., 2008; Thorn, 2004; Thorn, 2006). 

However, information on the effect of land conversion from grass dominated systems into 

forests on soil phytolith storage and assemblage is lacking. Further, the soil PhytOC storage 

potential of tussock dominated grassland and the impact of land use conversion on PhytOC 

storage remains unknown.  

The aim of this study was to evaluate the phytolith assemblage and PhytOC storage 

following the conversion of herbaceous vegetation into woody vegetation in Otago, New 

Zealand. The specific objectives of the present study were to 1) develop a refined phytolith 

extraction and purification procedure for silt loam soils, 2) identify the morphotypes and soil 

phytolith assemblage characteristics, and 3) quantify soil phytolith and PhytOC storage under 

tussock grassland and pine forest.  

 

3.2. Material and methods 

3.2.1. Study area 

The study area was located in the Waipori River headwaters, Lammerlaw Range, Otago, 

South Island, New Zealand (45° 50’ S, 169° 45’ E). The elevation of the area ranges from 460 

m to 670 m a.s.l. with a north-facing rolling-to-steep topography. The mean annual temperature 

is 7.6 °C, and the mean annual rainfall is 1350 mm/year (Stewart, 2015). The soil has developed 

on loess which overlies in situ schist bedrock (Davis, 1994). Soils are classified as 
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Dystrochrepts (USDA Soil Taxonomy; Soil Survey Staff, 1999) or Firm Brown Soils (New 

Zealand Soil Classification; Hewitt, 2010). 

The dominant vegetation cover in the region is tussock grass. In 1982, one catchment 

(310 ha) was contour-ripped to a depth of 60 cm at approximately 3.5 m intervals and Monterey 

Pine (Pinus radiata) was planted with 1250 stems/ha (Fahey and Jackson, 1997; Stewart and 

Fahey, 2010) to investigate the effect of tussock grassland conversion on the catchment 

hydrology. An adjacent catchment (218 ha) was left under snow tussock dominated by 

Chionocloa rigida (Figure 3.1). The grassland is lightly grazed (one sheep/ha; Davis 1994). 

Shrub encroachment into the tussock grassland has been observed over the past decades 

(Rogers and Leathwick, 1994). The emergent or co-dominant shrubs are Leptospermum 

scoparium, Coprosma spp. and Ozothamnus spp.  

 

  
 
Figure 3.1. Paired catchment located in the Waipori River headwaters in the Lammerlaw 
Range, Otago, South Island, New Zealand. The grassland area was dominated by tussock grass 
with shrub encroachment, while the forest area was planted with pine trees. Sampling plots 
(tussock grassland n = 18, pine forest n = 21) were located within the two areas, respectively.  
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3.2.2. Soil sampling 

The study site was an existing trial, set up as long-term vegetation monitoring program 

by Manaaki Whenua – Landcare Research, with a total of 39 plots (20 × 20 m) of which 18 

were under tussock and 21 under pine forest. Each plot was subdivided into 4 subplots (10 × 

10 m), and soil cores were collected randomly from each of these subplots using a soil auger 

(1 m long, 25 mm in diameter), resulting in 4 samples for each plot. For the phytolith study, 

soil samples from 0-10 cm were used assuming that the upper soil layer reflects the phytolith 

composition of the current vegetation. No significant differences in soil total carbon, nitrogen, 

and bulk density were found between the subplots. Thus, a subsample (10 g) from each of the 

subplots were pooled into one sample.   

 

3.2.3. Phytolith extraction and purification 

Purified soil phytoliths were obtained by applying microwave digestion (Parr, 2002) 

followed by heavy liquid separation (Horrocks, 2005) procedure (see Supplementary material, 

section 3.6). Oven dried (50 °C) soil samples were extracted using the pressurized microwave 

digestion approach described by Parr (2002). For this 3.3 g dry soil from each plot (n = 39) was 

crushed, placed into digestion vessels and 3 ml HNO3 and HCl were added. Samples were 

digested for 31 minutes as follows: heating up to 120 °C at 80% power (8 min), digestion at 

120 °C (8 min) and cooling (15 min) using a microwave digester (Speedwave, Berghof 

Products + Instruments GmbH, Eningen, Germany). After digestion, the samples were 

decanted through a 250-μm mesh mounted into an aspirator containing a 0.5-μm filter. The 

material remaining in the vessel was rinsed with distilled water and collected into a 50 ml 

centrifuge tube, centrifuged at 3500 rpm for 3 min followed by decanting the supernatant 

(Figure 3.2, microwave digestion).  

In order to obtain purified phytoliths, residual organic matter surrounding the phytoliths 

was  removed by adding 30 ml Schulz solution (3 parts concentrated nitric acid, HNO3, 1 part 

saturated potassium chlorate, KClO3) and 30 ml concentrated nitric acid into each tube 

(Pearsall, 2015) (Figure 3.2, pytholith purification). The mixture was stirred and placed into a 

hot water bath (97 °C) for 20 mins until the reaction was completed (liquid is yellow). Warm 

distilled water was used to rinse the samples which were centrifuged at 3500 rpm for 3 min to 

concentrate the extract at the bottom. The supernatant was decanted. The rinsing procedure was 

repeated until the supernatant liquid was clear.  
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This was followed by a separation of phytoliths from the (clay) matrix (Horrocks, 2005) 

by adding LST heavy liquid (specific density of 2.3 g/cm3) into the tube. After thoroughly 

mixing the LST heavy liquid with the pellet the solution was centrifuged at 3500 rpm for 6 

min. A pipette was used to transfer the top layer which contained the phytoliths into another 

tube. The floating process was repeated twice. Afterwards distilled water was added into the 

tube which contained the phytoliths to dilute the residual LST. The tube was shaken vigorously 

and centrifuged at 3500 rpm for 3 min to allow the phytolith to settle. The rinsing and 

centrifuging process was repeated twice to wash off any residual LST. The pellet was collected, 

dried at 65 °C for 24 h before weighing.  

 

 

 
Figure 3.2. Phytolith extraction using microwave digestion (Parr, 2002) followed by the 
purification procedure to remove organic matter (Pearsall, 2015) and clay (Horrocks, 2005).  

 

3.2.4. Phytolith identification and morphotype analysis 

Extracted phytolith samples were mounted onto glass slides. A light microscope with 

400× magnification was used for phytolith identification and classification (Eclipse LV100 

Polarizing, Nikon Corporation, Tokyo, Japan). Photos were taken with a digital camera (DS-

Ri1, Nikon Corporation, Tokyo, Japan) and processed with imaging software NIS-Elements F 

(Ver4.60.00 for 64 bit edition, Nikon Corporation, Tokyo, Japan). For each land cover type, 

six phytolith samples with a similar number of phytoliths were selected. In total, 200 individual 
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phytoliths were counted, identified and classified into common shapes/morphotypes using the 

classification systems developed by Kondo et al. (1994), Carter (2002) and Marx et al. (2004).  

3.2.5. Phytolith occluded carbon (PhyOC) analysis 

Phytolith occluded carbon and nitrogen concentration was determined by combusting 

20 mg of extracted phytoliths using an elemental analyzer (Vario EL cube, Elementar 

Analysensysteme GmbH, Langenselbold, Germany). A standard containing 2.42 ± 0.05% 

carbon and 0.199 ± 0.013% nitrogen was used for calibration (Soil lot 1018, LECO 

Corporation, St. Joseph, Michigan, USA), 10% of samples were replicated.   

 

3.2.6. Data and statistical analysis 

The relative abundance was calculated as the total number of each shape/morphotype 

divided by the total number of phytoliths identified from each sample.  

Soil phytolith and soil PhytOC concentration and soil PhytOC storage were calculated 

as follows (Huang et al., 2014): 

 

Soil phytolith concentration (%) = phytolith weight (g)/soil weight (g) × 100               3.1 

 

Soil PhytOC concentration (g/kg) =  

(PhytOC concentration (%) × phytolith weight (g))/soil weight (kg)                                 3.2 

 

 

Soil PhytOC storage (kg C/m2) =  

PhytOC concentration (g/kg) × bulk density (g/cm3) × soil depth (m)                                   3.3 

 

The Wilcoxon test was applied to test for differences in phytolith characteristics 

between tussock grassland and pine forests. Correlations between variables were tested using 

non-parametric rank-based Spearman’s ρ analysis. Statistical significance was considered at 
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level α = 0.05. All statistical analyses were done using JMP (JMP® 12.1.0, SAS Institute Inc., 

Cary, NC, US).      

 

3.3. Results 

3.3.1. Soil phytolith extraction  

Using pressurised microwave digestion yielded phytoliths which could be clearly seen 

through light microscopy (Figure 3.3a). However, other inclusions such as carbonised 

phytoliths, pieces of volcanic glass, clay particles as well as some non-diagnostic phytoliths 

were still abundant in the microwave-digested samples (Figure 3.3a). This makes the 

identification of phytoliths morphotypes very difficult and can lead to an overestimation of the 

amount of phytoliths in the soil. Thus, microwave digestion was followed by several 

purification steps (Figure 3.2).  

The sedimentation procedure (i.e., centrifugation) largely removed the remaining clay 

particles. The floatation step (LST with a specific density of 2.3 g/cm3) separated phytoliths 

from volcanic glass resulting in a purified phytolith extract as can be seen by a clear background 

in the  light microscopy images (Figure 3.3b). 

 

3.3.2. Phytolith morphotypes  

A range of short- and long-cell phytolith morphotypes with distinct characteristics were 

observed in the purified phytolith extracts (Figure 3.4a-p). The main phytolith morphotypes 

present fell into 9 categories (Table 3.1) using the classification scheme established by Kondo 

et al. (1994). This classification guide and the one developed by Carter (2000) and Marx et al. 

(2004) are commonly used to identify phytolith morphotypes in New Zealand.  

 



 

46 
 

 

 

 

Figure 3.3. Phytolith extracts after (a) microwave digestion only and (b) microwave digestion 
followed by clay removal and heavy liquid separation. 
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Table 3.1. Phytolith morphotypes and the potential plant source according to Kondo et al. 
(1994), Carter (2000), and Marx et al. (2004). 
 

Category Shape characteristic 
 

Possible plant origin  

Chionochloid 
 

spool shape Chionochloa 

Festucoid 
 

Elongate boat-shaped with saw-tooth edges Poa and Festuca 

Panicoid dumbbell shaped Panicoideae, Chinochloa, 
Cortaderia and Rytidosperma 

Chloridoid 
 

Battle-axe saddle-shaped snow and red tussocks 

Elongate 
 

Rectangular and stick shaped grass 

Bulliform 
 

Fan-shaped, short cells, rectangular tussock grass and Rytidosperma 

Point-shape 
 

Tin point at one end Pooideae and Sasa 

Spherical nodular 
 

Spherical shapes Trees, shrubs 

Polyhedral platey 
 

Platey shape with four to eight sides Trees, e.g., Nothofagus spp. 
 

 

 

Across all samples, the bulliform morphotype (Figure 3.4 d, e, l) was the most abundant 

category accounting for around 56% (median) of phytoliths followed by the spherical nodular 

category (Figure 3.4 o, m; median 9.5%), chinochloid (Figure 3.4a; median 8.9%), chloridoid 

(Figure 3.4p; median 7.7%), polyhedral platey (Figure 3.4i, j; median 6.4%) and elongate shape 

(Figure 3.4c, g, h; median 6.3%). Other morphotypes (festucoid, panicoid and point-shape) 

accounted for less than 5% (median between 1.1% and 2.4%).  

Phytoliths derived from grass (e.g., bulliform, chinochloid, chloridoid, enlongate, 

festucoid, panicoid and point shape; Kondo et al. 1994), constituted more than 80% of the total 

phytoliths in all samples. Phytolith morphotypes derived from woody plants (Kondo et al., 

1994), such as spherical nodular and polyhedral platey shapes, contributed less than 20% of 

total phytoliths. 

Comparing the relative abundance of morphotypes between tussock grassland and pine 

forest revealed no significant differences (Figure 3.5). The bullilform category showed a wide 

range of relative abundance, and despite that this form is derived from grass, the smallest value 
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of 25.8% was found under tussock and the highest proportion (66.5%) was found in a sample 

taken under pine forest (Figure 3.5). 

 

 

 
Figure 3.4. Phytolith morphotypes isolated from soil samples under tussock grassland and pine 
forest. Scale bar is 10 µm. Morphotypes in the figure showed (a) chinochloid; (b) festucoid; (c, 
g, h) elongate shape; (d, e, l) bulliform type; (f, k) point shape; (i, j) polyhedral platey; (m, o) 
spherical nodular; (p) chloridoid. Figure 3.4 d, l, m, n and p show the internal cavities (opaque 
areas) where carbon may be occluded.  
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Figure 3.5. Relative abundance (%) of different morphotype categories under tussock 
grassland and pine forest. Boxplots show the minimum, 25% quartile, median, 75% quartile 
and maximum.  

 

3.3.3. Soil phytoliths and phytolith occluded carbon (PhytOC) 

Soil phytolith concentrations ranged from 1.3% to 2.8% in tussock grassland and from 

1.0% to 3.0% in pine forest soil (Table 3.2). Given the variability between samples, soil 

phytolith concentration did not differ significantly between the two land cover types (Table 

3.2).  

The opaque areas of the phytoliths (Figure 3.4 d, l, m, n and p) suggest the presence of 

occluded carbon. PhytOC concentration also varied considerably between samples, ranging 

between 3.7% and 19.0% in soil collected under tussock grassland (median 10.39%) and 

between 5.2% and 21.4% under pine forest (median 11.08%). No differences in PhytOC 

between the two land cover types were found (Table 3.2). Phytolith occluded nitrogen 
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concentrations were < 0.3% under both land cover types (Table 3.2). Phytoliths were 

characterized by high C:N ratios (Table 3.2).  

Soil PhytOC concentration ranged from 0.72 to 3.87 g/kg with medians of 2.2 g/kg 

(pine forest) and 1.96 g/kg (tussock grassland) (Table 3.2). No significant differences were 

found in soil PhytOC storage between tussock grassland (median 0.15 kg C/m2) and pine forest 

(median 0.14 kg C/m2, Table 3.2). Soil PhytOC storage was positively correlated with bulk soil 

carbon storage (tussock spearman ρ = 0.72, p = 0.0006, pine forest spearman ρ = 0.67, p = 

0.0009; Figure 3.6a, b). Soil PhytOC storage accounted for 1.4 to 5.9% of total soil carbon 

storage (Table 3.2).  

 

 

 

Figure 3.6. The correlation between soil PhytOC storage and bulk soil C storage in (a) tussock 
and (b) pine soils.    
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Table 3.2. Soil phytolith, phytolith occluded carbon (PhytOC) and nitrogen concentration 
(PhytON), and soil PhytOC storage in tussock grassland and pine forest soils. Different letters 
represent significant difference between the two land cover types (Wilcoxon test, p < 0.05).  

 
    Tussock grassland Pine  forest  
Soil phytolith concentration (%) Median 1.97 a 1.81 a 

 Interquartile range 0.72 0.53 
PhytOC concentration (%) Median 10.39 a 11.08 a 

 Interquartile range 6.6 7.16 
PhytON concentration (%) Median 0.22 a 0.27 b 

 Interquartile range 0.05 0.11 
Phytolith C:N ratio  Median 44.65 a 43.48 a 

 Interquartile range 17.85 11.23 
Soil PhytOC concentration (g/kg) Median 1.96 a 2.20 a 

 Interquartile range 1.52 1.33 
Soil bulk density (g/cm3) Median 0.72 a 0.76 a 
 Interquartile range 0.19 0.21 
Soil PhytOC storage (kg C/m2) Median 0.15 a 0.14 a 

 Interquartile range 0.12 0.11 
Proportion of soil PhytOC  Median 3.26 a 3.74 a 

of total soil carbon (%) Interquartile range 1.56 1.46 

 

 

3.4. Discussion 

3.4.1. Soil phytolith extraction and purification 

A high amount of non-phytolith material (e.g., fine soil particles, organic matter, and 

volcanic glass) was found in all soil phytolith extracts after microwave digestion (Figure 3.3a). 

Silt and clay content in the tussock grassland and pine forest soils ranged between 11% and 

25% (silty loam) with carbon concentrations associated with silt and clay fraction between 3 

and 6%. The presence of fine soil particles (silt and clay) and organic residue can affect the 

estimation of soil phytoliths and PhytOC concentration (Zhao and Pearsall, 1998). An 

overestimation of soil phytoliths by 20% has been associated with the presence of inorganic 

silica (volcanic glass) and clay particles in microwave extracts (Lentfer and Boyd, 1999; Parr, 

2002; Zhao and Pearsall, 1998). Purification of microwave extracts has been shown to improve 

the determination of plant-derived phytolith and PhytOC (Pearsall, 2015). For example, 

sedimentation and flotation steps (Prebble et al., 2002; Thorn, 2006) have been used to separate 

phytoliths from other mineral silicates. Schulz solution (Pearsall, 2015) was  applied to remove 
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additional organic material around the phytoliths, and heavy liquid flotation (Yang et al., 2018; 

Zuo et al., 2014) was used to isolate purified phytoliths. These steps yielded a purified extract 

improving the identification of phytolith categories (Figure 3.3b) and most likely the 

quantification of soil phytolith soil PhytOC.   

 

3.4.2. Soil phytolith assemblage  

Soil phytolith assemblage under tussock grassland showed a strong dominance of grass-

derived morphotypes (Figure 3.4, Figure 3.5). These morphotypes (chionochloid, chloridoid, 

panicoid, festucoid, enlongate, bulliform and point type) are characteristic of  the tussock 

species Chionochloa and Festuca (Marx et al., 2004). This suggests that soil phytolith 

assemblages mirrored the composition of the current tussock dominated plant community. Soil 

and sediment phytolith morphotypes and assemblages have been applied in paleoecology to 

reconstruct vegetation communities (Thorn, 2006).  

A considerable proportion (around 20%) of the identified phytolith morphotypes (i.e. 

spherical nodular and polyhedral platey, Figure 3.5) under tussock grassland are derived from 

tree and shrub species (Carter, 2000, 2002; Kondo et al., 1994; Prebble et al., 2002). The 

presence of shrub and tree derived morphotypes in the tussock grassland may be explained by 

(1) a change in the present vegetation cover through the encroachment of native shrubs into the 

tussock grassland (Walker et al., 2009), (2) input of pine litter and pollen from the adjacent 

pine forest and/or (3) vegetation history. Most low- to mid-altitude tussock grasslands across 

New Zealand are ‘secondary’ grasslands and were covered by woody vegetation before human 

arrival (McGlone, 2001; McWethy et al., 2010). Frequent and widespread burning of woody 

vegetation following Polynesian arrival (13th Century) resulted in a gradual vegetation change 

from forests to tussock dominated grasslands (Bowman and Haberle, 2010; Mark et al., 2013; 

Perry et al., 2014). For example, the polyhedral platey shape is characteristic of Nothofagus 

(Carter, 2000). Nothofagus is absent in the current vegetation but pollen records from similar 

nearby locations show that Nothofagus was present at mid-altitude locations before human 

arrival (McGlone, 2001). 

Pine forest phytolith assemblage was dominated by grass-derived bulliform 

morphotypes (> 80%) similar to the soil phytolith assemblage under tussock grassland (Figure 

3.4, Figure 3.5). The abundance of grass morphotypes in pine forest soils may be the result of 
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(1) presence of grass dominated vegetation patches within the pine forest, especially close to 

the boundary to the tussock area, (2) input of grass derived residue from the adjacent tussock 

grassland, and (3) the legacy of the previous tussock vegetation cover which dominated the 

catchment before pine afforestation in 1992. Further, low phytolith production rates in pine 

tissue (Yang et al., 2018) compared to Poaceae (Marx et al., 2004; Prebble et al., 2002) and 

slow pine litter decomposition rates (Osono et al., 2014) may contribute to the lack of a strong 

present pine phytolith signal in the soil. 

Phytolith assemblage in tussock and pine forest reflected the long-term accumulation 

of grass derived morphotypes and did not mirror the recent change in land use (i.e., conversion 

of tussock grassland into pine forest). Tussock grasslands covered the area for centuries 

(McGlone, 2001). Further, high phytolith production rates in grass species (Evett et al., 2006; 

Kerns et al., 2001; Kerns et al., 2008) and retention of grass derived phytoliths in soils with 

extensive prehistoric grass cover (Evett et al., 2006) may have masked the recent input of pine 

derived phytoliths. 

Phytoliths in modern soil did not always correspond to the vegetation overlying the 

soils, probably because of the environmental dynamic such as transport of phytoliths that are 

not strongly aggregated to soils by wind or percolation along the sedimentary sequence (Coe 

et al., 2017). Other studies have also found differences between current vegetation cover and 

soil phytolith assemblage (Coe et al., 2013; Esteban et al., 2017; Kerns et al., 2008; Novello et 

al., 2018). For example, Esteban et al. (2017) found abundant grass short cells in present soils 

despite that grass species representing only a minor component of the vegetation. This was 

explained by the high phytolith production rates and shorter life cycles of grass species 

compared to trees and shrubs therefore contributing to a higher phytolith input in soils (Esteban 

et al., 2017). 

 

3.4.3. Soil phytoliths and phytolith occluded carbon (PhytOC) 

Soil phytolith concentration in tussock grassland (median 1.97%) was within the range 

of other grassland studies (0.1 - 8%, Table 3.3). Soils containing a soil phytolith concentration 

above 0.3% have been identified as ecosystems with a long-term history of grass-dominated 

vegetation (Evett and Cuthrell, 2013). Pine forest soil phytolith concentration (1.81%) was 

higher than most other forests (Table 3.3). Given that soil phytolith under pine forest were 
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largely derived from tussock grass (Figure 3.4, Figure 3.5), it is not surprising that the soil 

phytolith concentration under 32-year old pine forest was higher than in other forests.  

Previous studies (Table 3.3) have shown that soil phytolith concentration under 

grassland is 5 -10 times higher than under forest soils (Alexandre et al., 2011; Evett et al., 

2006). Higher soil phytolith concentration under grasslands have been explained by higher 

plant phytolith formation rates (Alexandre et al., 2011; Parr and Sullivan, 2005). Herbaceous 

plants, such as Poaceae and Cyperaceae accumulate more phytoliths in their tissue (Parr and 

Sullivan, 2005) than gymnosperms (Hodson et al., 2005; Yang et al., 2015). For example, plant 

phytolith concentrations in Poaceae range between 3.4% (Festuca rubra) and 6.1% (Poa 

secunda) (Evett et al., 2006). Plant phytolith concentration in New Zealand tussock species 

Chionochloa spp and Festuca spp. varies between 2.8% and 4% (Carter, 2007; Marx et al., 

2004). Phytolith concentrations in Pinaceae (0.8% in Pinus resinosa and 1.4% in Larix 

decidua) (Klein and Geis, 1978; Yang et al., 2018) are considerably lower.  

The PhytOC concentrations measured in this study are among the highest PhytOC 

concentrations reported in the literature (0.1-10%, Table 3.3). The variation in PhytOC 

concentrations is partly driven by the capacity to enclose (occlude) C during the phytolith 

formation in the plant tissue (Parr et al., 2010; Parr and Sullivan, 2011). Grass species have 

been found to occlude a high amount of C through the silica biomineralization process (Parr et 

al., 2009). Tussock species were reported to play an effective role as silica hot-spots and 

biogenic Si sinks in wetlands (Opdekamp et al., 2012) and the investigated grassland has been 

covered by long-lived tussock grass species for centuries (McGlone, 2001). Thus, the intrinsic 

feature of tussock species and the accumulation of phytoliths over centuries is likely the cause 

for the high measured PhytOC concentrations. However, an incomplete removal of organic 

material surrounding phytoliths may also result in high PhytOC concentrations (Santos and 

Alexandre, 2017). Given that we combined microwave pressure acid digestion with a post 

extraction removal of organic residues (using Schulz solution) the risk of incomplete removal 

of organic matter (and thus an overestimation of  PhytOC concentrations) is most likely low. 

Soil PhytOC storage under tussock grassland was higher than values reported from 

other grassland studies (Table 3.3). For example, soil PhytOC storage under tussock grassland 

was almost an order of magnitude higher than soil PhytOC storage measured in China’s 

grassland ecosystem (Pan et al., 2017a; Pan et al., 2017b). This may be partly attributed to the



 

 
 

Table 3.3. Comparison of soil phytolith concentration, carbon occlude in phytolith, soil PhytOC concentration, PhytOC account for SOC, and soil 
PhytOC storage between this study and other published studies.  
 
Vegetation cover Soil phytolith 

concentration 
(%) 

PhytOC 
concentration 
(%) 

Soil PhytOC  
concentration 
(g/kg) 

Soil PhytOC 
storage 
 (kg C/m2) 

Proportion of soil 
PhytOC of total soil 
carbon  (%) 

Reference 

Grassland 1.97 10.39 1.96 0.15 3.26 This study 
Grassland 1-5     Evett et al., 2006 
Grass/herb/shrub  0.65 to 7.8     Thorn, 2004 
Grassland 0.15-0.26  0.008-0.045 0.007-0.016  Pan et al., 2017a 
Grassland  0.5     Alexandre et al., 2011 
Degraded meadow 0.26-0.44  0.025-0.043 0.023-0.039  Pan et al., 2017b 
Bamboo   1.7-5.2  4.4-100 Parr, 2010 
       
Pine forest 1.81 11.08 2.2 0.14 3.74 This study 
Forest 0.59     Alexandre et al., 1997 
Forest  0.75-2.5  0.06-0.76 0.118-0.391  Zhant et al., 2016 
Forest 0.28-0.9 0.59-1.6 0.03-0.09 0.029-0.067   Yang, 2018 
Forest   0.46-1.64 0.46-3.21 0.023-0.53 0.057-0.275  Zhang et al., 2017 
Steppe desert to forest 0.024-0.431 0.25-6.91 0.002-0.061 0.00076-0.023  Zuo et al., 2014 
Palm plantation 

  
0.3-6.03 

 
0.72-82 Parr and Sullivan, 2005 
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high PhytOC concentration determined in this study (Table 3.3). Further, high aboveground 

primary production of tussock grasslands in Otago (0.7-1 kg/m2/year) (Meurk, 1978) 

compared to 0.1-0.2 kg/m2/year in Chinese grasslands (Pan et al., 2017b) may also 

contribute to high soil PhytOC storage. Other factors influencing soil PhytOC storage may 

related to climate (Zhang et al., 2017), aboveground biomass (Ru et al., 2018; Zhang et al., 

2016) and grazing and harvesting (Pan et al., 2017a).  

Soil bulk carbon and soil PhytOC storage are closely related (Figure 3.6a, b) and 

despite the relatively small proportion of soil PhytOC to total soil carbon (around 3%), this 

particular carbon pool should not be ignored as soil phytholiths and soil PhytOC provide 

information on the vegetation history and the stability of carbon. Soil PhytOC storage has 

been suggested to be an important mechanism of biogeochemical C sequestration (Ru et 

al., 2018; Song et al., 2016; Street‐Perrott and Barker, 2008; Zuo et al., 2014). However, 

the significance of soil PhytOC storage in the soil carbon cycle has recently been 

challenged (Santos and Alexandre, 2017). Using rapid acid digestion, PhytOC 

concentration is estimated to be less than 0.1% (Santos et al., 2010).   

 

3.5. Conclusion 

Developing a refined extraction procedure for fine textured soils yielded a purified 

phytolith extract which enabled the identification of distinct morphotypes derived from 

herbaceous and woody vegetation. Phytolith assemblage proved to be a helpful indicator 

of current and past vegetation cover. Soil under pine forest showed a strong legacy of grass-

derived plant input. Soil PhytOC concentration and PhytOC storage under tussock 

grassland was high compared to other grassland studies, which may be related to the 

intrinsic feature of tussock species, the accumulation of phytoliths over centuries, and plant 

productivity. Although the contribution of soil PhytOC storage to total soil carbon is small 

(around 3%), this carbon pool provides valuable information on the coupled silicon and 

carbon cycle. Further, studies on soil phytolith and soil PhytOC require standardized 

extraction and purification procedures.  
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3.6. Supplementary material 

Soil phytoliths in this study were obtained by combining the pressured microwave 

digestion approach developed by Parr (2002) and the heavy liquid separation developed by 

Horrocks (2005). Each step of the extraction procedure is described below.  

1. Soil sample preparation:  

Soil samples were sieved to < 2 mm; roots and gravel were removed. Each soil sample 

was placed into a tin (10 cm diameter) and left in the oven at 50 °C for 24 hours.   

2. Acid digestion: 

3.3 g dry soil, 3 ml HNO3 and HCl were placed into a Teflon vessel and lids were 

tightened. The vessels were placed into a microwave digester (Speedwave, Berghof 

Products + Instruments GmbH, Eningen, Germany), and the acid fume tube was 

attached between the microwave and the evaporation unit. 

3. Pressurised microwave process: 

The digestion procedure included a heat-up phase to 120 °C at 80% power (8 min), 

digestion at 120 °C (8 min) and cooling (15 min). After 31 minutes, the procedure 

was finished and vessels were cooled.    

4. Removal large particles from digested samples:  

The digested samples were decanted through a 250-μm stainless mesh into an 

aspirator fitted with a 0.5-μm filter. The residue in the vessel was washed off using 

distilled water until no residue was observed.   

5. Removal residual acids: 

The material passed through the mesh (250-μm) was collected into a 50 ml centrifuge 

tube, distilled water was added to 50 ml, centrifuged at 3500 rpm for 3 min followed 

by decanting the supernatant.  

6. Removal clay particles:  

The centrifuge procedure was repeated three times, until the supernatant liquid is 

clear. The liquid was decanted and only pellets were left in the tube. 

7. Removal residual organic matter: 

30 ml Schulz solution (3 parts concentrated nitric acid, HNO3, 1 part saturated 

potassium chlorate, KClO3) and 30 ml concentrated nitric acid were added into the 

tubes containing the pellets. The tubes were placed into a hot water bath (97 °C) for 

20 mins until the reaction was complete (when the liquid is yellow, organic matter is 

removed). 
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8. Removal the residue of Schulz solution: 

The solution was carefully decanted and distilled water was added (50 ml), the mix 

was centrifuged at 3500 rpm for 3 min to concentrate the extract at the bottom. The 

rinsing procedure was repeated 2 times until the supernatant liquid is clear. 

9. Microscope check for purification: 

The liquid was decanted and only pellet was left in the tube. Distilled water was added 

into the pellets. The suspension was checked under microscope that clay particles and 

organic matter were removed.    

10. Heavy liquid separation: 

The supernatant liquid was decanted, 30 ml LST heavy liquid (specific density of 2.3 

g/cm3) was added into each tube, and the liquid was thoroughly mixed with the 

residue for 2 min using a vortex mixer followed by centrifuging at 3500 rpm for 6 

min.   

11. Collecting the phytoliths: 

The floating layer (grey color, phytoliths) was collected and transferred into a 

weighed tube. Step 8 was repeated 2 times to collect all phytoliths. The floating layer 

from each heavy liquid separation was transferred into the tube.  

12. Rinse off the residual LST: 

Distilled water was added to rinse off the residual LST. The tube was shaken 

vigorously and centrifuged at 3500 rpm for 3 min to allow the phytoliths to settle. 

13. Collecting the extract: 

The pellet was collected after centrifuging; the tubes were placed in the oven at 65 °C 

for 24 h and weighed. Phytolith weight was calculated by subtracting the weight of 

the empty tube.  

14. Phytolith identification: 

3 ml distilled water was added into each tube containing the extracted phytoliths. The 

solution was mixed thoroughly. Two drops of phytolith solution were pipetted on a 

glass slide, and the sample was covered by a slip. Phytolith morphology was observed 

using a light microscope with 400 × magnification (Eclipse LV100 Polarizing, Nikon 

Corporation, Tokyo, Japan). Photos were taken with a digital camera (DS-Ri1, Nikon 

Corporation, Tokyo, Japan) and processed with imaging software NIS-Elements F 

(Ver4.60.00 for 64 bit edition, Nikon Corporation, Tokyo, Japan).  
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Chapter 4. Long-chain n-alkane and n-fatty acid characteristics in plants 

and soil - potential to separate plant growth forms, primary and 

secondary grasslands? 

 

Abstract  

Plant-derived lipid molecular proxies can provide insight into present-day soil carbon 

input and to what extent organic carbon is degraded within soil. To explore whether soil 

characteristics of ‘primary’ (i.e., native grasslands above the historic treeline) and ‘secondary’ 

(i.e., human-modified grasslands below the historic treeline) grasslands reflect recent and/or 

past vegetation input we compared lipid characteristics in modern vegetation and soil from 30 

locations around the historic treeline (1150 m) in Central Otago, New Zealand. At each 

location, the dominant plant species and the mineral topsoil (0-10 cm) were analyzed for a 

range of n-alkane and n-fatty acid proxies. Grass/herbs and trees differed in their total n-alkane 

concentration (88.9 vs 232.6 µg/g plant dry weight), even-over-odd predominance (EOP, 10.2 

vs 18.3) and n-C20/n-C24 ratio (2.2 vs 6.4). Soil samples under all plant growth forms had 

considerably lower n-alkane and n-fatty concentrations than the corresponding plant samples. 

Soil under grass/herbs had lower (4.1) odd-over-even predominance (OEP) values compared 

to soil under trees (10.1) indicating that lipid degradation under grass/herbs cover was higher. 

Principle component analysis demonstrated that soil lipid characteristics reflected the current 

vegetation cover. Principal component analysis also revealed a separation between ‘primary’ 

and ‘secondary’ grasslands. However, further evaluations are required to confirm the validity 

of lipid proxies in reconstructing the vegetation history of secondary grasslands. 

 

 

Li, X., Anderson, B.J., Vogeler, I. and Schwendenmann, L., 2018. Long-chain n-alkane and 

n-fatty acid characteristics in plants and soil - potential to separate plant growth forms, 

primary and secondary grasslands? Science of the Total Environment, 645, 1567-1578. The 

final publication is available at https://doi.org/10.1016/j.scitotenv.2018.07.105. 
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4.1. Introduction  

Soils are the largest terrestrial reservoir of organic carbon in the global carbon cycle 

(Scharlemann et al., 2014). Thus, even small changes in the soil organic carbon pool could 

have a strong effect on the global carbon budget (Schimel et al., 2015). Soil organic matter is 

considered “a continuum of progressively decomposing organic compounds” (Lehmann and 

Kleber, 2015, p. 60). One class of organic compounds in soil are solvent-extractable lipids 

(Jansen and Wiesenberg, 2017). Solvent-extractable lipids are a heterogeneous group of 

compounds and include n-alkanes, n-fatty acids (= n-alkanoic acids) and n-alcohols (Eglinton 

et al., 1996). Long-chain n-alkanes (> n-C25) and n-fatty acids (> n-C20) are compounds found 

mainly in leaf waxes from terrestrial higher plants (Eglinton et al., 1962; Eglinton and 

Hamilton, 1967; Rielley et al., 1991). Leaf litter is considered to be the dominant source of 

solvent-extractable lipids in topsoil (Angst et al., 2016; Gamarra and Kahmen, 2015; Jansen 

and Wiesenberg, 2017).  

Solvent extractable lipids constitute only a small fraction (< 10%) of total soil organic 

carbon (Dinel et al., 1990; Naafs et al., 2004a) but they can be indicative of the source 

vegetation due to their characteristic molecular properties (Jansen and Wiesenberg, 2017). For 

example, shrub and tree species often show a dominance of the n-alkanes n-C27 and n-C29, 

whereas n-C31 and n-C33 tend to be more abundant in grass and herb species (Jansen et al., 

2006; Maffei, 1996; Schäfer et al., 2016). However, plant physiological and biochemical 

processes (Bush and McInerney, 2013; Gamarra and Kahmen, 2015; Maffei et al., 2004) and/or 

environmental factors (Bush and McInerney, 2015; Diefendorf et al., 2011; Hoffmann et al., 

2013; Kreyling et al., 2012; Sachse et al., 2006) contribute to the variability in the molecular 

composition of leaf waxes. This may partly explain the lack of discrimination in n-alkane 

distribution (i.e., average carbon chain length) in modern vegetation at the global scale (Bush 

and McInerney, 2013). Thus, using long chain n-alkanes as vegetation indicators should be 

done cautiously (Bush and McInerney, 2013; Diefendorf et al., 2011; Diefendorf et al., 2015). 

In addition, organic matter degradation (Buggle et al., 2010; Tu et al., 2011; Zech et al., 

2011) can influence the characteristics of lipids in the soil and may mask the leaf wax 

characteristics of the plant sources (Bull et al., 2000; Gleixner, 2013; Miltner et al., 2012). This 

needs to be taken into account when employing lipid molecular proxies to trace vegetation 

sources (Bush and McInerney, 2013; Jansen and Wiesenberg, 2017; Schäfer et al., 2016). 

Factors influencing lipid degradation in soil are litter quality and quantity (Lockheart et al., 

1997; Mambelli et al., 2011; Schefuß et al., 2003), soil microbial composition and activity 
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(Schulz et al., 2012), physical and chemical soil properties (Otto and Simpson, 2005; Sachse 

et al., 2006), climatic conditions (Bush and McInerney, 2015) and fire (Eckmeier and 

Wiesenberg, 2009; Kuhn et al., 2010).  

Most studies conducted to understand present-day soil carbon input and to investigate 

how and to what extent organic carbon is preserved and/or degraded within soil using solvent-

extractable lipids are based on n-alkanes (Jansen and Wiesenberg, 2017). However, the use of 

only one lipid molecular proxy may not always lead to a reliable conclusion about the dominant 

vegetation type and/or degradation pattern. As different biomarkers have distinctive structures, 

they are likely to exhibit varying degrees of susceptibility to degradation, which ultimately 

affects their preservation in sediments and soils (Jansen and Wiesenberg, 2017; Schäfer et al., 

2016). Although each individual proxy can provide certain insights, combining several proxies 

may offer more solid conclusions. A number of studies have been using n-alkane and n-fatty 

acid proxies in plants, soils and sediments for particular questions (Angst et al., 2016; Dinel et 

al., 1990; Schäfer et al., 2016), but a more systematic investigation of the use of additional 

molecular proxies is needed.  

A series of n-alkane and n-fatty proxies (= indices) have been developed to assess 

organic matter sources and degradation. Total lipid concentration is used as a coarse indicator 

of organic matter input and susceptibility to degradation (Carr et al., 2014; Howard et al., 2018; 

Otto and Simpson, 2005). Average chain length (ACL) of n-alkanes (ACLAlk) is the 

concentration-weighted mean of different carbon chain lengths (Poynter et al., 1989). The ACL 

has been used as an indicator of organic matter sources with leaf lipids derived from grass 

having higher ACLs than woody plants (Cranwell, 1973). Further, soil lipid ACL serves as a 

proxy to detect changes in vegetation cover (Duan and He, 2011; Hughen et al., 2004; Zech et 

al., 2012). Plant ACL has been suggested to be an indicator of climatic conditions with plant 

ACL increasing with increasing temperature (Bush and McInerney, 2015). The odd-over-even 

predominance (OEP) for n-alkanes and even-over-odd predominance (EOP) for n-fatty acids, 

which is the relative abundance of carbon chain length has been used as a proxy for the degree 

of lipid degradation (Eglinton and Hamilton, 1967; Zech et al., 2009; Zech et al., 2012). The 

ratios of certain chain length (e.g., n-C31/n-C27) have been used to identify plant sources (Jansen 

et al., 2006; Zech, 2006).  

Before human arrival, native grasslands (‘primary’) in New Zealand were mainly 

restricted to the alpine zone (Heenan and McGlone, 2013). However, frequent and widespread 

burning following Polynesian arrival (13th Century) resulted in changes in vegetation cover in 
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particular in areas below the treeline (Bowman and Haberle, 2010; Mark et al., 2013; Perry et 

al., 2014). The fire-sensitive woody vegetation below the treeline gradually disappeared and 

the landscape changed to ‘secondary’ grasslands (McGlone et al., 2014). Further modifications 

of ‘secondary’ grasslands (e.g., introduction of non-native species and land use intensification) 

occurred after the arrival of Europeans in the 19th Century (Rogers et al., 2007).  

In this study, we determined the n-alkane and n-fatty acid characteristics in plant 

species representative of the dominant current (= modern) vegetation cover, examined whether 

certain lipid characteristics are representative of major plant growth forms (grass/herb, shrub 

and tree), and tested whether soil lipid characteristics reflect the signal of the dominating plant 

growth form. Further, we explored whether solvent lipid proxies in plants and soils can be used 

to distinguish between ‘primary’ and ‘secondary’ grasslands. To address these objectives we 

collected plant material from 18 locations and top soil (0-10 cm) from 30 locations around the 

historic treeline in Central Otago, New Zealand.  

 

4.2. Material and methods 

4.2.1. Study area  

This study was conducted in West Otago, South Island, New Zealand (Figure. 4.1). The 

region is characterized by hot summers and cold dry winters (Macara, 2015). Total annual 

precipitation ranges between 600 and 900 mm (1981-2010) and the median annual average 

temperature is between 9 and 11 °C (1981-2010) depending on elevation (Macara, 2015). Soil 

developed on an uplifted schist basement (Bliss and Mark, 1974) and is classified as Typic 

Haplorthods (USDA Soil Taxonomy, Soil Survey Staff, 1999). Model-derived turnover time 

of ‘decomposable’ (including the ‘slow’ carbon pool, labile microbial biomass and partly 

decomposed plant material) in the litter and mineral soil (to 23 cm depth) under native tussock 

grasslands and old-growth forests in the study region ranges between 10 and 40 years (Tate et 

al., 1995). Total soil carbon turnover at these sites ranges from 100 to 400 years (Tate et al., 

1995). 

Three sampling areas (Mt. Cardrona, Rees Valley, Queenstown) representing the 

current vegetation types in the area were selected. Although detailed vegetation histories for 

these sites are lacking, charcoal and pollen records from sites near Mt. Cardrona suggest that 

vegetation burning was significant in the region following human settlement (Walker et al., 
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2003). Before human arrival 700-800 years ago, ‘primary’ tussock-dominated grasslands were 

confined to the alpine zone above the treeline and dry terraces in intermountain areas 

(McGlone, 2001; McWethy et al., 2010). Forests that covered most of the area below the 

treeline were lost due to frequent burning following Polynesian arrival and gradually changed 

to ‘secondary’ grasslands over time. The present distribution of native mixed beech and 

podocarp forests is confined to the wetter regions of Western Otago around the Rees Valley 

and Queenstown (Walker et al., 2009; Wardle, 2001). 

 

 

 
Figure 4.1. Sampling sites in Central Otago, South Island, New Zealand. Grass, herb and shrub 
samples were collected at Mt. Cardrona. Tree samples were collected in the Rees Valley and 
Queenstown. 
 

4.2.2. Species selection and sampling 

Current vegetation cover on the north and south facing slopes of Mt. Cardrona between 

800 and 1300 m includes native and introduced grass and herb species and native shrubs 

(Brandt et al., 2017). This elevation range represents plant communities below and above the 
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historic treeline at 1150 m (Brandt et al., 2017). Plant samples at Mt. Cardrona were collected 

in January 2014 (Table 4.1). Plant samples included stem and leaves of a given species.  

Native beech and conifer species were collected in the mixed beech and podocarp 

forests in the Rees Valley and around Queenstown. Fully expanded leaves from each species 

were collected from at least three large trees and at different canopy positions. Sampling took 

place in August 2015.  

Soil samples were collected from the same locations as the plant samples. Soil cores 

were taken with an auger to 10 cm depth after removal of the loose litter. At Mt. Cardrona 

additional soil samples (n = 12) were taken along the north and south facing slopes between 

800 and 1300 m. Soil samples under trees were collected within 1.5 m radius around the stem 

after removal of the organic layer. Soil samples were dried at 60 °C and sieved (2 mm).  

 
Table 4.1. Plant species collected from Mt. Cardrona, Rees Valley and Queenstown. Secondary 
and primary grasslands are the areas below and above the historic treeline (1150 m) at Mt. 
Cardrona (Brandt et al., 2017) *Introduced Northern Hemisphere species. 
 

Grassland Coordinates Elevation 
 (m) 

Growth 
 from 

Plant species Family 

Secondary 1240440E  5037180N 400 Tree Fuscospora fusca Nothofagaceae 
Secondary 1240700E  5039630N 400 Tree Lophozonia menziesii Nothofagaceae 
Secondary 1240440E  5037180N 400 Tree Phyllocladus alpinus Phyllocladaceae 
Secondary 1240650E  5039590N 400 Tree Podocarpus laetus Podocarpaceae 
Secondary 1258597E  5005388N 500 Tree Halocarpus bidwillii Podocarpaceae 
Secondary 1240130E  5040800N 700 Tree Fuscospora cliffortioides Nothofagaceae 
Secondary 1283686E  5027344N 800 Grass Poa cita Poaceae 
Secondary 1283629E  5027266N 900 Grass Agrostis capillaris* Poaceae 
Secondary 1283676E  5027393N 900 Shrub Melicytus alpinus Violaceae 
Secondary 1283223E  5027332N 1000 Grass Anthoxanthum odoratum* Poaceae 
Secondary 1283223E  5027334N 1000 Herb Pilosella officinarum* Asteraceae 
Secondary 1283163E  5027253N 1000 Shrub Coprosma petriei Rubiaceae 
Primary 1283648E  5027287N 1100 Grass Festuca novae-zelandiae Poaceae 
Primary 1282831E  5027200N 1100 Herb Hieracium lepidulum* Asteraceae 
Primary 1282848E  5027393N 1100 Herb Raoulia subsericea Asteraceae 
Primary 1282531E  5027355N 1200 Grass Chionochloa rigida Poaceae 
Primary 1282562E  5027202N 1200 Shrub Leucopogon fraseri Ericaceae 
Primary 1281081E  5026694N 1300 Shrub Dracophyllum pronum Ericaceae 
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4.2.3. n-Alkane and n-fatty acid extraction and gas chromatography-mass spectrometry 

(GC-MS) analysis 

Plant and soil samples (after removal of roots) were ground with mortar and pestle and 

dried (60 ºC) before extraction. Soil (1 g) and plant (0.4 g) samples were mixed with 5 ml 

dichloromethane/methanol (DCM/MeOH) (3:1 V/V) for n-alkane extraction. The solution was 

ultrasonicated three times for 15 min. The extracts were filtered through a glass column (1 cm 

× 10 cm) packed with 5 g silica gel and then eluted with 10 ml hexane. This was repeated with 

another elution of 10 ml hexane to obtain the saturated hydrocarbon fraction containing long-

chain n-alkanes. The eluent was passed through a 0.45 µm microporous membrane, and the 

extracts were concentrated under a stream of dry N2 to 1 ml.  

n-Fatty acids were extracted using 0.4 g dried soil and 0.2 g dried plant material, which 

was mixed with a saturated KOH-methanol solution in a 75 °C water bath for a saponification 

process. The extract was esterified with a 5 mol/l HCL-methanol solution for 10 min in a 65 

°C water bath. Hexane was added twice to conduct a liquid-liquid extraction followed by the 

collection of n-fatty acids. A fatty acid (n-C15) with a known concentration was added as an 

internal standard.   

Samples were analyzed using a gas chromatograph interfaced with a quadrupole mass 

spectrometer (DSQII, Thermo Scientific, USA). The GC was fitted with a DB-5MS column 

(60 m × 0.25 mm × 0.25 µm). The GC oven temperature was set up as follows: 60 °C (1 min) 

to 180 °C at 10 °C/min, increase at 4 °C/min to 280 °C and hold at 280 °C for 20 min, ramp up 

at 20 °C/min to 300 °C and hold at 300 °C for 1 min. A sample of 1 µl was injected in the 

splitless mode, with the injector temperature set at 280 °C. Helium (purity > 99.999%) was the 

carrier gas at a constant flow rate of 1.0 ml/min. The mass spectrometer was operated in the 

electron ionization mode at 70 eV and the subsequent MS detection in full scan mode (40 - 700 

Da) (Duan et al., 2016). Each run included blank samples. Mixed n-alkane (n-C8 to n-C40) and 

n-fatty acid methyl esters (n-C14 to n-C26) standards were used as external standards for 

calibration. 

The ChemStation software was used to conduct the quantitative evaluation of the data 

and to generate a library for all samples. The R package MassOmics (V 2.3, accessed on 29 

April 2016) was used to integrate all samples and peak information to generate a metadata 

sheet. Mass spectra and retention times with a reference ion (base peak) at m/z 57 were used to 

select n-alkanes (Jansen et al., 2006) and m/z 74 for n-fatty acids. All compounds were 
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confirmed by comparing the retention times and mass spectra with reference compounds and 

the National Institute of Standards and Technology (NIST) mass spectra library. The 

quantification was calculated by comparing the peak areas with the known quantities of 

external standards (n-alkanes, n-fatty acids) and internal standards (n-fatty acids). 

 

4.2.4. n-Alkane and n-fatty acid indices 

4.2.4.1. n-Alkane indices  

Total n-alkane concentration (µg/g dry weight (dw)) in plant and soil samples was 

calculated as the sum of individual n-alkane concentrations from n-C21 to n-C34, which is the 

range (n-C21 to n-C35) of n-alkanes typically defined as long-chain n-alkanes (Hoefs et al., 

2002). We did not detect n-C35 in our samples and the concentration of n-C34 was very low.  

Odd-over-even predominance (OEP) of n-alkanes is a measure of the relative 

abundance of odd-over-even carbon chain length using the concentration of a given n-alkane 

chain length (n-C27 to n-C33, Eq. (4.1)) (Zech et al., 2009).  

 

                4.1 

 

 Average chain length (ACLALK) which is the weighted average of the different carbon 

chain length (n-C27 to n-C31, Eq. (4.2)) was calculated using the concentration of a given n-

alkane chain length (Bush and McInerney, 2013). 

 

 4.2 

                                                                                                             

The ratio of n-C31/n-C27 was calculated by dividing the n-alkane concentration of n-

C31 by n-C27 (Bush and McInerney, 2013). 

n-C27+ n-C29+ n-C31+ n-C33

n-C26+ n-C28+ n-C30+ n-C32
OEP = 

27×n-C27+28×n-C28+29×n-C29+30×n-C30+31×n-31+32×n-C32+33×n-C33

n-C27+n-C28+n-C29+n-C30+n-C31+n-C32+n-C33
ACLALK = 
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4.2.4.2. n-Fatty acids indices  

Total n-fatty acids concentration (µg/g dry weight (dw)) was calculated as the sum of 

individual chain concentrations from n-C20 to n-C30, which are mainly produced by terrestrial 

plants (Dinel et al., 1990). 

Even-over-odd predominance (EOP) of the n-fatty acids was calculated with the chain 

length (n-C20 to n-C30, Eq. (4.3)) after Schäfer et al. (2016). 

 

                                             4.3 

 

The n-fatty acid average chain length (ACLFA) was calculated with the concentration 

of a given n-fatty acid chain length (n-C20 to n-C30, Eq. (4.4)) after Schäfer et al. (2016). 

 

       4.4 

 

n-C20/n-C24 was calculated by dividing the n-fatty acid concentration of n-C20 by n-

C24.                                     

 

4.2.5. Statistical analyses 

Student’s t test was used to test for significant differences (α = 0.05) in n-alkane and n-

fatty acid characteristics between plant growth forms and soil. The variability of n-alkane and 

n-fatty acid indices between plant growth forms and between primary and secondary grasslands 

was analysed by principal component analysis (PCA) using all plant samples (n = 18) and soil 

samples (n = 30). The first two principals with the loading of each variable were presented. 

Correlations between the variables and the position of the data points were shown in the biplot. 

Raw data was used to perform the PCA analysis. All statistical analyses were done using JMP 

(JMP® 12.1.0, SAS Institute Inc., Cary, NC, US). 

n-C20+ n-C22+ n-C24+ n-C26+ n-C28+ n-C30
n-C19+ n-C21+ n-C23+ n-C25+ n-C27+ n-C29

EOP = 

20×n-C20+22×n-C22+24×n-C24+26×n-C26+28×n-C28+30×n-C30
n-C20+n-C22+n-C24+n-C26+n-C28+n-C30

ACLFA= 
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4.3. Results  

4.3.1. Plant n-alkane and n-fatty acid characteristics  

Total long-chain n-alkane concentration (TotalConALK, n-C21 to n-C34,) ranged from 37 

to 390 µg/g dw (Supplementary Table S4.1). Despite a high variation in TotalConALK within 

each plant growth from, TotalConALK in trees (mean: 232.6 µg/g dw) was significantly higher 

than in shrubs and grass/herbs (Table 4.2). Despite a predominance of odd-numbered n-

alkanes, in particular n-alkanes > n-C25 across all samples (Figure. 4.2a), n-alkane chain 

distribution patterns varied considerably within and between plant growth forms (Figure. 4.2a, 

Table S4.1). For example, n-C31 and n-C29 were predominant in grass/herbs and a high 

proportion of n-C25 and n-C27 was characteristic of trees. Further, trees had the highest 

abundance of n-C33 across all plant growth forms (Figure. 4.2a).  

A signficantly higher n-C31/n-C27 ratio (mean: 5.85) was found in grass/herbs compared 

to trees (mean: 1.62). ACLALK and in particlar OEP varied considerably within plant growth 

forms which may have masked differences beween growth forms (Table 4.2).  

Total n-fatty acid concentration (TotalConFA, n-C20 to n-C30) ranged from 13.3 to 112.1 

µg/g dw (Table S4.2) with trees having a significantly lower TotalConFA value (mean: 39.87 

µg/g dw) than shrubs (mean: 77.48 µg/g dw) (Table 4.2). A predominance of even-numbered 

n-fatty acids > n-C20 was found across all plant growth forms (Figure. 4.2c). In grass/herbs and 

trees, n-C20 was the predominant n-fatty acid chain length whereas shrubs showed a 

predominance in n-C22 (Figure. 4.2c). Further, trees had a lower abundance in n-C24 and n-C26 

compared to grass/herbs and shrubs (Figure. 4.2c). 

Trees had significantly higher EOP values and n-C20/n-C24 ratios than grass/herbs and 

shrubs (Table 4.2). In contrast, tree ACLFA values were significantly lower compared to 

grass/herbs (Table 4.2).  
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Table 4.2. Plant and soil n-alkane (ALK) and n-fatty acid (FA) characteristics across plant 
growth forms. Values are means and standard deviations (Sd.) of total n-alkane (TotalConALK) 
and n-fatty acid concentration (TotalConFA), odd-over-even predominance (OEP), even-over-
odd predominance (EOP), average chain length (ACLALK and ACLFA), n-C31/n-C27 and n-
C20/n-C24 ratios. Different letters indicate significant differences between plant growth forms 
in plant (small letters) and soil samples (capital letters). 
 
 
 

Plant Soil 
Grass/Herb Shrub Tree Grass/Herb Shrub Tree 

TotalConALK Mean 88.92 b 92.17 b 232.61 a 11.63 B 16.12 B 31.83 A 
  Sd. 33.34 58.10 112.40 3.49 5.19 17.51 
OEP Mean 15.40 a 14.37 a 13.14 a 4.14 C 6.92 B 10.15 A 
  Sd. 6.56 10.83 5.66 1.35 1.96 3.50 
ACLALK Mean 29.95 a 29.72 a 29.69 a 29.43 A 29.54 A 28.86 B 
  Sd. 0.31 0.59 0.86 0.25 0.19 0.24 
n-C31/ n-C27 Mean 5.85 a 2.96 ab 1.62 b 1.63 A 1.92 A 0.71 B 
  Sd. 3.46 1.87 0.97 0.74 0.66 0.22 
        
TotalConFA Mean 65.76 ab 77.48 a 39.87 b 2.30 B 2.66 B 4.90 A 
  Sd. 24.15 21.09 24.54 0.69 1.10 1.83 
EOP Mean 10.23 b 8.32 b 18.28 a 6.70 A 5.76 A 6.31 A 
  Sd. 2.32 3.75 5.74 0.95 0.68 3.67 
ACLFA Mean 22.50 a 22.25 ab 21.56 b 20.98 B 21.07 B 21.69 A 
  Sd. 0.48 0.67 0.45 0.12 0.23 0.41 
n-C20/ n-C24 Mean 2.18 b 2.57 b 6.44 a 7.73 A 7.91 AB 5.22 B 
  Sd. 1.08 1.42 2.80 1.91 2.70 3.56 
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Figure 4.2. Relative abundance (%) of n-alkanes (n-C21 to n-C34) in (a) plant and (b) soil, and 
n-fatty acids (n-C20 to n-C30) in (c) plant and (d) soil across plant growth froms, bars show 
mean values and standard error of the mean for a given plant growth form (grass/herb: n = 8, 
shrub: n = 4, tree: n = 6). 
 

4.3.2. Soil n-alkane and n-fatty acid characteristics  

Soil TotalConALK ranged from 7.0 to 60.0 µg/g soil dry weight (Table S4.1) and was 

strongly correlated with total plant n-alkane concentrations (r2 = 0.67, p < 0.0001, n = 18). 

Similar to the corresponding plant samples, soil n-alkane concentrations were significantly 

higher under trees (mean: 31.8 µg/g dw) compared to grass/herbs (mean: 11.63 µg/g dw) (Table 

4.2). All soil samples showed a strong odd-over-even predominance, in particular in n-alkanes 

> n-C25 (Figure. 4.2b). Similar to plant samples, n-C31 and n-C29 were the dominant n-alkane 

chain length in grass/herb and shrub soil. However, the relative abundance was considerably 

lower (Figure. 4.2a, b). Further, the relative abundance of shorter even-numbered n-alkanes 

(between n-C22 to n-C26) was higher in soil than plant samples, in particular under grass/herbs 

and shrubs (Figure. 4.2a, b). Soil under trees was characterized by a higher abundance in n-C27 

and n-C25 but lower abundance in n-C31 and n-C33 compared to the corresponding plant samples 

(Figure. 4.2a, b).  

A significant lower soil ACLAKL was found under trees than grass/herbs and shrubs 

(Table 4.2). Further, soil n-C31/n-C27 ratios (mean: 0.71) under trees was significantly lower 
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compared to grass/herbs (mean: 1.63) and shrubs (mean: 1.92) (Table 4.2). In contrast, soil 

OEP values were highest under trees and smallest under grass/herbs (Table 4.2).  

Soil TotalConFA ranged between 1.1 and 8.0 µg/g soil dry weight (Table S4.2) and was 

highest in soil under trees (Table 4.2). Similar to plant material, an even-numbered n-fatty acid 

predominance was also found in soil samples (Figure. 4.2d). A reduction in soil long chain n-

fatty acid abundance (n-C24 to n-C30) and elevated odd-numbered n-fatty acids (n-C23 and n-

C25) compared to plant samples was evident in soil across all growth forms (Figure. 4.2c, d). 

Further, the most abundant n-fatty acid chain (n-C20) showed an increase in relative abundance 

in soil under grass/herbs and shrubs compared to plant material (Figure. 4.2c, d). 

Soil under trees had a significntly higher ACLFA value than soil under grass/herbs and 

shubs (Table 4.2). Further, n-C20/n-C24 ratios differed significantly between soil under 

grass/herbs and trees (Table 4.2). Soil EOP values were considerably lower than plant EOP 

values but no significant differences were found in soil EOPs between plant growth forms 

(Table 4.2).  

 

4.3.3. Lipid molecular characteristics in plant and soil of different plant growth forms  

For plant samples, the first two principal components (PCs) explained 63.5% of the 

total data variance (PC 1 = 40.6% and PC 2 = 22.9%; Figure. 4.3a). The data points are scattered 

across the plot indicating a considerable variability. PC 1 separated ACLFA, TotalConFA, 

ACLALK and n-C31/n-C27 (positive contribution) from EOP, OEP, TotalConALK and n-C20/n-

C24 (negative contribution). The first component (PC 1) was mainly driven by n-fatty acid 

characteristics (ACLFA and n-C20/n-C24) and the second principal component was mostly 

influenced by the n-alkane indices (ACLALK, n-C31/n-C27). Grass/herbs and shrubs showed a 

separation from trees along PC 1, where grass/herbs tended to cluster on the right side of the 

plot and trees on the left, with shrubs located closer to grass/herbs (Figure. 4.3a). Grass/herbs 

were mainly separated by high ACLFA and low n-C20/n-C24 ratios. In contrast, trees had higher 

n-C20/n-C24 and smaller ACLFA values (Table 4.2). Conifers clustered at the upper left of the 

PCA plot and were separated along PC 2 from beech trees (lower left) (Figure. 4.3a). 

Soil samples, in particular under grass, were more clustered compared to plant samples 

(Figure. 4.3a, b). The first two PCs explained 69.8% of the variation (PC 1 = 51.6% and PC 2 

= 18.2%; Figure. 4.3b). PC 1 was mainly driven by ACLFA and TotalConALK. Strong positive 
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correlations were found between soil ACLFA, TotalConALK, TotalConFA and OEP. These 

proxies were negatively correlated with ACLALK and n-C31/n-C27. PC 2 was mainly influenced 

by ACLALK, n-C31/n-C27 and EOP. Similar to plant material, soil under different plant growth 

forms showed a separation along PC 1. Grass/herbs soil tended to group on the left of the PCA 

plot. Soil under trees plotted on the right and was characterized by higher ACLFA values and 

lower n-C31/n-C27 ratios (Figure. 4.3b).   

 

               

       

Figure 4.3. Biplots of the principal component analysis (PCA) for (a) plants (n = 18) belonging 
to different growth forms, and (b) soils (n = 30) under different plant growth forms. The 
loadings (shown as correlation coefficients) on PC 1 (Prin1) and PC 2 (Prin2) are presented in 
the tables. 
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4.3.4.  Lipid molecular characteristics in plant and soil of primary and secondary 

grasslands 

Most plants associated with primary grasslands clustered towards the right side (except 

for one shrub species) of the PCA plot with higher ACLFA and ACLALK values but lower n-

C20/n-C24 ratios (Figure. 4.4a). Plants representing secondary grasslands were scattered across 

the PCA plot driven by higher n-C20/n-C24 ratios (Figure. 4.4a, Table 4.3).  

Soil under primary grasslands had higher n-C31/n-C27 ratios and ACLALK values but 

lower ACLFA, TotalConALK, TotalConFA, OEP and EOP values (Figure. 4.4b, Table 4.3). 

Overall soil under secondary grasslands showed a wide range of scatter (Table 4.3) and did 

show some overlap with soil under primary grasslands along PC 1 (Figure. 4.4b).  

 

 

 
Figure 4.4. Biplots of the principal component analysis (PCA) for (a) plants (n = 18) and (b) 
soils (n = 30) from primary and secondary grasslands. 
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Table 4.3. Plant and soil n-alkane (ALK) and n-fatty acid (FA) characteristics under primary 
and secondary grasslands. Values are means and standard deviations (Sd.) of total n-alkane 
(TotalConALK) and n-fatty acid concentration (TotalConFA), odd-over-even predominance 
(OEP), even-over-odd predominance (EOP), average chain length (ACLALK and ACLFA), n-
C31/n-C27 and n-C20/n-C24 ratios. 
 

Indices Plant Soil 
    Primary Secondary Primary Secondary 
TotalConALK Mean 88.59 162.01 12.81 19.07 
  Sd. 42.61 109.47 3.15 13.98 
OEP Mean 15.64 13.81 5.08 6.44 
 Sd. 9.08 6.07 1.26 3.84 
ACLALK Mean 30.04 29.70 29.62 29.15 
  Sd. 0.21 0.68 0.16 0.30 
n-C31/n-C27 Mean 5.26 3.06 2.19 1.05 
  Sd. 2.00 3.37 0.68 0.39 
      
TotalConFA Mean 72.67 53.27 2.38 3.23 
  Sd. 21.04 28.01 0.57 1.76 
EOP Mean 10.24 13.61 6.23 6.57 
  Sd. 2.59 6.59 0.54 2.24 
ACLFA Mean 22.34 22.03 20.94 21.27 
  Sd. 0.60 0.67 0.16 0.39 
n-C20/ n-C24 Mean 2.71 4.17 8.24 6.61 
  Sd. 1.36 3.08 2.20 2.67 

 

 

4.4. Discussion 

4.4.1. n-Alkane and n-fatty acid characteristics across plant growth forms  

In this study, plant total n-alkane concentrations (TotalConALK, n-C21 to n-C34) in 

tree/herb, shrub and tree species varied between 37 and 390 µg/g plant dw (Table 4.2, Table 

S4.1). These concentrations are at the lower end of TotalConALK values reported for herbaceous 

and woody plant species worldwide (1 - 50880 µg/g plant dw, Table 4.4a). Interestingly, 

TotalConALK in conifers (145.85 ± 48.66 µg/g plant dw, n = 3, Table S4.1) were within the 

range of values reported for Podocarpaceae (230 ± 60 µg/g dw, n = 7; Diefendorf et al., 2015) 

confirming that Southern Hemisphere conifers (here: Podocarpaceae and Phyllocladacae) 

synthesize high concentrations of n-alkanes. Plant n-fatty acid concentrations (TotalConFA, n-

C20 to n-C30) were lower than plant TotalConALK and ranged between 1.1 and 112.1 µg/g plant 

dw (Table 4.2, Table S4.2). Similar to TotalConALK, TotalConFA values were low compared to 

values reported in the literature (13 - 78 µg/g plant dw, Table 4.4c). Differences and high 
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variability in leaf n-alkane and n-fatty acid concentrations among species and plant growth 

forms have been attributed to genetic and ontogenic variations (Maffei et al., 2004), plant tissue 

type (Gamarra and Kahmen, 2015) and climate (Kreyling et al., 2012). Variations in plant 

TotalConALK and TotalConFA may also occur due to differences in the range of n-alkanes (e.g., 

n-C19 to n-C35 vs n-C23 to n-C33) and n-fatty acids (e.g., n-C12 to n-C35 vs n-C20 to n-C30) 

included in the calculation of total n-alkane and n-fatty acid concentrations (Tables 4.4a, c).  

n-C31 was the most abundant n-alkane followed by n-C29 under grass/herbs (Figure. 

4.2a) which is in line with previous findings (Table 4.4a and references therein). In contrast, 

trees (here beech and conifers) showed a high abundance of n-C27, n-C25 and n-C31 which was 

also reported in previous studies (Table 4.4a). Due to high variation in n-alkane abundance 

within each plant growth form it was not possible to separate grass/herbs, shrubs and trees by 

just using the most abundant n-alkane as an index (Figure. 4.2a). This has also been reported 

by others (Bush and McInerney, 2013; Rao et al., 2011).  

The concentration-weighted mean of different carbon chain lengths, ACLALK and 

ACLFA, were within the range of values reported for grass/herbs, shrubs and trees across studies 

(Tables 4.4a, c). However, ACLALK did not differ between the investigated plant growth forms 

and its applicability as a proxy for plant types has recently been questioned (Bush and 

McInerney, 2013). In contrast, ACLFA and EOP values differed significantly between 

grass/herbs and trees suggesting that ACLFA and EOP may be potential proxies to separate 

herbaceous and woody plants. However, this observation needs to be validated across a wider 

range of plant species highlighting that plant n-fatty acid proxies are still underexplored (Jansen 

and Wiesenberg, 2017).  

Despite considerable variation in n-alkane and n-fatty acid proxies (Table 4.2, Tables 

S4.1, S4.2) and the challenge to identify single proxies to separate plant growth forms we found 

a separation between grass/herbs/shrubs and trees along PC 1 (Figure. 4.3a). The separation 

was mainly driven by n-fatty acid characteristics with higher total n-fatty acid concentrations 

and ACLFA in grass/herb and shrub species than trees which were characterized by higher EOPs 

and n-C20/n-C24 ratios (Table 4.2, Figure. 4.3a). Comparisions of n-fatty acid characteristics 

between herbaceous and woody plant growth forms are rare but grass/herbs ecosystems have 

been found to be high in TotalConFA (Elgersma et al., 2013).  

The n-alkane proxies ACLALK and n-C31/n-C27 ratio determined PC 2 (Figure. 4.3a) and 

revealed a split between tree species. Beech was characterized by low ACLALK and n-C31/n-C27 
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ratios versus conifers with high ACLALK values and higher n-C31/n-C27 ratios (Figure. 4.3a, 

Supplementrary Table 4.1). In previous studies, ACLALK and n-C31/n-C27 ratios have beeen 

used as proxies to separate herbaceous and woody species (Bush and McInerney, 2013; 

Diefendorf et al., 2011). Our findings highlight the importance of integrating various lipid 

proxies to separate plant growth forms. This supports recent studies outlining the risks of 

focusing on sole proxies to differentiate between vegetation types (Jansen and Wiesenberg, 

2017; Schäfer et al., 2016; Wiesenberg et al., 2004).  

 

4.4.2. Soil n-alkane and n-fatty acid characteristics  

Soil had lower TotalConFA and TotalConAKL, n-C31/n-C27 ratios, OEP and EOP values 

compared to plant samples (Table 4.2, Figure. 4.3b, Tables S4.1, S4.2) which is in line with 

previous studies (Tables 4.4a-c). We also found that the variation in soil n-alkane and n-fatty 

acid characteristics was lower than in the corresponding plant material, in particular under 

grass/herbs and shurbs (Table 4.2, Figure. 4.3b). A reduction in variability has also been found 

in other studies (Tables 4.4b, c) and the underlying mechanisms are outlined below.  

In this study, soil TotalConALK (7.0 - 60.0 µg/g soil dw) was approximately 85% lower 

than plant TotalConALK (Table 4.2). Other studies report a two to four order of magnitude 

difference between TotalConALK in plant litter and the underlying soil (Howard et al., 2018; 

Marseille et al., 1999; Schulz et al., 2012). Lower soil TotalConALK and TotalConFA in our 

study can partly be explained by a considerable decrease in longer chain n-alkanes and n-fatty 

acids in soil samples (Figure. 4.2b). This is also reflected by a significant decrease in the n-

C31/n-C27 ratios, in particular in soil under grass/herbs and shrubs (Table 4.2). In contrast, soil 

n-C20/n-C24 ratios (Table 4.2) under grass/herbs and shrubs increased significantly. This is 

likely the result of plant lipid degradation by alkB harbouring bacteria and co-metabolic 

degradation (Schulz et al., 2012). An increase in shorter chain n-fatty acids may also result 

from oxydation of n-alkanes, n-alkanols and n-alkanoic acids (Lichtfouse et al., 1995). Further, 

soil OEP values (< 7) under grass/herbs and shrubs were considerable lower compared to plant 

material (14-15). Lower OEP values (< 5) are characteristic for topsoil and are often interpreted 

in terms of organic matter degradation (Schäfer et al., 2016; Zech et al., 2009). The decrease 

in OEP values was strongest under grass/herbs (4.1 in soil vs 15.4 in plant samples) suggesting 

that n-alkanes in soil under grass and shrubs may have been affected by a higher level of 

degradation compared to soil under trees, in particular beech (Table S4.1). A lower degree of



 

 
 

Table 4.4a. A compilation of plant n-alkane (ALK) data. Values are means/range of total n-alkane concentration (TotalConALK), odd-over-even 
predominance (OEP), carbon preference index (CPI), average chain length (ACLALK), and predominant chain length (Cmax) and n-C31/ n-C27 ratios. 
*values were given as μg/g C in the original study and converted into μg/g plant dry weight. 
 

Plant growth 
form 

Location  Chain 
range 

TotalConALK  
(µg/g dw) 

OEP CPI ACLALK Cmax n-C31/n-C27 Reference 

Grass/herb South Island, New Zealand 21-34 88.9 15.4 9.3 29.95 31 5.85 This study 
Grass Alberta, Canada 23-31 74-219* 

   
29, 31 

 
Otto and Simpson, 2005 

Grass/herb Western, China 20-33 
  

3-14 27.2-30.6 31 
 

Guo et al, 2016 
Grass/forb Across Australia 25-35 80-7080 

 
0.6-106.6 31.2 31 

 
Howard et al., 2018 

Grass  Carchi province, Ecuador 16-35 
    

31 0.65-60 Jansen et al., 2006 
Grass/herb South Africa 21-35 570-810 

 
10.9-37.8 26.6-31.2 31 

 
Carr et al., 2014 

Grass/forb Compilation, global 21-35 67-1678.1 
 

0.04-75.9 19.6-34 31 
 

Bush and McInerney, 2013 
Graminoid/forb Compilation, global 27-33 395-841 

  
30.4 29,31 

 
Diefendorf and Freimuth, 2017 

Gramineae/Forb Across China 21-35 2.3-5205.3  1.0-126.7 25.3-32 29  Wang et al., 2018 
Shrub Compilation, global 21-35 2.09-2961.5 

 
0.08-99 23.8-34.6 31 

 
Bush and McInerney, 2013 

Shrub South Island, New Zealand 21-34 92.2 14.4 8.9 29.72 31 2.96 This study 
Shrub Across Australia 25-35 50-50880  

 
0.6-106.6 30.3 31 

 
Howard et al., 2018 

Shrub South Africa 21-35 1100 
 

19 29.1 31 
 

Carr et al., 2014 
Shrub Compilation, global 27-33 687 (odd) 

  
29.8 31 

 
Diefendorf and Freimuth, 2017 

Tree South Island, New Zealand 21-34 232.6 13.1 11.1 30.0 31 1.62 This study 
Tree (Aspen) Alberta, Canada 23-27 596* 

   
25 

 
Otto and Simpson, 2005 

Tree (Conifer) Alberta, Canada 27-31 15.7* 
   

29 
 

Otto and Simpson, 2005 
Tree Paucartambo, Peru 21-35 1-5225 

 
31 27.2-32.6 29,31 

 
Feakins et al., 2016 

Tree Across Australia 25-35 40-5630 
 

0.6-106.6 28.9 27 
 

Howard et al. 2018 
Tree (Conifer) Berkeley 25-38 173 

 
0.01-28 26.8-35 

  
Diefendorf et al., 2015 

Tree Compilation, global 27-33 98-495 (odd) 
  

29.7-30.5 29 
 

Diefendorf and Freimuth, 2017 
Tree   Australia  23-33 10-2818 

 
2.4-14.3 26.8-32.1 27,31 

 
Hoffmann et al., 2013 

Tree Carchi province, Ecuador 21-35 
     

0-3 Jansen et al., 2006 
Tree (Beech) Grinderwald, Germany 25-33 149.6*  30.3  27  Angst et al., 2016 
Angiosperms USA, Published data 21-35 506 

 
11.76 25-34 29 

 
Bush and McInerney, 2013 

Gymnosperms  USA, Published data 21-35 16 
 

5.2 23-35 31 
 

Bush and McInerney, 2013 
Woody Across China 21-35 7.5-2572.2  4.2-35.5 27.2-33.1 29  Wang et al., 2018 
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Table 4.4b. A compilation of soil n-alkane (ALK) data. Values are means/range of total n-alkane concentration (TotalConALK), odd-over-even 
predominance (OEP), carbon preference index (CPI), average chain length (ACLALK), and predominant chain length (Cmax) and n-C31/n-C27 ratios. 
 
 Plant coverage Location  Chain 

range 
TotalConALK  
(µg/g dw) 

OEP CPI ACLALK Cmax n-C31/n-C27 Reference 

Grass/herbs South Island, New Zealand 21-34 11.6 4.1 
 

29.4 
 

1.63 This study 
Grass Nebraska, USA 27-29 40 µg/g C 

   
29 

 
Pisani et al., 2013 

Grass Central Europe 25-35 0.82-17.0 1.7-10.1 
 

29.8-30.9 
 

1.1-5.8 Schäfer et al., 2016 
Grass Madeira Island 23-33 26-45 

   
31 1.5-2.4 Naafs et al. 2004a 

Grass Alberta, Canada 25-31 22-43 µg/g C 
   

29,31 
 

Otto and Simpson, 2005 
Shrub South Island, New Zealand 21-34 16.1 6.9 

 
29.5 

 
1.92 This study 

Tree South Island, New Zealand 21-34 31.8 10.1 
 

28.9 
 

0.71 This study 
Tree (Aspen)  Alberta, Canada 23-31 9-160 µg/g C 

   
27 

 
Otto and Simpson, 2005 

Tree (Conifer)  Alberta, Canada 29-31 40 µg/g C 
   

31 
 

Otto and Simpson, 2005 
Tree (Conifer) Central Europe 25-35 1.4-284.2 4.3-29.6 

 
27.2-31.1 

 
0.02-8.9 Schäfer et al., 2016 

Tree Nebraska, USA 27-29 5 µg/g C 
   

29 
 

Pisani et al., 2013 
Tree (Beech) Grinderwald, Germany 25-33 110-145 µg/g C  5.6  27  Angst et al., 2016 
Transect Across Australia 25-35 0.4-341 

 
2.2-12.5 27.4-30.9 29 

 
Howard et al., 2018 

Across region Ecuador, South Africa 21-35 0.1-20 
 

9-12 27.9-30.4 
  

Carr et al., 2014 
Transition 
(forest_páramo) 

North of Ecuador 20-35 800-950 (forest), 
120-450 (páramo)  

 2.8-16.0 
 

29, 31 
 

Jansen et al., 2008 
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Table 4.4c. A compilation of plant and soil n-fatty acid (FA) data. Values are means/range of total n-fatty acid concentration (TotalConFA), even-
over-odd predominance (EOP), average chain length (ACLFA), predominant chain length (Cmax). 
  

Plant Soil Reference 
Plant growth 
form 

Location  Chain 
range 

TotalConFA 
(µg/g) 

EOP ACLFA Cmax Chain 
range 

TotalConFA 
(µg/g ) 

EOP ACLFA Cmax 

Grass/herb New Zealand 20-30 65.8 10.2 22.5 20 20-30 2.3 6.7 20.9 20 This study 
Grass Alberta, Canada 16-30 1432 µg/g C 

  
28 9-28 104-162 µg/g C 

  
24 Otto and Simpson, 2005 

Grass Central Europe 16-34  
   

20-34 2.6-33.3 1.1-4.2 27.0-28.1  Schäfer et al., 2016 
Grass Nebraska,USA 

 
 

   
20-28 650 µg/g C  

 
16 Pisani et al., 2013 

Shrub New Zealand 20-30 77.5 8.3 22.3 22 20-30 2.7 5.8 21.1 20 This study 
Tree New Zealand 20-30 39.9 18.3 21.6 20 20-30 4.9 6.3 21.7 20 This study 
Tree  Madeira Island 

     
20-34 0.65 

   
Naafs et al., 2004a 

Tree (Aspen)  Alberta, Canada 16-28 5201 µg/g C  
  

26 14-28 539-918 µg/g C 
  

24 Otto and Simpson, 2005 
Tree (Conifer) Central Europe 

     
20-34 9.95-854 1.2-9.9 25.7-28 

 
Schäfer et al., 2016 

Tree (Conifer) Nebraska,USA 
     

20-28 1870 µg/g C  
 

22 Pisani et al., 2013 
Tree (Conifer) Alberta, Canada 16-28 456 µg/g C 

  
22 14-28 992 µg/g C 

  
22 Otto and Simpson, 2005 

Tree (Conifer) California 24-30 50 
        

Diefendorf et al., 2015 
Tree (Beech) Grinderwald, 

Germany 
20-32 3596 µg/g C 7.4  28 20-32 3400 µg/g C  6.6  24 Angst et al., 2016 
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degradation was also found in soil under European Beech (Marseille et al., 1999; Schäfer 

et al., 2016). Further evidence for a higher n-alkane degradation in grassland soil is shown 

by a significant correlation between the carbon preference index (CPI) and (n-C31+ n-

C33)/(n-C27+ n-C31+ n-C33) in grassland but not forest soil in line with the findings by Zech 

et al. (2013). 

Another hypothesis explaining the more pronounced degradation of lipids in grass 

soil might be related to the fire history at Mt. Cardrona. Soil collected at Mt. Cardrona 

contained a significantly higher amount (24 - 33%) of short chain n-alkanes (n-C14 - n-C20). 

In contrast, the proportion of short chain n-alkanes under beech and conifers was only 6 

and 14%, respectively (data not shown). Previous studies have shown that biomass burning 

can alter the chain length distribution of n-alkanes and n-fatty acids shifting it towards 

shorter chain n-alkanes (Eckmeier and Wiesenberg, 2009; Kuhn et al., 2010; Wiesenberg 

et al., 2009). Charcoal and pollen records from sites in the vicinity of Mt. Cardrona suggest 

that fire occurred frequently in the region following human settlement (McGlone, 2001; 

McWethy et al., 2010).  

Differences between vegetation and soil lipid characteristics might also be 

influenced by the diversity and dominance of grass/herbs and shrub species present at a 

given location. A mix of grass/herb and shrub species characterized all sites at Mt. Cardrona 

(primary and secondary grasslands). We hypothesize that plant species with higher n-

alkane concentrations have a stronger effect on soil n-alkane characteristics than species 

with higher plant biomass. For example, Anthoxanthum odoratum and Festuca novae-

zelandiae produced high amounts of n-C29 (10.2 and 26.1 µg/g plant dw, respectively, 

Table S4.1) and were the dominant species at those locations based on plant biomass. 

However, soil samples collected at these sites showed a n-C31 dominance (Table S4.1) 

similar to the n-alkane distribution of Pilosella officinarum and Poa cita which co-occurred 

at the same location and had much higher n-C31 concentrations (68.55 µg/g plant dw and 

53.05 µg/g plant dw, respectively; Table S4.1). Further support for this hypothesis is 

derived from the results for the shrub Melicytus alpinus where a shift from n-C29 in the 

plant sample to n-C31 in the soil was observed. Despite a very high plant biomass, this shrub 

species has tiny leaves scattered across the plot and thus its contribution to the soil n-alkane 

signature was likely masked by the grass Agrostis capillaris that had an n-C31 

predominance (Table S4.1). Therefore, plant species producing higher amounts of a given 

n-alkane may bias the distribution and characteristics of n-alkanes in soil and sediments as 
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suggested by Rao et al. (2011). In addition, plant species with higher n-alkane concentration 

and litter biomass that remains in-situ (e.g. grass litter) contribute more strongly to soil 

lipids (Holtvoeth et al., 2016).  

Despite differences in n-alkane and n-fatty acid proxies between plant and topsoil 

we found some evidence suggesting that soil mirrored the vegetation source. For example, 

the predominance of n-C31 and n-C29 in soil under grass resembled the n-alkane pattern of 

the vegetation source (Figure. 4.2a, b). In addition, soil separated into two main clusters 

(grass/herbs/shrubs versus trees/shrubs) along PC 1 driven by n-fatty acid (ACLFA and 

TotalConFA) and n-alkane (TotalConALK and OEP) proxies (Figure. 4.3b). Further, soil n-

C31/n-C27 ratios >1 indicate that soil organic matter at these locations is grass-derived 

(Jansen et al., 2008; Naafs et al., 2004b).  

 

4.4.3. Separation between ‘primary’ and ‘secondary’ grasslands 

Modern grass/herbs and shrub species growing above the historic treeline (1150 m, 

primary grasslands) plotted towards the right of the PCA plot and were characterized by 

higher ACLFA, ACLALK values but lower n-C20/n-C24 ratios (Figure. 4.4a). Plants associated 

with secondary grasslands (plants growing below the historic treeline) were scattered across 

the lower right and left of the PCA plot (Figure. 4.4a) and characterized by higher n-C20/n-

C24 ratios mainly found in tree and shrub species (Table 4.2, Tables S4.1, 4.2).  

Soil under primary grasslands was characterized by higher n-C31/n-C27 ratios and 

ACLALK values and clustered closely together (Figure. 4.4b). High n-C31/n-C27 ratios and 

ACLALK are indicators of herbaceous species (Bush and McInerney, 2013) and likely reflect 

the past and present dominance of tussock grass species belonging to the genus 

Chionochloa and Festuca above the historic treeline (Brandt et al., 2017). Overlap between 

soil under primary and secondary grassland was minimal but soil under secondary 

grasslands were scattered across the PCA plot (Figure. 4.4b). Soil under secondary 

grassland at Mt. Cardrona, which is currently dominated by grass/herbs species (Figures. 

4.3b, 4.4b; lower left from the center of the PCA plots) separate along PC 1 similar to soil 

under primary grasslands and are more similar to soil under primary grasslands. In contrast, 

soil under trees shows a lower degree of similarity as they plot to the far right of PC 1 

(Figures. 4.3b, 4.4b).  
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Higher variability in lipid characteristics across soil under secondary grasslands 

may reflect a shift from woody to herbaceous vegetation in the region’s vegetation 

(McGlone, 2001). Forest cover in the Otago region decreased due to an increase in fire 

activity following Polynesian (13th Century) and European arrival (19th Century) 

(McGlone, 2001). Pollen, wood and charcoal records show that conifers (Phyllocladus 

alpinus, Podocarpus laetus, and Halocarpus bidwillii) dominated the forest-shrub area 

along the mid and upper slopes (McGlone, 2001). Soil collected underneath conifers and 

beech species differed in their lipid characteristics from soil under grass/herbs cover 

(Figures. 4.3b, 4.4b, Tables S4.1, S4.2). However, these samples may still reflect the legacy 

of woody vegetation which characterized secondary grasslands before human arrival. n-

Alkanes and n-fatty acids derived from woody vegetation showed a lower degree of 

degradation (Table 4.2). Analysing the radiocarbon signature of n-alkanes and n-fatty acids 

in the topsoil (2.5 and 15 cm) of temperature and subalpine forests revealed that turnover 

times vary among lipids and soil depth and exhibit a large range (~80 to 1000 years) (van 

der Voort et al., 2017). Other studies have shown that soil n-alkanes and n-fatty acids have 

shorter turnover times than total soil carbon (Lichtfouse, 1997; Wiesenberg et al., 2004). 

However, there is evidence that a certain proportion of n-alkanes may persist in soils over 

long time periods (Dungait et al., 2012). Thus, the turnover rates of soil n-alkanes and n-

fatty acids in the study area may be longer and/or shorter than the model-derived values by 

Tate et al. (1995) for total soil carbon (100 to 400 years). Interestingly, the two grassland 

sites with the longest total soil carbon turnover time (300 and 400 years, Tate et al., 1995) 

were most likely covered by forest (probably beech) (Tate, 1992). Intense mineral 

weathering under beech may have facitltated the formation of aluminum-carbon complexes 

explaining the long carbon turnover times (Tate, 1992). As soil integrates and records past 

and present vegetation derived organic compounds the high variability characterising soil 

under secondary grassland is thus not that surprising.  

Besides the effect of changes in plant input under secondary grasslands, the 

variation in lipid molecular proxies along PC 1 and PC 2 may partly be driven by elevation. 

Grassland and shrub dominated locations along the slopes at Mt. Cardrona were located 

between 800 and 1300 m whereas tree samples were taken between 400 and 700 m (Table 

4.1). A positive correlation between elevation and soil n-C31/n-C27 ratios (ρ = 0.870, p < 

0.0001, n = 30), soil ACLAKL (ρ = 0.8245, p < 0.0001, n = 30) and n-C20/n-C24 ratios (ρ = 

0.4525, p = 0.01, n = 30) was found. This suggests that environmental effects such as 
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temperature might partly influence soil n-alkane and n-fatty acid characteristics. For 

example, an increase in ACLALK values with elevation has been explained by lower 

temperatures reducing microbial activity and thus resulting in the preservation of longer 

chain n-alkanes (e.g., n-C31) (Bush and McInerney, 2015; Feakins et al., 2016).  

4.5. Conclusions  

Our findings revealed that combining n-alkane and n-fatty acid characteristics could 

provide a useful approach to distinguish plant growth forms and to test if the vegetation 

input is preserved in the soil. Further, this approach provides insight into the degradation 

of solvent extractable lipids within soil. This study demonstrated that n-fatty acid proxies 

were more sensitive indicators but additional studies across biomes are required to confirm 

this observation. Lower soil OEP values in grassland soil suggested a stronger degradation 

of lipids compared to tree dominated systems. This finding may be attributed to the past 

vegetation history and human modification of ‘secondary’ grasslands. Primary grassland 

and secondary grasslands showed some degree of separation using lipid molecular proxies 

which warrants further investigation. 

 

 

 

 

 



 

 
 

4.6. Supplementary material 

Table S4.1. n-Alkane characteristics in plant and soil samples.  
  

Plant growth 
form 

Species ID 
 

Primary/Secondary 
grassland 

Sample  
Type 

Elevation 
(m) 

TotalConALK 
(µg/g ) 

Cmax 
 

n-C31/n-C27 
 

ACLALK 

 

OEP 
 

Grass Agrostis capillaris Secondary Plant 900 99.02 C31 3.45 29.69 18.98 
Grass Anthoxanthum odoratum Secondary Plant 1000 41.43 C29 1.76 29.51 7.04 
Tree Halocarpus bidwillii Secondary Plant 700 91.65 C33 1.93 30.83 5.68 
Grass Chionochloa rigida Primary Plant 1200 104.34 C31 6.57 30.22 22.49 
Shrub Coprosma petriei Secondary Plant 1000 37.29 C31 1.92 29.56 4.81 
Tree Phyllocladus alpinus Secondary Plant 400 185.76 C31 2.14 30.55 13.13 
Shrub Dracophyllum pronum Primary Plant 1300 163.60 C31 4.30 30.35 29.05 
Grass Festuca novae-zelandiae Primary Plant 1100 59.58 C29 8.65 29.79 18.36 
Herb Hieracium lepidulum Primary Plant 1100 94.94 C31 3.27 29.89 9.09 
Shrub Leucopogon fraseri Primary Plant 1200 53.26 C31 4.75 29.99 7.81 
Tree Fuscospora cliffortioides Secondary Plant 700 338.00 C25 0.83 28.93 14.27 
Shrub Melicytus alpinus Secondary Plant 900 114.52 C29 0.86 28.98 15.81 
Tree Podocarpus laetus Secondary Plant 400 160.16 C31 3.14 29.68 21.60 
Herb Pilosella officinarum Secondary Plant 1000 136.01 C31 12.35 30.51 18.42 
Grass Poa cita Secondary Plant 800 120.18 C31 6.71 29.96 21.80 
Herb Raoulia subsericea Primary Plant 1100 55.85 C31 4.00 29.99 7.05 
Tree Fuscospora fusca Secondary Plant 400 389.91 C25 1.16 29.49 8.23 
Tree Lophozonia menziesii Secondary Plant 400 230.20 C27 0.54 28.66 15.92 
Tree soil Halocarpus bidwillii Soil Secondary Soil 700 10.59 C27 0.56 28.83 5.44 
Tree soil Phyllocladus alpinus Soil Secondary Soil 400 15.93 C31 1.11 29.30 6.01 
Herb soil Pilosella officinarum Soil Secondary Soil 1000 14.91 C27 0.97 29.10 6.44 
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Plant growth 
form 

Species ID 
 

Primary/Secondary 
grassland 

Sample  
Type 

Elevation 
(m) 

TotalConALK 
(µg/g ) 

Cmax 
 

n-C31/n-C27 
 

ACLALK 

 

OEP 
 

Grass soil Anthoxanthum odoratum Soil Secondary Soil 1000 9.38 C31 1.29 29.37 3.45 
Shrub soil Coprosma petriei Soil Secondary Soil 1000 12.72 C31 1.26 29.31 5.85 
Herb soil Raoulia subsericea Soil Primary Soil 1100 11.04 C31 1.82 29.52 4.84 
Grass soil Festuca novae-zelandiae Soil Primary Soil 1100 11.98 C31 1.48 29.44 3.83 
Herb soil Hieracium lepidulum Soil Primary Soil 1100 16.87 C31 3.97 29.99 7.30 
Grass soil Chionochloa rigida Soil Primary Soil 1200 11.70 C31 2.26 29.67 4.63 
Shrub soil Leucopogon fraseri Soil Primary Soil 1200 9.94 C31 2.23 29.67 4.49 
Shrub soil Dracophyllum pronum Soil Primary Soil 1300 13.82 C31 2.15 29.61 5.30 
Grass soil Poa cita Soil Secondary Soil 800 10.39 C31 1.18 29.26 3.57 
Shrub soil Melicytus alpinus Soil Secondary Soil 900 22.13 C31 1.48 29.43 8.97 
Grass soil Agrostis capillaris Soil Secondary Soil 900 9.98 C31 1.03 29.25 3.30 
Tree soil Fuscospora cliffortioides Soil Secondary Soil 700 59.96 C25 0.52 28.62 11.32 
Tree soil Podocarpus laetus Soil Secondary Soil 400 36.65 C27 0.72 28.85 12.46 
Tree soil Fuscospora fusca Soil Secondary Soil 400 35.54 C27 0.77 28.92 13.44 
Tree soil Lophozonia menziesii Soil Secondary Soil 400 32.29 C27 0.57 28.66 12.22 
Grass soil Fuscospora fusca dominated Secondary Soil 1000 7.71 C31 1.87 29.63 3.86 
Grass soil Fuscospora fusca dominated Primary Soil 1100 9.93 C31 1.90 29.57 3.93 
Grass soil Fuscospora fusca dominated Primary Soil 1200 10.34 C31 1.62 29.46 4.41 
Grass soil Chionochloa rigida dominated Primary Soil 1200 20.01 C31 1.98 29.52 4.43 
Grass soil Chionochloa rigida dominated Primary Soil 1300 12.10 C31 1.72 29.50 4.67 
Grass soil Chionochloa rigida dominated Primary Soil 1300 10.54 C31 2.12 29.61 5.28 
Shrub soil Leucopogon fraseri dominated Primary Soil 1300 15.42 C31 2.98 29.81 7.89 
Grass soil Poa cita dominated Secondary Soil 800 10.12 C25 0.87 29.13 2.19 
Grass soil Agrostis capillaris dominated Secondary Soil 800 17.24 C23 0.57 28.86 1.59 
Grass soil Agrostis capillaris dominated Secondary Soil 800 7.94 C31 1.22 29.31 3.31 
Shrub soil Melicytus alpinus dominated Secondary Soil 900 22.69 C31 1.41 29.39 9.02 
Grass soil Fuscospora fusca dominated Secondary Soil 900 7.08 C31 1.50 29.53 3.45 
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Table S4.2. n-Fatty acid characteristics in plant and soil samples.  

 
Plant growth 

forms 
Species ID 

 
Primary/Secondary 

grassland 
Sample 
Type 

Elevation 
(m) 

TotalConFA 
(µg/g ) 

n-C20/n-C24 
 

ACLFA 
 

EOP 
 

Grass Agrostis capillaris Secondary Plant 900 47.65 1.32 22.72 7.76 
Grass Anthoxanthum odoratum Secondary Plant 1000 58.30 1.58 22.79 11.06 
Tree Halocarpus bidwillii Secondary Plant 700 45.91 6.75 21.19 26.21 
Grass Chionochloa rigida Primary Plant 1200 88.11 1.38 23.39 7.64 
Shrub Coprosma petriei Secondary Plant 1000 57.37 1.92 22.09 4.95 
Tree Phyllocladus alpinus Secondary Plant 400 31.29 6.05 21.31 21.86 
Shrub Dracophyllum pronum Primary Plant 1300 64.94 4.59 21.56 13.28 
Grass Festuca novae-zelandiae Primary Plant 1100 53.12 4.12 22.31 13.70 
Herb Hieracium lepidulum Primary Plant 1100 74.76 1.37 22.51 9.31 
Shrub Leucopogon fraseri Primary Plant 1200 104.75 2.42 22.19 9.09 
Tree Fuscospora cliffortioides Secondary Plant 700 48.14 4.79 22.20 19.74 
Shrub Melicytus alpinus Secondary Plant 900 82.88 1.33 23.17 5.95 
Tree Podocarpus laetus Secondary Plant 400 19.33 8.27 21.14 18.00 
Herb Pilosella officinarum Secondary Plant 1000 112.06 1.73 22.41 11.01 
Grass Poa cita Secondary Plant 800 41.75 3.50 21.78 12.94 
Herb Raoulia subsericea Primary Plant 1100 50.33 2.40 22.09 8.40 
Tree Fuscospora fusca Secondary Plant 400 81.19 2.32 22.02 13.72 
Tree Lophozonia menziesii Secondary Plant 400 13.35 10.44 21.51 10.15 
Tree soil Halocarpus bidwillii Soil Secondary Soil 700 5.89 5.38 21.52 11.11 
Tree soil Phyllocladus alpinus Soil Secondary Soil 400 4.83 2.66 21.98 5.12 
Herb soil Pilosella officinarum Soil Secondary Soil 1000 2.85 6.50 21.09 8.79 
Grass soil Anthoxanthum odoratum Soil Secondary Soil 1000 1.84 7.88 20.94 7.63 
Shrub soil Coprosma petriei Soil Secondary Soil 1000 1.76 5.77 21.24 5.30 
Herb soil Raoulia subsericea Soil Primary Soil 1100 2.27 7.32 20.94 5.68 
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Plant growth 
forms 

Species ID 
 

Primary/Secondary 
grassland 

Sample 
Type 

Elevation 
(m) 

TotalConFA 
(µg/g ) 

n-C20/n-C24 
 

ACLFA 
 

EOP 
 

Grass soil Festuca novae-zelandiae Soil Primary Soil 1100 2.23 6.64 20.96 6.40 
Herb soil Hieracium lepidulum Soil Primary Soil 1100 2.32 6.51 21.00 6.17 
Grass soil Chionochloa rigida Soil Primary Soil 1200 3.44 8.07 20.88 6.97 
Shrub soil Leucopogon fraseri Soil Primary Soil 1200 1.77 4.40 21.35 5.83 
Shrub soil Dracophyllum pronum Soil Primary Soil 1300 2.31 8.34 20.82 6.13 
Grass soil Poa cita Soil Secondary Soil 800 1.15 9.28 20.92 7.56 
Shrub soil Melicytus alpinus Soil Secondary Soil 900 4.25 7.08 21.22 5.08 
Grass soil Agrostis capillaris Soil Secondary Soil 900 2.20 9.54 20.90 8.63 
Tree soil Fuscospora cliffortioides Soil Secondary Soil 700 8.04 3.22 21.93 2.08 
Tree soil Podocarpus laetus Soil Secondary Soil 400 3.34 12.25 20.93 10.39 
Tree soil Fuscospora fusca Soil Secondary Soil 400 4.00 4.00 21.90 3.54 
Tree soil Lophozonia menziesii Soil Secondary Soil 400 3.31 3.84 21.88 5.62 
Grass soil Fuscospora fusca dominated Secondary Soil 1000 3.44 4.87 21.24 7.01 
Grass soil Fuscospora fusca dominated Primary Soil 1100 2.04 12.57 20.77 5.70 
Grass soil Fuscospora fusca dominated Primary Soil 1200 3.39 7.22 21.06 6.89 
Grass soil Chionochloa rigida dominated Primary Soil 1200 2.89 9.22 20.89 5.56 
Grass soil Chionochloa rigida dominated Primary Soil 1300 2.21 7.52 20.94 5.78 
Grass soil Chionochloa rigida dominated Primary Soil 1300 1.68 10.57 20.82 6.77 
Shrub soil Leucopogon fraseri dominated Primary Soil 1300 2.03 10.53 20.80 6.91 
Grass soil Poa cita dominated Secondary Soil 800 1.27 5.14 21.11 6.24 
Grass soil Agrostis capillaris dominated Secondary Soil 800 2.05 6.47 21.04 6.01 
Grass soil Agrostis capillaris dominated Secondary Soil 800 1.60 6.65 21.05 6.76 
Shrub soil Melicytus alpinus dominated Secondary Soil 900 3.83 11.34 20.97 5.32 
Grass soil Fuscospora fusca dominated Secondary Soil 900 2.55 7.11 21.09 6.13 
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Chapter 5. Soil CO2 efflux and its environmental and edaphic controls in 

a tussock dominated grassland along a topographic gradient 

 

Abstract 

Soil CO2 efflux has been shown to vary considerably within and between 

ecosystems. Elevation and aspect have been shown to play an important role in driving soil 

CO2 efflux but testing the joint effects of topography and soil characteristics on soil CO2 

efflux has rarely been done. In this study, the following questions were addressed: 1. How 

does the diurnal soil CO2 efflux change with aspect at low, mid and high elevation? 2. How 

does soil CO2 efflux change with elevation and aspect? and 3. Which environmental and 

edaphic factors govern soil CO2 efflux and does the relative importance of factors vary 

across elevation and aspect?  To address these questions, soil CO2 efflux, environmental 

(soil temperature and soil water content), and edaphic (soil carbon and nitrogen 

concentration, C:N ratio, stable isotope composition of carbon and nitrogen) characteristics 

were measured at 405 plots along the slopes of Mt. Cardrona (500-1936 m), Central Otago, 

New Zealand. The measurements were conducted during summer. The diurnal pattern in 

soil CO2 efflux varied across aspect and elevation. For example, at 500 m, soil CO2 efflux 

peaked in the afternoon (4.7 µmol/m2/s, 16:00). In contrast, at 1900 m, the high spatial 

variability of soil CO2 efflux in the shady and sunny aspect locations masked any difference 

across the day. Across the topographic gradient soil CO2 efflux varied between 0.36 and 

7.31 µmol/m2/s. Variation across aspect was stronger than between elevation bands 

highlighting the important role of aspect in driving ecosystem characteristics. Boosted 

regression tree analysis revealed that environmental and edaphic factors explained up to 

87% of the variation in soil CO2 efflux at Mt. Cardrona. Elevation, soil N concentration, 

and soil δ15N values together explained 35.3% of the variation in soil CO2 efflux across all 

plots. Elevation was the dominant factor explaining 22.9% and 18.5% of the spatial 

variation in soil CO2 efflux at the ridge and shady A cluster, respectively. In contrast, δ13C 

and δ15N were the main factors driving soil CO2 efflux at the sunny A and B clusters and 

C:N explained most of the soil CO2 efflux variation (10.4%) in the shady B cluster.    
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5.1. Introduction 

Soils represent the largest terrestrial organic carbon reservoir and contain three-

times more organic carbon (C) (1550 Pg C) than the atmosphere or vegetation (Köchy et 

al., 2015). The magnitude of the soil organic carbon pool depends on the uptake of CO2 

through photosynthesis, the loss of CO2 through respiration and the stabilization of soil 

organic carbon in soils (Guo and Gifford, 2002; Jobbágy and Jackson, 2000). Soil CO2 

efflux (soil respiration) is the largest CO2 flux from terrestrial ecosystems into the 

atmosphere (Bond-Lamberty and Thomson, 2010; Raich and Schlesinger, 1992). Soil CO2 

efflux is the total of CO2 released to the atmosphere through root respiration (autotrophic 

respiration) and microbial respiration (heterotrophic respiration) during the decomposition 

of litter and soil organic matter (Trumbore, 2006) (Figure 1.1). Carbon respired from the 

soil surface to the atmosphere is about ten times the amount of current fossil fuel emissions 

(Bond-Lamberty and Thomson, 2010). Thus, even small increases in CO2 efflux can have 

a negative effect that may accelerate global warming, both locally and globally (Schimel et 

al., 2015). Quantifying the magnitude of soil CO2 efflux and examining the spatial and 

temporal heterogeneity is therefore critical in characterising carbon dynamics in terrestrial 

ecosystems (Schlesinger and Andrews, 2000; Smith and Fang, 2010; Trumbore, 2006) and 

determining the effects of land-use conversion and climate change on soil C pools (Giardina 

et al., 2014; Paustian et al., 2016). 

Soil CO2 efflux is characterized by high temporal and spatial variation within and 

across ecosystems (Merbold et al., 2011; Rayment and Jarvis, 2000; Szilvia et al., 2009). 

This variability is explained by the heterogeneity and complex interactions of the factors 

controlling autotrophic and heterotrophic respiration (Raich and Tufekcioglu, 2000; 

Trumbore, 2006; Vargas et al., 2011). Soil temperature is often a dominating factor 

explaining the variability of soil CO2 efflux (Bond-Lamberty and Thomson, 2010; Fang 

and Moncrieff, 2001; Raich and Schlesinger, 1992). Temporal (e.g., diurnal) variation in 

soil CO2 efflux often exhibit an exponential correlation with soil temperature (Darenova et 

al., 2014). Besides soil temperature, soil water content has also been identified as an 

important environmental factor influencing soil CO2 efflux (Davidson et al., 1998). 

Especially during dry periods, soil water availability can be the main limiting factor and 

thereby driving the soil CO2 efflux (Wagle and Kakani, 2014). Low soil water content also 

tends to offset the positive effect of higher temperatures (Risch and Frank, 2007). Almagro 

et al. (2009) suggested that there might be a site-specific threshold under which soil CO2 
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efflux is controlled by soil water content. However, this threshold seems to be quite variable 

across ecosystems (Ruehr et al., 2010; Shi et al., 2012).  

Other factors influencing the spatial variability in soil CO2 efflux include soil 

characteristics such as C and nitrogen (N) concentration (Epron et al., 2004; Rayment and 

Jarvis, 2000). Positive relationships between mineral soil C concentration in soil CO2 efflux 

have been found mainly in forest ecosystems (Gough and Seiler, 2004; Rodeghiero and 

Cescatti, 2005). Nitrogen additions have shown differing effects on soil CO2 efflux (Gough 

and Seiler, 2004; Mo et al., 2008). A 12% increase in soil CO2 efflux was measured in an 

experimental tussock grassland system following N addition (Craine et al., 2001; Graham 

et al., 2014). This is consistent with findings for other temperate grasslands (Craine et al., 

2001). In contrast, soil CO2 efflux decreased in response to nitrogen depositions in 

European forest ecosystems (Janssens et al., 2010). Both, soil C and N concentration are 

controlled by a number of biotic (species composition, amount and quantity of carbon input, 

decomposing rate, animal excretions) and abiotic factors (soil properties, climate) resulting 

in large spatial variability (Guo and Gifford, 2002).  

Additional tools to study the C and N dynamics in ecosystems are the natural 

abundance of stable carbon (δ13C) and nitrogen (δ15N) (Nadelhoffer and Fry, 1994). Soil 

δ13C values reflect the vegetation source and biological decay process across sites (Garten 

Jr et al., 2000; Nadelhoffer and Fry, 1988), and they have been used as a microcosmic index 

for monitoring processes of grassland degradation (Yao et al., 2016). The natural 

abundance of 15N can be used to identify sources N (e.g. fertilizer vs N fixation) (Makarov, 

2009) and the N status of ecosystems (Billings and Richter, 2006). So far integrating soil C 

and N isotope signatures and soil properties to entangle the SOC processes, especially C 

respiration, across topographic gradient has not been investigated.  

Topographic gradients (i.e., elevation and aspect gradients) offer a unique 

opportunity to investigate soil CO2 efflux and its driving factors at the landscape scale 

(Malhi et al., 2010; Riveros-Iregui Diego and McGlynn Brian, 2009). Many studies have 

reported climatic variations in mountain areas, which can vary considerably over distances 

of only a few meters. Variations have been attributed to not only elevation but also aspect, 

slope and shading (Atkins et al., 2015; Titshall et al., 2000).  

Grasslands cover around 40% of the terrestrial land surface area and contain around 

30% of the global terrestrial soil organic carbon pool (Lal, 2004). In addition, soil CO2 
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efflux from grassland systems may be up to 20% higher than from forests due to higher 

root and heterotrophic respiration (Raich and Tufekcioglu, 2000). Thus, changes in 

grassland C storage and soil CO2 efflux will have a significant effect on the global C cycle. 

The majority of C related grassland research in temperate biomes has been conducted in 

North America (Conant et al., 2004; Knapp et al., 2002; Parton and Scurlock, 1995), Europe 

(Bahn et al., 2013; Bahn et al., 2008) and China (Geng et al., 2012; Qi et al., 2010). 

Grassland ecosystems vary considerably in their edaphic properties, species composition, 

management and land use history, which has implications on C stocks and fluxes (Eler et 

al., 2013; Guo and Gifford, 2002; Jones and Donnelly, 2004; Raich and Tufekcioglu, 2000; 

Soussana et al., 2004; Wang et al., 2013).  

Short and tall tussock (bunchgrass) dominated grasslands cover around 13% of New 

Zealand’s land area (Mark and McLennan, 2005) and can be found from an altitude of 300 

to 1600 m (Wardle, 1991). Tussock species, in particular tall tussock, are in general slow-

growing and long-lived grasses, which are characterized by a large amount of dead standing 

aboveground biomass and high root biomass (Williams, 1977). Low soil CO2 efflux rates 

measured in tussock grasslands have been explained by the very low net primary 

productivity (Tate et al., 2000). Further, some of New Zealand’s tussock species differ in 

leaf chemistry (sclerophyllous) and morphology (leaf shedding/abscission) from other 

grass species (McGlone et al., 2014). Given the lack of studies, it remains unknown whether 

soil CO2 efflux from tussock grasslands and its influencing factors follow similar patterns 

to those reported for other grasslands studies, most of which are Northern Hemisphere 

studies.  

In this study, the following questions were addressed:  

1. How does the diurnal soil CO2 efflux change with aspect at low, mid and high elevation?  

2. How does soil CO2 efflux change with elevation and aspect, and  

3. Which environmental and edaphic factors govern soil CO2 efflux and does the relative 

importance of factors vary across elevation and aspect? 

To address these questions, soil CO2 efflux, environmental (soil temperature and 

soil water content), and edaphic (soil carbon and nitrogen concentration, C:N ratio, stable 

isotope composition of carbon and nitrogen) characteristics were measured at 405 plots 

along the slopes of Mt. Cardrona (500-1936 m), Central Otago, New Zealand. 

Measurements were conducted in January 2015.  



 

93 
 

5.2. Material and methods 

5.2.1. Study area 

The study was conducted on the north eastern ridge of Mount Cardrona, Central 

Otago South Island, New Zealand (44°51' S, 168°57' E, Figure 5.1a). The climate in Central 

Otago is characterized by cold dry winters and hot summers. Median annual average 

temperature ranges from 9 to 11 ºC (1981-2010) and total annual precipitation varies 

between 600 and 900 mm (1981-2010) (Macara, 2015). Soils developed on an uplifted 

schist basement (Bliss and Mark, 1974) and are classified as Typic Immature Pallic Soil 

(New Zealand soil classification; Hewitt, 2010) or Typic Haplorthods (USDA Soil 

Taxonomy; Soil Survey Staff, 1999). The current vegetation at Mt. Cardrona is dominated 

by short and tall tussock (bunch) grasses, herbs and shrubs (Brandt et al., 2017). 

Sixteen elevation bands (Ebands) located at 100 m vertical intervals from 500 m to 

1900 m above sea level were established along the ridgeline. At 1300 m two Ebands were 

set up at either end of a ~1 km long ridge (Figure 5.1b). To investigate the effect of aspect, 

five clusters spaced 25 m apart were located along the contour line across the north and 

south-facing slopes at each elevation band. Two clusters were situated on each side of the 

ridgeline (sunny A and B; shady A and B) and one cluster on the ridgeline (ridge) (Figure 

5.1c). One cluster was set up at the summit of Mt. Cardrona (1936 m a.s.l). Within each 

cluster, five 20 cm × 20 cm plots were located at 0, 10, 30, 70, and 150 cm (Figure 5.1c). 

In total, 405 plots in 81 clusters were investigated.  
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Figure 5.1. (a) Location of the study area Mt. Cardrona, Central Otago, New Zealand, (b) 
distance from the summit of each elevation band and (c) the set up of the clusters and plots 
at each elevation band (modified from Brandt et al., 2017).  
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5.2.2. Soil CO2 efflux measurements  

Diurnal and spatial soil CO2 efflux measurements were carried out using a portable 

infrared CO2 analyzer (Environmental Gas Monitor EGM-4, PP Systems Ltd., Amesbury, 

MA, USA) connected to a dark soil respiration chamber (SRC-1, PP Systems Ltd., 

Amesbury, MA, USA). To minimize disturbance during the measurements, PVC collars 

(10 cm in diameter and 10 cm in height, sharpened at the bottom) were inserted about 1 cm 

deep into the soil at least one day before the measurement. The change in CO2 concentration 

in the chamber was measured at 5-second intervals over a 90-second period. Data was 

downloaded from the EGM-4 after the completion of 40 measurements using the PP 

Systems Transfer Software V1.05. Chamber height was measured at each location using a 

ruler to calculate the chamber volume (PVC collar + dark respiration chamber). 

To address research question 1, diurnal measurements of CO2 efflux were 

conducted at three elevation bands: 500 m (on 24th January 2015), 1000 m and 1900 m (on 

23rd January 2015). At each of these three elevation bands, measurements were conducted 

at the clusters: sunny B, shady B and ridge (Figure 5.1c). Within each cluster all plots (n = 

5) were measured. Measurements of these 15 plots per elevation band were conducted at 

9:00, 10:00, 13:00, 16:00 and 19:00 local time. At 1900 m no measurements were 

conducted at 9:00. In total, 210 measurements were conducted to represent the diurnal 

variation in soil CO2 efflux across elevation and aspect. 

To address research question 2, soil CO2 efflux was measured at all 405 plots. As 

weather conditions in this area change rapidly, the goal was to measure all locations within 

a short period. Thus, three EGM-4 systems which were cross-calibrated prior to the 

measuring campaign were used. The spatial measurement campaign was conducted 

between 23rd and 25th January 2015 between 9:00 and 19:00 local time (NZDT).  
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5.2.3. Soil temperature and volumetric soil water content 

Soil temperature and volumetric soil water content (VWC) were measured and 

recorded at all 405 locations at the same time as soil CO2 efflux was measured. Soil 

temperature and water content were measured at 0-12 cm depth. The following probes were 

used: temperature probes (Novel Ways, New Zealand) and volumetric soil water content 

meters (HydroSense II, Campbell Scientific, Logan, UT, USA and HH2 Moisture Meter – 

Readout Unit with ML3 ThetaProbe Soil Moisture Sensor, Delta-T Devices Ltd, 

Cambridge, UK).     

 

5.2.4. Soil sampling and analyses 

Soil samples were collected by taking cores (4 cm in diameter) at a 0-10 cm depth 

at the center of each plot in January 2014 as described in Wu et al. (2017). Soil samples 

were oven dried (40 °C), sieved (2 mm) and ground. Soil samples were analyzed for total 

carbon (C) and nitrogen (N) concentration and isotope ratios (δ13C and δ15N) using a 

isotope mass spectrometer (Hydra 20-20, Europa Scientific, UK ) coupled to a Carlo Erba 

NC 2500 elemental analyzer. Reference standards were USGS-40 and USGS-41. These 

analyses were conducted at the Isotope Ratio Mass Spectrometry Unit, Department of 

Chemistry, University of Otago, New Zealand. 

 

5.2.5. Data analysis 

The soil CO2 efflux rate was calculated as follows (Imer et al., 2013): 

Soil CO2 efflux (µmol/m2/s) = (∆CO2/∆t) x (P x V/R x T x A)          5.1 

Where ∆CO2/∆t is the change in CO2 concentration over time, based on the slope 

of the linear regression (µmol/mol). P is the atmospheric pressure (Pa) at a given location; 

V is the volume of the chamber including collar (m3); A is the surface area covered by each 

chamber (0.007854 m2); T is the air temperature; R is the ideal gas constant, 8.20528 
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m3/PaK/mol). Soil CO2 efflux was only calculated if the linear regression of CO2 

concentration vs. time (90 seconds) had R2 values ≥ 0.95. 

Measured air temperature (T, Equation 5.1) was used to calculate the diurnal soil 

CO2 efflux values. To account for differences in soil CO2 efflux across the day and 

elevation, a reference air temperature of 20 °C (= average diurnal air temperature across 

the three elevation bands) was used to calculate soil CO2 efflux rates of the 405 plots. 

 

5.2.6. Statistical analysis 

Outliers were identified as values exceeding the interquartile range ± 1.5 × 

interquartile range. Outlier values were not included in the calculation of medians and in 

the presentation of boxplots.  Normality was tested for each data set (diurnal, all plots, and 

clusters) using the Jarque-Bera test. As most parameters were not normally distributed, the 

Kruskal-Wallis test (a non-parametric test that is robust to the assumption of normality) 

was used for the analysis of variance to test for difference in soil CO2 efflux across different 

times of the day (diurnal data set) and across elevation and clusters (spatial data set). 

Pairwise comparisons of elevation bands/clusters were conducted using the Wilcoxon test. 

Analysis of variance and correlation tests were performed using JMP (JMP® 12.1.0, SAS 

Institute Inc., Cary, NC, US).  

To provide a graphical representation of the data, heat maps were created based on 

the mean values of a given cluster using the R package gplots (Warnes et al., 2016). 

Spearman’s rank correlations between soil CO2 efflux, environmental, edaphic factors and 

the corresponding scatter plots were done with the package of PerformanceAnalytics 

(Peterson and Carl, 2018). The analysis was performed using R studio software (R core 

Team, 2017, v 1.1.414) 

Boosted Regression Tree (BRT) analysis was applied to identify the relative 

contribution of environmental and edaphic characteristics on soil CO2 efflux.  Both ‘all 

plots’ and cluster-specific BRT models were run with 9 variables (elevation, cluster, soil C 
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concentration, soil N concentration, C:N ratio, soil temperature, volumetric soil water 

content, δ13C, δ15N). The BRT analysis integrates both continuous and discrete variables 

and there is no need for prior data transformation or removal of outliers. In addition, 

complex nonlinear relationships can be assessed (Elith et al., 2008). This method has been 

used in the past to determine the importance of environmental and plant factors on soil 

respiration (Lovelock et al., 2014). A tree complexity of 5 and a learning rate of 0.01 

following Lovelock et al. (2014) was used. Partial dependency analysis was conducted for 

those factors where the BRT model showed a high importance to visualize the relationships. 

The BRT modelling was done using R packages dismo and gbm (Ridgeway, 2006). 

 

5.3. Results 

5.3.1. Diurnal pattern of soil CO2 efflux across elevation and aspect 

Soil CO2 efflux at 500 m ranged from 0.97 µmol/m2/s (9:00, sunny cluster, Figure 

5.2i) to 5.98 µmol/m2/s (16:00, ridge cluster, Figure 5.2h) with the highest flux rates 

between 13:00 and 16:00 across all clusters (Figure 5.2g, h, i).  

Soil CO2 efflux rates at 1000 m showed a stronger spatial variability within and 

between clusters especially the sunny B cluster (Figure 5.2e) compared to 500 m. The 

diurnal pattern differed between the 500 and 1000 m elevation band. At 1000 m the highest 

soil CO2 efflux rates (5.45 µmol/m2/s) were measured at 18:00 at the shady cluster (Figure 

5.2d) and peaked (10.49 µmol/m2/s) between 10:00 and 12:00 at the sunny cluster (Figure 

5.2f).  

At 1900 m, soil CO2 efflux ranged from 0.54 µmol/m2/s (10:00, ridge cluster, Figure 

5.2b) to 7.38 µmol/m2/s (16:00, shady cluster, Figure 5.2a) with a strong spatial 

heterogeneity within the shady B (Figure 5.2a) and sunny B (Figure 5.2c) cluster.  
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Figure 5.2. Diurnal soil CO2 efflux (9:00 to 18:00, local time) within and across clusters 
(aspect) at 500 m, 1000 m and 1900 m. Boxplots show the minimum, 25% quartile, median, 
75% quartile and maximum values of soil CO2 efflux (µmol/m2/s). Comparison of CO2 
efflux rates between measurement times within a given cluster was performed using 
Kruskal Wallis followed by a Wilcoxon pairwise multiple comparison test. Different letters 
indicate statistically significant differences between measurement times for a given cluster.  

 

5.3.1.1. Diurnal pattern of soil temperature and volumetric soil water content across elevation 

and aspect  

Soil temperature varied between 9.5 °C (1900 m, 10:00, sunny B cluster, 

Supplementary Figure S5.1A, c) and 28.4 °C (500 m, 18:00, sunny B cluster, Figure S5.1A, 

i). Across all clusters and elevations bands, except for the shady cluster at 1900 m (Figure 

S5.1A, a), soil temperatures increased significantly by 8 to 10 °C from 9:00 to 16:00 and 

then remained stable (Figure S5.1A, i, h), slightly increased (Figure S5.1A, c, d) or 

decreased (Figure S5.1A, b, e, f, g). 
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Soil VWC was lowest at 500 m (4.4%, 9:00, sunny B cluster, Figure S5.1B, i) and 

highest at 1900 m (20.8%, 9:00, sunny B cluster, Figure S5.1B, c). In contrast to soil 

temperature, no significant differences were found for soil VWC in all clusters across the 

day (Figure S5.1B, a, i).  

 

5.3.1.2. The effect of soil temperature and volumetric soil water content on diurnal soil CO2 

efflux  

Soil temperature explained up to 73% of the variation in soil CO2 efflux at 500 m 

(Figure 5.3a-c). The relationships were best described as quadratic functions with soil CO2 

efflux being highest at temperatures ranging from 20 ºC (shady B, Figure 5.3a) to 24 ºC 

(sunny B, Figure 5.3c) and declining to both sites of the optimum. At 1000 m, a significant 

effect of soil temperature on soil CO2 efflux was only found for the shady B cluster (R2 = 

0.596, p = 0.0083, linear regression, data not shown), and no effect of soil temperature on 

soil CO2 efflux was found at 1900 m (data not shown).  

 

 

Figure 5.3. Soil CO2 efflux versus soil temperature across aspect at 500 m (a-c). The figures 
show the quadratic functions, R2 and P for the shady B (a), ridge (b) and sunny B (c) cluster.   
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Regression analysis showed that soil moisture explained 31.7% ( p < 0.0001) of the 

variation in soil CO2 efflux at 500 m (Figure S5.2a) and 26.8% (p =0.0011) at 1000 m 

(Figure S5.2b).  

Combing all diurnal measurements (n = 210) revealed that soil VWC had a 

significant but weak effect on diurnal soil CO2 efflux (p = 0.002) (Figure S5.2c) whereas 

soil temperature had no significant effect (p = 0.11) (Figure S5.2d).   

 

5.3.2. Spatial patterns in soil CO2 efflux, environmental and edaphic factors across 

elevation and aspect 

5.3.2.1. Soil CO2 efflux 

Individual measurement of soil CO2 efflux ranged from 0.36 µmol/m2/s (1300 m) 

to 7.31 µmol/m2/s (900 m) with a median value of 3.21 µmol/m2/s across all 405 plots. The 

lowest soil CO2 efflux was measured at 600 m (median: 1.79 µmol/m2/s, Figure 5.4a). A 

higher proportion of clusters with higher soil CO2 efflux rates were found below 1300 m, 

in particular in the shady A and ridge clusters between 700 and 900 m (Figure 5.4a).  

Soil CO2 efflux within clusters varied considerably, in particular within the ridge 

cluster (0.78 µmol/m2/s - 7.2 µmol/m2/s, Figure 5.4b). Soil CO2 efflux differed significantly 

between sunny A (median: 2.92 µmol/m2/s) and sunny B (median: 3.47 µmol/m2/s, Figure 

5.4b) whereas no difference was found between shady A and B and the ridge cluster.   
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Figure 5.4. (a) Heat map for soil CO2 efflux across elevation and aspect (small value shown 
in light colour at 1800 sunny B cluster, only one cluster was measured at the summit 1936 
m) (b) boxplot for soil CO2 efflux between clusters. Each black dot represents one 
measurement. Boxplots show the minimum, 25% quartile, median, 75% quartile and 
maximum values of soil CO2 efflux (µmol/m2/s). Different letters indicate statistically 
significant differences between clusters (pairwise Wilcoxon test, p < 0.05).  
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5.3.2.2. Environmental characteristics 

Soil temperature ranged between 11.4 °C (1700 m) to 24.7 °C (500 m) with a 

median of 17.9 °C across all 405 plots (Figure 5.5a). Soil temperature decreased with 

increasing elevation from 18.1 °C at 500 m to 14.7 °C at 1936 m (Figure 5.5a). Sunny A 

and B were significantly warmer than shady A and B (Table 5.1, Figure 5.5a). In contrast 

to soil temperature, soil VWC increased with elevation from the median of 8.9 % at 500 m 

to 13.1% at 1936 m (Figure 5.5b). Across the aspect, sunny A and B were significantly 

drier than shady A and B (Table 5.1). 

 

Table 5.1.  Soil temperature and volumetric soil water content across aspect (= clusters). 
Values presented are median and standard deviation (n = 5) per cluster. Different letters 
indicate statistically significant differences between clusters (pairwise Wilcoxon test, 
p<0.05). 

 

Cluster Soil temperature (ºC) 

n=401 

Volumetric soil water content (%)     

n=403 

median Std Dev median Std Dev 

Shady B 17.00 b 2.21 12.15 a 2.92 

Shady A 16.55 c 2.31 12.30 a 3.17 

Ridge 17.60 b 1.78 11.50 b 2.85 

Sunny A 19.25 a 2.69 9.90 c 3.25 

Sunny B 19.00 a 2.66 10.10 bc 3.14 
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Figure 5.5. Heat map for (a) soil temperature and (b) volumetric soil water content across 
elevation and aspect. Values are means per cluster (n = 5). Light colour represents small 
values at clusters below 1900 m; only one cluster was measured at the summit of 1936 m. 
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5.3.2.3. Edaphic characteristics   

Soil total C concentrations (n = 387) ranged from 1.32% (1700 m) to 5.46% (900 

m) with a median of 3.09% (Figure 5.6a). Soil C concentration increased with elevation 

with high values at 1200 m (median: 4.22%) and 1600 m (median: 4.43%). Soil total N 

concentration (n = 392) showed a similar pattern as soil C concentration with high values 

found at 1200 m (median: 0.30%) and 1600 m (median: 0.32%) (Figure 5.6b). Soil C:N 

ratio was highest at 1500 m (median: 18.56) (Figure 5.6c). Soil C and N concentrations and 

C:N ratios differed between clusters with significantly lower soil C and N concentrations 

(and C:N ratio) at sunny A and B compared to the remaining clusters (Table 5.2). 

Soil δ13C values ranged from -28.53 ‰ (900 m) to -24.72 ‰ (1100 m) (n = 394, 

median: -26.69 ‰) (Figure 5.6d). Despite variations between elevation bands soil δ13C 

values fell into two significantly different (p<0.0001) groups. More negative soil δ13C 

values (-27.0 ‰) were measured below 1300 m compared to -26.1 ‰ above 1300 m.  Soil 

δ15N values varied between 2.55 ‰ (1500 m) and 6.69 ‰ (500 m) with a median of 4.65‰ 

(n = 388) (Figure 5.6e). Soil δ15N values declined with elevation (Figure 5.6e). Soil δ15N 

values were significantly lower (median 4.39 ‰) above 1300 m than below 1300 m (4.81 

‰). Aspect had a significant effect on soil δ13C values with values at sunny B being more 

negative than the remaining clusters (Table 5.2). A significant difference between shady A 

and sunny B was found for soil δ15N values (Table 5.2).  
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Figure 5.6. Edaphic characteristics along the elevation gradient. (a) Soil total carbon 
concentration (n = 387), (b) soil total N concentration (n = 392), (c) C:N ratio, (d) δ13C (n 
= 394), (e) δ15N (n = 388). Box plots showed the minimum, 25% quartile, median, 75% 
quartile and maximum values of each property. Data points beyond the whiskers (quartile 
± 1.5× interquartile range) were identified as outliers at a given elevation band.  

 

 

 

 



 

 
 

Table 5.2. Soil carbon (C) and nitrogen (N) concentration, C:N ratio, δ13C and δ15N values across clusters. Values are median (Med) and 
standard deviation (n = 5) per cluster. Different letters indicate statistically significant differences between clusters (pairwise Wilcoxon test, p 
< 0.05). 

 

 
Cluster 

Soil C  
concentration (%) 

Soil N  
concentration (%) 

C:N ratio δ13C (‰) δ15N (‰) 

n Med Std Dev n Med Std Dev n Med Std Dev n Med Std Dev n Med Std Dev 
Shady B 73 3.3 a 0.8 75 0.3 ab 0.1 76 15.2 a 2.0 79 -26.7 ab 0.7 78 4.7 ab 0.8 
Shady A 79 3.2 a 0.9 80 0.3 ab 0.1 80 15.6 ab 2.2 79 -26.6 ab 0.6 80 4.4 b 0.8 
Ridge 82 3.2 ab 0.7 84 0.3 ab 0.1 85 15.0 ab 1.9 85 -26.4 a 0.8 85 4.7 ab 0.8 
Sunny A 78 3.0 b 0.9 78 0.2  c 0.1 77 14.6 b 2.2 77 -26.7 b 0.6 71 4.7 ab 0.9 
Sunny B 75 2.8 b 0.7 75 0.2 bc 0.0 80 14.4 b 2.3 74 -27.0 c 0.8 74 4.8 a 0.8 
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5.3.3. Factors influencing soil CO2 efflux across elevation and aspect 

Most variables were strongly correlated with elevation such as soil CO2 efflux (ρ = 

-0.24), soil temperature (ρ = -0.46), soil water content (ρ = 0.41), soil δ13C values (ρ = 

0.68), soil C concentration (ρ = 0.18), soil δ15N values (ρ = -0.39), C:N ratio (ρ = 0.45) 

(Figure S5.3). Soil C concentration showed also high correlations with most edaphic and 

environmental factors (Figure S5.3).  

The ‘all plot’ BRT model showed that 76% of the variation in soil CO2 efflux was 

explained by the measured environmental and edaphic factors (Table 5.3). Elevation 

explained 14.4% followed by soil N concentration (10.6%), δ15N (10.3%), soil C 

concentration (9.3%) and soil temperature (8.1%) (Table 5.3). The estimated coefficient of 

variance was 0.64 with a standard error of 0.036. Soil CO2 efflux increased with increasing 

soil N concentration at around 0.23% N (Figure 5.7b). Soil CO2 efflux increased with 

increasing soil C concentration, especially within the range between 2% and 3% (Figure 

5.7d).  

Running BRT models by clusters showed that up to 87% (ridge cluster) of the 

variation in soil CO2 efflux was explained by environmental and edaphic factors (Table 

5.3). Elevation was the main driver for the shady A and ridge clusters (explained 18.5% 

and 22.9% of variation, respectively), while δ13C and δ15N were the main driving factors at 

sunny A and sunny B cluster, respectively.



 

 
 

Table 5.3. Summary of the relative contribution (Contr.) (%) and variance explained (Var.) (%) by variables for a boosted regression tree 
(BRT) model for soil CO2 efflux (µmol/m2/s) developed with cross validation using a tree complexity of 5 and learning rate of 0.005. Factors 
explaining most of the relative contribution and variance in a given cluster are shown in bold. 

 

Factors 

All plots 
N = 405 

Shady B 
N = 80 

Shady A 
N = 80 

Ridge 
N = 85 

Sunny A 
N = 85 

Sunny B 
N = 85 

Contr. 
(%) 

Var. 
(%) 

Contr. 
(%) 

Var. 
(%) 

Contr. 
(%) 

Var. 
(%) 

Contr. 
(%) 

Var. 
(%) 

Contr. 
(%) 

Var. 
(%) 

Contr. 
(%) 

Var. 
(%) 

Elevation 19.0 14.4 13.5 9.7 22.5 18.5 26.3 22.9 7.1 5.9 8.9 7.5 
C:N ratio 9.3 7.1 14.5 10.4 16 13.1 17.9 15.6 9.1 7.6 12.8 10.8 
δ13C 8.8 6.7 13.3 9.6 8.4 6.9 13.3 11.6 24.8 20.6 12.4 10.4 
N concentration 13.9 10.6 9.8 7.1 19.4 15.9 11.9 10.4 7.4 6.1 7.8 6.6 
C concentration 12.2 9.3 12.5 9.0 9.1 7.5 11.0 9.6 13.0 10.8 13.0 10.9 
Soil VWC 6.0 4.6 10.3 7.4 9.6 7.9 7.9 6.9 10.1 8.4 13.7 11.5 
δ15N 13.6 10.3 12.0 8.6 6.9 5.7 5.8 5.0 12.8 10.6 19.9 16.7 
Soil temperature 10.7 8.1 14.1 10.2 8.1 6.6 5.8 5.0 15.8 13.1 11.5 9.7 
Cluster 6.6 5.0 - - - - - - - - - - 
total  76.0  72.0  82.0  87.0  83.0  84.0 
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Figure 5.7. Partial dependence plots for the first four variables in the boosted regression 
tree model across study site (n=405 observations) showing their effect on the response ratio 
of soil CO2 efflux. Plots are ordered in decreasing contribution of the factors in the model 
(a-d). (a) response ratio for elevation; (b) response ratio for soil N concentration; (c) 
response ratio for the δ15N; (d) response ratio for the C concentration. Y-axes are on the 
logit scale and fitted functions are centred by subtracting their mean.
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5.4. Discussion  

5.4.1. Diurnal patterns in soil CO2 efflux  

Soil CO2 efflux at 500 m, 1000 m and 1900 m (0.54 µmol/m2/s - 10.49 µmol/m2/s, 

median =3.15 µmol/m2/s) showed a slightly larger range but lower median values than 

across all 405 locations (0.36 µmol/m2/s – 7.31 µmol/m2/s, median: 3.21 µmol/m2/s). A 

comparison of soil CO2 efflux values with other grassland systems can be found in section 

5.4.2.  

Higher soil CO2 efflux rates around midday and early afternoon were measured at 

500 and 1000 m (Figure 5.2e-i) which is in agreement with findings from other temperate 

grassland systems (Flanagan and Johnson, 2005; Jia and Zhou, 2009; Wang et al., 2014b; 

Wang et al., 2015). Neglecting the effect of diurnal variation in soil CO2 efflux can result 

in an overestimation of daily CO2 fluxes of up to 40% when measurements are conducted 

in the early afternoon (Parkin and Kaspar, 2003).  

The diurnal pattern of soil temperature at Mt. Cardrona can be described as a half 

sine wave (Figure S5.1A) which is in line with other grassland studies (Darenova et al., 

2014; Flanagan and Johnson, 2005; Parton and Logan, 1981). Soil temperatures of up to 28 

ºC and soil VWC < 5% at 500 m (sunny B) may not only be explained by aspect and low 

elevation but also by the high proportion of bare soil patches (personal observation). The 

lack of shading from vegetation leads to increased soil temperature and evaporative 

moisture loss (Asbjornsen et al., 2011; Ehrenfeld et al., 2005). At 500 m, soil CO2 efflux at 

Mt. Cardrona peaked two hours before soil temperature reached its maximum (Figure 5.2g-

i, Figure S5.1A g-i). A decoupling between soil temperature and soil CO2 efflux has also 

been observed in other grassland and forest ecosystems (Riveros-Iregui et al., 2007; Wang 

et al., 2014a). The time lag between soil temperature and soil CO2 efflux often varies with 

soil water content (Jassal et al., 2008; Ruehr et al., 2010; Wang et al., 2014b).  

Differences in the soil temperature – soil CO2 efflux relationship between the 

findings of this study and other studies can partly be explained by the soil microclimatic 

conditions during the measurement campaign in January 2015. Soil VWC at Mt. Cardrona 

was likely a limiting factor as shown by the positive soil VWC – soil CO2 efflux 

relationship, especially at 500 m and 1000 m (Figure S5.2a, b). An overriding influence of 

soil moisture has not only been reported for arid or semiarid ecosystems (Conant et al., 

2004) but also in more mesic systems, especially during the dry and warm periods of the 
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year (Shi et al., 2012). At 1900 m, neither soil temperature nor soil VWC was correlated 

with soil CO2 efflux (data not shown). Lower decomposition rates or great substrate 

availability at higher elevations may have masked the effect of soil temperature and soil 

water content as shown by Whitaker et al. (2014) and Hagedorn and Joos (2014).  

In summary, the stronger control of soil water content across the topography at Mt. 

Cardrona during summer suggests that soil water content is a limiting factor during warm 

and dry summer conditions.  

 

5.4.2. Spatial patterns in soil CO2 efflux and its influencing factors  

Soil CO2 efflux across Mt. Cardrona (0.36 µmol/m2/s – 7.31 µmol/m2/s; median: 

3.21 µmol/m2/s) was higher than values previously measured in tussock grassland 

ecosystems in New Zealand. Soil CO2 efflux in a grazed short tussock/Hieracium grassland 

in the Mackenzie Basin (460 m a.s.l; around 120 km northeast of Mt. Cardrona) during a 

summer drought ranged from 0.1 to 1.7 µmol/m2/s (Hunt et al., 2002). Mean annual soil 

CO2 efflux in an experimental short/tall tussock grassland system (590 m a.s.l.; around 300 

km northeast) was 0.96 ± 0.09 µmol/m2/s (Graham et al., 2014). Approximately 2.7 

µmol/m2/s were measured in a tussock grassland at 1315 m (Craigieburn Forest Park, 

Canterbury) during summer (Tate et al., 2000). Compared to studies conducted in Northern 

Hemisphere grasslands, the median soil CO2 efflux at Mt. Cardrona was within the range 

of values (0.25 to 5.49 µmol/m2/s at a reference temperature of 10 ºC) reported from 20 

European grassland ecosystems  located between 50 m and 2000 m a.s.l. (Bahn et al., 2008). 

In Swiss grasslands (400 m, 1000 m, and 2000 m) soil CO2 efflux varied between 2.3 and 

5.6 µmol/m2/s during a summer drought (Hagedorn and Joos, 2014). Higher soil CO2 efflux 

rates (3-13 µmol/m2/s) were measured in managed Swiss grasslands during summer (Imer 

et al., 2013). Alpine meadows in China emitted between 0.5 and 12.9 µmol/m2/s during the 

peak growing season (Geng et al., 2012). In summary, soil CO2 emissions at Mt. Cardrona 

during summer are within the range of values reported from other grasslands. 

Elevation explained around 14% of the variation in soil CO2 efflux across all plots 

and the underlying mechanisms are discussed below. However, it is important to highlight 

that soil CO2 efflux (but also environmental and edaphic characteristics) varied 

considerably within a given elevation band (Figure 5.4a, 5.5a, b and 5.6a-e) suggesting that 
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the “lateral”, aspect-driven variation was stronger than the ‘vertical’ difference between 

elevation bands. This is in agreement with Wu et al. (2017) who found greater differences 

in the bacterial community richness and composition between samples taken across the 

aspect gradient than between elevation. Significant differences in soil CO2 efflux (Figure 

5.4b), environmental (Table 5.1) and edaphic characteristics (Table 5.2) across the aspect 

and the different outcomes of the cluster specific BRT models (Table 5.3) highlight the 

importance of aspect on ecosystem characteristics, especially in hill country and 

mountainous areas as shown in previous studies (Radcliffe and Lefever, 1981; Riveros-

Iregui Diego and McGlynn Brian, 2009). Changes in radiation and wind across aspect, 

which can vary considerable over short distances, have been shown to be important factors 

in determining soil temperature, soil moisture, soil chemistry and plant species composition 

and plant growth (Atkins et al., 2015; Carter and Ciolkosz, 1991; Geroy et al., 2011; 

Radcliffe and Lefever, 1981; Riveros-Iregui et al., 2012). 

All environmental and edaphic characteristics (except soil N concentration) were 

significantly correlated with elevation (Figure S5.3). Given that elevation was a good proxy 

for changes in ecosystem conditions, all known to be important determinants of soil CO2 

efflux, it is not surprising that elevation explained up to 26% (ridge cluster, Table 5.3) of 

the variation in soil CO2 efflux. A decline in soil CO2 efflux with elevation has previously 

been observed in grassland (Xu and Wan, 2008) and forest ecosystems (Riveros-Iregui et 

al., 2007; Rodeghiero and Cescatti, 2005) reflecting the links between elevation and soil 

water content  (Xu and Wan, 2008), soil temperature (Rodeghiero and Cescatti, 2005) and 

microbial composition (Whitaker et al., 2014).   

Neither soil temperature nor volumetric soil water content was a predominant factor 

in explaining the variation in soil CO2 efflux (Table 5.3). This is in contrast to most 

temperate grassland and forest ecosystems where soil temperature is often a strong 

determinant of soil CO2 efflux (Bahn et al., 2010; Bahn et al., 2008; Darenova et al., 2014; 

Flanagan and Johnson, 2005; Raich and Schlesinger, 1992; Raich and Tufekcioglu, 2000; 

Risch and Frank, 2010; Yuste et al., 2007). Median soil temperature at Mt. Cardrona 

declined by 3.7 °C from the valley floor to the summit. The lapse rate of 0.25 ºC per 100 

m was smaller than commonly reported (0.6 ºC per 100 m, Radcliffe and Lefever, 1981) 

reflecting the warm and dry summer conditions during the measurement campaign. The 

lack of a strong soil temperature-elevation gradient may explain why soil temperature 

explained less than 15% of the variation in soil CO2 efflux across all plots and clusters 
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(Table 5.3). Besides the small variability in soil temperature the strong co-variation with 

soil water content (ρ = -0.43, p < 0.0001, Figure S5.3) may have masked the spatial 

correlation between soil CO2 efflux and soil temperature (Davidson et al., 1998; Fóti et al., 

2016). Soil water content has been reported to be a more important control on soil C fluxes 

than temperature under semi-arid conditions as soil water becomes the most limiting 

resource driving biogeochemical processes (Conant et al., 1998; Wang et al., 2014a).  

Median soil VWC during the study period was low (11%) but increased 

significantly with elevation. The combined effect of lower temperature and increasing soil 

VWC may explain the increase in soil C concentration between 500 and 1000 m (Figure 

S5.3). Increasing soil C concentration and soil organic carbon stocks with elevation have 

been reported from other South Island tussock grasslands (Tate, 1992), grassland and forest 

systems (Parras-Alcántara et al., 2015; Zhao et al., 2015). Reduced litter and organic matter 

decomposition rates at lower temperatures and/or higher soil VWC have been shown to 

result in higher C and N accumulation rates (Kitayama and Aiba, 2002; Raich et al., 2006) 

and a decline in soil CO2 efflux. Lower soil C and N concentrations (and soil CO2 efflux) 

at 500 and 600 m may also be related to lower biomass input due to continuous biomass 

removal through higher grazing activity (as evidenced by a higher amount of dung in 

collected plant samples) and increased decomposition through better soil aeration created 

by rabbit burrows (Wang et al., 2014a). 

Interestingly soil C and N concentration above 1200 m were highly variable and 

showed a slight decline with elevation (Figure 5.6a, b). This might be attributed to a shift 

in plant species composition and a higher proportion of shrub species above 1200 m (Brandt 

et al., 2017). Soil N concentrations tend to decrease when plant residue is woody or 

herbaceous, which are less degradability by microbes (Berg, 2000; Spehn et al., 2002). 

However, the soil C:N ratios (12-16) above 1200 m did not suggest an inhibition of organic 

matter degradation which may occur at C:N ratios above 20 (Conant et al., 2008; Moriyama 

et al., 2013). 

Soil N concentration appeared to be a limiting factor at Mt. Cardrona (‘all plots’) 

as shown by the strong increase in soil CO2 efflux around a soil N concentration of around 

0.23% (Figure 5.7b, Table 5.3). Median soil C and N concentrations (3.2% C; 0.24%) at 

Mt. Cardrona were lower than soil C concentrations in other New Zealand grassland 

systems. For example, soil C concentration in dryland pastures in Canterbury is 4.2%. Soil 
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C concentrations in a sheep grassed tussock grassland (910 m a.s.l) in Southland was 

between 3.6 and 5.4% (Metherell, 2003). In tussock grassland (460-670 m a.s.l,) in the 

Lammerlaw Ranges, Otago, soil C and N concentrations of 7.6% C and 0.36% N, 

respectively, were measured (Davis, 1994; Sparling and Schipper, 2004). Across New 

Zealand’s grazed pastures soil C and N concentrations range between 3.3 and 6.1% C and 

between 0.29 and 0.50% N, respectively (Davis and Condron, 2002; Hoogendoorn et al., 

2016). Low soil N concentrations in the tussock dominated plots may be related to the rare 

occurrence of indigenous legumes and nitrogen-fixing plants in New Zealand tussock 

grasslands (O'Connor, 1983). Increase in soil CO2 efflux with increasing soil N 

concentration may be associated with increases in autotrophic respiration through enhanced 

root production (Lee and Jose, 2003). Further, low soil N concentration has been shown to 

restrict microbial respiration due to N limitation; thus an increase in N may accelerate 

microbial respiration (Neely et al., 1991).  

Vegetation may affect the quality and quantity of C and N input which will in part 

determine decomposition rates and soil CO2 production. The quality of organic matter input 

(e.g., C:N ratio, lignin content) influences the soil microbial community structure and 

substrate utilization strategies which affect decomposition rates (Raich and Tufekcioglu, 

2000). The carbon and nutrient composition in plant biomass was not investigated in this 

study. However, the edaphic characteristics (soil N concentration, soil C:N ratio, δ13C and 

δ15N values) suggest differences in the quality of organic matter input and thus explained 

in part the spatial variation in soil CO2 efflux at Mt. Cardrona (Table 5.3, Figure 5.7b, 

Figure S5.3).   

Soil δ13C values at Mt. Cardrona (-28.53 ‰ - -24.72 ‰; median = -26.69 ‰) 

indicate that the soil organic matter originates from a C3 plant dominated system (Farquhar 

et al., 1989). The soil carbon isotopic signals at Mt. Cardrona were within the range of soil 

δ13C values (-25.2 to -29.6 ‰) measured in tussock and non-tussock grasslands across New 

Zealand (O'Brien and Stout, 1978; Stout and Rafter, 1978). In general, differences in soil 

δ13C values reflect the vegetation source and shift in δ13C values indicating biological decay 

process across sites (Garten Jr et al., 2000; Nadelhoffer and Fry, 1988). At Mt. Cardrona 

soil δ13C values below 1200 m were significantly lower compared to above 1200 m. A 

strong increase in native species derived plant biomass (e.g. C. rigida) above the estimated 

historic tree line at 1150 m (Brandt et al., 2017) may partly explain the shift in soil C stable 

isotope composition. The variation in soil δ13C values can also be attributed to 
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environmental conditions. Soil δ13C values became more positive with increasing elevation 

(ρ = 0.68, p < 0.0001) (Figure S5.3), a trend which has also been found under C3 vegetation 

in temperate ecosystems (Körner et al., 1991) and is explained by decreasing temperatures 

and atmospheric pressure influencing C isotope discrimination. Soil C becomes more 

enriched in δ13C due to isotopic fractionation during decomposition of substrates by soil 

microorganisms (Garten Jr et al., 2000). Thus, higher soil δ13C values at higher elevations 

may indicate that the soil C is more decomposed (and potentially older) than at lower 

elevations. Differences in soil δ13C values between sites have also been explained by C:N 

ratios (Stout and Rafter, 1978) which was also found at Mt. Cardrona (ρ = 0.22, p < 0.0001) 

(Figure S5.3). The results (Table 5.3, Figure S5.3) suggest that δ13C values were a good 

indicator of soil CO2 efflux rates, integrating plant composition, environmental, and 

edaphic conditions across elevation and aspect.   

The BRT models revealed that the contribution of factors in explaining the variation 

in soil CO2 efflux was not consistent between clusters and no individual factor explained 

more than 26 % (Table 5.3). This is in contrast to other findings were one or two factors 

explain over 80% of the variation in soil CO2 efflux (e.g. Conant et al., 2000). While 

elevation was the predominant factor explaining soil CO2 efflux across all plots, ridge and 

shady A cluster (Table 5.3), and edaphic factors (C:N, δ15N, δ13C) explained a higher 

proportion of the variation in soil CO2 efflux at the remaining clusters during the 

measurement campaign in January 2015.  The findings of this study indicate that the 

influence of environmental and edaphic factors driving autotrophic and heterotrophic 

respiration vary across topographic gradients which was also reported in previous studies 

(Conant et al., 2011; Flanagan and Johnson, 2005).  

 



 

119 
 

5.5. Conclusions  

Soil CO2 efflux is the largest terrestrial CO2 flux and changes in its magnitude will 

have implication on the global C cycle. Considerable temporal and spatial variation in soil 

CO2 efflux have been found across ecosystems due to complex interactions of 

environmental, edaphic and biotic factors which control autotrophic and heterotrophic 

respiration. High variability in soil CO2 efflux and its controlling factors within a given 

elevation band at Mt. Cardrona showed that aspect is an important variable and may 

supersede the effect of elevation during summer. The results of this study suggest that 

diurnal soil CO2 efflux at Mt. Cardrona during summer shifts from a dominance of 

temperature driven processes to a soil water content driven regulation at clusters where soil 

water content was limiting. Across the topographic gradient soil CO2 efflux at Mt. Cardrona 

during summer was a multicontrolled process, driven (1) by the interaction of 

environmental, edaphic factors and (2) shifts in the order and strength of influencing factors 

due to changes in resource limitation across the topographic gradient. This study showed 

that topographic gradients are useful for the study of environmental, edaphic controls that 

regulate soil CO2 efflux. However, the current findings are limited to summer conditions 

and need to be repeated under different climatic conditions. Process based investigations 

along the topographic gradient would help to gain a better understanding of the feedbacks 

between environmental, edaphic and biotic controls and to improve ecosystem C models.   
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5.6. Supplementary material 

 

 

Figure S5.1. Soil temperature (A) and soil water content (B) across the day in shady B, Ridge 
and Sunny B clusters at three elevation bands. Boxplots show the minimum, 25% quartile, 
median, 75% quartile and maximum values of soil CO2 efflux (µmol/m2/s). Comparison of 
CO2 efflux rates between measurement times within a given cluster were performed using 
Kruskall Wallis followed by a Wilcoxon pairwise multiple comparison test. Different letters 
indicate statistically significant differences between measurement times for a given cluster. 
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Figure S5.2. Soil water content (%) versus soil CO2 efflux at (a) 500 m (n=75) (b) 1000 m 
(n=75) (c) 500 m, 1000 m and 1900 m (n=210) and (d) soil temperature (°C) vs soil CO2 efflux 
(µmol/m2/s) (n=210). Measurements were taken across the day at three clusters at each 
elevation. 
 

 

 



 

 
 

 

Figure S5.3. Spearman Rank correlations between soil CO2 efflux, environmental, edaphic and biotic factors across the study site. Scatter plots show the 
pairwise relationships. Histogram graphs show the distribution of each variable: Soil CO2 efflux (Efflux), Elevation band (Elevation), Soil temperature 
(Temperature), Soil volumetric water content (VWC), δ15N (Iso.15N), Soil N concentration (N.concen.), δ13C (Iso.13C), Soil C concentration (C.concen), C:N 
ratio (C:N ratio), above ground biomass (Biomass). Values show the spearman’s correlation coefficient between the two variables with significance levels 
denoted with stars (“*” p<0.01, “**” p<0.001, “***” p<0.0001). Larger font size indicate stronger correlations. 

122 



 

123 
 

Chapter 6.  Synthesis 

 

The overall aim of this thesis was to assess soil C quantity and characteristics and 

its role in influencing factors and mechanisms at the micro and macro scale to improve our 

understanding of soil C cycling following land cover change in Otago, New Zealand. To 

achieve this aim and specific objectives, I used established analytical (e.g. solvent-

extractable lipids, soil CO2 efflux, etc) and statistical methods (e.g. principal component 

analysis, BRT model, etc), and refined analytical (e.g. soil phytolith extraction) techniques.  

Quantifying size and density fractions and its associated C provided information on 

the physical protection of soil C. The loss in macroaggregates reduced soil aggregate 

stability, which explains the decrease in bulk soil C and N following pine afforestation 

(Chapter 2). This is the first study quantifying the amount of phytolith occluded carbon 

(PhytOC) in New Zealand and demonstrated that grass-derived PhytOC was still 

predominant under pine forest (Chapter 3). Combining soil n-alkane and fatty acids 

revealed a promising approach to characterising plant growth forms, and to determining the 

origin and degradation of soil lipids under different land cover types (Chapter 4). This is 

also the first New Zealand study to use soil lipids as a potential technique to determine the 

vegetation history above (primary grasslands) and below (secondary grasslands) the 

historic treeline. I quantified soil CO2 efflux along an elevation and aspect gradient in a 

grassland dominated ecosystem and used Boosted Regression Tree (BRT) to identify the 

main drivers influencing soil CO2 efflux (Chapter 5).  

In the following sections, the key findings are synthesized. In addition, limitations 

are discussed and recommendations for future research are presented.   

 

6.1. Change of soil characteristics under different vegetation in a complex 

landscape  

The first hypothesis (1a) was confirmed as soil aggregation (expressed as mean 

weight diameter, MWD) in the pine forest catchment was lower compared to the tussock-

dominated catchment. A reduction in soil aggregation may partly be explained by a 
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reduction in biological binding agents (Cotrufo et al., 2013). However, MWD in both 

catchments was considerably lower than values measured in other grassland and forest 

ecosystems (Devine et al., 2014; Guidi et al., 2014; Zhu et al., 2017). This may be attributed 

to the sandy soil texture (Six et al., 2000a) as well as the disaggregation related to the fire 

history of the sites (Mataix-Solera et al., 2011; Urbanek, 2013). Dominant vegetation only 

partly explained the variation of MWD with higher MWD under shrub than tussock grass 

dominated plots (Figure 2.6a). 

Macro_HF was the predominant soil fraction in both tussock grassland catchment 

(median: 72.1%) and pine forest catchment (median: 55.5%) (Figure 2.4, 6.1). Both the 

mass of macro_HF and associated carbon were lower under pine forest (Figure 6.1). A 

lower amount of macro_HF and silt+clay associated C has been related to a reduction of 

woody residue incorporated into the fine dense soil fractions due to the reduced 

decomposition of woody plant residues (Diochon et al., 2016). Macro_LF associated C was 

considerably higher under pine forest, which was also observed in other afforestation 

studies (Huang et al., 2011; Poeplau and Don, 2013; Six et al., 2002c), suggesting that the 

pine-derived organic matter is less decomposable due to the accumulation of recalcitrant 

compounds derived from pine needles (Osono et al., 2014).  

Soil organic carbon saturation was significantly higher in the tussock-dominated 

catchment than the pine-dominated catchment due to a higher specific surface area in 

(Figure 2.3). Higher specific surface area, which is an indicator of cation change capacity, 

has been associated with a higher capacity in stabilizing soil carbon (McNally et al., 2015; 

Stewart et al., 2007). Lower specific surface area and thus SOC saturation in forest sites 

are in line with significantly lower base cation levels in the pine forest catchment (Adams 

et al., 2001). However, no significant difference was found in SOC saturation deficit 

between the two catchments and thus hypothesis 1b was rejected.  
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Figure 6.1. Bulk soil total C and total N, C:N, SOC stock, SON stock, mean weight 
diameter (MWD), carbon saturation deficit (CSD), soil fractions (mass and C%) and 
phytolith assemblage in tussock grassland and pine forest. The relative change in 
characteristics is indicated by the size of boxes and triangles. Significant changes in soil 
characteristics between tussock and pine forest are shown with arrows and stars. Note: not 
all phytolith morphologies are presented in this figure.  

 

The complex topography of the study area, which is characterized by easy rolling 

hills dissected by moderate to steep valleys, geology, and land cover history may partly 

explain the difference in texture and soil characteristics within and between catchments 

(Román-Sánchez et al., 2018; Zhao et al., 2015 ). The results suggest that differences in 

soil properties (e.g., specific surface area) in this complex landscape mask the effect of 

vegetation cover and land cover change on SOC saturation and SOC saturation deficit (Di 

et al., 2018). However, given the lack of baseline soil data (e.g., texture, clay mineralogy) 

and SOC data before the conversion of catchment 2 from a tussock dominated catchment 

into a pine forest makes it difficult to distinguish between the effect of inherent soil 

characteristics and change in vegetation. 

Hypothesis 2 was also rejected as no significant difference in soil phytolith 

assemblage, soil phytoliths and PhytOC storage was found between pine forest and tussock 

grassland (Figure 3.5 and Table 3.2). Phytoliths are very small in size (<60-100 µm) and 

may be more resistant to change than soil size fractions (Alexandre et al., 2015; Parr and 
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Sullivan, 2005). The C occluded in phytoliths is plant-derived C and reflects past and 

current vegetation cover (Chapter 3). Previous grassland coverage can mask the 

contribution of phytolith from contemporary woody plant communities (Esteban et al., 

2017; Kerns et al., 2001; Kerns et al., 2008; Novello et al., 2018). Grass species have been 

found to produce a higher amount of phytoliths and have shorter life cycles than trees and 

shrubs, resulting in 5 - 10 times higher soil phytolith concentrations under grasslands 

(Alexandre et al., 2011; Evett et al., 2006; Wilding and Drees, 1971). Accumulation and 

persistence of grass-derived phytoliths may overwrite the input from contemporary 

vegetation. This may partly explain the similarity in soil phytolith assemblage and PhytOC 

storage between the tussock grassland and young pine forest.   

6.2. Soil lipids, phytoliths, and soil CO2 efflux as indicators of plant growth 

forms, land cover change and elevation 

Lipids (n-alkanes and n-fatty acids) were used to separate plant growth forms, to 

trace the source of soil C and to verify if lipid biomarkers can be used to assess the 

vegetation history of ‘primary’ and ‘secondary’ grasslands (Chapter 4). I found evidence 

that soil lipids resembled the characteristics of plant lipids, and these characteristics 

differed between plant growth forms (Figure 6.2). Combining n-alkane and n-fatty acid 

proxies provided a more robust approach to identifying and separating plant growth forms 

than using n-alkane or n-fatty acid proxies alone (Figure 6.3a). This is in line with recent 

studies outlining the risks of  using sole proxies to differentiate between vegetation types 

(Bush and McInerney, 2013; Jansen and Wiesenberg, 2017; Schäfer et al., 2016; 

Wiesenberg et al., 2004). Using different lipids and indices captures a wide range of factors 

(i.e. elevation) influencing lipid proxies (Figure 6.2). Despite the considerable variation in 

n-alkane and n-fatty acid characterisitcs (Figure 6.2), the PCA analysis showed that 

grass/herbs and shrubs were characterized by higher total n-fatty acid concentrations and 

ACLFA while trees were featured in higher EOPs and n-C20/n-C24 ratios (Figure 6.3a). 

Further, beech and conifer trees revealed a split in the n-alkane proxies ACLALK and n-

C31/n-C27 ratio (Figure 6.3a). Higher variability in lipid proxies in soil under secondary 

grasslands (Figure 6.3b) may reflect a shift from woody to herbaceous vegetation in the 

region’s vegetation (McGlone, 2001). 
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Figure 6.2. Soil phytoliths and soil lipids under different plant growth forms (grass/herb, 
shrub and tree). Differences in phytolith morphotypes, proportion, soil n-fatty acid and n-
alkane characteristics between plant growth forms are indicated by differences in box size. 
The trapezoids showed changes in characteristics with increasing elevation. 
 

Lipid degradation as shown by the considerable decrease in longer chain lipids and 

increase in shorter chain lipids (Figure 4.2b) may mask the signal of the plant source 

(Howard et al., 2018; Jansen and Wiesenberg, 2017). I found that TotalConALK, TotalConFA, 

ACLFA and OEP were good indicators for the degree of degradation, and that degradation 

was stronger under grass/herbs than tree dominated systems (Figure 4.3b, Table 4.2). 

Besides the degree of degradation, plant species with higher n-alkane concentrations had a 

stronger effect on soil n-alkane characteristics than species with higher plant biomass. 
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Findings from the phytolith study support this assumption. Bulliform and short cell 

phytoliths morphotypes, which originate from grass species accounted for over 80% of the 

total soil phytolith in pine forest sites (Figure 6.2), implying that plant species with higher 

production in phytolith (grasses) may overwrite the contribution of the contemporary 

vegetation (Figure 3.5, Table 3.2). Despite differences between plant and soil lipids, I was 

able to demonstrate that soil lipid characteristics reflected the current vegetation cover 

(Figure 4.2a, b). In summary, both lipids and phytoliths preserve some of their specific and 

identifiable characteristics while incorporated into the soil (Figure 6.2) providing helpful 

approaches to tracing the origin of soil C. Soil lipids also provided insights into the 

vegetation history above (primary grasslands) and below (secondary grasslands) the 

historic treeline (1150 m) at Mt. Cardrona (Figure 4.4b, Figure 6.4) confirming hypothesis 

3. However, further studies are recommended to verify the advantages of combining n-

alkanes and n-fatty acids. 

 

  

Figure 6.3. Principal component analysis (PCA) for (a) different growth forms (grass/herb, 
shrub and tree) in plant n-fatty acid and n-alkane characteristics, showing the separation 
between plant growth forms. A separation between conifer and beech trees along PC 2 was 
also evident (b) soils showing the separation between primary and secondary grassland. 
 

Soil C concentration was a strong predictor of longer chain n-alkane ratios. High 

organic matter input and/or low decomposition rates (e.g. due to low microbial activity 

and/or soil low pH) would explain both high soil C concentration and the high abundance 

of longer chain n-alkanes. Interestingly, soil characteristics (e.g., C and N concentration, 
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δ13C values, soil lipids) and soil CO2 efflux values tended to fall into two groups with ~1200 

m as the ‘dividing’ line at Mt. Cardrona (Figure 5.4a, Figure 5.6a-e and Figure 6.4,).  

Greater variability in soil physical and chemical properties was found across aspect 

over elevation gradient partly confirming hypothesis 4. Soil CO2 efflux below 1200 m was 

above the overall median of 3.24 µmol/m2/s whereas above 1200 m soil CO2 efflux plotted 

below (Figure 5.4a, Figure 6.4). Soil δ13C values below 1200 m were more negative than 

above 1200 m (Figure 5.6d). A strong increase in native species derived plant biomass (e.g. 

Chinochloa rigida) above the estimated historic tree line at 1150 m (Brandt et al., 2017) 

may partly explain the shift in soil C stable isotope composition. The variation in soil δ13C 

values can also be attributed to environmental conditions. Soil δ13C values became more 

positive with increasing elevation (Figure 5.6d, Figure 6.4). Thus, whether the shift in soil 

characteristics around 1200 m is a legacy of past vegetation cover or reflects the influence 

of the current plant community composition or environmental factors warrants further 

investigation. 

 

Figure 6.4. Soil CO2 efflux, environmental factors, edaphic properties and lipids 
characteristics between primary and secondary grassland at Mt. Cardrona.  
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6.3. Limitations and recommendations for future research  

In addition to the limitations outlined in the data chapters (e.g., need for standard 

phytolith purification procedure, Chapter 3) this section addresses some overall limitations. 

Research was conducted at two main study areas in Otago, South Island, New Zealand. Soil 

fractionation and phytoliths (Chapter 2, Chapter 3) were investigated in the Lammerlaw 

Range (Glendhu catchment) covering a tussock grassland and pine forest at an elevation 

between 460 to 670 m a.s.l. The effect of topography on CO2 efflux was studied at Mt. 

Cardrona, representing tussock grasslands with a steep elevation gradient from 500 m to 

1936 m (Chapter 5). Samples for the soil lipid characteristic study were collected from the 

Mt. Cardrona, Rees Valley and Queenstown areas with an elevation range of between 400 

m to 1300 m (Chapter 4). Although all locations are within the same dryland environment 

type (Walker et al., 2009), differences in microclimate and land use history limited the 

integration of findings across sites. 

The current land use of tussock grassland across New Zealand is mainly livestock 

grazing of varying intensity. Intensive grazing has led to grassland degradation in some 

parts of New Zealand and was also observed at the lower elevation (below 700 m) at Mt. 

Cardrona. However, the influence of different grazing intensity on soil processes was not 

quantified in this study.    

Soil CO2 efflux measurements showed that soil temperature had a strong effect on 

the diurnal variation. The effect of temperature on soil CO2 efflux was taken into account 

when conducting the spatial measurements. However, due to logistical challenges and site 

access problems, I was not able to measure soil CO2 efflux across seasons and between 

years to provide an assessment of the loss of carbon on an annual timescale. Further, studies 

have shown that vegetation affects C cycling through plant growth, litter production, and 

C allocation (Fang et al., 1998; Metcalfe et al., 2011; Metcalfe et al., 2007; Raich and 

Tufekcioglu, 2000). Vegetation also controls soil CO2 efflux through root respiration 

(Metcalfe et al., 2011).  Thus, changes in plant composition can result in shifts in microbial 

composition and root growth, modifying heterotrophic respiration and autotrophic 

respiration, respectively (Johnson et al., 2008; Whitaker et al., 2014). However, the role of 

plant species composition and productivity was not investigated in this study. 

 



 

131 
 

Based on the outcome of this study, I suggest the following questions be addressed 

in future studies. 

1) Investigating plant root traits. Findings from Chapter 4 support the framework 

which considers soil organic C “a continuum of progressively decomposing organic 

compounds” (Lehmann and Kleber, 2015). Soil C transformation is controlled by a range 

of interactive biotic and abiotic factors (Jackson et al., 2017; Luo et al., 2017; Paul, 2016) 

and accessibility of C may be more important than the chemical structure of C compounds 

(Dungait et al., 2012; Lehmann and Kleber, 2015). To further our understanding of the 

underlying mechanisms, the role of roots needs to be investigated in depth. Studies 

suggested that plant roots play a critical role in the formation of soil aggregates (Chapter 

2), production of plant lipids (Chapter 4) and soil CO2 efflux (Chapter 5). Thus, 

investigating plant root traits, such as root length density, mycorrhizal association, soluble 

compounds and root branching index (Laliberté, 2016; Poirier et al., 2018) should be an 

integral part of SOC studies.   

2) Exploring the potential of plant legacy to identify vegetation types. Evidence 

from this research showed that lipid and phytolith characteristics can be used to separate 

plant growth forms (Figure 6.2), and that their occurrence in soils can be used as indicators 

to identify past vegetation types. Findings from my research indicated that n-fatty acid 

characteristics were more sensitive indicators to distinguish between plant growth forms. 

However, additional studies across biomes under different enviromental conditions are 

required to confirm these observations. In addition, morphotypes identified from soil 

phytoliths in my study showed either woody or non-woody plant characteristics and a 

proportion of C occluded within the phytoliths (Chapter 3). Recent application of 3-D X-

ray microscopy and NanoSIMS technique enabled the observation of phytolith 

microstucture and further characterize the C origin and occlusion process (Alexandre et al., 

2015; Santos and Alexandre, 2017). Future study could take advantage of these approaches 

to provide more accurate evaluation of C origin and reconstruction of past vegetation.  

3) Quantifiing microbial community compostion and activity. Results presented in Chapter 

2, 4 and 5 indicate that microbe driven processes play a critical role in SOC transformation 

(Figure 1.2). Microbial activity is relatated to soil aggregation through the production of 

binding agents (Delelegn et al., 2017; Xiao et al., 2017). However, the extent of this 

biological process in influencing soil aggregation and C associated soil fraction (e.g. 
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Chapter 2) needs to be quantified. The degradation/transformation of  lipids in litter and 

soil is also closely linked to microbial activity (e.g. Chapter 4). The relationship between 

microbial community compositon and the degradation of lipids needs to be tested in future 

studies (Jansen and Wiesenberg, 2017). Further, heterotrophic respiration from soil 

microorganisms (Trumbore, 2006) plays a part in the total measured soil CO2 efflux (e.g. 

Chapter 5). Recent studies highlight the potential of compound-specific radiocarbon 

analysis for tracking SOC sources and helping to identify microbial derived carbon (van 

der Voort et al., 2017). Advances in molecular biology can be used to identify microbial 

community composition and its functions to furhter our understanding of the stability and 

dynamics of SOC.  
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6.4. Concluding remarks  

This thesis expanded our knowledge on belowground C processes under different 

types of vegetation by investigating soil characteristics across scales. This study 

highlighted the importance of physical soil C protection and plant-related legacies. This 

thesis showed that inherent soil characteristics and land use history may mask the effects 

of recent vegetation change on the formation of soil aggregates, soil saturation deficit and 

SOC storage in complex landscapes. Fine fraction associated C and PhytOC were closely 

related to bulk soil SOC; however, these fractions only accounted for a minor proportion 

of the total soil C. This and a higher degree of persistence may explain why no differences 

in these fractions were found between tussock grassland and pine forest. Lipid proxies and 

phytolith morphotypes helped to identify current and past vegetation, providing evidence 

for the presence of past woody vegetation in the study area. Variation in soil characteristics 

and ecosystem functions (soil CO2 efflux) along topographic gradients may also be driven 

by the legacy of past (woody) vegetation. However, further studies are required to elucidate 

the effects of soil environment on C fractions, vegetation history, microbial processes and 

variability across different vegetation types and ecosystems.  
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