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Abstract 

Soils store more carbon than the atmosphere and terrestrial vegetation combined, 

therefore, changes in soil carbon storage can affect the global carbon budget. One 

of the forms in which carbon is exported from soil is as dissolved organic carbon 

(DOC). Upon release from soil, components of DOC can be oxidised to CO2, thus 

potentially contributing to the global climate crisis. In freshwater systems, DOC is 

considered a pollutant because of its detrimental impact on freshwater ecology and 

biodiversity (by blocking light and reducing photosynthesis and altering thermal-

mixing regimes in lakes), increasing freshwater acidity, transporting nutrients 

(particularly N and P) and trace metal pollutants. Further, during the water 

treatment process (for human consumption), DOC can form toxic by-products.  

This project aimed to shed new light on terrestrial carbon dynamics by testing the 

hypothesis that climate can drive increases in soil DOC export. This research 

focused on past soil DOC exports in New Zealand, an archipelago located in the 

mid-latitudes of the Southern Hemisphere. New Zealand’s palaeo-environmental 

archives (e.g. speleothems and lake sediments) provide a unique opportunity to 

reconstruct the concentrations and characteristics of DOC under changing climate 

conditions over centennial/millennial timescales. New Zealand was uninhabited by 

humans until the 13th century. Palaeo-environmental records that extend beyond the 

13th century, therefore, exclude interference from anthropogenic factors, thus 

enabling the climate hypothesis to be assessed.  

Using lake sediment archives to reconstruct DOC concentrations and 

characteristics through the past 14,000 years  

This study explored the use of 3D EEM (excitation-emission matrix spectroscopy) 

fluorescence of water extractable dissolved organic matter (WEDOM) from lake 
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sediments in reconstructing both past soil export of DOM and past trophic status. 

DOM and water quality are linked because DOM can contain nutrients (N, and P), 

provide an energy source to heterotrophs and algae, can reduce light penetration, 

and lead to reduced dissolved oxygen concentrations.  

Mean trophic level index (TLI) monitoring data of the lake water columns were 

compared against protein-like fluorescence from contemporary sedimentary 

WEDOM from ten lakes, producing strong positive correlations with total 

phosphorous (R2= 0.81), and TLI scores (R2= 0.74 ), and weak positive correlations 

with total nitrogen (R2= 0.5) and chlorophyll a (R2= 0.44). The equation produced 

from the correlation between TLI scores and protein-like fluorescence of WEDOM 

was used to reconstruct TLI scores through the past 13,700 years at Adelaide Tarn 

(a climatically sensitive, sub-alpine lake located in the north west of the South 

Island), indicating predominantly oligotrophic conditions throughout the record.  

Humic-like DOM fluxes in Adelaide Tarn responded to known climate shifts over 

the course of the Holocene, indicating a climatic control on soil DOM production 

and/or export. The results indicate that WEDOM fluorescence can be used as a 

reliable indicator of past soil export of DOM as well as past trophic status. 

To examine total organic carbon concentration; a partial-least square regression 

(PLSR) model was produced using Fourier transform infrared spectroscopy 

(FTIRS) data vs conventionally measured TOC of 141 sediment samples from 13 

lakes, resulting in strong positive correlation (R2 =0.88). The equation from this 

correlation was then used to reconstruct past TOC concentrations from sediments 

in Adelaide Tarn. The FTIRS-TOC and humic-like DOM records showed a clear 

relationship with known temperature changes over the past ~14,000 years BP.  
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Testing the reliability of calcite to record DOC concentrations from its parent 

solution  

Natural carbonates (such as speleothems) are known to contain DOM. Speleothems 

accumulate for hundreds of thousands of years, thus potentially containing long-

term records of DOM export from their overlying soil. However, the ability of 

carbonates to reliably record DOM concentrations from their parent solutions is 

unknown. A calcite precipitation experiment was undertaken in growth solutions 

(diluted peat water) of differing [DOC]aq (0, 5, 10, 15 ppm) with the aim of testing 

the reliability of calcite to record [DOC]aq, and the potential of 3D excitation 

emission (EEM) analysis to assess the DOC concentration in dissolved calcite 

samples. A case study of flowstones and dripwaters from three New Zealand caves 

was also conducted. In the case study, 3D EEM fluorescence-inferred DOC 

concentrations were measured in the dripwaters and speleothems, thus enabling 

calculation of DOC partition coefficients between dripwaters and their associated 

flowstones. Overall, the study demonstrated that calcite [DOC] is controlled by 

aqueous [DOC] from the parent solution, in natural and experimental environments.  

Further, [DOC]aq within the experimental range did not alter the calcium carbonate 

polymorph (calcite), yet heavily influenced calcite crystal structure; smooth-faced, 

rhombohedral crystals formed in growth solutions with low [DOC]aq (0–5 ppm), 

whereas prismatic, ‘impure’ crystals were produced at high [DOC]aq (10 and 15 

ppm). 

Using speleothem archives to test the impact of climate on aquatic DOC 

concentrations in a pre-human continent 

3D EEM fluorescence was used to measure humic-like DOC concentrations in 

modern dripwaters and within three flowstones (secondary carbonate deposits) 
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from three caves distributed along a 7° latitudinal gradient. Calculated DOC 

concentrations from recently deposited flowstone calcite and dripwater monitoring 

were used to calculate empirical distribution coefficient (Kd) values, enabling an 

estimate of dripwater DOC concentrations through the past ~14,000 years BP.  

Correspondence between heightened aquatic DOC concentrations during periods of 

known temperature increases (especially the Holocene climatic optimum) was 

observed at Hodges Creek (north-west South Island) and Dave’s Cave (south-west 

South Island), whilst climatic cooling (during the mid-Holocene) yielded lower 

DOC values. This occurrence was not clear at Waipuna Cave (western North 

Island), perhaps owing to its relatively low altitude and lack of climatic sensitivity 

compared to the other sites.  

Ratios of Mg to Ca in the flowstone showed a strong correspondence between 

periods of drier climate and increases in DOC dripwater concentration at each site. 

The findings of this study show that DOC concentrations have been higher in the 

past at the high-altitude sites, and that climate (in the absence of anthropogenic 

impacts) plays a pivotal role in soil DOC export in sub-alpine and alpine 

environments. 

Summary 

The thesis produced several outcomes. Chapter 3 demonstrated that protein-like 

fluorescence of sedimentary WEDOM is associated with trophic level index score 

and can be used as an indicator of past trophic level (i.e. productivity). Further, 

the Adelaide Tarn palaeo-environmental reconstruction demonstrated that humic-

like fluorescence responded to climate shifts through the Holocene, indicating a 

temperature control on soil C production and/or export. At large, the DOC 
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concentration over the ~10 kyr period approximately halved with a decrease in 

temperature of 1.2 °C. 

The project also demonstrated (in Chapter 4) that speleothems can reliably record 

DOC from their parent solutions, showing a linear response between dissolved 

and solid phase organic concentration. This finding formed the foundation of 

Chapter 5, which demonstrated that high humic-like DOC concentrations in 

flowstones were associated with drier conditions at Waipuna Cave (lower-altitude 

North Island site), however there was no clear correspondence between 

temperature and [DOC] in the Waipuna record. 

At the high altitude, South Island sites (Hodges Creek cave, Adelaide Tarn and 

Dave’s Cave), DOC concentrations were higher during periods with relatively low 

precipitation and high temperature. Hodges Creek Cave (940 m a.s.l.) is situated 

at a similar altitude to Adelaide Tarn (1,250 m a.s.l.) the two sites being only 32 

km apart. Adelaide Tarn’s WEDOM and FTIR-TOC records show strikingly 

similar patterns of humic-like fluorescence and TOC concentrations to the 

Hodge’s Creek fluorescence record, providing support for a regionally coherent 

signal. The relationship between climate and soil DOC export was most clear 

during the Holocene climatic optimum. At this time, temperatures were 

approximately 1.5-2.5 °C warmer than present, whilst humic-like DOC values 

(relative to modern) were 57 % higher at Hodge’s Creek, 36 % higher at Adelaide 

Tarn and 40 % higher at Dave’s Cave. The HCO was also drier than most of the 

Holocene at these sites. Following the HCO, temperature declined, and wetness 

increased, corresponding with a notable decline in DOC concentrations at these 

sites. 

These findings imply that in the absence of human interference, higher 

temperatures and aridity were important drivers of elevated soil DOC export 
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through the past 14,000 years BP was controlled by temperature and wetness at 

the high-altitude sites, whilst only wetness was important at low altitude.  
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 Chapter 1 

Introduction 

 Thesis structure and outline 

This thesis is divided into six chapters including: Introduction (Chapter 1), 

Literature Review (Chapter 2), Research components (Chapters 3–5) and 

Conclusion (Chapter 6). 

Chapter 1 is a general introduction describing the background and significance of 

this research, and how palaeo-climatic archives in New Zealand may help to 

enhance our understanding of the impacts of climate on soil DOC export.  

Chapter 2 is a literature review which begins by describing dissolved organic 

carbon in detail. The review then introduces lake sediment and speleothem archives 

alongside their associated organic carbon proxies and relevant methods of organic 

carbon analysis. Finally, the merits of utilising the palaeo-environmental archives 

and associated methods in New Zealand are discussed.  

Chapter 3 is titled Evaluating past lake water quality and carbon fluxes using 

sediment fluorescence. This chapter has been written as a thesis chapter and will be 

re-adapted for publication in future.  

Chapter 4 is titled Formation of calcite in the presence of dissolved organic matter: 

partitioning, fabrics and fluorescence. This chapter has been published in Chemical 

Geology. 

Chapter 5 is titled Climate controls soil DOM export in the absence of human 

impacts. This chapter was written as a thesis chapter and will be re-adapted for 

publication in the future.  



 

2 

Chapter 6 is a general thesis conclusion which provides a brief summary of the 

PhD research and some proposals for future research.  

 Background and significance of research 

Soils contain more than double the amount of carbon stored in the Earth’s 

vegetation or atmosphere (Batjes, 1996). Temperature is expected to increase by > 

2 °C by 2100 (Raftery et al., 2017), with unknown consequences for soil DOC 

export. DOC has numerous environmental impacts (Ask et al., 2009; Karlsson et 

al., 2009 Yang et al., 2013) and may also provide a positive feedback to global 

climate change (through release of CO2). Improving our understanding of climate 

change on soil DOM export is therefore imperative.  

This PhD research sought targeted geochemical proxies within flowstone (cave 

carbonate) and lake sediment archives spanning the length of the Holocene in New 

Zealand. Due to the late arrival of humans in New Zealand (13th century CE) 

(McWethy et al., 2010), palaeo-environmental archives provide a unique 

opportunity to test climate impacts on soil DOC export (in the absence of human 

impacts).  

During their growth, speleothems can incorporate DOC transported from the soil 

overlying the cave (Blyth et al., 2008; Blyth et al., 2016). Speleothems can grow 

for millennia, potentially storing information on past soil DOC export trends. 

However, the reliability of speleothem archives to reliably record DOC 

concentrations and characteristics from their parent dripwaters is largely untested. 

This study aimed to use fluorescence methods to test the ability of carbonates (via 

a calcite precipitation experiment) to record DOC concentrations and 

characteristics. This approach allowed the utilisation of speleothem archives to 

reconstruct DOC export at pristine sites with similar hydroclimates, but different 
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mean annual temperatures (due to latitude and latitudinal differences between sites) 

over the past 14,000 years BP. The findings from the speleothem DOC 

reconstructions were complimented by an alkenone-based SST trace-element 

record from the Tasman Sea (west of New Zealand’s South Island) (Barrows et al,, 

2007) and speleothem (Mg/Ca) trace-element based reconstructions of wetness 

overlying the cave (as applied in previous studies (e.g. Cruz et al., 2007). The 

speleothem-based DOC reconstructions were supported by a lake sediment 

reconstruction of TOC and humic-like DOM inputs over the past 14,000 years BP.  

 Overall aim of research: 

This project aimed to determine whether atmospheric warming is capable of driving 

increases in DOC concentrations in inland waters in the absence of human 

interference. To achieve this aim, experimental process-based research was 

integrated with the analysis of speleothem and lake sediment archives in New 

Zealand.  

 Research objectives  

- To determine whether atmospheric warming is capable of driving increases 

in DOC concentrations in inland waters in the absence of acidification at 

sites with different temperature regimes and climate sensitivities (due to 

altitude).  

- To build an understanding of climate effects (temperature and precipitation) 

and controls on DOC loss from soil over long (centennial/millennial) time 

scales) in the absence of human interference in New Zealand. 

- To validate the use of speleothems as reliable recorders of DOC 

concentration and characteristics. 
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 Chapter 2 

Literature review 

 Soils in a global context 

The global soil carbon pool of 2,500 Gt includes 1,550 Gt of organic carbon (Lal, 

2004). Soil contains more carbon than the Earth’s vegetation and atmosphere 

combined (Lehmann & Kleber, 2015). The temperature sensitivity of soil 

respiration may partly determine the amount of carbon transferred to the 

atmosphere as a result of anthropogenic global warming (Davidson et al., 2000; 

Kirschbaum, 2000). Global temperatures are expected to exceed 2 °C above pre-

industrial levels by 2100 (Raftery et al., 2017), with unquantified impacts on C 

export from soil. Indeed, the release of even a small fraction of soil carbon as CO2 

or CH4 (from permafrost) could cause substantial increases of these gases in the 

atmosphere (Lehmann & Kleber, 2015), and further exacerbate the rate of global 

warming (Friedlingstein et al., 2013). Currently, the uncertainty surrounding soil 

carbon stability is creating uncertainty in the forecasting of future climate change 

(Evans et al., 2007). Although carbon-cycle climate feedbacks are included in 

climate projections, they are commonly represented in models by outdated 

knowledge of soil carbon turnover (Bradford et al., 2016). Thus, direct 

measurements of warming-induced changes in soil C stocks will be pivotal in 

increasing confidence in future climate projections (Bradford et al., 2016). 

 The soil carbon continuum 

Biological, physical, and chemical transformation processes convert dead plant 

material into simpler organic products. These products can form relationships with 

soil minerals, and, this interaction complicates the study of the nature of soil organic 
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matter (SOM) (Lehmann & Kleber, 2015). The number of compounds that may 

constitute OM is effectively limitless, and therefore a specific chemical description 

cannot be given (Evans et al., 2005). However, the proportion of unidentifiable 

compounds is quite small, and the traditional view of the existence of a novel set of 

complex (high molecular weight) compounds termed ‘humic substances’ has been 

superseded thanks to modern analytical organic methods (Kelleher & Simpson, 

2006). The complex mixture of identifiable biopolymers that make up the “humic” 

fraction of soils account for some 60 % of total SOM (Trevisan et al., 2010). This 

fraction has a broad spectrum of physiochemical properties and thus can form 

water-soluble (hydrophilic) and water-insoluble (hydrophobic) complexes with 

inorganic ions and other organic compounds, as well as coatings on oxides, 

hydroxides and other minerals (Trevisan et al., 2010). The soluble fraction of SOM 

is therefore extremely important in soils and can promote dissolution, mobilisation, 

and transportation of metals in soil and water, as well as accumulation of trace 

elements within soil horizons (Trevisan et al., 2010; Hartland, 2011). Lehmann & 

Kleber (2015) described the emergent view of SOM as a continuum of 

progressively decomposing organic compounds, ranging from intact plant material 

to highly oxidised carboxylic acids (Lehmann & Kleber, 2015). These and 

numerous authors, hence, posit that available evidence does not support the long-

held view of formation of large molecular size, or persistent humic substances in 

soil. 

Dissolved organic matter (DOM) is an important component of SOM and plays an 

important role in cycling and the distribution of carbon and nutrients between 

ecosystems. DOM plays an integral role in the soil forming process (Kalbitz et al., 

2000), and primarily originates from plant litter, soil humus, microbial biomass and 

root exudates (Kalbitz et al., 2000). DOM is an amalgam of heterogeneous 
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compounds that are influenced by microbial and physicochemical reactivity, which 

in turn influences DOM processing and composition (Kellerman et al., 2014). DOM 

is generally considered to be representative of total SOM, because the soluble phase 

is very often in equilibrium with the solid phase of SOM.  

DOM is operationally defined as the fraction of molecules possessing dimensions 

<0.45 µm in size (Thurman, 1985). Therefore, DOM is not necessarily dissolved 

and may include colloidal matter. Colloidal material has been observed at multiple 

scales, from globular nanoparticles 0.5-4 nm in size (Stolpe & Hassellöv, 2007; 

Baalousha et al., 2011; Hartland et al., 2011), up to aggregates in the hundreds of 

nm (Lead & Wilkinson, 2006). This size continuum is influenced by aquatic 

chemistry and particle-particle interactions (Buffle et al., 1998). The mixture of 

aromatic and aliphatic compounds, i.e. those containing oxygen, nitrogen and 

sulphur functional groups (e.g. carboxyl, phenol, enol, alcohol, carbonyl, amine and 

thiol) (Chen et al., 2003), in DOM dictate its pH-dependent solubility. Hence, DOM 

composition is a determining factor in its physicochemical behaviour.  

Organic compounds can range in size from relatively small molecules to highly 

complex structures containing thousands of atoms (Ashman & Puri, 2013). One 

could argue that this heterogeneity means that the most meaningful insights about 

DOM cycling across environmental gradients or long timescales are to be gained 

by considering the broader, functional properties of DOM mixtures (and changes 

therein) rather than the specific molecular character of any given sample. Because 

SOM must first be solvated to be accessed by microorganisms, DOM is the most 

bioavailable fraction of SOM (Marschner & Kalbitz, 2003). Extending the concept 

of bioavailability further, DOM also controls other important nutrients (e.g. organic 

N and P), and trace micronutrients (e.g. Co, Ni, Cu, Zn) (Welikala et al., 2018), and 
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therefore DOM dynamics are important for understanding nutrient dynamics in 

soils more generally (Kalbitz et al., 2000; Kaiser et al., 2001). 

 DOM in aquatic systems 

Soils (including wetlands, permafrost and peatlands) are vital sources of organic 

carbon to aquatic ecosystems, with implications for biogeochemical processes in 

rivers, lakes and estuaries (Jaffé et al., 2008; Marín-Spiotta et al., 2014). Soil carbon 

content is dependent on the rates of addition from plant growth versus rates of 

removal via decomposition, leaching and other soil processes. Each of these 

processes is influenced by climate, land-use (Zsolnay, 1996), soil pH (Schimel et 

al., 2001; Smith et al., 2003), soil structure and soil composition.  

The active fraction of soil carbon can be oxidised to CO2 or leached and exported 

to the surrounding environment as DOM. The movement of carbon (including 

DOM) occurs via an aquatic continuum, whereby carbon is laterally transported 

from upland soils to the open sea via lakes, rivers, streams and estuaries (Regnier 

et al., 2013). During passage through the aquatic continuum, carbon can be 

‘filtered’ (i.e. processed geochemically, exported to the atmosphere as CO2 or CH4, 

or stored within sediments). Streams and rivers are usually net emitters of CO2 to 

the atmosphere, much of which is derived primarily from microbial metabolism and 

respiration of allochtonous C (including particulate and DOM).  

DOM has several important environmental impacts and is a vital modulator of the 

structure and function of lake ecosystems (Sobek et al., 2007). DOM can impact 

light-penetration (Williamson et al., 1999; Rae et al., 2001; Ask et al., 2009; 

Karlsson et al., 2009), thus impeding photosynthesis and altering thermal structure 

and the mixing depths of lakes (Fee et al., 1996). DOM can strongly influence the 

acidity of terrestrial waterbodies. For example, heightened seasonal inputs of DOM 
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has been shown to increase the acidity of freshwater (by up to two pH units) in 

boreal Swedish lakes (Laudon et al., 2001). DOM can also transport metals (e.g. Al 

in the UK) (Evans et al., 2005), and nutrients (particularly N and P) (Yang et al., 

2013). The presence of DOM even reduces the quality of drinking water, through 

the production of toxic by-products during the water decontamination processes 

(Diehl et al., 2000).  

The aforementioned roles of DOM demonstrate that organic matter research 

necessarily transcends disciplinary and ecosystem boundaries (Marín-Spiotta et al., 

2014). Understanding the drivers of the recent increase in DOM export is of clear 

importance for climate modellers, soil scientists, and those in the wider aquatic 

sciences. This literature review aims to summarise and discuss the commonly 

proposed drivers of the recently observed increase in aquatic DOM. The review will 

also explore the contribution of long-term (centennial to millennial scale) 

limnological and speleothem-based reconstructions of DOM concentrations and the 

methods used. Finally, the review will suggest how historical studies of these 

archives in New Zealand can inform this modern debate and disentangle the array 

of overlapping proposed drivers that prevent firm conclusions being drawn from 

studies based solely on recent decadal-scale datasets.  

 Analytical approaches for analysing DOM concentrations and 

characteristics 

This section will describe two geochemical methods used in palaeo-environmental 

reconstructions of DOM export. DOM is a complex mix of high weight molecules, 

(Kalbitz et al., 2000), not all of which are identifiable, e.g. humic and fulvic 

fractions, sugars, amino acids and other biomolecules are chemically identifiable, 

depending on the technique applied (Herbert, 1995). A range of spectroscopic 
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techniques have been used to measure DOM concentration and molecular 

characteristics. These include, but are not limited to; NMR (nuclear magnetic 

resonance), FTIRS (Fourier transform infrared) spectroscopy (Rosén & Persson, 

2006; Tranvik et al., 2009; Rosén et al., 2010; Rosén et al., 2011; Meyer-Jacob et 

al., 2014; Meyer-Jacob et al., 2015); fluorescence spectroscopy (Coble, 1996; 

Baker, 2001; Baker & Inverarity, 2004). The latter two techniques require relatively 

small sample sizes, no manipulative sample preparation, and provide quantitative 

or qualitative data on molecular structure and chemical or functional properties of 

DOM. However, interpreting the resulting data and disentangling the components 

measured by this family of techniques can be challenging due to the over-lapping 

of spectra and broad peaks obtained (Chen et al., 2002). Fluorescence methods have 

been widely utilised to characterise the components of organic matter in water 

(Baker, 2001; Stedmon et al., 2003; Baker & Inverarity, 2004; Baker et al., 2004; 

Hudson et al., 2007; Fellman et al., 2010) and soil (Chen et al., 2003; Tranvik et 

al., 2009) and will be the main focus of this review, alongside FTIRS, which has 

been routinely used to characterise and quantify organic carbon in soil and 

lacustrine sediments. 

 3D EEM (excitation-emission matrix) fluorescence 

Fluorescence occurs when light energy (photons) excite loosely held electrons in 

the outer orbitals of a molecule, to a higher energy level (Fairchild & Baker, 2012). 

As the electron returns (relaxes) to its original ground state, energy is lost as 

fluorescence (emission of photons). Some energy is also lost by collision, non-

radiative decay and other processes prior to emission, so the energy of the emitted 

photon is lower than the excitation energy (i.e. at a longer wavelength). This 

phenomenon is known as Stokes shift. Figure 2.1 shows the energy transfer of the 

fluorescence process (Hudson et al., 2007) from excitation to fluorescence 
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(emission). Organic compounds that adsorb light are generically known as 

chromophores and molecules that re-emit light are described as fluorophores 

(Mopper et al., 1996). Humic and fulvic substances typically contain functional 

groups with loosely held electrons, mostly in their aromatic carbon ring structures 

(Senesi et al., 1989; Senesi, 1990). Broadly, the fluorescence intensity of organic 

molecules should be proportional to their concentration, whilst the wavelengths at 

which fluorescence occurs relates to their specific molecular structures and/or 

sources (Hudson et al., 2007; Fellman et al., 2010; Fairchild & Baker, 2012). 

However, when large compositional changes occur, the intensity: concentration 

relationship can break down.  

 

Figure 2.1- Jablonski diagram. Figure from Hudson et al., (2007). 

 

A common approach to fluorescence characterisation of DOM is three-dimensional 

excitation-emission matrix (EEM) analysis. 3D EEM analysis has been utilised in 
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a range of aquatic ecosystems to characterise DOM, including marine environments 

(Coble et al., 1990; Coble, 1996; Para et al., 2010), terrestrial waterbodies (Baker, 

2001; Baker & Inverarity, 2004; Baker et al., 2004), and caves (Hartland et al., 

2012b; Rutlidge et al., 2014; Rutlidge et al., 2015), and has very commonly been 

utilised to assess OM properties through water treatment stages (Shutova et al., 

2014). Because the biochemical characteristics of DOM are related to its optical 

properties, fluorescence can provide information about DOM composition 

(Stedmon et al., 2003), and may also provide information about the redox state, 

source, and biological activity of DOM (Mladenov et al., 2008; Fellman et al., 

2010). Compounds with humic-like fluorescence (including lignin, tannins, 

polyphenols and quinone moieties (Cory & McKnight, 2005)) are known to account 

for a large fraction of the chromophoric DOM pool in natural waters. Compounds 

with protein-like fluorescence are dominated by constituent amino acids 

(tryptophan and tyrosine) and this type of fluorescence has frequently been 

attributed to biological productivity or nutrient pollution in aquatic systems (Baker 

& Inverarity, 2004; Baker et al., 2004). 

3D EEMs are typically analysed statistically using PARAFAC (parallel factor 

analysis of components) (Bro, 1997; Stedmon & Bro, 2008). PARAFAC is a 

multivariate modelling technique that can statistically distinguish individual 

fluorescent signatures as statistical components (Fellman et al., 2010). Each 

component represents a group of fluorophores, such as humic-like, fulvic-like, or 

protein-like, which display fluorescence characteristics that are similar to reference 

standards (Fellman et al., 2010). An example of a 3D EEM spectrum is shown in 

Figure 2.2. The different wavelengths at which fluorescence occur are related to the 

molecular structure of the compounds, whilst the intensity of fluorescence increases 
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with concentration. For example, Peaks C and A correspond to humic-like 

fluorescence, whilst peak T represents protein-like material (Coble, 1996). 

 

Figure 2.2- 3D excitation-emission matrix (EEM) features as named by Coble (1996) (Peaks C, A, 
T and B). Figure from Hudson et al., (2007). 

 

 Fourier transform infrared spectroscopy (FTIRS) 

FTIRS (Fourier transform infrared spectroscopy) allows rapid determination of 

organic matter composition and has been utilised to assess organic matter quality 

and quantity in peatlands (Niemeyer et al., 1992; Artz et al., 2008; Beer et al., 2008) 

and lake sediments (Meyer-Jacob et al., 2014; Meyer-Jacob et al., 2015; Meyer-

Jacob et al., 2017). 

 FTIRS has also been applied in several environments to assess sedimentary silica 

and other minerals (Mecozzi et al., 2001; Rosén et al., 2010). Compared to many 

other techniques, FTIRS has the advantage of requiring only a small amount of 

ground, dried sediment (10 mg) (Rosén et al., 2010) which is mixed with KBr 

(potassium bromide) (at a ratio of 2% sediment to KBr) before being pressed into 

translucent sample discs, which can then be analysed for their 
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reflectance/transmission of light at a wide range of wavelengths (typically 3,750 

and 400 cm−1 [wavenumbers] for analysis of organic carbon). The basic principle 

of FTIRS is that infrared light (as photons) causes vibrations of covalent chemical 

bonds, forcing a change in dipole moment, which leads to the absorption of infrared 

energy at specific frequencies, which are in-turn representative of specific chemical 

bonds or functional groups (Liu et al., 2013) (Figure 2.3). The small sample size 

and minimal preparation required for FTIRS mean that it is a useful technique for 

high-resolution sedimentary studies.  

 

Figure 2.3- Infrared spectrum of absorption peaks related to mineral and organic composition 
of soil. Figure from (Guillou et al., 2015).  

 

 Palaeo-environmental archives of DOM export 

 Lake sediments as archives of DOM export 

Lakes act as sediment sinks, accumulating ecological, physical, biological, and 

chemical information that can inform us about environmental change of the past 

(Lowe & Walker, 2014). Lake sediments comprise both allochtonous and 

autochtonous material and are therefore derived either from organic production 
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within the lake, or from the in-wash of organic and inorganic material from the lake 

catchment (Aaby & Berglund, 1986). Of the organic carbon that is deposited into 

the sediments, a certain proportion will be remineralised as CO2, and the remainder 

will be incorporated and buried over geological timescales (Gudasz et al., 2010). 

Cole et al., (2007) estimated that inland waters annually receive on the order of 1.9 

Pg y-1 of carbon from the terrestrial landscape globally, of which, about 0.2 Pg y-1 

is buried in the sediments, 0.8 Pg y-1 is transferred back to the atmosphere, and the 

remaining 0.9 Pg y-1 is deposited in the oceans. Despite the relatively small area of 

coverage, inland waters play a key role in regulating climate on local and regional 

scales (Cole et al., 2007; Raymond et al., 2013).  

Sediments from individual lakes can be used to infer both natural and anthropogenic 

changes on local scales, whilst the study of multiple lakes can produce an 

understanding of regional-scale dynamics (Filella & Rodríguez-Murillo, 2014). 

Organic carbon is one of many proxies ‘archived’ by lake sediments and thus allows 

the reconstruction of past soil carbon export (if sediment DOM characteristics and 

source can be distinguished, e.g. via the utilisation of fluorescence methods). Lakes 

are particularly valuable as archives of organic carbon dynamics because of their 

sensitivity to change, though this can be somewhat complicated because 

allochtonous DOM input can also be altered by anthropogenic change (e.g. land-

use) and by diagenesis within the sediments. Lakes are also subject to hydrological 

and geomorphological influence, and therefore correlations between changes in 

lake sediment properties and climate may be non-linear, and may vary between 

individual lakes (Fritz, 2008). FTIRS has also been applied to palaeolimnological 

records (Rosén & Persson, 2006; Rosén et al., 2010; Rosén et al., 2011; Meyer-

Jacob et al., 2014) to reconstruct inputs of TOC. Rosén et al., (2006) showed that 

FTIRS models of total organic carbon concentration based on analysis of surface 
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sediment samples can be applied to sediment cores for retrospective analysis. 

Meyer-Jacob et al., (2014) applied FTIRS measurements to quantitatively 

reconstruct TOC, TIC and biological silica (BSi) concentrations in sediments that 

accumulated over the past 3.6 million years in Lake El’gygytgyn, East Arctic 

Russia (Meyer-Jacob et al., 2014). That study found a strong, positive correlation 

between FTIRS-inferred and conventionally measured data for Bsi, TOC and TIC 

respectively (Figure 2.4), thus validating this technique. 

 

Figure 2.4- Conventionally measured versus FTIRS-inferred concentrations of (a) biogenic 
silica (BSi), (b) total organic carbon (TOC), and (c) total inorganic carbon (TIC) with the cross-
validated coefficient of determination (R2 CV) and root mean square error of cross-validation 
(RMSECV) resulting from the internal validation of the calibration models. Figure from Meyer-
Jacob et al., (2014). 

 

Because FTIRS only requires a relatively small sample size, it is particularly useful 

in high-resolution studies where sample size may act as a limitation for analysis 

using other techniques (Rosén et al., 2010; Meyer-Jacob et al., 2014). As with all 

palaeo-environmental archives, lake sediments as archives of organic matter have 

some limitations (particularly diagenesis, which is difficult to quantify in palaeo 

reconstructions).  

 Speleothems- a brief introduction and their use as palaeo-

environmental archives 

Speleothems (Figure 2.5) are carbonate mineral deposits typical of limestone caves 

(Gunn, 2004), and are globally widespread. The word “speleothem” is derived from 
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Greek; spelaion means "cave" and thema means "deposit". In geological terms, 

speleothems are more commonly designated by their morphology as stalagmites, 

stalactites or flowstones. Speleothem formation is controlled by surface 

geomorphology, the quantity and chemical properties of water, cave geometry, 

aquifer properties and the surface microclimate (Fairchild et al., 2006). Speleothem 

growth is a part of the meteoric water cycle and is influenced by environmental 

processes above the cave (Lauritzen & Lundberg, 1999). Pioneering research in the 

1960’s and 1970’s discovered that speleothems incorporate climate signals during 

their growth and can therefore be utilised as palaeo-environmental archives (Hendy 

& Wilson, 1968; Hendy, 1971). Speleothems have some major advantages over 

other palaeo-environmental archives, as they are more physically and chemically 

stable than sediments at the Earth’s surface (Wigley & Brown, 1976), and can be 

dated to a higher degree of accuracy than other archives (due to the accuracy and 

precision of U/Th dating techniques).  

Speleothems are formed when waters enter a cave system and via degassing of 

excess carbon dioxide (Fairchild & Treble, 2009), become supersaturated with 

respect to CaCO3. Before entering the cave, dripwater is in equilibrium with CO2 at 

elevated partial pressure (pCO2) within the soil percolation zone. The lower pCO2 

of cave air leads to the degassing of CO2 from the water upon entry to the cave. This 

degassing causes calcite to be deposited as a speleothem (Lauritzen & Lundberg, 

1999) in the reaction described by the overall equation: 

Ca2+(aq) + 2HCO3
−

(aq) → CaCO3(s) + H2O(aq) + CO2(g) (2-1) 
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Figure 2.5- Three of the most commonly observed sub-types of speleothems. Image from Blyth 
et al., (2016).  

 

 Speleothems as archives of organic carbon 

Speleothems have most commonly been used to reconstruct climate and/or 

vegetation (Hendy & Wilson, 1968; Hendy, 1971; Hellstrom et al., 1998; Wang et 

al., 2001; McDermott, 2004; Yuan et al., 2004; Mattey et al., 2008), predominantly 

focusing on isotopic ratios of oxygen (18O/16O) and carbon (13C/12C). Carbon 

isotope ratios in speleothems have been well-studied (Spötl et al., 2005; 

Atsawawaranunt et al., 2018). However, few studies have examined speleothem 

organic matter (Blyth et al., 2007; Blyth et al., 2016) despite the several advantages 

of speleothems for organic geochemical analysis (e.g. speleothems are typically 

closed systems and not subject to post-depositional disturbance). Indeed, 

speleothems have long been known to contain organic material including lipids (Xie 

et al., 2003), lignin (Blyth et al., 2010; Blyth et al., 2016; Heidke et al., 2018) and 
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pollen (Festi et al., 2016; Sniderman et al., 2019). Thus, speleothems have potential 

as archives of SOM fluxes. 

Early studies of organic material in speleothems focussed on organic matter as an 

important component of δ13C records, or as a determinant of speleothem colour 

(Caldwell et al., 1982; Van Beynen et al., 2001). UV fluorescence of speleothems 

has long been known to be caused by the presence of organic matter (White, 1981), 

whilst Van Beynen et al., (2001) utilised fluorescence to conclusively determine 

that speleothem colour is determined by organic matter content, and not by the 

presence of trace metals. Pioneering studies by Baker et al., (1993) and Shopov et 

al., (1994) found that speleothem fluorescence is caused by the presence of humic-

like and fulvic-like material, and that this material exhibits annual to sub-annual 

banding in some samples. Baker et al., (1993) determined that the intensity changes 

of fluorescence-bands in speleothems corresponded to annual-growth bands 

(determined to be annual by TIMS (thermal ionisation mass spectrometry) 230Th 

dating)), meaning that speleothem fluorescence could be used for annually-resolved 

palaeo-environmental reconstructions (Baker et al., 1993). 

Several studies have employed fluorescence to study the mobility of DOM into 

caves, with many using DOM as a hydrological tracer of infiltration. For example, 

3D EEM (excitation-emission matrix) fluorescence has been used to characterise 

fluorescence components in dripwater samples (Rutlidge et al., 2014). The two 

dominant fluorophores were considered to be derived from soil (unprocessed, fresh 

humic-like DOM) and limestone bedrock (processed humic-like DOM), whilst the 

third component was tryptophan-like and therefore indicative of microbial activity 

(Hudson et al., 2007). Speleothems are fed by dripwaters, which contain organic 

material derived from the soil zone (e.g. plant litter) which may be further processed 

within the vadose zone, and/or or from microbial and faunal activity within the cave 
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(Blyth et al., 2016) (Figure 2.6). Speleothems may contain organic matter from the 

distant past, for example, organic materials have been identified in a stalagmite that 

was dated to 2.9 Ma (Blyth et al., 2010).  

 

Figure 2.6 - A schematic of the potential sources of DOM. Image and annotations from Blyth 
et al., (2016). 

 

In New Zealand, speleothem-based palaeo-climatic studies have typically focused 

on records of either 𝛿𝛿13C or 𝛿𝛿18O (Hellstrom et al., 1998; Williams et al., 1999; 

Williams et al., 2005; Lorrey et al., 2008; Whittaker et al., 2011). An indicator of 

the scarcity of speleothem data in New Zealand is the fact that trace element records 

have only been published for one speleothem in New Zealand thus far (Hellstrom 

& McCulloch, 2000), and there are currently no speleothem-based reconstructions 

of soil DOM export in New Zealand. 

The use of speleothems as archives of soil DOM has certain limitations. Notably, 

there is a poor understanding of potential alterations to and/or removal of DOM 

during transport from soil to cave (Fairchild & Baker, 2012). The degree of vadose 

zone processing is typically unconstrained, but there is growing evidence for the 
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commonality of soil, dripwater and speleothem OM signals (Blyth et al., 2016) 

indicating the likely suitability of speleothems as archives of soil processes. 

 Mechanisms of incorporation of DOM into speleothems and 

impact on speleothem fabrics 

Organic carbon is a well-known trace constituent of carbonate minerals (Ramseyer 

et al., 1997; Dean & Gorham, 1998; Blyth et al., 2008; Blyth et al., 2013). 

Dissolved organic matter is known to act as an inhibitor in nucleation and calcium 

carbonate crystal growth, yet it is not well-known which chemical and physical 

processes are involved (Falini et al., 2009). Two main processes have been 

proposed for organic matter incorporation into calcareous minerals; primarily ionic 

adsorption of organic molecules, particularly bridging reactions between Ca2+ and 

carboxyl groups (COO-) (Fairchild & Baker, 2012); and incorporation of organic 

matter as fluid inclusions (Ramseyer et al., 1997). Adsorption of humic substances 

onto calcite crystals is an important geochemical process that occurs at the mineral-

water interface (Chalmin et al., 2012). Organic matter in carbonates is often 

analysed for environmental studies; however, incorporation mechanisms and types 

of interaction remain poorly understood (Chalmin et al., 2012). Because of the 

multitude and complexities of the variables involved in speleothem growth, 

laboratory-based calcite growth experiments are helpful in understanding 

associated processes. Several laboratory studies have tested the incorporation of 

organic carbon (or humic acids) in calcite during growth, although these studies 

have predominantly utilised laboratory grade-humic acids, as opposed to ‘natural’ 

organic matter (Falini et al., 2009; Chalmin et al., 2012).  

Gruzensky (1967) developed a basic method of calcite crystal growth, which has 

been used in several studies (Paquette & Reeder, 1995; Barker & Cox, 2011; 

Chalmin et al., 2012) (Figure 2.7), and is based on solid ammonium carbonate as a 
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source of CO3
2- ions. In this method, CO3(g) diffuses into the aqueous calcium and 

ammonium chloride solution (Gruzensky, 1967). The vapour pressure of 

(NH4)2CO3 enables vapour- phase diffusion to the solution, where a reaction takes 

place with CaCl2(aq) as described by the equation: 

CaCl2 (aq) + (NH4)2CO3 (aq) = CaCO3 (s) + 2NH4Cl (aq) (2-2) 

 

Figure 2.7 - Apparatus for growing synthetic calcite crystals Figure from Gruzensky (1967). 

 

Chalmin et al., (2012) conducted a crystal precipitation experiment based on the 

Gruzensky method, to investigate interactions between OM and the calcite matrix 

during crystallisation processes with humic acid (HA) entrapment. This 

experimental approach illustrated that HA can be adsorbed onto the calcite surface 

and incorporated or adsorbed during crystallisation.  

Most speleothem studies have focused on applying classic nucleation theories to 

determine the processes that cause the wide range of speleothem fabrics (Frisia et 

al., 2018), yet non-classical growth theory may explain several unusual crystal 

growth pathways. Frisia et al., (2018) undertook a precipitation experiment to 
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investigate initial speleothem crystallisation in the presence of natural organic 

matter in two caves (Antro del Corchia, Italy, and Yarrangobilly caves, Australia) 

with cave passages of similar temperatures (8–11 °C). (Frisia et al., 2018). This 

study found unusual speleothem fabrics which incorporated colloids and adsorbed 

ions. Understanding the effects of organic matter incorporation on crystal 

morphology is vital, because physical properties (nano-crystal aggregation, open 

vs. compact columnar fabrics, defect-ridden fabrics and presence of nano-domains) 

have been routinely used to determine environmental parameters at the time of 

crystal formation (Frisia et al., 2000; Nielsen et al., 2014).  

 Speleothem age-dating using U/Th decay 

Speleothem analysis for environmental reconstructions remains relatively novel 

compared to other terrestrial archives. The field of speleothem science has received 

heightened interest recently, partly due to its potential to provide high-resolution 

(seasonal/annual to decadal) terrestrial climate records with accurate and precise 

chronologies (Fairchild & Treble, 2009), which may extend for hundreds of 

thousands of years (Geyh & Thiedig, 2008; Vaks et al., 2013). The accuracy and 

reliability of speleothem dating is not typically matched in other terrestrial 

environmental archives (e.g. lake sediments, peatlands, tree-rings), which are also 

limited by the comparatively short half-life of the primary chronometer (14C t1/2 = 

5700 ± 30 years). 

Research on speleothems has been ongoing since the 1960’s, though progress was 

initially hindered by the need for relatively large samples (approximately 10g) for 

alpha-spectrometric U-series dating (McDermott, 2004). Technological progress in 

speleothem dating in the late 1980s led to a revitalisation of interest in the topic, as 

TIMS (thermal ionisation mass-spectrometry) was able to provide 230Th/U (U-Th) 

dates that were almost 10 times more precise than conventional alpha-spectrometry, 
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requiring a sample mass of 1 g (McDermott, 2004). Speleothems have come further 

to the forefront of terrestrial environmental reconstructions, due to the recent 

advancements in techniques such as MC-ICP-MS (Multi-collector inductively 

coupled plasma mass-spectrometry) (Hoffmann et al., 2009), which typically 

require around ~100 mg of calcite, depending on U concentrations. 

U-Th dating of speleothem calcite is an exceptionally useful technique for 

providing a chronology for Quaternary palaeo-environmental records and is 

arguably the most robust geochronometer available over much of this period 

(Hellstrom, 2006). U-Th dating is based on the decay of 238U and 234U to 230Th. The 

technique provides ages in calendar years, thus circumventing the radiocarbon 

calibration problems encountered in radiocarbon dating (McDermott, 2004). Due 

to advances in TIMS dating and MC-ICP-MS, the relative age uncertainties within 

speleothems are small and commonly range between 0.5 and -2% of the absolute 

age, depending on the U content (generally 0.05–0.5 ppm) (Fleitmann et al., 2008). 

Nevertheless, U-Th dating has some notable issues: there are large age uncertainties 

associated with the presence of “initial” 230Th, which may have been incorporated 

during speleothem formation, and may cause over-estimates of age (Fleitmann et 

al., 2008). However, speleothems usually act as closed systems with respect to U-

series isotopes (Hellstrom, 2006). There are greater uncertainties surrounding 

‘young’ (< 2000 year) speleothems with low U content, with errors ranging from 5 

to -10% (Fleitmann et al., 2008). Therefore, it can be difficult to make precise 

correlations between speleothem-based time series and alternative records, such as 

instrumental data (Fleitmann et al., 2008).  

The problem of age uncertainties for recent speleothems can be somewhat mitigated 

by the detection of the 14C bomb-peak caused by the nuclear bomb tests of the 

1960’s, which is resolvable in some stalagmites (Genty & Massault, 1999). 
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Detection may be difficult if the 14C activity of the speleothem is buffered and 

unclear (Genty & Massault, 1999), but if annual laminae are identified then this 

may be better constrained. As with any environmental archives, it is vital that any 

hiatuses are identified, and the chronology is constrained accordingly.  

The advent of MC-ICP-MS instrumentation has provided an alternative to TIMS 

for high-precision dating of speleothems. In comparison with TIMS, MC-ICP-MS 

achieves a more efficient ionisation of Th (up to a factor of 100) using 8000 K 

plasma, which reduces the need for stringent sample preparation (Hoffmann et al., 

2009). MC-ICP-MS is a particularly valuable technique because the sample size 

requirements are more than an order of magnitude lower than thermal ionisation 

mass spectrometry (TIMS) (Hellstrom, 2003), and thus there is potential to analyse 

at much higher resolutions (where lack of sample mass may inhibit TIMS high-

resolution analysis). It is important that U-Th dates are corrected for the any input 

of detrital Th (Th transported via groundwater) which can cause overestimation of 

age (Fairchild & Baker, 2012). Speleothems are not always closed systems, and 

some may not be suitable for U-Th dating.  

 Trace elements as recorders of environmental change and their 

relationship with DOM 

Atmospheric deposition, superficial deposits and bedrock are all sources of the 

individual trace elements found in speleothems (Fairchild & Treble, 2009). 

However, primary trace elements may also be altered via soil processes prior to 

being transported to the cave. Trace elements can vary spatially within laminae and 

annual geochemical patterns can be observed even when laminae are not visible 

(Fairchild et al., 2000). Trace elements can be useful proxies of environmental 

conditions or events (Fairchild & Treble, 2009). For example, variations in trace 

elements that show affinities for DOM may provide information on the timing and 
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magnitude of soil infiltration events (Hartland et al., 2012b), volcanic eruptions 

(Badertscher et al., 2014; Jamieson et al., 2015) and atmospheric sulphate 

deposition (Frisia et al., 2005). Trace element records have also been utilised in 

palaeo-climatic reconstructions, including studies of monsoons (Johnson et al., 

2006; Bernal et al., 2016), glacial/interglacial cycles (Belli et al., 2017; Weber et 

al., 2018) and seasonal variations in precipitation (Warken et al., 2018).  

Trace element ratios of alkaline earth metals such as Mg/Ca and Sr/Ca have been 

used as proxies for rainfall changes. Following initial host-rock dissolution, the 

amount of Mg and Sr (relative to Ca) in dripwater is primarily controlled by prior 

calcite precipitation (PCP), whereby under drier environmental conditions, calcite 

precipitates along the aquifer flow path (due to longer mean residence times), prior 

to entering the cave (Fairchild & Baker, 2012), thus causing heightened 

concentrations of Mg and Sr compared to Ca. This approach has been tested and 

frequently applied to speleothem-based environmental reconstructions (Fairchild et 

al., 2000; Sinclair et al., 2012). 

In natural waters, particulate organic matter, DOM and colloids compete to bind 

trace metals (Warnken et al., 2007; Hartland et al., 2012b).Several trace elements 

are strongly associated with organic matter fluorescence signals in speleothems, 

particularly because fluorescent colloids may bind trace elements that are 

transported from soil and into the karst system (Borsato et al., 2007; Hartland et al., 

2012b). Thus, trace elements in dripwaters and which become incorporated in 

speleothems are affected by numerous processes. One important process is metal-

organic matter binding (Hartland et al., 2012a; Rutlidge et al., 2014; Hartland & 

Zitoun, 2018), which in turn responds to geochemical changes along the flow-path 

(e.g. PCP). As with visible/fluorescent laminae, trace metals may vary annually 

(Borsato et al., 2007). For example, in speleothems from Grotta di Ernesto cave in 
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NE Italy, there is a peak in trace element concentration which is believed to be 

deposited following the annual autumn recharge event. Borsato et al., (2007) 

proposed that this event brings fine particles and colloids into the cave, which act 

as agents of transport of Cu, Pb, Zn, and Y (Borsato et al., 2007). This inference 

was in part supported by subsequent monitoring by Hartland et al., (2012). 

Speleothem trace metal concentrations are most commonly measured using LA-

ICP-MS (laser ablation inductively coupled plasma mass spectrometry), although 

other techniques including X-ray fluorescence (XRF) are also increasingly used 

LA-ICP-MS is a particularly useful technique because highly detailed geochemical 

data (at ppm levels) can be acquired rapidly and at fine resolution, enabling 

selective sampling of speleothem layers. This has led to several major advances in 

the field of speleothem research. For example, Smith et al., (2009) found that trace 

elements produce seasonal patterns within speleothems and created a trace-element 

dating tool based on elemental layer counting using a speleothem with well-defined 

laminae which provided an independent chronology (Smith et al., 2009). A similar 

approach has been utilised to date speleothems from the Mediterranean (Nagra et 

al., 2017).  

 

 New Zealand: a natural laboratory with uniquely pre-human 

archives of soil DOM export through the Holocene 

New Zealand (approximately 34.4 to 46.6 °S) provides a unique opportunity to 

study the effects of climate on soil processes due to its location in the southern mid-

latitudes, where it receives atmospheric inputs from the tropical Pacific to the north, 

and the extra-tropical Southern Ocean to the south (Kidson & Renwick, 2002). 

Mainland New Zealand has a large latitudinal gradient (~12 °), and a geographically 
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diverse climate, which can be split into heterogenous regions via synoptic-

climatological classification (Kidson, 2000). New Zealand also lies on a tectonic 

plate boundary, and therefore has high topographical relief (e.g. the Southern Alps), 

which, combined with the dominance of prevailing westerly air masses causes 

relatively high precipitation (>4,000 mm per year) in high-altitude areas of the west 

coast (Figure 2.8 b).  

 

Figure 2.8- (a.) New Zealand mean annual temperature (°C) (1971–2000). (b.) New Zealand 
mean annual rainfall (mm) (1971–2000). Figure from NIWA (2016). 

 

 A short history of anthropogenic impacts on New Zealand 

landscapes 

New Zealand has only inhabited by humans relatively recently (since the thirteenth 

century AD) (Wilmshurst & Higham, 2004; McWethy et al., 2014), when Māori 

arrived from the Pacific Islands. Within 200 years of Māori arrival, widespread 

burning converted nearly half of the South Island’s native forests to open 

vegetation. This burning is evidenced by pollen, charcoal and biochemical signals 

recorded in coeval lacustrine sediments (McWethy et al., 2010; McWethy et al., 
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2014). This period is known as the Initial Burning Period (McWethy et al., 2010), 

and marks the first large-scale anthropogenic impact in New Zealand. In the mid-

19th century, New Zealand’s landscape underwent widespread change (primarily 

deforestation for agriculture) after the arrival of European settlers (King, 2003). 

Over recent decades, industrial-scale agriculture has caused increasing nutrient 

loads in New Zealand’s inland waters (Snelder et al., 2018). Indeed, intensively 

managed pastoral land covers approximately one-third of New Zealand’s total 

landmass (Abell et al., 2011). 

New Zealand’s short human history provides a unique opportunity to assess the 

impacts of climatic and natural processes and fluctuations on soil DOM export in a 

pre-human continent (prior to Māori arrival in the 13th century). 

 The Holocene climate of New Zealand 

The Holocene is an inter-glacial epoch which spans 11,700 years BP to present and 

is the most studied interval within the entire geological record globally (Walker et 

al., 2019). Although the Holocene is an entirely interglacial period, and is more 

stable than previous epochs, notable Holocene climatic variability has been 

reconstructed for New Zealand. Quaternary scientists have used a variety of 

archives in terrestrial environments, including speleothems (Hellstrom et al., 1998; 

Williams et al., 2005), lake sediments (Vandergoes et al., 2008; Augustinus et al., 

2012; Stephens et al., 2012a; Jara et al., 2015; Zink et al., 2016), peat bogs 

(McGlone & Wilmshurst, 1999; Wilmshurst et al., 2003), glacial deposits (Putnam 

et al., 2012; Kaplan et al., 2013; Doughty et al., 2017) and marine sediment cores 

(Barrows et al., 2007; Pedro et al., 2015) to reconstruct palaeo-environmental 

change in New Zealand. Many of New Zealand’s terrestrial environmental 

reconstructions are produced from pollen-based evidence and are spatially or 

temporally fragmentary. The evidence for and timing of events in New Zealand 
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may be greatly improved by utilising well-dated speleothem-based proxies (such as 

trace element reconstructions of precipitation and/or temperature). The following 

section provides a brief overview of reconstructions of Holocene climate in New 

Zealand. 

2.6.2.1 The glacial transition (pre-Holocene) and early Holocene climatic 

optimum (HCO) 

Prior to the onset of the Holocene, and after the last glacial maximum (LGM), New 

Zealand’s late-glacial transition (from ca. 18–12,000 years BP) (Hodgson & Sime, 

2010), was disrupted by the Antarctic cold reversal (ACR), a period of cooling from 

14,500–12,900 years BP (Kaplan et al., 2010; Stephens et al., 2012b), reaching its 

coolest point at approximately 13,000 years BP (Vandergoes et al., 2008; Putnam 

et al., 2010). A chironomid-based temperature record from Boundary Stream Tarn 

(Mackenzie basin, Canterbury, South Island), showed that during the ACR summer 

temperatures were approximately 2.9 °C lower than modern summer temperatures 

(Vandergoes et al., 2008). The ACR was followed by an increase in temperature, 

from 11,500 to 10,000 years BP (Pahnke & Sachs, 2006; Vandergoes et al., 2008) 

in a period known as the Holocene climatic optimum (HCO). Pollen-based 

temperature records show that temperature may have been >1.5 °C warmer than 

today during the HCO in the northern South Island (Wilmshurst et al., 2007; Jara 

et al., 2015).  

Jara et al., (2015) found an increase in podocarp (Dacrydium cupressinum) (conifer 

tree) pollen percentages at Adelaide Tarn, a high-altitude lake in Kahurangi 

National Park, Nelson (NW South Island). They interpreted this as indicating an 

increase in treeline altitude due to a sustained period of warming, reaching a climax 

at ~10,000 years BP. This record is reaffirmed by the reconstruction of an 

increasing Dacyrdium-dominated podocarp forest on the west coast of the South 
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Island from ~12,000–10,000 years BP, which has been attributed to substantial 

warming (Alloway et al., 2007). Similarly, pollen evidence has shown forest 

expansion and compositional changes (Newnham & Lowe, 2000) in the central 

North Island between 11,400 and 11,000 years BP. These compositional changes 

marked the onset of vegetation assemblages similar to present, thus indicating a 

transition to full interglacial conditions at the site. Elsewhere in the South Island, a 

pollen-based climate reconstruction showed that mean annual temperatures were at 

least 1.5 °C warmer than today in Canterbury during the HCO, yet treelines were 

lower than today (McGlone et al., 2010). The same study postulated that this could 

be explained by reduced temperature seasonality (i.e. cooler summers and warmer 

winters), combined with lower annual precipitation (McGlone et al., 2010). Further 

north, a reconstruction from Lake Pupuke (Auckland, North Island) showed that 

temperatures were warm and stable during the early Holocene (Augustinus et al., 

2012).  

The HCO has also been observed in Antarctica, where a comparison of water 

isotope records from ice cores located at eleven sites on the central plateau showed 

a warm period from 11.5–9,000 years BP (Masson et al., 2000). During the same 

time-period, a marine sediment record from the west coast of Antarctica showed 

that SST may have been approximately 3.5 °C warmer than present (Shevenell et 

al., 2011). Jara et al., (2015) suggested that there may have been a teleconnection 

between high and mid-latitudes (including NZ and South America) of the Southern 

Hemisphere and Antarctica during the late glacial period and early Holocene, 

perhaps due to relatively weak westerly circulation.  

2.6.2.2 Mid-Holocene (8–4,000 years BP) 

After the HCO, there is thought to have been a general reduction in temperatures, 

as shown by speleothem isotope records from northwest Nelson (Hellstrom et al., 
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1998). However, this is not entirely consistent with the pollen temperature proxy 

record produced by Jara et al., (2015), which showed high magnitude temperature 

oscillations from 6,000–3,000 years BP.  

2.6.2.3 Late Holocene (4,000 years BP) to present 

Pollen records from several peatland sites across New Zealand, suggest that a 

cooling and drying occurred from 4,000–3,000 years BP (Li et al., 2008). 

Meanwhile from Adelaide Tarn (NW Nelson), a pollen-temperature proxy record 

showed that a prolonged cooling occurred from 3,000 years BP to present, despite 

increasing atmospheric CO2 levels (Jara et al., 2015). These findings are 

inconsistent with Antarctic temperature reconstructions, which show oscillations 

with no clear sustained trend (EPICA_Community_Members, 2004). 

 Summary of literature review 

By utilising palaeo-environmental archives that pre-dates human arrival, the effects 

of natural variability on DOM export can be assessed using palaeo-environmental 

archives. Speleothems and lake sediments are both used to reconstruct 

environmental conditions of the past. Lake sediments have been used to reconstruct 

total organic carbon concentrations in sites around the world, yet there are relatively 

few studies of long-term (i.e. palaeo) soil carbon export. A range of natural (climate, 

vegetation change, soil type) and anthropogenic factors (agricultural practices, 

atmospheric S deposition) are known to impact organic carbon production, removal 

from soil and export into terrestrial waterbodies. The use of speleothems as climatic 

archives has typically focused on isotopic values (especially in New Zealand), yet 

other geochemical methods are becoming more common place. The use of 

speleothems for reconstructions of DOM dynamics is novel, benefitting from robust 

chronologies and the application of new high-resolution techniques for measuring 
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trace element geochemistry (LA-ICP-MS), in conjunction with conventional TOC 

analysis and fluorescence methods.  

New Zealand provides an ideal ‘natural laboratory’, allowing natural processes 

underlying DOM trends to be addressed by using analysis of environmental 

archives, such as speleothems and lake sediments. Long-term reconstructions of 

soil DOM export provided by New Zealand speleothems and lake sediments can 

test the importance of natural (i.e. pre-human) environmental change on soil carbon 

export over long time scales, and set a ‘natural’ baseline and range of variability 

against which current soil carbon export (which is subject to anthropogenic 

impacts) can be compared. 
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 Abstract 

Lake sediments retain information on past C fluxes and thus have the potential to 

illuminate the mechanisms of past terrestrial C cycling. However, lakes also contain 

an overprint of autochthonous DOM produced by within-lake primary production, 

which may limit their utility for reconstructing past soil C export trends. This study 

explores the use of 3D EEM fluorescence (excitation-emission spectroscopy) of 

water extractable dissolved organic matter (WEDOM) from lake sediments as a 

method for reconstructing both past soil export of DOM and past trophic status. 

Using contemporary lake sediments from ten New Zealand lakes with different 

characteristics, we demonstrate that this method provides a robust and inexpensive 

means to characterise the allochthonous and autochthonous components of lake 

organic matter.  

A comparison of WEDOM fluorescence measurements and water-quality data from 

the water columns of ten lakes revealed positive correlations between protein-like 

fluorescence and nutrients/trophic level index, indicating that protein-like 

fluorescence in sedimentary WEDOM can be used as an indicator of trophic status. 

The same methods were also applied to a 13,770-year sedimentary record from 

Adelaide Tarn, northern South Island, New Zealand, a pristine, sub-alpine lake with 

a simple catchment. Protein-like fluorescence indicated a consistently microtrophic 

to oligotrophic status. Humic-like DOM fluxes in Adelaide Tarn responded to 

known climate shifts over the course of the Holocene, indicating a climatic control 

on soil C production and/or export. Our results indicate that WEDOM fluorescence 

can be used as a reliable indicator of past soil export of DOM as well as past trophic 

status.  
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 Introduction  

 Increases in soil export of dissolved organic matter (DOM) 

Dissolved organic matter (DOM) is a ubiquitous component of natural waters and 

constitutes the most dynamic component of the terrestrial carbon cycle. Lakes are 

active sites for storage, transport and transformation of DOM (Tranvik et al., 2009), 

which constitutes the most common form of OM in most lakes (Tranvik et al., 

2018). The movement of carbon (including DOM) is described via an aquatic 

continuum, whereby carbon is laterally transported from upland soils to open sea, 

via lakes, rivers, streams and estuaries (Regnier et al., 2013). During passage 

through the aquatic continuum, carbon can be ‘filtered’ (i.e. processed 

geochemically, exported to the atmosphere as CO2 or CH4 or stored within 

sediments). DOM is also a vital modulator of the structure and function of lake 

ecosystems (Sobek et al., 2007), impacting light penetration (Ask et al., 2009), 

thermal structure and the mixing depths of lakes (Fee et al., 1996), and can serve as 

a substrate for heterotrophs (Tranvik, 1988).  

Eutrophication of terrestrial water bodies has also become a major ecological issue 

over recent decades (Smith, 2003). In many parts of the world, nutrient loading 

associated with anthropogenic pollution exceeds natural nitrogen and phosphorus 

loads (Smith, 2003), and climate change is expected to amplify the risk of 

eutrophication in terrestrial waterbodies (O’Neil et al., 2012; Charlton et al., 2018).  

Global temperatures are expected to increase by 2.0–4.9 °C by the year 2100 

(Raftery et al., 2017), thus, it is of key importance to assess the relationship between 

increased temperatures (and associated landscape response), DOM export and 

eutrophication. Despite the numerous monitoring studies of DOM concentrations 

in inland waters, the response of soil carbon stocks to long-term temperature shifts 
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remains unknown (Bradford et al., 2008) and is difficult to establish. Clearly, 

palaeo-environmental research has a role to play in delivering a long-term 

perspective on the impact of temperature on DOM export. 

 New Zealand as a natural laboratory for baseline water quality 

and DOM inputs 

New Zealand is a geographically isolated archipelago, located in the west Pacific 

Ocean in the southern mid-latitudes (~46.5 to 32.5 °S). New Zealand has undergone 

climate change through the Holocene, but its short human history (as the last major 

landmass to be colonised by humans) (13th century CE (McWethy et al., 2010)), 

provides a unique opportunity to study the impacts of natural changes in the absence 

of human interference. New Zealand’s natural ‘reference state’ has been regarded 

as prior to the onset of widespread land-use in the 18th century CE (Abell et al., 

2019). In recent decades, water quality has declined further, predominantly due to 

increased nutrient loads from agricultural intensification (Foote et al., 2015). 

In New Zealand, rivers have been estimated to export around twice the global 

average of DOM (4 ± 1 mg C km-2 yr-1, 1994–2006) (due to high levels of localised 

erosion, particularly in catchments predominantly used for pastoral agriculture), 

which is equivalent to approximately 40 % of New Zealand’s fossil fuel emissions 

(Scott et al., 2006). There is no existing programme that regularly monitors DOM 

concentrations in New Zealand’s lakes, and as elsewhere, New Zealand’s water 

quality monitoring programme is limited both spatially and temporally. New 

Zealand’s lake monitoring programme only began in the 1990’s (Verburg et al., 

2010), and although New Zealand has 3820 lakes greater than 1 ha. in surface area 

(Leathwick et al., 2010) (representing 1.3 % of New Zealand’s total land area), only 

3 % of these lakes are monitored regularly (Verburg et al., 2010). In New Zealand, 

lake water quality is assessed by the trophic level index (TLI), which was 
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specifically developed for New Zealand lakes (Burns et al., 2000). TLI scores are 

calculated from log-transformed measurements of total nitrogen (TN), total 

phosphorus (TP) and chlorophyll a (Chl-a) and Secchi disc depth (SDD). In New 

Zealand, poor water quality (eutrophic or hypertrophic) is associated with higher 

temperatures and high percentages of pastoral land cover, whilst higher water 

quality (oligotrophic) is found in low-temperature alpine lakes with predominantly 

native land cover (Verburg et al., 2010). Climate change is expected to increase the 

vulnerability of lakes to eutrophication in New Zealand (Verburg et al., 2010) and 

across the globe (Sinha et al., 2017).  

Determining the reference (i.e. pre-human) conditions of lakes can aid development 

of contemporary monitoring and management policies (Swetnam et al., 1999). The 

European Commission recommends that analysis of historical data from sites prior 

to disturbance can be used (alongside other approaches, such as analysis of data in 

contemporary pristine sites) to establish natural reference conditions in lakes 

(European Commission, 2003). Quaternary scientists have developed quantitative 

and qualitative methods to reconstruct past lacustrine organic carbon fluxes (such 

as FTIRS-TOC) (Rosén et al., 2010; Meyer-Jacob et al., 2017) and water quality 

(diatoms and stable isotopes) (Kinder et al., 2019; Makri et al., 2019). Diatom 

counting has been widely used to reconstruct palaeo-water quality; however, this 

approach is time-consuming and can be limited by secondary variables such as 

alkalinity and lake depth (Juggins et al., 2013). 

 Fluorescence as a method for characterising dissolved organic 

matter (DOM) 

Lakes are an important sink for carbon exported from soils (Cole et al., 2007), and 

the recalcitrance of this allochtonous OM typically enables efficient burial and 

preservation (von Wachenfeldt et al., 2008). Once deposited on a lakebed, OM may 
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undergo numerous physical, chemical and biological changes, be re-mineralised, or 

stored and archived within the sediments under anaerobic/anoxic conditions (Cole 

et al., 2007) (Figure 3.1). Sedimentary OM is derived from both autochthonous 

(produced within lakes by algae, macrophytes or bacteria) and allochthonous 

(terrigenous, usually from higher plants or soil) sources (Chen & Hur, 2015) (Figure 

3.1). Autochthonous and allochthonous DOM have different molecular 

characteristics; for example, autochthonous DOM is lower in molecular weight and 

less aromatic than allochthonous DOM (McKnight et al., 2001). A proportion of 

DOM is fluorescent (known as FDOM), i.e. it absorbs and emits light at 

characteristic wavelengths, meaning that different fractions (and therefore OM 

sources) can be distinguished and quantified. 3D excitation-emission matrices (3D 

EEMs), are a well-established method in environmental monitoring (Fellman et al., 

2010) but this method has generally been used to characterise DOM in the water 

column, rather than the sediments. 

 

Figure 3.1-Conceptual lacustrine DOM deposition in a pristine alpine environment, such as 
Adelaide Tarn.  

 

This study establishes a transfer function to relate fluorescence of sedimentary 

water extractable DOM (WEDOM) to water quality parameters from contemporary 
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monitoring data from 10 lakes in New Zealand. This transfer function is used to 

reconstruct trophic level index scores for Adelaide Tarn (a pristine, sub-alpine lake 

with a simple catchment) through the past 13,770 cal. years BP.  

We also present a NZ-specific calibration for the determination of total organic 

carbon (TOC) by FTIRS (Fourier-transform infrared spectroscopy) using a large 

dataset (n= 141) of conventionally measured non-purgable organic carbon (NPOC) 

concentrations from modern sediments in 13 lakes. FTIRS has been successfully 

deployed in several previous studies to reconstruct past lacustrine TOC (Rosén et 

al., 2010; Meyer-Jacob et al., 2014) and was used in this reconstruction of 

environmental change at Adelaide Tarn. 

 Study sites and field methods 

 Modern lake sediment WEDOM training set 

Sediments (from 4 cm depth or higher) were sampled from ten New Zealand lakes 

to build a fluorescence training dataset (Figure 3.2; Figure 3.A1). All lakes in the 

training set are monitored by LAWA (Land Air Water Aotearoa). These lakes cover 

a latitudinal gradient spanning approximately 7 ° and are characterised by varying 

climate, land-use regimes and trophic levels. A survey of New Zealand lake water 

quality (Verburg et al., 2010) found that most New Zealand lakes are mesotrophic 

and that the highest water quality is found in alpine lakes in catchments with high 

native vegetation cover, whilst poor water quality (eutrophic) is associated with 

warmer lakes in catchments dominated by pastoral land use (Verburg et al., 2010). 

To capture the widest possible trophic range, we have included lakes of each type 

in our training dataset. 

Lakes Rotoiti, Rotorua, Rotoehu, Rotomahana, Taupo and Tarawera are in the 

Central Volcanic Plateau of the North Island (Figure 3.2). These lakes (most 
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notably Rotomahana) are of volcanic origin, and several are influenced by 

geothermal inflows (Mazot et al., 2014). Anthropogenic activities (predominantly 

urbanisation and agriculture) also affect several of these lakes, especially Rotorua 

and Rotoehu. Lake Rotorua’s catchment land use includes 39 % forest, 52 % 

pasture, and 8 % urban and the catchment also includes the city of Rotorua (Verburg 

et al., 2014). The nearby catchments of Rotoehu, Rotoiti, Tarawera, Rotomahana 

and Taupo are mainly dominated by native vegetation (Verburg et al., 2010). Lakes 

Aviemore and Benmore (oligotrophic lakes) are man-made reservoirs created in the 

1960s in Canterbury, South Island and their catchment land-use is principally 

pastoral (Verburg et al., 2010). Lake Benmore is upstream from Aviemore, and 

forms part of the Waitaki hydroelectric scheme. Lake Ohau is a microtrophic glacial 

lake, located in the South Island, which is fed by rivers with sources located on the 

Southern Alps mountain range. Lake Pearson’s catchment is dominated by native 

vegetation, its trophic status varied between mesotrophic and oligotrophic in the 

years prior to sample collection (2011). Sediments from Aviemore, Benmore, Ohau 

and Pearson (South Island, New Zealand) were collected in the deepest part of each 

lake using a gravity corer in November 2011. Core samples from Lakes Rotorua 

and Rotoehu (North Island, New Zealand) were collected using a gravity corer in 

2016. Sediments from Lake Okataina, Rotomahana, Tarawera and Taupo were 

collected using a gravity corer in multiple years between 2006 and 2011. All 

samples were freeze-dried and stored for subsequent analysis. 
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Figure 3.2 Locations of training set lakes used to calibrate 3D EEM fluorescence signals 
against TLI monitoring data. 

 

 Adelaide Tarn’s sedimentary archive and pristine catchment 

Adelaide Tarn (Lat: -40.941; Long: 172.544) is a small (0.06 km2, maximum depth 

7.6 m) low-alpine lake (1250 m altitude) with one inlet and one outlet, located in 

the Douglas Range of the Tasman Mountains, NW Nelson Region, in the northwest 

of New Zealand’s South Island (Figure 3.3 a, b) (Jara et al., 2015). The lake is 

situated in a glacial cirque (3.8 km2) with steep slopes and thin soil and was formed 

when permanent ice retreated from the catchment around ~16,100 cal. years BP 

(Jara et al., 2015). Adelaide Tarn is currently located above the treeline (Figure 3.3 
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a). Nearby forest is dominated by mountain beech (Fuscospora cliffortioides) with 

low-shrub species including Coprosma and Griselinia spp. forming the sub-canopy. 

The low alpine ground cover is dominated by herbaceous flora including Astelia, 

Uncinia, Apiaceae, Plantaginaceae, and Asteraceae spp. Since ~1850 AD, grazing 

animals have altered the alpine vegetation of some parts of NW Nelson (Jara et al., 

2015), although it is unknown whether Adelaide Tarn’s vegetation has been 

affected. Adelaide Tarn has an estimated mean annual temperature of 6.2 °C and 

annual precipitation of 2,500 mm (Leathwick et al., 2010).  

 

Figure 3.3- (a.) Aerial view of Adelaide Tarn within a glacial cirque, currently above the 
treeline within the Douglas Range in Kahurangi National Park, Nelson region. (b.) Location of 
Adelaide Tarn in the north west of New Zealand’s South Island.  

 

Two overlapping sediment cores (AT 1115 and AT 1116) were collected from an 

anchored platform using a 5 cm diameter square-rod piston corer (Wright, 1967) 

from the deepest part (7.6 m) of the tarn. Both cores consist of multiple overlapping 

1 m length core sections. A gravity core was taken to collect the water-sediment 

interface. A single composite succession was constructed by cross correlating 
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common stratigraphic units (Jara et al., 2015). The age model has been reported 

previously by Jara et al., (2015) and is reproduced for convenience in Figure 3.A4. 

The sedimentary chronology was constructed from 16 accelerator mass 

spectrometer (AMS) radiocarbon dates and calibrated using the SH Cal13 dataset 

(Hogg et al., 2013). There are no visible stratigraphic disturbances in the 

sedimentary sequence above a gravel layer deposited at 12,500 cal. years BP, and 

the age-depth model indicates that the sediment accumulation rate has been 

relatively stable up to present (Jara et al., 2015), with a range of 0.1–1.1 mm yr-1 

and an average of 0.36 mm yr-1. 

 Analytical methods 

 Monitoring data  

Monitoring data were collected by respective regional councils and compiled by 

LAWA (Land Air Water Aotearoa (LAWA, 2014). The TLI score can be calculated 

via two different techniques, either as TLI3 or TLI4. TLI4 is calculated from log-

transformed values of four variables: total phosphorous (TP), total nitrogen (TN), 

chlorophyll a (Chl-a) and Secchi disc depth (SDD) (a measure of water clarity), 

whilst TLI3 ignores SDD. TLI measurements in New Zealand differ from Carlson’s 

Trophic State Index (Carlson, 1977), which excludes TN measurements. Each lake 

is assigned a TLI score between 1 and 7, where the lower the number, the higher 

the water quality. This study used the TLI3 method, as SDD data are not available 

for every lake in the training set. Total nitrogen (TN), total phosphorous (TP) and 

chlorophyll a (Chl-a) were measured for each lake. Secchi depth (as a proxy of 

water clarity) was not measured regularly, nor at every lake, and was therefore 

excluded from the analysis reported here.  
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To characterise each lake, mean TN, TP, Chl-a and TLI values for the three years 

prior to core extraction were calculated from the LAWA database for each lake. 

The number of measurements, the number of within lake sampling sites and the 

number of years of measurements used in this study are listed in the Appendix 

(Table 3.A1). Total nitrogen is the sum of all inorganic and organic forms (NO3, 

NO2, NH4 and amino acids and plant tissues). Total phosphorus includes dissolved 

reactive phosphorus, orthophosphate and organic P bound to sediments. 

Chlorophyll a is measured to estimate the biomass of phytoplankton suspended in 

the water column. Our selected lakes cover a range of trophic statuses, catchment 

land-uses and formation processes. Nevertheless, our training set is somewhat 

biased towards oligotrophic lakes, primarily because we intended to relate these 

data to Adelaide Tarn, which was expected to be oligotrophic. No monitoring data 

for Adelaide Tarn existed prior to this study. 

 Water extraction of sedimentary organic matter 

To build a link between past DOM concentrations and sedimentary OM recovered 

from lake sediments, a water extraction protocol was used to produce DOM 

(referred to as water extractable dissolved organic matter (WEDOM)) aliquots for 

fluorescence analysis. Sediment DOM was extracted using a water extraction 

method commonly used in soil analysis (Guigue et al., 2014). 10 mg of freeze-

dried, homogenised sediment was added to 7 mL of distilled-deionised (18 MΩ) 

water in a polypropylene tube and shaken vigorously for 60 minutes, before being 

centrifuged for 30 minutes at 3600 rpm. Traditionally, assessments of water 

extractable organic matter are limited to alkaline extractions from sediments 

(Corvasce et al., 2006). However, Lehmann and Kleber (2015) suggested that 

analysis should focus on water-soluble (and therefore bioavailable) OM. For 

example, an alkaline treatment at pH 13 ionises compounds that would never 
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dissolve in the natural soil pH range (pH 3.5 to pH 8.5) (Lehmann & Kleber, 2015). 

Thus, extraction in pure water was considered the most representative measure of 

DOM.  

Freeze-drying prior to WEDOM extraction for fluorescence analysis has rarely 

been reported in the literature and is known to alter pore structure and to cause stress 

to the microbial community within the sample (Zsolnay, 2003). However, the effect 

of freeze-drying on pore structure is less relevant in poorly- consolidated lake 

sediments and is more relevant for evaluating soil properties. Furthermore, air 

drying can obliterate ecologically interesting differences in DOM quality and 

quantity (Zsolnay, 2003). For this reason, freeze-drying was undertaken in sample 

preparation.  

 3D EEM fluorescence measurements of water extractable 

dissolved organic matter (WEDOM) 

3D EEM fluorescence is a routine approach to assessing water quality in lakes and 

rivers (Baker et al., 2004; Hudson et al., 2007). The wavelengths at which 

fluorescence excitation and emission occurs allow the biochemical characteristics 

and sources of DOM to be distinguished (Fellman et al., 2010). Following water 

extraction, supernatants were filtered through 0.45 μm cellulose acetate syringe 

filters (Microanalytix Pty Ltd, Australia). The extracts were then analysed using a 

Horiba Jobin Yvon Aqualog® fluorescence spectrometer with a 0.5 sec integration 

time, a step-size of 3 nm, and a measurement range of 240–600 nm excitation and 

245–800 nm emission. To correct for instrument specific biases (Stedmon & Bro, 

2008), each matrix was corrected for inner-filter effects, scatter lines were Rayleigh 

masked, and spectra were then Raman normalised to the mean Raman intensity of 

distilled de-ionised water.  
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 PARAFAC (parallel factor analysis of components) of WEDOM 

fluorescence  

Fluorescence data in this study were processed using parallel factor analysis 

(PARAFAC) using the N-way toolbox (Andersson & Bro, 2000), a multivariate 

modelling technique developed in MATLAB® 2013. PARAFAC provides multi-

way analysis through which fluorescence signals can be distinguished and separated 

into statistically valid independent components. PARAFAC thus provides estimates 

of the relative contribution of each component to the total fluorescence signal and 

can quantify common fluorophores present in natural OM samples as statistical 

components (Fellman et al., 2010). The model was validated using the drEEM 

toolbox (Stedmon & Bro, 2008).  

 FTIRS (Fourier Transform Infrared spectroscopy) 

FTIRS spectra from NZ lake sediments (Figure 3.A2, Figure 3.A3, Table 3.A2) 

were related to conventionally measured TOC using a PLSR (partial least square 

regression) approach (Rosén et al., 2011). Many FTIRS-TOC studies have 

established local/regional calibrations, and these can differ substantially depending 

on local variations in sediment character (Meyer-Jacob et al., 2014). For TOC 

measurement, samples first underwent acid pre-treatment to remove carbonates, 

followed by catalytic combustion (900 °C, O2) and separation, before analysis in a 

thermal conductivity detector [Elementar Analyser]. The same samples were also 

analysed via FTIR spectroscopy using a Perkin-Elmer Spectrum 100 spectrometer. 

Prior to analysis, samples were freeze-dried overnight, ground and homogenised 

using a pestle and mortar. Aliquots of 2 mg (± 2.5 %) of each sub-sample were 

extracted, mixed and homogenised with 1 g of oven-dried (100°C) KBr, before 

being compressed under 10,000 kg of pressure, to form translucent discs. Discs 

were kept dry in desiccators prior to analysis. After recording a blank (no disc in 



 

65 

the cell), the discs were measured under controlled conditions, with blank 

measurements taken every 15 measurements to avoid possible spectral drift due to 

changes in temperature, humidity or laser strength. The absorbance of infrared (IR) 

light with wavenumbers of 3750–400 cm-1 was recorded through 64 scans per 

sample. 

 Total carbon and total nitrogen measurements of Adelaide Tarn 

sediment core 

Total carbon (TC) and total nitrogen (TN) measurements from selected Adelaide 

Tarn sediment samples are used in this study for comparison and cross checking 

against the fluorescence and FTIR data. Ten subsamples were taken from depths 

covering the uppermost 417 cm (13,777 cal. years BP) in the Adelaide Tarn core. 

These subsamples were freeze-dried and analysed for TC % and TN % using an 

Elementar Isoprime 100 (Isoprime Ltd, Cheadle, UK).  

 Results and Discussion 

 Fourier transform infrared spectroscopy –total organic carbon 

calibration  

Partial least squares regression (PLSR) modelling of FTIRS data vs conventionally 

measured TOC resulted in a 5-component model, characterised by an R2 value of 

0.88 (Figure 3.A2). Higher TOC values (>10 %) are less accurately estimated by 

this model due to the underrepresentation of this sample type in the FTIRS-TOC 

training set. The regression line has the equation y= 0.9375x + 0.3774. In 

subsequent discussion and presentation of results we have used this equation to 

calculate TOC concentrations from FTIRS measurements.  
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 3D EEM fluorescence of WEDOM 

Figure 3.4 shows that most of the lake sediments exhibit peak C, A, and T 

fluorescence peaks (Coble, 1996), and that the intensities of each peak vary 

considerably between lakes (Figure 3.4 a). Peaks C and A are commonly associated 

with humic-like fluorescence from allochthonous sources (higher plant matter and 

soil) (Fellman et al., 2010). Peak T is ‘protein-like’ (representing free and bound 

amino acids), may be produced or altered by autochtonous bacterial/microbial 

activity, but is also an important component of sewage and wastewater (Baker & 

Inverarity, 2004). Protein-like DOM represents a bioavailable or labile fraction of 

freshwater DOM (Baker & Inverarity, 2004; Fellman et al., 2010).  

The relatively low humic-like fluorescence peak in Ohau, Aviemore and Benmore 

suggests a very low input of terrestrial organic matter in these lakes, which also 

have a low overall EEM fluorescence signal compared to the other lakes (Figure 

3.4 b–4d). Meanwhile lakes such as Rotorua, Okataina, and Pearson show strong 

inputs of both humic-like and protein-like DOM, suggesting both allochthonous 

and autochthonous inputs of DOM to the sediments (Figure 3.4 e, f, j). The 

uppermost sediments of Adelaide Tarn are clearly dominated by peak A 

fluorescence, and this lake overall displays a similar level of fluorescence to the 

oligotrophic lakes in the training set, except for lake Aviemore (i.e. Okataina, 

Pearson, and Taupo; Figure 3.4 e, f, l). 
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Figure 3.4- 3D EEM contour plots illustrate that FDOM characteristics and concentrations vary 
considerably across the dataset. 

 

Figure 3.5 shows the first three components from a PARAFAC model that included 

all WEDOM samples (Adelaide Tarn and monitored training set lakes). 

Components 1 and 2 are both clearly humic-like. However, they are atypical in 

shape. There is a diverse range of fluorescence peak shapes at the different sites, 

explaining the generation of the atypical humic-like components. Given that the 

main focus of this study is the quantification of autochtonous vs allochtonous 

contributions in the lake carbon reservoir, and given that the physical meaning of 

the two humic-like peaks is not well understood, we henceforth consider humic-

like components 1 and 2 together (described as “Total humic-like fluorescence”). 

If a two-component model was generated, then a protein-like peak was not 

produced. However, for the three-component model, the third component was 

clearly protein-like. This component spans a relatively wide range of emission 
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wavelengths. This may be due to the red shifting (exhibiting emission at long 

wavelengths) of this peak due to the variety of conjugated biomolecules found at 

different sites.  

 

Figure 3.5- A three-component model combining Adelaide Tarn and New Zealand calibration 
data sets. Components 1 and 2 are atypical but clearly humic-like, whilst component 3 is a 
typical protein-like component. 

 

 Constructing a transfer function to predict trophic level from 

WEDOM fluorescence intensity 

Figure 3.6 shows correlations between various measures of lake water quality, 

sedimentary FTIRS-TOC, and sedimentary WEDOM fluorescence. All 

fluorescence components are strongly positively correlated with each other and 

with FTIRS-TOC, indicating that increases in allochthonous input are not 

independent of increases in autochthonous production. This is to be expected; in 

fact, it is the export of soil organic matter (humic-like fluorescence) and dissolved 

nutrients to terrestrial water bodies that is assumed to be the cause of increases in 

trophic level and thus increased autochthonous productivity (protein-like 

fluorescence). Similarly, it is not surprising that all indicators of trophic level are 

positively correlated with the intensity of all fluorescence measurements. However, 
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of note here is that protein-like fluorescence (indicating autochthonous organic 

matter) is very strongly correlated with total nitrogen, total phosphorus and 

especially trophic level index, as well as strongly correlated with chlorophyll a 

(Figure 3.6). Conversely, humic-like fluorescence (indicating allochthonous 

organic matter) is significantly less correlated to indicators of trophic level. This 

indicates that the sedimentary protein-like fluorescence signal is indeed closely 

related to water-column productivity and lake trophic state (Figure 3.6). 

Table 3.1 shows regression statistics for fluorescence components vs trophic level 

indicators. The relationship between humic-like fluorescence and Chl-a, TN and TP 

are not statistically significant at the p < 0.05 level. The relationship between 

humic-like fluorescence and TLI is statistically significant but explains a relatively 

low proportion of the variation. Protein-like fluorescence has a statistically 

significant relationship (p < 0.05) with all trophic level indicators, and particularly 

with TLI and TP, and a relatively high R2 in all cases (again, especially TLI and 

TP). This indicates that TLI is the trophic level indicator that can be most usefully 

predicted by WEDOM fluorescence measurements. Although both humic-like and 

protein-like fluorescence have statistically significant relationships with TLI, these 

variables are highly collinear, and so we constructed our transfer function using 

protein-like fluorescence only. Regression values and statistics are reported in 

Table 3.2 and the regression is shown in Figure 3.7. Residuals passed the Shapiro-

Wilk test (Shapiro & Wilk, 1965) for homoscedasticity with a p-value of 0.445. 
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Figure 3.6- Pearson correlation matrix of averaged monitoring data from modern New Zealand 
lakes and fluorescence intensity for total humic-like fluorescence (C1 + C2), total protein-like 
fluorescence (C3) and total fluorescence (C1 + C2 + C3). Chl-a = chlorophyll a, TN = total 
nitrogen, TP = total phosphorous. Some results are white for clarity. 

 

Table 3.1- Regression statistics for fluorescence components vs trophic level indicators. 

3D EEM 
fluorescence 
components 

signal 

Chl-a TN TP TLI 

R2 p-value R2 p-value R2 p-value R2 p-value 

Total humic-like 0.25 0.1209 0.25 0.1209 0.40 0.03829 0.50 0.01441 

Protein-like 0.44 0.02734 0.50 0.01599 0.81 0.0001745 0.74 0.0007375 

 

 

Table 3.2- Regression values and statistics for C3 (protein-like fluorescence component) 
coefficient used to reconstruct TLI scores in Adelaide Tarn. 

Intercept C3 coefficient R2 p-value 

1.2951 0.5423 0.74 0.0007375 
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Figure 3.7- Regression of trophic-level index against protein-like fluorescence intensity for the 
10 training-set New Zealand lakes. See Tables 3.1 and 3.2 for regression values and statistics. 

 

 Fluorescence and sedimentary organic matter in Adelaide Tarn 

Table 3.3 gives the results of conventional and optical measurements of organic 

matter characteristics in the 10 subsamples from the Adelaide Tarn core. Figure 3.8 

shows correlations between the conventional and optical measurements for these 

subsamples. As with the modern lakes, all fluorescence measures are correlated 

with measures of total carbon and total nitrogen (though it should be emphasised 

that the values reported here are of total sedimentary nitrogen, not of nitrogen in the 

water column). Again, this is not surprising, as allochthonous and autochthonous 

carbon inputs are not independent and would be expected to vary together. 

However, the proportions represented by the different components have a different 

relationship with sedimentary carbon and nitrogen. The proportion of humic-like 

components (allochthonous organic matter) is strongly positively correlated with 

sedimentary total carbon (TC) and sedimentary total nitrogen (TN) and weakly 

positively correlated with the sedimentary carbon-nitrogen ratio (C/N), while the 
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proportion of protein-like fluorescence naturally shows the exact opposite pattern. 

The correlations with TC and TN indicate that, although both types of organic 

matter contribute to increases in total carbon, the proportion of allochthonous 

organic matter increases with sedimentary carbon. This suggests that variability in 

organic matter in Adelaide Tarn was predominantly controlled by input from the 

catchment rather than changes in within-lake productivity. This is consistent with 

our observations of modern New Zealand lakes, where FTIRS-TOC is more 

strongly correlated with humic-like than protein-like fluorescence because humic-

like allochtonous DOM typically constitutes the largest DOM fraction (Figure 3.8). 

Table 3.3- Conventional measurements of sediment organic carbon and optical measurements 
of WEDOM from 10 subsamples from the Adelaide Tarn core. 

Depth 
(cm) 

Age 
(Cal. 
years 
BP) 

Sediment 
Total 

nitrogen 
(%) 

Sediment 
Total 

carbon 
(%) 

Sediment 
C:N 
ratio 

Sediment 
FTIRS-
inferred 

TOC 
(%) 

WEDOM 
PARAFAC 

C1 score 
(humic-

like) 

WEDOM 
PARAFAC 

C2 score 
(humic-

like) 

WEDOM 
PARAFAC 

C3 score 
(protein-

like) 

4 276 0.44 5.83 13.28 6.0 2.94 3.69 1.29 

44 1,306 0.52 7.66 14.66 7.2 2.90 3.40 1.26 

97 2,756 0.58 8.39 14.49 10.9 4.63 5.14 1.50 

204 5,992 0.58 8.98 15.58 7.1 5.23 6.15 1.61 

257 8,410 0.66 11.59 17.45 11.7 5.33 4.54 1.55 

299 9,674 0.74 13.61 18.42 14.9 7.69 5.90 2.01 

338 10,869 0.80 13.03 16.38 12.6 10.49 10.72 2.10 

366 11,858 0.59 9.22 15.58 9.7 5.97 5.01 1.56 

395 12,726 0.61 8.80 14.39 9.5 5.31 5.34 1.69 

417 13,234 0.58 8.47 14.53 9.8 6.23 7.34 1.65 
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Figure 3.8- Pearson correlation matrix of conventional sediment measurements and optical 
WEDOM measurements from 10 Adelaide Tarn sediment sub-samples (Table 3.3). Some data 
are presented in white for clarity.  

 

The pattern of correlation between fluorescence measurements and carbon-nitrogen 

ratio is important for validating our ability to apply modern interpretations of 

fluorescence intensity to ancient lake sediments. Fresh DOM from planktonic 

organisms has a C/N ratio of 6–9, whilst terrestrial plants show ratios greater than 

15 (Meyers & Benson, 1988). We would therefore expect the proportion of protein-

like fluorescence to be negatively correlated with C/N ratios, since the contributing 

fluorophores represent the optically active organic N fraction in sediments. Sobek 

et al., (2009) argued that autochthonous material is predominantly mineralised 

rather than buried in sediments (Sobek et al., 2009), nevertheless, the relationship 

between protein-like fluorescence and sedimentary TN suggests that protein-like 

fluorescence can be used as a reliable proxy for water quality at Adelaide Tarn. The 

fact that we observe this pattern in our Adelaide Tarn data indicates that our 

interpretation of the fluorescence measurements is consistent with other methods of 

analysing ancient lacustrine organic carbon.  
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Figure 3.9 a shows stable carbon and nitrogen isotope analyses of Adelaide Tarn 

organic matter, taken from Foster (2013). These values indicate that DOM in 

Adelaide Tarn is predominantly derived from terrestrial C3 plants (trees, shrubs, 

grasses) or emergent plants (aquatic or littoral plants). There are no data points that 

indicate high inputs from phytoplankton. These data are consistent with both the 

C/N ratios measured on the ten Adelaide Tarn subsamples (Table 3.3) and the 

fluorescence measurements, which indicate that DOM in Adelaide Tarn was 

consistently of predominantly (75–80 %) allochthonous origin (Figure 3.A5). Thus, 

our fluorescence measurements are consistent with stable isotope values in the 

Adelaide Tarn sediments.  

 

Figure 3.9- (a.) Adelaide Tarn 𝛿𝛿13C and 𝛿𝛿15N data organised by OM source based on the 
classifications of (Meyers & Lallier-vergés, 1999) and (Hamilton & Lewis, 1992) (note 
different axis scales for clarity). Stable isotope data has been published previously (Foster, 
2013). (b.) 𝛿𝛿13C and 𝛿𝛿15N values appear to have varied depending on time-period of deposition. 
 

Transfer functions were applied to the time-series of FTIRS and protein-like 

fluorescence in Adelaide Tarn to reconstruct TOC concentrations and TLI up to 

13,770 cal. years BP. These reconstructed values and total humic-like fluorescence 

are shown in Figure 3.10, along with carbon and nitrogen stable isotope values 

(Foster, 2013), a pollen-based temperature proxy (Jara et al., 2015), and a sea-

surface temperature reconstruction from the Tasman Sea (Barrows et al., 2007). 

These data are discussed below. 
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Figure 3.10- Time-series of organic matter components in Adelaide Tarn over the last 13,770 
years. Sources of DOM in Adelaide Tarn 

In Adelaide Tarn, a simple catchment with limited anthropogenic influence, 

changes in allochthonous inputs are likely to be associated with natural 

environmental change. Due to Adelaide Tarn’s location in the southern mid-



 

76 

latitudes, it has been subject to climate variability through the Holocene (Jara et al., 

2015). Changes in climate are likely to feed back into the decomposition of 

carbon substrates in soil (Davidson & Janssens, 2006; Melillo et al., 2017), as 

well as vegetation and treeline shifts (Jara et al., 2015). A study of 75,000 widely 

distributed lakes found that DOM concentration and characteristics are regulated 

via a hierarchical structure, whereby climate and topography regulate terrestrial 

vegetation, soils and hydrology on a regional scale (Sobek et al., 2007). Locally, 

lake DOC is influenced by the proportion of wetlands and upstream lakes, as well 

as water retention time (Sobek et al., 2007). Further, increases in temperature, 

terrestrial vegetation and run-off were found to be a significant factor in freshwater 

DOC concentration increases in 70 Norwegian lakes (including alpine lakes) 

between 1986 and 2013 (Finstad et al., 2016). Indeed, the impacts of future climate 

change on lakes are expected to be most pronounced at high elevations (Bradley et 

al., 2004), where treeline advancement and vegetation change has occurred due to 

temperature and precipitation changes (Roush et al., 2007). The importance of 

treeline changes was demonstrated by Su et al., (2015), who compared DOM 

properties of lake water from lakes above and below a treeline in southwest China 

and found that total DOM concentrations as well as protein-like and humic-like 

PARAFAC component scores of water in lakes below the treeline were 

substantially higher than those above the treeline (Su et al., 2015). These studies 

imply that shifts in treeline and other vegetation changes (temperature driven or 

otherwise) in lake catchments are important determiners of DOM concentrations 

and molecular characteristics in lake water columns. Adelaide Tarn’s catchment has 

undergone climate-driven vegetation change and treeline shifts (Jara et al., 2015), 

and therefore concentrations and characteristics of DOM should have varied 

accordingly. WEDOM fluorescence in Adelaide Tarn is predominantly humic-like 
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(75–80 %), and therefore primarily of allochthonous origin. A positive correlation 

between allochtonous and autochtonous WEDOM fluorescence deposition may be 

expected in unproductive ecosystems, as nutrients associated with allochtonous 

DOM can stimulate autotroph productivity (Karlsson et al., 2009). As noted above, 

FTIRS-TOC is (moderately) positively correlated with humic-like fluorescence and 

negatively correlated with protein-like fluorescence, and the variance of humic-like 

fluorescence is much higher than that of protein-like fluorescence. This indicates 

that changes in overall WEDOM fluorescence intensity and TOC are likely to be 

primarily influenced by changes in catchment vegetation (which in turn has been 

shown to be influenced by climate at Adelaide Tarn (Jara et al., 2015)).  

High altitude lakes are typically nutrient poor (Vincent & Quesada, 2012), and 

although Adelaide Tarn exhibits some variability in TOC, our TLI reconstruction 

suggests that it has remained microtrophic (very good water quality) to oligotrophic 

(good water quality) throughout most of the depositional period. These findings are 

unsurprising; contemporary monitoring data in New Zealand has demonstrated that 

TLI has a moderate negative correlation with percentage of native/alpine vegetation 

cover (R2= -0.55) (Verburg et al., 2010), and lakes in very cold climates had the 

lowest median TLI score (2.3: oligotrophic) compared to lakes from other climate 

regimes in New Zealand. Verburg et al., (2010) extrapolated their findings to 

suggest that New Zealand lakes are mesotrophic on average, yet alpine lakes with 

native vegetation are typically microtrophic or oligotrophic (Verburg et al., 2010). 

Further, a modelling study demonstrated that most lakes under pre-human 

conditions were oligotrophic in New Zealand (Abell et al., 2019). In addition, New 

Zealand lakes with greater than 50 % catchment grass cover are known to contain 

less DOC, whilst lakes surrounded by high proportions of forest have higher DOC 

concentrations (Rae et al., 2001). Given that Adelaide Tarn is an alpine lake in a 
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catchment characterised by native vegetation throughout its depositional history, 

we would expect it to exhibit consistently low TLI scores. Our TLI reconstructions 

for Adelaide Tarn are thus consistent with the known properties of modern New 

Zealand lakes. 

 Evolution of terrestrial carbon inputs and trophic level in 

Adelaide Tarn since 13,770 cal. years BP 

In Adelaide Tarn, five stages of deposition can be distinguished based on the 

fluorescence values. These are discussed individually below. 

3.5.6.1 Stage 1- 13,770–11,500 cal. years BP 

FTIRS-inferred TOC concentration was low during stage 1 (13,770–11,400 cal. 

years BP) but with a rising trend (Figure 3.10). The pattern of FTIRS-inferred TOC 

concentration very closely resembles that of the pollen temperature proxy until 

about 11,900 cal. years BP (Jara et al., 2015), when the two diverge. Humic-like 

fluorescence was moderate and variable, bearing some resemblance to the pattern 

shown by FTIRS-TOC concentration. TLI scores were relatively high and variable, 

though with a drop towards the end of the interval, concomitant with high TOC. 

Other than this coincidence, there is no clear resemblance between TLI scores and 

TOC. The lithology of this interval was described by Jara et al., (2015) as 

brownish/black silty clay. 

The early part of this interval (13,700–12,500 cal. years BP) coincides with the 

latter part of the Antarctic cold reversal (ACR) (Alloway et al., 2007) (a period of 

cooling during New Zealand’s late glacial transition from 14,700–12,000 cal. years 

BP) (Pedro et al., 2015). In New Zealand, the ACR reached its coolest point at 

13,000 cal. years BP (Vandergoes et al., 2008). In our data, we see a sudden rise in 

FTIRS-TOC and pollen temperature coinciding with the end of the ACR (lagging 

somewhat behind the change in SST from the Tasman Sea), but there is no clear 
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evidence of any change in other aspects of the sedimentary organic matter. Towards 

the end of the interval, around 12,100–11,500 cal. years BP, there is a distinct drop 

in TLI score, coinciding with a fall in pollen temperature and humic-like 

fluorescence, and a shorter decline in TOC. Overall, this would seem to indicate 

that inputs of organic carbon to the lake decreased during the cool ACR, increased 

during the immediately following warm period, and then decreased again during a 

subsequent, less dramatic cooling. The resemblance between our humic-like 

fluorescence record and FTIRS-TOC seems to indicate that, as in the contemporary 

sediments of the training set lakes, the changes in carbon input are largely related 

to allochthonous carbon. This might be explained by changes in the tree line during 

this interval, indicating that the Adelaide Tarn site was surrounded by forests during 

warmer periods and grassland during cooler periods. However, relatively few 

macrofossils were found in the Adelaide Tarn sediments through this interval, with 

most being bryophytes (non-vascular plants such as mosses) and graminoids 

(herbaceous grasses, sedges and rush) (Jara et al., 2015). We therefore interpret 

these changes in allochtonous input as related to increased terrestrial shrub and 

grass cover and productivity during warmer periods without major changes in the 

species assemblages. TLI scores during this interval do not seem to have been 

strongly affected by changes in terrestrial carbon input, remaining in the upper 

microtrophic to lower oligotrophic range throughout, dropping to very low levels 

at the end of the period along with a fall in pollen temperature (Jara et al., 2015). 

3.5.6.2 Stage 2- The Holocene Climatic Optimum (HCO) (11,500–9,000 cal. 

years BP) 

Because the Adelaide Tarn record covers an interval characterised by pristine 

catchment conditions (with no possible anthropogenic influences prior to ~750 cal. 

years BP (McWethy et al., 2014)), the effects of natural environmental changes and 
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climate variation on organic matter input into the lake can be assessed. A key period 

of temperature (and therefore environmental) change is the Holocene climatic 

optimum (HCO) (ca. 11,500–9,000 cal. years BP). The pollen-derived temperature 

proxy from Adelaide Tarn ((Figure 3.10; (Jara et al., 2015)), indicates that, during 

the HCO, terrestrial plant species normally found at low altitudes were present in 

the catchment. This was interpreted by Jara et al., (2015) to indicate climatic 

warming at Adelaide Tarn and was supported by lipid palaeo-thermometry (Zink et 

al., 2016). In New Zealand, the HCO is thought to have been characterised by mean 

annual temperatures between 1.5 and 3 °C warmer than today (Wilmshurst et al., 

2007), whilst a SST reconstruction from the Tasman Sea (Figure 3.10 g) (Barrows 

et al., 2007) shows a peak temperature of 17.3 °C at 11,220 cal. years BP. 

FTIRS-TOC concentration increased from 7 % at the start of the HCO to a 

maximum of 20 % at around 10,500 cal. years BP (Figure 3.10 a). Overall, the HCO 

had a higher average TOC concentration than the ACR. TOC concentration 

remained relatively high throughout the HCO then declined around 8,500 cal. years 

BP, though remaining higher than during the ACR. This pattern is broadly similar 

to that shown by humic-like fluorescence intensity. The high levels of TOC and 

humic-like fluorescence during this period may relate to increased catchment 

vegetation, due to warmer conditions. Advancing treelines during this interval have 

been inferred based on a large negative excursion in δ13C in speleothems from Mt. 

Arthur (a high-altitude cave-site in NW Nelson) from 11,000–10,000 cal. years BP 

(Hellstrom et al., 1998). The correlation between humic-like fluorescence and TOC 

% in this part of the Adelaide Tarn record is consistent with the relationship between 

these two measures observed in the calibration lakes. Thus, our data suggest an 

increase in terrestrial vegetation productivity in the catchment and/or erosion of 

organic-rich material into the lake during the HCO. According to Jara et al., (2015) 
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the treeline is unlikely to have entered the catchment during this period, but between 

10,500 and 10,000 cal. years BP, there was an increase in the proportion of shrubs 

and tree fern species in the catchment (Jara et al., 2015) (Figure 3.A4). The 

macrofossil record indicates an increase in the proportion of tree ferns. New 

Zealand’s indigenous tree ferns are prominent in early and mid-successional forest 

communities and are known to impact nutrient cycling and increase organic matter 

accumulation (Brock et al., 2016).  

Both humic-like fluorescence and TLI reconstructions show notable peaks around 

11,000 cal. years BP followed by a two-step drop to minima around 10,500 cal. 

years BP (Figure 3.10 b, c, d). Interestingly, this pattern is the reverse of that shown 

by FTIRS-TOC over this period, where levels rise sharply from ~8 % around 10,900 

cal. years BP to ~20 % around 10,500 cal. years BP before dropping back down to 

~6 % around 10,100 cal. years BP. This could be due to either inputs of non-

fluorescent organic compounds, or an increase of particulate organic matter that 

was not extracted during the water-extraction process. During the second half of the 

HCO, FTIRS-TOC, TLI and humic-like fluorescence are all relatively high with 

high variance. The high TLI across most of the HCO (Figure 3.10 c), suggests that 

bacterial and microbial growth within Adelaide Tarn responded to the warmer 

conditions, influx of terrestrial carbon, and/or potential changes in substrate 

availability. Macrofossil evidence suggests that peak treeline elevation may have 

occurred by 10,000 cal. years BP, as evidenced by the first appearance of tree 

(Lophozonia menziesii (silver beech)) macrofossils (Jara et al., 2015).  

3.5.6.3 Stage 3- Cooling and DOM decrease (9,000–6,000 cal. years BP) 

From 10,000 cal. years BP onwards, the pollen record indicates a local development 

of high-elevation southern beech forest57. This change in species assemblage is 

consistent with estimated SSTs from the Tasman Sea, which began falling around 
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10,000 cal. years BP (Barrows et al., 2007). There is a decline in overall FTIRS-

TOC as well as in TLI until about 7,300 cal. years BP, after which both FTIRS-

TOC and TLI remained at relatively low but stable levels. Humic-like fluorescence 

declined earlier and more abruptly and was low for the entire interval. According 

to the palynological data, this cooling lacked the intensity to lower the treeline from 

the catchment (Jara et al., 2015). However, there were substantial changes in forest 

vegetation, which became dominated by cold-preferring flora, including 

Fuscospora cliffortioides and Lophozonia forest (beech trees) (Jara et al., 2015). 

Trees were located within the catchment from 9,000 cal. years BP, and interestingly 

this corresponds with a general downwards trend in TOC % and DOM. 

The sediment core lithology changed from dark brown organic-rich silt/ clay to light 

brown clay/silt at 6,900 cal. years BP (Jara et al., 2015). This corresponds with a 

local minimum in FTIRS-TOC concentration and TLI and a sharp drop in humic-

like fluorescence (Figure 3.10 a, b). A SST reconstruction from the Tasman Sea 

also indicates a cooling after the HCO (Barrows et al., 2007) (Figure 3.10 g), and 

this interpretation is consistent with the reduction in allochtonous input and 

autochtonous productivity during this period.  

3.5.6.4 Stage 4- (6,000–4,000 cal. years BP) 

There is a period of variable TOC concentration through this period. TOC and total 

humic-like fluorescence declined, whilst δ13C (Figure 3.10 d) values became more 

negative. There is one large peak (5,000 cal. years BP) in both total humic-like 

fluorescence and TLI, reaching a TLI score of 2.5, although this change is not 

clearly reflected in the other proxies. The percentage of tree pollen (presumably 

from both the catchment and surrounding area) reached its highest value for the 

whole record (> 80 %) during this period. The temperature remained relatively 

stable during this period. 
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3.5.6.5 Stage 5- Late Holocene cooling (4,000 cal. years BP to present) 

According to the Tasman Sea SST reconstruction, a distinct cooling occurred in the 

New Zealand region from 4,000 to 50 cal. years BP, declining from 15.6 °C to 15.0 

°C (Figure 3.10 g). This is consistent with palynological evidence from several sites 

across New Zealand, which suggested a cooling and drying (Li et al., 2008), whilst 

δ 18O records from a speleothem in Nettlebed cave (also in NW Nelson) indicate a 

drying from 3,000 cal. years BP (Hellstrom et al., 1998). A marked reduction in 

tree macrofossils from 2,500 cal. years BP indicates cooling and a retreat of trees 

from the catchment, with an increased dominance of cold-tolerant Poaceae (grass) 

(Jara et al., 2015), perhaps explaining the changes in organic carbon characteristics. 

From 4,000 cal. years BP, TLI scores were quite variable, with three distinct peaks. 

During this period, there was a considerable decline in total humic-like fluorescence 

(from a score of 13 (4,000 cal. years BP) to 5 (0 cal. years BP)), as well as a slight 

overall decline in TOC concentration. There is a pronounced disparity between the 

steady reduction in humic-like fluorescence and the pattern of sharp peaks followed 

by an abrupt decline shown by the TLI signal. The first of these peaks in TLI score, 

at around 2,500 cal. years BP, coincides with a peak in TOC concentration, 

indicating an increase in lake productivity. However, the other two peaks do not 

correspond with any features in any of the other measures of sedimentary organic 

matter, and it is not clear at present what these peaks may represent. 

The abrupt fall in TLI to low and relatively constant values which occurs around 

2,000 cal. years BP coincides with a similar fall in 𝛿𝛿13C and 𝛿𝛿15N (Figure 3.10, d, 

e) However, values for both the latter rise again around 1,000 cal. years BP, while 

both humic-like fluorescence and TLI decline (Figure 3.10 b, c).  



 

84 

3.5.6.6 TOC and humic-like DOM content broadly corresponded with 

temperature shifts 

Adelaide Tarn’s sedimentary record demonstrates that pre-human environmental 

change can impact soil carbon export in a small, simple sub-alpine catchment. 

Specifically, WEDOM humic-like fluorescence and sedimentary TOC 

concentrations both broadly corresponded with known periods of temperature 

change since 13,770 cal. years BP in Adelaide Tarn. During known periods of 

higher temperature in the region (such as the Holocene climatic optimum), TOC 

concentrations and humic-like fluorescence were at their highest level through the 

entire sedimentary record. Further, during periods of temperature decline (late 

Holocene), humic-like fluorescence and TOC concentrations both markedly 

declined.  

Temperature was the principal determinant of the vegetation surrounding Adelaide 

Tarn (Jara et al., 2015), and therefore temperature-induced vegetation change is 

likely to be the predominant driver of soil C production and export in the catchment. 

However, several other variables (changes in annual ice-cover duration, soil 

productivity, or increased soil OM solubility) may also have influenced soil 

processes within the cirque. Nevertheless, the interpretation of a relationship 

between temperature and humic-like DOM and TOC concentrations should be 

treated with caution. For instance, increased temperatures can alter burial efficiency 

(due to mineralisation) of organic material in lake sediments (Gudasz et al., 2010), 

and this process is unquantified in Adelaide Tarn, although this process would 

reduce OC concentrations in sediment from higher temperature regimes, which is 

counter to the relationship observed here. 
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 Limitations and recommendations of further research 

TLI measurements are New Zealand-specific (because this measure includes TN). 

A future case study could test the relationship between fluorescence and Carlson’s 

trophic state index (Carlson, 1977) elsewhere. Furthermore, the application of water 

quality indices in contemporary monitoring is somewhat flawed, as the indices are 

constructed using independent variables that may not co-vary (e.g. TN 

concentration may increase, but TP may decline), potentially resulting in similar 

TLI scores representing quite different ecosystem properties. Some studies have 

suggested defining lake trophic status using the nutrient-colour paradigm, which 

includes FDOM absorption (Williamson et al., 1999; Webster et al., 2008). Optical 

properties of DOM in lakes has previously been demonstrated to change with 

trophic level status (Zhang et al., 2010; Zhang et al., 2018). Indeed, DOM is one of 

the most important water colour parameters and is also known to be closely linked 

to nutrients. 

This study reconstructed TLI scores through time in one (mostly pre-human) lake, 

using a calibration based on a training set of lakes with a range of characteristics 

(climate, geology, lake morphometry, residence times, catchment use and mixing 

regimes). Further, in the training set, TP (from modern agricultural intensification) 

was a strong influence on lake TLI scores (and had a strong positive correlation 

with protein-like fluorescence). However, at Adelaide Tarn, TP will not have 

strongly influenced TLI scores or protein-like fluorescence. The data could be 

improved further by increasing the number of lakes within the training set.  

Further research should be undertaken to test the relationship between 3D EEM 

fluorescence in contemporary water samples and in recently deposited sediments 

and/or suspended sediments. Microbial reworking of organic matter during sinking 
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and early sedimentation may diminish the total organic matter concentration whilst 

replacing many primary organic compounds with secondary ones, and therefore the 

DOM contained in sediment may be degraded compared to DOM contained in the 

surface waters (Meyers & Ishiwatari, 1993). The effects of lake turnover time and 

stratification on chromophoric DOM deposition are also currently unknown and 

unexplored in our study, as are the effects of remineralisation. These are all fertile 

areas for further study. 

Water extraction of DOM may also have limitations in its power to delineate 

stratigraphic differences. The extraction of DOM will always be incomplete. 

Indeed, even in NaOH extractions, 50–70 % of the organic matter is left 

unextracted, therefore extractable OM can never be fully representative of total OM 

(Lehmann & Kleber, 2015). Little is known about the possibility of DOM mobility 

and degradation once stored in the sediments. The vigorous shaking required to 

extract FDOM (after freeze-drying) indicates that the WEDOM in Adelaide Tarn 

was very strongly bound to the sediment particles, and perhaps unlikely to be 

mobile once deposited (Meyers & Ishiwatari, 1993). The fact that the proportions 

of humic-like to protein-like fluorescence and the overall WEDOM fluorescence 

were very similar in the uppermost sediments and in the sediments as a whole 

supports this assumption, as does our TLI reconstruction, which is consistent with 

what we know both about alpine lakes in catchments with native vegetation and 

with what we know about Holocene climatic and environmental variability in New 

Zealand and at Adelaide Tarn. However, although we have shown that WEDOM 

fluorescence can be used as a proxy for past carbon inputs into a lacustrine system, 

future work using this proxy must consider potential degradation of the signal 

through diagenetic alteration or mobilisation of sedimentary organic carbon. 
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 Conclusions 

Adelaide Tarn’s sediments represent a geochemical archive through which 

Holocene climate and associated landscape response (in the absence of human 

presence) in New Zealand can be reconstructed providing a natural baseline for 

DOM concentrations and eutrophication in relatively small, pristine, high-altitude 

lakes. Establishing such baselines can enable comparison with and improved 

understanding of modern observations. Water extraction and fluorescence analysis 

of lake sediment DOM is an inexpensive and rapid method to characterise past 

changes in lake-water quality and to provide simple reconstructions. Our 

measurements of both modern and ancient lake sediments support the application 

of these optical measurements for reconstructing DOM sources and changes in 

biogeochemical cycling. 

TOC and humic-like fluorescence in Adelaide Tarn were at their highest during the 

HCO, a warm period (with shorter summers) when catchment ecology was 

dominated by grasses, shrubs and herbs (Jara et al., 2015). From 9–3 ka, humic-like 

fluorescence and TOC % showed a general decline, whilst plant macrofossil records 

indicate that beech (Fuscospora cliffortioides) forest was established in the 

catchment during this period (Jara et al., 2015). Meanwhile, reconstructed TLI 

scores remained low throughout the depositional period, in the upper microtrophic 

to lower oligotrophic range. These findings suggest that temperature change and 

associated shifts in vegetation cover and composition within the catchment are the 

principal factors driving organic carbon dynamics in Adelaide Tarn. 

Understanding the mechanisms that link climate change and carbon cycling remains 

a great challenge. Lakes are important reservoirs and regulators of the C cycle, yet 

the causes of soil carbon export to lakes as DOM are strongly contested. Adelaide 
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Tarn’s small and simple catchment, climatically sensitive location and lack of 

anthropogenic disturbance means that it is of importance in understanding the 

impacts of climate changes on soil carbon export and eutrophication.  
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 Appendix 

Table 3.A1- Information on lakes used in the training-set of fluorescence measurements of modern lake sediments. 

Lake 

Trophic 
state (based 
on average 
of annual 

TLI scores 
3-years 
prior to 

sampling) 

Average 
TLI 

score 
59 

TLI 
data 

years59 

Lake 
size 
(ha.) 

Max. 
water 
depth 
(m) 

N. of 
modern 
samples 
(N. of 
cores) 

Location 

 
 

Altitude 
(m) 

Co-
ordinates 

Geomorphic 
type 

Dominant 
land 

cover56 

Aviemore Oligotrophic 2.2 2010-
2011 2900 unknown 2(1) Canterbury, 

S. Island 268 

Lat: 
-44.619; 

Long: 
170.305 

reservoir pasture 

Benmore Oligotrophic 2.1 2009-
2011 7585 120 1(1) Canterbury, 

S. Island 361 

Lat:    -
44.525; 
Long: 

170.076 

reservoir pasture 

Ohau Microtrophic 1.8 2009-
2011 5927 129 4(1) Canterbury, 

S. Island 410 

Lat: 
-44.235; 

Long: 
169.850 

glacial native 

Okataina Oligotrophic 2.7 2009-
2011 1080 78.5 4(2) 

Bay of 
Plenty, N. 

Island 
284 

Lat: 
-38.134; 

Long: 
176.407 

 
volcanic native 

Pearson Oligotrophic 2.8 2009-
2011 202 17 2(1) Canterbury, 

S. Island 616 

Lat: 
-43.116; 

Long: 
171.781 

glacial native 
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Lake 

Trophic 
state (based 
on average 
of annual 

TLI scores 
3-years 
prior to 

sampling) 

Average 
TLI 

score 
59 

TLI 
data 

years59 

Lake 
size 
(ha.) 

Max. 
water 
depth 
(m) 

N. of 
modern 
samples 
(N. of 
cores) 

Location 

 
 

Altitude 
(m) 

Co-
ordinates 

Geomorphic 
type 

Dominant 
land 

cover56 

Rotoehu Mesotrophic 3.9 2013-
2015 810 13.5 8(3) 

Bay of 
Plenty, N. 

Island 
289 

Lat: -
38.024; 
Long: 

176.528 

volcanic native 

Rotoiti Mesotrophic 3.8 2009-
2011 3400 126 3(3) 

Bay of 
Plenty, N. 

Island 
277 

Lat: -
38.029; 
Long: 

176.384 

volcanic native 

Rotomahana Mesotrophic 3.8 2009-
2011 900 125 5 (2) 

Bay of 
Plenty, N. 

Island 
339 

Lat: -
38.27028; 

Long: 
176.42417 

volcanic native 

Rotorua Eutrophic 4.1  2013-
2015 17980 45 11(4) 

Bay of 
Plenty, N. 

Island 
386 

Lat: -
38.068; 
Long: 

176.273 

volcanic pasture 

Tarawera Oligotrophic 2.7 2009-
2011 4130 87.5 4(3) 

Bay of 
Plenty, N. 

Island 
282 

Lat: -
38.21117; 

Long: 
176.41093 

volcanic native 

Taupo Oligotrophic 2 (1.9-2) 2009-
2011 62200 162.8 5(5) Waikato, N. 

Island 360 

Lat: -
38.751; 
Long: 

175.793 

volcanic native 
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Figure 3.A1- (a.) Sum of PARAFAC components for each lake (b.) PARAFAC component (%) for each lake. 
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Figure 3.A2- FTIRS-TOC calibration. 

 

Figure 3.A3- Location (white circles) of FTIRS-TOC calibration lakes.
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Table 3.A2- Information on lakes used in the FTIRS-TOC calibration. 

Lake 

Mean 
FTIR-
TOC 
(%) 

(range) 

Mean 
NPOC 

measureme
nt (%) 
(range) 

Lake 
size 
(ha.) 

Max. 
depth (m) 

N. of 
modern 
samples 

 

Region Altitu
de (m) 

Co-
ordinates 

Geomorph
ic type Dominant land cover 

Aviemore 
0.9 

(0.5–
1.1) 

0.9 2900 unknown 4 Canterbury, 
S. Island. 268 

Lat: 
-44.619; 

Long: 
170.305 

reservoir pasture 

Adelaide Tarn 10 (6.0–
14.9) 

9.6 (5.8–
13.6) 6 7.6 10 Tasman, S. 

Island 1250 

Lat: 
-40.941; 

Long: 
172.544 

glacial native 

Alpine Lake/ 
Ata Puai 

 

23.6 
(10.1–
29.8) 

24 (6.8–
29.6) 61.5 20 8 

West 
Coast, S. 

Island 
101 

Lat: -43.286; 
Long: 

170.137 
glacial native 

Benmore 
0.9 

(0.5–
1.1) 

1.1 (0.6–
1.2) 7585 120 

 
 
 

13 

 
 

Canterbury, 
S. Island 

 
 

361 

 

Lat: -44.525; 
Long: 

170.076 

 

reservoir 

 

 

pasture 

Kaniere 
4.4 

(3.3–
5.2) 

3.1 (2.6–
3.9) 2200 195 3 

West 
Coast, S. 

Island 
72 

Lat: 
-42.830; 

Long: 
171.145 

glacial native 
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Lake 

Mean 
FTIR-
TOC 
(%) 

(range) 

Mean 
NPOC 

measureme
nt (%) 
(range) 

Lake 
size 
(ha.) 

Max. 
depth (m) 

N. of 
modern 
samples 

 

Region Altitu
de (m) Co-ordinates 

Geomor
phic 
type 

Dominant land cover 

Middleton 
8.7 

(7.8–
9.0) 

8.6 (6.2–
8.7) 118 unknown 5 Canterbury, 

S. Island 523 

Lat: 
-44.277; 

Long: 
169.849 

glacial native 

Ngapouri 
5.8 

(4.8–
6.2) 

6.2 (5.2–
7.8) 991 24.5 8 Waikato, 

N. Island 475 

Lat: 
-38.338; 

Long: 
176.334 

volcanic native 

Ohau 
0.6 

(0.4–
0.9) 

0.4 (0.3–
0.4) 5927 129 5 Canterbury, 

S. Island 410 
Lat: -

44.235; Long:
 169.850 

glacial native 

Okataina 
3.3 

(1.1–
7.1) 

3.0 (1.2–
5.8) 1080 78.5 55 

Bay of 
Plenty, N. 

Island 
284 

Lat: 
-38.134; 

Long: 
176.407 

volcanic native 

Pearson 3.6 
(2.6–6) 

4.2 (3.2–
6.4) 202 17 12 Canterbury, 

S. Island 616 

Lat: 
-43.116; 

Long: 
171.781 

glacial native 

Rotorua 
3.9 

(3.2–
4.1) 

5 (4.8–5.1) 17980 45 3 
Bay of 

Plenty, N. 
Island 

386 

Lat: 
-38.068; 

Long: 
176.273 

volcanic pasture 

Von 
12.7 

(10.4–
15.7) 

15.6 (9.2–
19) 0.87 15 10 Otago, S. 

Island 303 

Lat: -
45.13926; 

Long: 
168.35755 

glacial native 
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Figure 3.A4- (a.) Bayesian age model based on AMS radiocarbon dates from Adelaide Tarn reproduced (Jara et al., 2015). The model was developed using BACON 
(Blaauw & Christen, 2011) in R software calibration was based on the SHCal13 calibration curve (Hogg et al., 2013) with a calibration created using CALIB 6.01 (Stuiver 
& Reimer, 1993). The image shows a modelled weighted mean age (black line) and the 95% confidence intervals (red lines). (b.) Sediment accumulation rate based on the 

age-depth model, given as mm-1 of accumulation per year. 
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Figure 3.A5- (a.) FTIR-TOC %; (b.) Total Humic-like fluorescence; (c.) Tree pollen (%); (d.) 
Shrub pollen (%); (e.) Grass pollen (%); (f.) Grass pollen (%); (g.) Tree-fern pollen (%); (h.) 
Fern pollen (%); (i.) Unknown pollen (%). All pollen data from Jara et al., (2015). 
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Figure 3.A6 - Total humic-like fluorescence and protein-like fluorescence as percentages of 
total WEDOM fluorescence through the sedimentary record of Adelaide Tarn. 

 

Table 3.A3- TLI classification descriptions in New Zealand (LAWA, 2014). 

Trophic level index score Lake water quality 

<2 Microtrophic (very good water quality) 

2–3 Oligotrophic (good water quality) 

3–4 Mesotrophic (average water quality) 

4–5 Eutrophic (poor water quality) 

5–7 Supertrophic (very poor water quality) 
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Figure 3.A8- Location of marine sediment core SO136-GC11 in location in the Tasman Sea, 
to the west of New Zealand’s South Island, and the southwest of Adelaide Tarn. The alkenone-
based SST reconstruction from this core was used in Figure 3.10 g. 
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 Abstract 

Soils store a greater mass of carbon than terrestrial vegetation and the atmosphere 

combined, meaning that changes in soil carbon export can heavily impact the global 

carbon budget. The global average temperature is set to increase by >2 °C by 2100, 

yet, the impacts of climate change on dissolved organic carbon (DOC) export from 

soil are poorly understood. Using palaeo-environmental records of DOC may 

enable us reconstruct DOC concentrations over centennial/millennial timescales, 

and under varying climatic conditions, thus enabling us to assess the impact of 

climatic shifts. 

This project focuses on New Zealand, a geographically isolated archipelago located 

in the Pacific Ocean. New Zealand had no human inhabitants until the 13th century 

and was not subject to 20th century industrial-scale atmospheric sulphate deposition. 

However, New Zealand has undergone notable climatic and environmental changes 

through the past 14,000 years BP.  

In this study, 3D EEM fluorescence was used to measure humic-like DOC 

concentrations in modern dripwaters and within three flowstones (secondary 

carbonate deposits) from three caves distributed along a 7° latitudinal gradient. 

Flowstones capture DOC from dripwaters via co-precipitation, providing an 

authentic record of aquatic DOC trends. At each site, heightened humic-like DOC 

concentrations corresponded with periods of known temperature increases and 

often at times of reduced rainfall. The findings of this study imply that climate-

driven landscape responses play an important role in soil C export and that 

speleothems are reliable recorders of such changes.  
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 Background & Introduction 

Soil organic carbon (SOC) stocks contain more carbon than vegetation and the 

atmosphere combined (Batjes, 1996). Soil can release organic carbon as DOC into 

aquatic environments, leading to several environmental impacts. For example, 

heightened DOC concentrations in terrestrial water bodies can reduce drinking 

water quality (Lavonen et al., 2015), reduce aquatic biomass production (Karlsson 

et al., 2015), and facilitate the release of CO2 to the atmosphere (Lehmann & 

Kleber, 2015). Further, average global temperature is predicted to rise by > 2.0 °C 

by the year 2100 (Raftery et al., 2017), with unknown consequences for the SOC 

pool and DOC export. 

This study aimed to assess the impact of climate (temperature and precipitation) on 

soil DOC export over the past 14,000 years using speleothem and lake archives in 

New Zealand. 

 New Zealand’s pre-human landscape can enable us to assess the 

impact of climate 

New Zealand is a geographically isolated archipelago, located in the southern mid-

latitudes (ca. 34.4 to 46.6 °S). New Zealand provides a unique opportunity to test 

the impacts of climate on soil carbon export because it was completely free of 

humans until the 13th century (McWethy et al., 2014). Indeed, New Zealand’s 

natural ‘reference state’ was in all practical terms, prior to the 18th century CE 

(Abell et al., 2019), when European colonisers began to use land on an industrial 

scale.  

New Zealand has undergone several climatic shifts and associated landscape 

responses through the past ~14,000 years BP (Jara et al., 2015). New Zealand’s 

isolation and relative lack of (pre 18th century CE) human influence on its 
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environment therefore provides a unique opportunity to assess the causes of soil 

DOC export in a pre-human continent. In the absence of instrumental data, paleo-

environmental archives, such as speleothems and lake sediments, can enhance our 

understanding of long-term environmental change.  

Testing the impact of climate on soil DOC export was undertaken by reconstructing 

humic-like DOC concentrations in cave dripwaters through the past ~14,000 years 

at three cave sites spanning a 7-degree latitudinal gradient. Our study analysed 

speleothems (secondary carbonate deposits found in caves) which accumulate 

through time, incorporating dissolved organic carbon (from their parent dripwaters) 

(Figure 5.1) as they grow.  

New Zealand’s climate has been heavily influenced by westerly winds throughout 

the Holocene, the strength and position of which have waxed and waned through 

time (Shulmeister et al., 2004). Therefore, we compared our humic-like DOC 

concentration reconstructions against an alkenone-based sea surface temperature 

record from the Tasman Sea (Barrows et al., 2007) off the west coast of New 

Zealand’s South Island (Figure 5.2).  

This study primarily aimed to test the impact of temperature on soil DOC export. 

However, it is also pertinent to understand the effect of meteoric precipitation, 

which can alter biodegradability, leaching and potentially alter transport of DOC 

from soil (Kalbitz et al., 2000; Kaiser & Kalbitz, 2012). Ratios of Mg to Ca in 

speleothems are well-established as a proxy for effective meteoric precipitation 

overlying caves (Cruz et al., 2007; Warken et al., 2018), and were utilised in each 

flowstone record to qualitatively reconstruct rainfall through the past ~14,000 years 

BP.  
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 Extending the record of aqueous DOC using fluorescence and 

speleothem archives  

Speleothems have long been established as archives of environmental change via 

their geochemical and biogeochemical signatures. Speleothems are formed when 

water that is charged with CO2 (carbonic acid, H2CO3) dissolves small amounts of 

limestone (CaCO3) bedrock (Figure 5.1). Once these seepage waters enter a cave 

system, the lower pCO2 within the cave atmosphere causes CO2 to degas from 

solution, leading to the re-precipitation of CaCO3 as a speleothem (Fairchild & 

Treble, 2009) via the equation: 

 Ca2+ + 2HCO3− → CaCO3 + H2O + CO2 (5-1) 

 

Speleothems accumulate through time, are not typically subject to post-depositional 

disturbance (unlike other archives such as lake sediments), and can also be precisely 

dated, enabling reconstructions of environmental conditions spanning hundreds of 

millennia (Li et al., 1989). Speleothems have long been known to incorporate 

organic material during their growth (Baker et al., 1998; Genty & Massault, 1999; 

Genty et al., 2001; Blyth et al., 2007; Blyth et al., 2008; Perrette et al., 2015; Quiers 

et al., 2015), including pollen grains (Brook et al., 1990; McGarry & Caseldine, 

2004; Sniderman et al., 2019), lipid biomarkers (Xie et al., 2003; Rushdi et al., 

2011; Blyth et al., 2016), lignin (Blyth et al., 2016) and amino acids (James et al., 

1994). Experimental studies have also demonstrated that carbonates can be reliable 

recorders of DOC concentration (Pearson et al., 2020). In most speleothems, DOC 

is predominantly derived from the overlying environment (soil, vegetation), or from 

microbial communities within the cave (Blyth et al., 2016). DOC is incorporated 

into speleothems as they grow due to surface adsorption of organic molecules and 

bonding between organic functional groups (e.g. carboxyl (COO-) and cations 
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(Ca2+) (Fairchild & Baker, 2012; Hartland et al., 2014)). DOC can also be 

incorporated as fluid inclusions in the inter-crystalline pore spaces (Ramseyer et 

al., 1997). This study utilised flowstones, which accrete when calcium carbonate 

precipitates from thin sheets of water on cave walls and floors (Fairchild & Baker, 

2012), and can accumulate to be several metres thick. Flowstones can be fed by 

several drip-points (as opposed to stalagmites which are typically fed by one) 

(Figure 5.1), and therefore provide a more general cave record that is not reliant on 

one single drip point 

 

Figure 5.1-Summary of DOC transport from soil to speleothem. Important processes are 
numbered and briefly described. 

 

Early studies of organic material in speleothems focused on the context of being a 

determinate of speleothem colour (Caldwell et al., 1982; Van Beynen et al., 2001). 

Baker et al., (1993) and Shopov et al., (1994) highlighted that speleothems display 
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luminescence caused by the presence of humic-like and fulvic-like material 

incorporated within. DOC quality can reflect source, biogeochemical reactions, the 

hydrologic regime and land-cover (Jaffé et al., 2008), and can be assessed by 

fluorescence methods, which have been employed in a range of environmental 

settings (Coble et al., 1990; Parlanti et al., 2000; Baker, 2001; Baker & Inverarity, 

2004; Baker & Spencer, 2004; Burdige et al., 2004; Fellman et al., 2010; 

Ziegelgruber et al., 2013). Organic material fluoresces when the loosely bound 

electrons of molecules are excited by light energy (i.e. a photon) (Senesi et al., 

1989; Senesi et al., 1991). The intensity of the re-emitted light (fluorescence) can 

be used to measure concentrations, whilst the wavelengths at which excitation and 

emission occur can be used to distinguish DOC molecular characteristics. 

This study utilised 3D EEMs (excitation-emission matrices) to assess humic-like 

DOC concentrations (a function of DOC export from soil) in flowstones using the 

same methodological approach as Chapter 4 (Pearson et al., 2020). From the 

concentrations of flowstone DOC through time, dripwater humic-like DOC 

concentrations (a function of soil DOC export) were reconstructed (using modern 

dripwater measurements as an analogue) at three cave sites (Figure 5.2). 3D EEMs 

(excitation-emission matrices) present fluorescence intensity data as a function of 

excitation and emission (Ishii & Boyer, 2012), the wavelengths at which excitation 

and emission occur can inform characterisation of the organic molecules present in 

the sample, whilst the intensity of the fluorescence can provide a quantitative 

measurement of humic-like DOC concentration. Numerous studies have applied 

fluorescence methods to assess DOC in cave dripwaters and speleothems (Baker et 

al., 1996; Baker et al., 1998; Hartland et al., 2012; Rutlidge et al., 2014; Perrette et 

al., 2015; Quiers et al., 2015; Rutlidge et al., 2015).  
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 Methods 

 Location and field site characteristics 

Preference for site selection was given to relatively high-altitude (and therefore 

more climatically sensitive) areas that have been relatively undisturbed by humans. 

The three cave sites span a latitudinal gradient of ca. 7-degrees (or around 1,000 

km). Waipuna Cave (38.3° S, approx. 80 m above sea level) is situated within the 

Waitomo region, western North Island (Figure 5.2 a) and is overlain by dense native 

forest, with organic-rich brown soils (Figure 5.A1). The limestone that makes up 

this region was deposited during the Oligocene, when the area was a shallow 

seafloor. 

Hodges Creek (41° S, approx. 940 m above sea-level) is located on Mount Arthur 

tablelands, Kahurangi National Park, Nelson region, South Island (Figure 5.2 a). 

The cave is overlain by dense forest, dominated by silver beech with ferns and 

mosses in the lower canopy, producing a dark, organic-rich soil (5.A2). Mount 

Arthur tablelands are within New Zealand’s temperate zone, with prevailing 

westerlies and a maritime climate. This region receives > 2,000 mm rainfall per 

year. The DOC reconstruction from Hodges Creek was compared against a 

sedimentary TOC record from Adelaide Tarn. Adelaide Tarn (described in detail in 

Chapter 3) is a sub-alpine lake also located in a glacial cirque in the Douglas Range 

of Kahurangi National Park (Figure 5.2 a). The proximity to Hodges Creek and its 

high-altitude setting means that Adelaide Tarn is a suitable record for comparison 

against Hodges Creek Cave. Both Adelaide Tarn and Hodge’s Creek were covered 

by ice during the last glacial period. The ice had completely evacuated from the 

area by 14,000 years BP (Shulmeister et al., 2005).  
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Dave’s Cave (45° S, approx. 1450 m elevation above sea-level) is located close to 

the summit of Mount Luxmore, Fiordland, Southland, South West South Island. 

Fiordland is characterised by u-shaped valleys and glacial-carved lakes, which were 

formed during the last ice age (Hancox & Perrin, 2009). Above the cave, there are 

numerous tarns located on the mountainside, which overlooks lake Te Anau and 

South Fiord to the north. The summit of Mount Luxmore is positioned above the 

treeline, which is dominated by silver beech. Vegetation overlying Dave’s Cave is 

relatively sparse, consisting of alpine shrubs and tussocks (Figure 5.2 d). The soil 

directly above the cave is highly organic and water-logged (Figure 5.A3), as the 

region receives up to 6,000 mm of rainfall per annum. 

Each record of DOC was compared against an alkenone-based sea-surface 

temperature (SST) reconstruction from the Tasman Sea (Figure 5.2 a) (Barrows et 

al., 2007). The SST record was selected for its location off the west coast, as 

westerly winds are the dominant wind-direction in New Zealand (Hodgson & Sime, 

2010). 



 

136 

 

Figure 5.2 (a.) Location of cave sites (red circles) spanning ~7 ° of latitude across New Zealand, 
and Adelaide Tarn (TOC record) (yellow circle) and marine sediment core SO136-GC11 (SST 
reconstruction) (yellow circle); (b.) Vegetation overlying Waipuna Cave (Waitomo region, 
western North Island); (c.) Vegetation overlying Hodges Creek (Mt. Arthur, north-west South 
Island) (d.) Vegetation overlying Dave’s Cave (Mt. Luxmore, south-west South Island). 
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Table 5.1- Above-cave environmental characteristics. Soils described using the New Zealand Soil Classification (Hewitt, 2010).  

Cave site Location Local Climate Local vegetation Local soil description 

Modern cave dripwater 

humic-like DOC 

concentrations (ppm) 

Waipuna 

Cave 

Lat: 38.26 °S. 

Long: 175.10. 

Altitude: 80 m 

Waitomo, Waikato, 

western North Island. 

Surface MAT: ~13 °C. 

Annual Precipitation: 

1,473 mm (Waitomo region). 

Podocarp conifer forest, dense 

sub-canopy consisting of 

shrubs, ferns, tree ferns. Some 

fungus. 

Deep (> 1m) soils, typic orthic 

allophanic (LO) being developed 

on North Island rhyolitic volcanic 

ash deposits. Soils are exceptionally 

well drained; water typically reaches 

the cave within days/weeks following 

rainfall events (Nava et al., in prep). 

Mean value: 0.7 

Range: 0.4–1.6 

Sample N: 28 

 

*Adelaide 

Tarn 

Lat: 40.56 °S. 

Long: 172.32. 

Altitude: 1250 

 

Surface MAT: ~6 °C 

Annual Precipitation: 

>2,500 mm 

 

Located above the treeline. 

Chionochloa tussock grassland 

dominates within the cirque. 

Thin soils.  N/A 
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Hodges 

Creek 

Cave 

Lat: 41.19 °S. 

Long: 172.72. 

Altitude: 940 m. 

Kahurangi NP, Nelson, 

NW South Island. 

Surface MAT: ~10 °C. 

Annual Precipitation: 2,500 

mm  

Mature beech forest, mosses. 

Heavily weathered Oligocene 

limestone, incised by deep grykes 

filled with litter organic (LO) soils, 

which transition to orthic gley (GO) 

due to waterlogging (Fe reduction). 

Mean value: 4.2 

Range: 2.9–5.2 

Sample N: 6 

Dave’s 

Cave 

Lat: 45.39 °S. 

Long: 167.59. 

Altitude: 1,450 m. 

Fiordland NP, 

Southland, SW South 

Island. 

Surface MAT: ~6 °C 

Annual Precipitation: 

Up to 6,000 mm  

Located above the treeline 

(beech). Thick tussock, grasses, 

native alpine plants. 

 

 

Water-logged, organic rich. Soils had 

light brown A horizons at 20 cm. 

Characteristic Fe staining indicating 

Fe reduction and oxidation. 

Mean value: 1.7 

Range: 1.1–2.3 

Sample N: 2 

*TOC record from Adelaide Tarn’s sedimentary archive. Methodology and findings described in detail in Chapter 3. 
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 Flowstone sample recovery 

Prior to sample recovery, overlying vegetation was photographed and described. 

Soil type was described (following the New Zealand Soil classification system 

(Hewitt, 2010)) to a depth of 1 m (Table 5.1) at each site (Figure 5.A 1 (Waipuna 

Cave), 5.A2 (Hodges Creek Cave), and 5.A3 (Dave’s Cave)). 

Within the cave, flowstone samples that were away from the cave entrance were 

visually inspected for the likelihood of good preservation, lateral laminations and 

for being under current growth-conditions. Core samples were extracted 

(Department of Conservation research and collection permit 37934-GEO) using a 

diamond-tipped steel coring-bit using a Makita drill (18 V). A flow of water was 

used for flushing cuttings from the borehole throughout the coring process. Holes 

created by coring were plugged with calcite. Scanned images of the cores are in 

Figure 5.A4 (WP15-1.1- Waipuna), Figure 5.A5 (HC15-2- Hodges Creek) and 

Figure 5.A6 (DC15-1- Dave’s Cave). 

 Cave monitoring and dripwater sampling 

Dripwaters were sampled monthly from numerous drips from 2015 to 2018 in 

Waipuna Cave, and in summer 2015 in Dave’s Cave and Hodges Creek Cave. 

Dripwater electric conductivity and pH were measured on site. Dripwater trace 

element concentrations, total organic carbon concentrations, and 3D EEM 

fluorescence were analysed in the laboratory (see relevant method sub-section for 

each method). 

 Preparation of speleothems for analysis 

Flowstones were placed into polyester casting and encapsulating resin and mixed 

with an MEKP (methyl ethyl ketone peroxide) catalyst. After the solidification of 

the resin, the slabs were sliced with a diamond-tipped circular saw, so that the 
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internal surface of the flowstones were exposed. The sample surfaces were then 

ground flat using diamond-tipped polishing belts and polished using fine cork-belts. 

 Flowstone sub-sample milling and 3D EEM fluorescence analysis 

Samples and equipment were cleaned thoroughly with 95 % ethanol, before the 

upper 0.2 mm of sample was milled and discarded to reduce the possibility of 

contamination. Sub-sample powders were milled at 1 mm resolution along the 

growth-axis of each flowstone. Milling was undertaken using a tungsten carbide 

drill-bit on a Sherline 5410 deluxe vertical milling machine. Powdered calcite (5 

mg) was dissolved in 4.5 ml of 0.025 M HCl (18 MΩ water) in acid-washed (2 % 

HNO3) polypropylene tubes and then centrifuged at 3600 rpm for 20 minutes. The 

solutions (pH ~5.6) were placed in quartz cuvettes (4 ml volume, 1 cm width) and 

measured for fluorescence using a charge-coupled device (CCD) detector in a 

Horiba Jobin Yvon Aqualog® fluorescence spectrometer. The fluorescence protocol 

used a 0.5 second integration time, a step-size of 3 nm, and a measurement range 

of 600–240 nm excitation and 800–245 nm emission wavelengths. To correct for 

instrument specific biases (Stedmon & Bro, 2008), each matrix was corrected for 

inner-filter effects, scatter lines were Rayleigh masked, and spectra were then 

Raman normalised to the mean Raman intensity of Milli-Q water (18.0 MΩ) using 

the instruments in-built software programme.  

3D EEMs data were processed using parallel factor analysis (PARAFAC) using the 

N-way toolbox (Andersson & Bro, 2000), a multivariate modelling technique 

developed in MATLAB®. PARAFAC provides multi-way data analysis in which 

the underlying phenomena of the fluorescence can be distinguished and separated 

into statistically valid independent components, thus providing estimates of the 

relative contribution of each component to the total fluorescence signal. PARAFAC 

is a more advanced method than manual peak identification and enables the 
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quantification of common fluorophores present in natural organic matter samples 

(i.e. humic-like, fulvic-like and protein-like peaks) as statistical components 

(Fellman et al., 2010; Ishii & Boyer, 2012). 

 Calibration of humic-like DOC concentrations using natural 

DOC standards 

Water was pumped from approximately 20 m depth from Kopuatai bog, central 

North Island, New Zealand. The water was filtered through 0.45 μm cellulose-

acetate syringe filters (Microanalytix Pty Ltd, Australia), and analysed for TOC 

(total organic carbon) using a wet-oxidation method, producing a value of 16.3 

ppm. The peat-water was diluted with deionised water to produce solutions 

containing 5.6 ppm, 10.0 ppm, and 14.4 ppm TOC, and calibrated against 

PARAFAC component scores, producing a calibration of 0.99 R2. The peat water 

contained one, simple humic-like component (with no protein-like fluorescence 

discernible using PARAFAC analysis). 

3D EEMs data from each cave site (speleothems and dripwaters) were analysed 

separately in PARAFAC. However, each PARAFAC model included 3D EEMs of 

Kopuatai peat water (which were previously analysed for TOC concentrations) to 

create a bespoke calibration for each site (as humic-like fluorescence characteristics 

were slightly variable between cave sites). The equations from each calibration 

(Kopuatai humic-like DOC vs TOC concentrations) were then used to calculate 

humic-like DOC concentrations in the individual carbonate digests and then in the 

cave dripwaters (using the appropriate Kd value [see Chapter 4]). 

 Reconstructing humic-like DOC concentrations in palaeo-

dripwaters  

After calculation of the equivalent humic-like DOC concentration in each carbonate 

sample (mol/g), the efficiency of incorporation of DOC from solution (i.e. 
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dripwaters) to the upper 1 mm of speleothem was calculated as a partitioning 

coefficient, where (s) = within calcite, and (aq) = within solution, and concentrations 

are in moles, using the formula: 

 Kd = (DOC(s)/Ca(s)) / (DOC(aq)/Ca(aq)) (5-2) 

 

The Kd values produced from the humic-like DOC PARAFAC scores of the modern 

dripwaters (mean PARAFAC score) and top 1mm of each speleothem sample were 

then used to back-calculate dripwater concentrations through the past ~14,000 years 

BP at each cave site, based on humic-like DOC concentrations of the speleothems 

(which were calculated using a calibration against humic-like fluorescence intensity 

from the Kopuatai peat water solutions). The Kd values thus derived were consistent 

with experimental values from a laboratory partitioning experiment (Chapter 4). 

 Speleothem sub-sampling for dating  

Speleothem sub-samples were milled for dating. Flowstones and equipment were 

cleaned thoroughly with 95 % ethanol, before and after a ‘cleaning’ traverse (in 

which the upper 0.2 mm of calcite from each trench was milled to a powder and 

then discarded). Sub-sample trenches were of different sizes, as trenches followed 

visible growth laminae. Milling was undertaken using a tungsten carbide drill-bit 

and a Sherline 5410 deluxe milling machine. Ratios of 230Th/234U were determined 

using a Nu Instruments multi-collector inductively coupled plasma mass-

spectrometer (MC-ICP-MS) at the University of Melbourne (Hellstrom, 2003). 

Age-depth modelling was undertaken using the Constructing Proxy Records from 

Age Models (COPRA) algorithm (Breitenbach et al., 2012) in MATLAB. COPRA 

was used to generate 2000 Monte-Carlo simulations of each age-model, whilst 



 

143 

Piecewise cubic Hermite interpolation (PCHIP) was applied to interpolate the ages 

and produce median proxy values with 95 % confidence intervals.  

 Elemental analysis using LA-ICPMS  

Trace element measurements were collected at 100 µm spatial resolution using a 

RESOlution-SE Compact 193 nm excimer laser ablation (LA) system in tandem 

with an Agilent 8900 Inductively Coupled Plasma- Mass Spectrometer (ICP-MS). 

Analyses of the speleothem surface were conducted by pulsing the laser at 10 Hz 

with a 100 µm spot size and energy density of 5.0 J/cm2 with a scan speed of 27.855 

µm/s. Ultra-high purity helium was used as the carrier gas to deliver the ablated 

sample from the LA system to the ICP-MS. The ICP-MS was optimized to 

maximum sensitivity daily (Table 5.1). Background counts (gas background, 

measured with the laser off) were collected for 30 seconds between samples. 

National institute of standards and Technology (NIST) glass standards (610, 612) 

were analysed after every sample line to account for any instrument drift. 

Data processing was performed using Iolite (v3.32 (Paton et al., 2011)). 

Background counts were subtracted from the raw data, and all data were 

standardised to NIST 612 glass. NIST 610 glass was utilised as a secondary 

standard. GeoReM database (Jochum et al., 2005) was utilised for NIST glass 

values. 

 Results and discussion 

 Flowstone age-depth models 

The details of the dates of the flowstone samples for WP15-1-1 are given in Table 

5.2. Figure 5.3 presents the resulting age-depth model. WP15-1-1 represents the 

upper section of a larger flowstone core (which contains two other, lower sections 

not featured in this study). The flowstone was actively accumulating calcite when 
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it was removed from the cave in 2015, and therefore the top of the core was taken 

to be -65 years BP. Prior to the Holocene, the growth rate is relatively fast but then 

appears to have been roughly constant from 13,000 years BP. The age uncertainty 

increases near the top because of the large 2 σ error of sample UA. 

5.4.1.1 WP15-1-1 (Waipuna Cave) age-depth model 

Table 5.2- U/Th ages for flowstone core WP15-1-1. 

U/Th Sample ID Depth (mm) Age (years BP) 2 σ (years) 

WP15- 1.1 UA 3.88 468 2026 

WP15 1.1 UB 65.8 4770 594 

WP15 1.1 UC 147.95 9405 452 

WP15 1.1 UC_2 209 12606 134 

WP15 1.1 UC_3 255 12751 222 

WP15 1.1 UC_4 283 13212 244 
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Figure 5.3- Age-depth model for WP15-1-1. The thick black line represents the median age, 
whilst the thin red lines represent the 95 % confidence ranges.   

 

5.4.1.2 HC15-2 (Hodges Creek) age-depth model 

The age-depth model for HC15-2 displayed in Figure 5.4, and details of the 

flowstone dating samples are given in Table 5.3. A total of ten U/Th dates were 

used to construct the model. HC15-2 has a basal age of 13,470 years BP and is the 

smallest of the three flowstone cores, with the slowest growth rate. The flowstone 

was actively accumulating calcite when it was removed from the cave in 2015, and 

therefore the top of the core was taken to be -65 years BP. 
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Table 5.3- U/Th ages for flowstone core HC15-2. 

 

U/Th Sample ID Depth (mm) Age (years BP) 2 σ (years) 

HC15-2_UA_XX_A 2 2480 220 

HC15-2 UA1 12.4 3946 131 

HC15-2UB_XX_A 20.9 5310 110 

HC15-2UB_XX_B 27.85 6990 143 

HC152 UB 1 30.75 7906 260 

HC152 UB 2 35.05 8697 174 

HC152 UB 3 38.7 9147 104 

HC152 UB 4 45.85 10096 55 

HC15-2UC 55.7 11540 112 

HC15_2UD XX_A 64.95 13470 136 
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Figure 5.4- Age-depth model for HC15-2.The thick black line represents the median age, whilst 
the thin red lines represent the 95 % confidence ranges.   

 

5.4.1.3 DC15-1 (Dave’s Cave) age-depth model 

The age-depth model for DC15-1 displayed in Figure 5.5 and details of the 

flowstone dating samples given in Table 5.4. A total of sixteen U/Th dates were 

used to construct the model. DC15-1 has a basal age of 13,480 years BP. The 

flowstone growth rate has clearly varied throughout the record. Notably, there was 

a growth-hiatus from 5,500 years BP to 1,525 years BP. The flowstone was actively 

accumulating calcite when it was removed from the cave in 2015, and therefore the 

top of the core was taken to be -65 years BP. 

  



 

148 

Table 5.4-U/Th ages for flowstone core DC15-1. 

U/Th Sample ID Depth (mm) Age (years BP) 2 σ (years) 

DC15 1.1A 3 65 94 

DC15 1.1AA  16.5 642 32 

DC151.1AU1 24.8 1499 126 

DC15 1.1 B_XX_A 28.45 5563 106 

DC15 1.1 B_XX_B  33.85 5618 108 

DC15 1.1 B_A  49.85 6068 50 

DC15 1.1BU1 62.75 6220 52 

DC15 1.1C 85.6 6531 54 

DC15 1.1CU1_AA  90.9 7592 74 

DC15 1.1CU1B  105.7 8439 98 

DC15 1.1CU2 125.7 10518 190 

DC15 1.1CU3 134.2 10780 200 

DC15 1.1D 142.8 12004 152 

DC15-1.1DU1 172.45 12696 178 

DC15-1.1DU2  189.7 13430 230 

DC151.1EXX_A 196.1 13480 1450 
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Figure 5.5- Age-depth model for DC15-1. The thick black line represents the median age, 
whilst the thin red lines represent the 95 % confidence ranges.   

 

 Optical characteristics of speleothem and dripwater humic-like 

DOC 

Humic-like DOC (albeit with variable optical properties) is present within each 

speleothem. Figure 5.6 shows the predominant humic-like PARAFAC component 

from the studied speleothem samples. The humic-like fluorescence signals of 

Waipuna Cave (Figure 5.6 a) and Hodges Creek Cave (Figure 5.6 b) are similar, 

and both are dominated by excitation-emission peak A (Ex: 240–260; Em: 400–

470) (as described in Coble et al., 1996). The Humic-like fluorescence signal in 

Dave’s Cave is dominated by peak C (Ex: 300–340; Em: 400–480 nm), although a 

peak A signal is also present. (Figure 5.6 c).  



 

150 

Notably, PARAFAC models of Dave’s Cave did not produce a protein-like 

fluorescence component (Figure 5.A9), indicating that microbial activity was low 

at the site, perhaps owing to the relatively low temperature and wetter (and likely 

anoxic) soil conditions (Figure 5.A9) compared to the other sites.   

 

Figure 5.6- Humic-like PARAFAC components from each cave (speleothems and dripwaters 
were used in the same model), (a.) Waipuna Cave; (b.) Hodges Creek; (c.) Dave’s Cave. 

 

 A ~14,000-year history of soil DOC export in relation to pre-

human environmental change 

In our speleothem records, four stages of deposition can be distinguished based on 

the fluorescence values and temperature shifts from an alkenone-based sea-surface 

temperature record from the Tasman Sea (Barrows et al., 2007). Each of the stages 

as defined from the fluorescence and temperature data are discussed individually 

below. The discussion then compares the reconstructed humic-like DOC 

concentrations against modern measurements of humic-like DOC concentrations 

from dripwaters collected during the cave monitoring campaign.  
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5.4.3.1 Stage 1- 14,000–12,000 years BP 

Waipuna Cave is relatively low latitude (and therefore higher mean annual 

temperature than at the other sites), has a low altitude and is overlain by dense 

vegetation. Therefore, it is surprising that it had the lowest humic-like DOC 

concentrations of the cave sites. The low humic-like DOC concentrations at 

Waipuna may be suggestive of a precipitation of DOC from percolating waters in 

the vadose zone, prior to entering the cave. Dripwater humic-like DOC 

concentrations were relatively low (~0.5 ppm), with little variability during this 

stage. Based on the Mg/Ca results, from 13,200 years BP until 10,000 years BP 

there was a continuous, steady drying trend, although this period was the wettest in 

the entire record.  

From 14,700–12,000 years BP New Zealand was undergoing its late glacial 

transition (Pedro et al., 2015). Sea surface temperature increased by over 1 °C from 

14,000 to 12,000 years BP (Barrows et al., 2007) (Figure 5.7 g) in the Tasman Sea, 

showing strong correspondence with increases in TOC concentration from 6 % to 

11 % at Adelaide Tarn, and a dramatic increase in dripwater humic-like DOC 

concentration at Hodges Creek from 4 ppm to 12 ppm. Notably, Adelaide Tarn and 

Hodges Creek are located at similar altitudes and near each other in Kahurangi 

National park, north-west South Island. Analysis of pollen grains from Adelaide 

Tarn’s sedimentary record indicated that during the HCO, terrestrial plant species 

that are typically found at lower altitudes were present in Adelaide Tarn’s sub-

alpine catchment (Jara et al., 2015), suggesting an increase in biomass and 

productivity occurred during this period of relatively high temperature and high 

humic-like DOC concentrations. This interpretation is consistent with the 

interpretation of increased biogenic C (or, biomass effect) causing a large negative 
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excursion in δ13C in speleothems from Mt. Arthur (a high-altitude cave-site in 

north-west Nelson) from 11,000–10,000 years BP (Hellstrom et al., 1998). 

Dave’s Cave showed a marked decline in dripwater DOC from 4 ppm to 2 ppm 

between 14,000–12,000 years BP. However, Dave’s Cave is the most southerly site 

in this study and is therefore subject to greater influence from the Antarctic. The 

discrepancy between sites may therefore be explained by other temperature records, 

which indicate that a period of cooling known as the Antarctic cold reversal (ACR) 

(14,500–12,800 years BP) (Blunier et al., 1997) occurred during New Zealand’s 

late glacial transition (Alloway et al., 2007; Pedro et al., 2015). Humic-like DOC 

concentrations at Dave’s Cave also appear to be strongly anti-correlated with 

rainfall overlying the cave (as inferred from Mg/Ca values) (Fig 5.7 f.) during this 

period.  

5.4.3.2 Stage 2- The Holocene climatic optimum 11,500–9,000 years BP 

The Holocene climatic optimum (HCO) was characterised by mean annual 

temperatures of between 1.5–3 °C warmer than today (Wilmshurst et al., 2007). A 

sea surface temperature reconstruction off the west coast of New Zealand in the 

Tasman Sea (Figure 5.7 g) (Barrows et al., 2007) shows a peak of 17.3 °C at 11,220 

years BP, the highest temperature observed through the entire record, for 

comparison, at 50 years BP, Tasman Sea surface temperature was 15 °C (Barrows 

et al., 2007). 

For much of the HCO, the relationship between temperature and dripwater humic-

like DOC concentration is less clear at Waipuna Cave than at the other sites. From 

11,500 years BP to 10,200 years BP the humic-like DOC concentrations were 

relatively low (~0.5 ppm). However, a very rapid increase in humic-like DOC 

concentration occurred from 10,000 years BP (shortly prior to the end of the HCO), 

culminating in a maximum value of 1.0 ppm at 9,700 years BP. An environmental 
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reconstruction from Lake Pupuke (a volcanic crater lake in Auckland, northern. 

North Island (37 °S) showed the onset of a warm period with limited seasonality at 

10,200 years BP (Stephens et al., 2012), approximately 500 years prior to the large 

increase in humic-like DOC concentrations (Figure 5.7 a) and the large shift to drier 

conditions (Figure 5.7 b) at Waipuna Cave. Stephens et al., (2012) described an 

early Holocene warm period from 10,200 to 7,600 years BP, a period that would 

coincide with humic-like DOC concentration increase at Waipuna.  

During the HCO, humic-like DOC concentrations fluctuated at Hodges Creek, but 

were relatively high compared to later, cooler stages. After the peak of 12 ppm DOC 

at 12,000 years BP, there was a rapid decline to 4 ppm at 11,200 years BP, followed 

by a peak of 8.2 ppm at 11,000 years BP and a peak of 11.6 at 9,500 years BP, 

followed by a further rapid decline immediately after the climax of the HCO. 

According to the Mg/Ca results, the HCO was very dry at Hodges Creek (Figure 

5.7 c) but rapidly became wetter from 10,000 to 9,000 years BP. 

Dave’s Cave dripwater humic-like DOC concentrations slightly increased from 2.2 

ppm at 12,000 years BP, before increasing to a notable but relatively short-lived 

peak of 4 ppm DOC at 10,500 years BP (the highest concentration throughout the 

entire record). Dave’s Cave was relatively wet during the HCO and steadily became 

wetter until 9,500 years BP, before the onset of a drier phase (Figure 5.7 e).  

5.4.3.3 Stage 3- Cooling and DOC decrease (9,000–6,000 years BP) 

At Waipuna Cave, the Mg/Ca record provides evidence for a dry period between 

9,000–8,000 years BP, followed by an increase in effective precipitation which 

steadily continued through this stage until reaching a peak at 4,200 years BP. 

Through this stage, humic-like DOC concentrations appear to anti-correlate with 

precipitation. Dripwater humic-like DOC concentrations decreased from 1.1 ppm 

at 8,700 years BP, to 0.8 ppm at 8,000 years BP, before declining further to 0.55 
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ppm at 6,250 years BP (Figure 5.7 a). This decrease in dripwater DOC appears to 

correspond with climate cooling (Figure 5.7 g). Stephens et al., (2012) noted an 

increase in seasonality from 7,600 years BP at Lake Pupuke, which coincided with 

a marked reduction in humic-like DOC concentration at Waipuna, and a large 

increase in wetness (Figure 5.7 a, b). Lake Pupuke also showed a broad peak in 

TOC, total nitrogen and total silica (a proxy for within-lake productivity) between 

10,200–7,600 years BP, followed by a marked decline between 7,600 to 5,700 years 

BP (Stephens et al., 2012). The same study described an early Holocene warm 

period that lasted from 10,200–7,600 years BP, which implies that the HCO may 

have occurred slightly earlier on the South Island than on the North Island, thus 

explaining the relatively late peak in humic-like DOC concentrations at Waipuna 

compared to Hodges Creek and Dave’s Cave.  

Nevertheless, the three cave records show some notable similarity. Overall, 

between 9,000–6,000 years BP, humic-like DOC concentrations greatly decreased 

(albeit with some variability) at each cave site and is consistent with the TOC 

reconstruction from Adelaide Tarn (Figure 5.7 c). The decrease in humic-like DOC 

concentrations is strongly consistent with a reduction in sea surface temperature of 

approximately 0.3 °C from 9,000–6,000 years BP (Barrows et al., 2007) in the 

Tasman Sea. At Hodges Creek, humic-like DOC concentrations decreased 

markedly from 10 ppm (at 8,700 years BP) to 4.2 ppm by 6,000 years BP. This 

decrease coincides with a notable decrease in TOC and vegetation composition 

changes in the catchment surrounding Adelaide Tarn (Jara et al., 2015) (located 

close to Hodges Creek). Humic-like DOC concentrations continued to decrease 

further until reaching a concentration of 2.5 ppm at 3,900 years BP (coinciding with 

a continued downwards SST trend, reaching 15.5 °C by 3,000 years BP). The 

decrease in DOC at Adelaide Tarn and Hodges Creek during this period is 
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indicative of temperature driven vegetation changes (Jara et al., 2015) coinciding 

with a reduction in aquatic DOC in the area.  

At Dave’s Cave, there was a substantial reduction from 2.5 ppm humic-like DOC 

concentration at 9,000 years BP, down to 0 ppm at 6,000 years BP (Figure 5.7 e). 

From 9,000–8,000 years BP, humic-like DOC concentrations and wetness declined 

in tandem, however from 8,000–6,000 years BP a large increase in precipitation 

occurred, coinciding with a continued reduction in humic-like DOC concentrations 

(Figure 5.7 e), which indicates that the extent of which humic-like DOC 

concentration in Dave’s Cave was influenced by precipitation has varied through 

time.  

5.4.3.4 Stage 4- Late Holocene cooling (4,000 years BP to present) 

Sea surface temperature declined from 15.6 °C at 4,000 years BP to 14.4 °C at 1,000 

years BP (Figure 5.10 g). A notable drying trend was observed at Waipuna Cave 

(Figure 5.10 b) through this period, which coincided with a dramatic increase in 

humic-like DOC concentrations. The increase in humic-like DOC concentrations 

corresponds with temperature cooling in the Tasman Sea SST record, indicating 

that humic-like DOC export was primarily controlled by rainfall at Waipuna Cave 

during this stage.  

The temperature decline (Figure 5.7 g) corresponds with a reduction in TOC 

concentration at Adelaide Tarn (albeit with some variability), and from 4,000–3,000 

years BP at Hodges Creek. However, at Hodges Creek, there was a sharp increase 

in humic-like DOC concentrations to a peak at 2,000 years BP, followed by a further 

decline to present day conditions. From 4,000 years BP to present, the Mg/Ca data 

indicates that there was a general drying trend up to present at Hodges Creek, an 

interpretation that is consistent with δ18O records from a speleothem in Nettlebed 

cave (also in north-west Nelson) which indicate a drying trend from 3,000 years BP 
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onwards (Hellstrom et al., 1998). At Dave’s Cave, there was a growth-hiatus from 

5,500 years BP to 1,525 years BP. Dave’s Cave was relatively wet during this 

period, with low humic-like DOC concentrations up to 1,000 years BP, followed 

by a sharp increase.  
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Figure 5.7 Comparison of reconstructions of humic-like DOC concentrations in dripwaters and 
Mg to Ca ratios from flowstones each cave site with regional TOC and SST records. 95% 
confidence intervals as estimated using COPRA (Breitenbach et al., 2012).  

 Possible mechanisms underlying climate DOC causality 

Climate has demonstrably altered vegetation throughout the Holocene in New 

Zealand (Jara et al., 2015). Temperature and precipitation are both important 

determinants of vegetation density over long timescales (Larsen et al., 2011). 

Indeed, concentrations of dissolved organic carbon are thought to be highly 

sensitive to environmental drivers that impact net primary productivity (Freeman et 

al., 2004). However, several variables other than vegetation density (changes in 

seasonality (Neff et al., 2006; Ågren et al., 2007), soil productivity, or increased 

soil OC solubility and biodegradability (Marschner & Kalbitz, 2003)) may overlap 

with each other and can influence the concentration of DOC exported from soils.  

Precipitation is another important and complex control on soil DOC export. In our 

study, drier conditions appear to be associated with increased levels of dripwater 

humic-like DOC concentration. The relationship between precipitation and DOC is 

highly complex (Zhang et al., 2010), and may influence DOC export through 

several indirect mechanisms (Hudson et al., 2003). An increase in precipitation 

would initially be associated with the export of DOC from soil, however this is not 

always the case because high rainfall density may dilute the concentrations of 

exported DOC (Zhang et al., 2010), thus decoupling the relationship between high 

levels of DOC loss from soils and high humic-like DOC concentrations in inland 

waters. Indeed, high levels of precipitation may cause high levels of initial DOC 

export, thus depleting the organic carbon available to be exported from the soil. As 

an example of the complexity involved, a study of Canadian boreal lakes (over 21 

years) demonstrated a strong anti-correlation between summer precipitation and 

humic-like DOC concentrations, but a strong positive relationship between winter 

precipitation and humic-like DOC concentrations (Hudson et al., 2003).  
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At our cave sites, contemporary precipitation is relatively high, and the Mg/Ca 

ratios suggest that precipitation has been higher during earlier stages of the 

Holocene. It is plausible that the observed relationship between drier conditions (or 

a reduced number of dense precipitation events) and higher concentrations of DOC 

at each site may simply be caused by less dilution (of DOC), and less depletion of 

soil porewater DOC available for flushing into the caves.  

 Contemporary monitoring data in comparison to the palaeo-

environmental reconstructions 

From 2015 to 2017, modern dripwater humic-like DOC concentrations in Waipuna 

Cave ranged from 0.4–1.6 ppm, with a mean value of 0.7 (n=28 Table 5.1). The 

reconstructed Waipuna data has a humic-like DOC concentration range of 0.4 to 

1.85 ppm. Of each of the study sites, Waipuna could be expected to be the least 

temperature sensitive, owing to its low-altitude, low-latitude location, well-below 

the current treeline. 

At Hodges Creek, modern dripwater humic-like DOC concentrations ranged from 

2.9–5.2 ppm, with a mean value of 4.2 ppm (n=6 Table 5.1). The highest 

concentration of humic-like DOC occurred at 12,000 years BP (12.5 ppm). At 

Hodges Creek, there is strong evidence for temperature-induced DOC 

concentration increases. For example, the median value of humic-like DOC 

concentration through the whole record was 4.7 ppm, yet during the HCO the 

median humic-like DOC concentration value was 6.5 ppm. Following the HCO, 

there was a SST decrease from 16.1 to 15.8 °C (from 9,000–6,000 years BP), 

resulting in a median humic-like DOC concentration of 5.1 ppm. Another important 

cooling stage was 4,000 years BP to 290 years BP (during which temperature 

decreased from 15.6 at 4,000 years BP to 14.5 °C at 290 years BP). This period of 
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cooling included the coolest temperatures observed in the entire temperature record 

and had a relatively low median humic-like DOC value of 3.3 ppm.  

At Dave’s Cave, monitoring data shows that contemporary dripwater DOC values 

range between 1.1–2.3 ppm (n=2). The reconstructed humic-like DOC 

concentrations rarely increased beyond this range, apart from notable peaks during 

the HCO and from 12,500–13,500 years BP. As with Hodges Creek, humic-like 

DOC concentration values were much higher than average during the HCO, with a 

median value of 2.5 ppm, whilst the median concentration of humic-like DOC 

almost declined by half from 9,000–6,000 years BP (1.3 ppm). Although there was 

a growth-hiatus from 5,500 years BP to 1,400 years BP, from 1,400 years BP to 

present the values were also relatively low, with a median value of 1.4 ppm.  

Our data indicate that organic carbon export (particularly at high-altitude sites such 

as Hodges Creek and Dave’s Cave) may be expected to increase under future 

warming and drying conditions. The HCO was > 1.5 °C warmer than present 

conditions (Wilmshurst et al., 2007), and humic-like DOC concentrations were 

much higher at Dave’s Cave and Hodges Creek during periods of anomalous 

warmth in the palaeo-record. However, the relationship between temperature and 

soil DOC export was not clear at Waipuna Cave (the lowest altitude site), yet high 

DOC concentrations corresponded with drier conditions. 

 Limitations of the study and potential future research 

This study assessed the changes in soil DOC export in relation to climatic shifts 

over centennial/millennial time scales, with an emphasis on the impacts of 

temperature. However, the driving mechanisms behind the relationship between 

temperature and soil DOC export are difficult to disentangle with our dataset. For 

example, atmospheric and soil temperature increases can drive vegetation and soil 
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productivity and microbial decomposition of soil OC. Increased microbial activity 

causes increased respiration, thus heightening soil CO2 partial pressure (Hicks Pries 

et al., 2017). Increased soil CO2 partial pressure should increase rates of bedrock 

weathering and cave dripwater saturation.  

This study interpreted Mg/Ca as a prior calcite precipitation (PCP) in the vadose 

zone, and is, therefore, a proxy for palaeohydrology and effective precipitation in 

the environment overlying each cave, an approach used elsewhere (Cruz et al., 

2007; Warken et al., 2018). Proxy calibration at Waipuna Cave supports this 

interpretation (Nava et al., in prep) and the three caves all developed in Oligocene 

shallow marine limestones and are similarly shallow. However, our conclusions are 

limited by only using one flowstone per cave. Further, the collection of monitoring 

and drip-water collection was relatively limited at Dave’s Cave and Hodges Creek 

Cave. 

 Conclusions and implications  

This study used flowstone archives to assess the impacts of climate on the aquatic 

carbon cycle in the absence of human interference (until the 13th century). Several 

studies have demonstrated that speleothems encapsulate organic material as they 

grow; however, this study was the first to use 3D EEM fluorescence methods to 

calculate aquatic humic-like DOC concentrations in the distant past. Because 

speleothems provide reliable, well-dated archives that are not typically subject to 

post-depositional disturbance, speleothem archives of DOC concentration may be 

complimentary to other archives such as lake sediments. Indeed, speleothems 

represent the only terrestrial archive that forms from groundwater and captures soil 

DOC without further diagenesis or post-depositional mobility (after becoming a 

closed system). That said, the correspondence between the Hodges Creek and 
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Adelaide Tarn records also strengthens the argument for the use of lake sediments 

as archives of the aquatic carbon cycle. 

The humic-like DOC concentration reconstructions from the flowstone records 

indicate that soil carbon export had a strong, positive relationship with temperature 

over the past ~14,000 years BP in New Zealand. At Hodges Creek and Dave’s Cave 

dripwater humic-like DOC concentrations were higher during warmer periods, such 

as the HCO, and reduced during cooler periods, such as the mid-late Holocene. 

Waipuna also demonstrated a notable peak shortly before the cessation of the HCO. 

The relationship between temperature and TOC was also clear from Adelaide 

Tarn’s sedimentary record, which showed similar trends to the Hodges Creek DOC 

record. Adelaide Tarn and Hodges Creek are both located at relatively high-

altitudes and in relative proximity; therefore, these findings suggest that climate 

impacts soil DOC export on regional scales.  

A further notable finding from this study was that rainfall amount negatively 

corresponded with dripwater humic-like DOC concentrations. Dripwater humic-

like DOC concentrations increased dramatically during drier periods at each cave 

site. This could be explained by i) a concentration effect during arid periods, and 

conversely a dilution effect during periods of high rainfall, ii) a depletion of 

available soil organic carbon during periods of increased rainfall, or iii) differing 

soil microbial behaviour due to the changing temperature regimes between each 

site. 

The findings from this study indicate that aquatic humic-like DOC concentrations 

have been higher in the past, particularly during periods of warmer climate, and that 

soil DOC export can vary dynamically on a range of timescales in response to 

climate forcing. Therefore, it may be that humic-like DOC export from soil may 

increase under future warming conditions at high-altitude sites. Nevertheless, 
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understanding the mechanisms that link climate change and carbon cycling remains 

a great challenge. Further palaeo-environmental records of soil DOC export may 

provide opportunities to isolate and test the impact of temperature on soil DOC 

export elsewhere. Global mean annual temperature is expected to increase by up to 

2 °C by 2100 CE, yet the impacts of temperature on soil DOC export remain 

relatively unexplored.  
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5.9 Appendix 

 

Figure 5.A1- Vegetation and soil horizons above Waipuna Cave. 

 

Figure 5.A2- Vegetation and soil horizons above Hodges Creek Cave. 
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Figure 5.A3- Vegetation above and soil horizons above Dave’s Cave. 
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Figure 5.A4- WP15-1.1 (Waipuna) flowstone core. Red labels refer to U/Th sample depths 
(Table 5.2). The sample depths not included in the tables were not used in the age–depth model 
due to contamination. Sample was split to fit into LA-ICPMS cell. 



 

174 

 

Figure 5.A5- HC15-2(Hodges Creek) flowstone core. Red labels refer to U/Th sample depths 
(Table 5.3). The sample depths not included in the tables were not used in the age–depth model 
due to contamination. 

 

Figure 5.A6- DC15 (Dave’s Cave) flowstone core. Red labels refer to U/Th sample depths 
(Table 5.4). The sample depths not included in the tables were not used in the age–depth model 
due to contamination. Sample was split to fit into LA-ICPMS cell.  
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Figure 5.A7- PARAFAC components 1 to 7 of DOC from Waipuna Cave from a seven-
component model. (a.) scatter (C1); (b.) protein-like (C2); (c.) protein-like (C3); (d.) protein-
like (C4); (e.) protein-like (C5); (f.) scatter (C6); (g.) humic-like (C7). 

 

Figure 5.A8 (a.) PARAFAC component 1 (protein-like); (b.) PARAFAC component 2 (humic-
like) of DOC from Hodges Creek Cave from a two-component model. 
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Figure 5.A9 PARAFAC components 1, 2 and 3 from Dave’s Cave from a three-component 
model. 
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 Chapter 6 

Conclusions 

The research presented in this thesis aimed to assess the impacts of climate on 

dissolved organic carbon (DOC) in aquatic environments. DOC concentrations in 

terrestrial waterbodies are thought to be positively related to DOC export from soil 

organic carbon (SOC) stocks. This project sought to contextualise this 

understanding. 

This research utilised 3D excitation-emission matrix (EEM) fluorescence of DOC 

contained in palaeo-environmental archives (lake sediment and flowstones) which 

extend well beyond human arrival (13th century (McWethy et al., 2014)) in New 

Zealand. This approach enabled the segregation of natural drivers from potential 

anthropogenic drivers, and solely test the impacts of climatic shifts on aquatic DOC 

concentrations on centennial-to-millennial timescales for the past ~14,000 years 

BP.  

 Assessing the impact of climate on water quality and total 

organic carbon in a pristine lacustrine sedimentary record 

One aim of Chapter 3 was to establish a relationship between water extractable 

dissolved organic carbon (WEDOM) 3D EEM fluorescence properties and water 

column quality (trophic level index) parameters from New Zealand’s freshwater 

monitoring programme. The study then aimed to apply this relationship to a 13,770-

year sedimentary record from a pristine, sub-alpine, climatically sensitive lake 

(Adelaide Tarn) (Jara et al., 2015), located in the north west of the South Island. 

The rationale was to enable the separation of humic-like DOC fluxes from protein-
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like DOM production to evaluate past soil carbon fluxes, and additionally, inform 

contemporary water quality assessments in New Zealand. 

The comparison of WEDOM fluorescence properties and trophic level index (TLI) 

values yielded positive correlations between protein-like fluorescence and mean 

TLI parameters from each lake (chlorophyll a R2= 0.44; total nitrogen R2= 0.50; 

total phosphorus R2= 0.81; overall TLI score R2= 0.74). This study indicates that 

protein-like fluorescence in sedimentary WEDOM can be used as an indicator of 

lake water column trophic status. The equation produced from the relationship 

between the water column TLI score and sedimentary WEDOM protein-like 

fluorescence was used to reconstruct TLI scores from Adelaide Tarn’s sedimentary 

archive, demonstrating that the lake was oligotrophic or microtrophic throughout 

the entire record. 

A further aim of the study was to assess the influence of temperature on sedimentary 

TOC (total organic carbon) concentrations and humic-like fluorescence intensity of 

WEDOM through the past 13,770 years at Adelaide Tarn. A partial least square 

relationship (PLSR) was established between Fourier transform infrared 

spectroscopy (FTIRS) and conventional (combustion) TOC measurements of 

sediments from thirteen lakes (N of sediments= 141, R2= 0.88). The calibration was 

then applied to Adelaide Tarn’s sediment, building a record of TOC through the 

past 13,770 years BP.  

At Adelaide Tarn, humic-like fluorescence intensity and FTIRS inferred-TOC 

concentrations both showed a strong correspondence with a sea-surface temperature 

reconstruction from the Tasman Sea (Barrows et al., 2007). Humic-like 

fluorescence intensity and TOC concentrations were higher during warm periods 

(such as the Holocene climatic optimum) and reduced during cooler periods (from 

9,000–6,000 years BP). The findings from Adelaide Tarn also showed some 
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correspondence with climatically induced vegetation change in the glacial cirque 

surrounding Adelaide Tarn (Jara et al., 2015).  

 Testing the ability of calcite to record DOC 

One of the overriding aims of the research project was to utilise speleothems as 

archives of DOC. Although the focus on speleothem organic matter has developed 

over recent years (Blyth et al., 2016), little attention has been paid to testing the 

relationship between dripwater dissolved organic carbon and speleothem organic 

carbon. This study utilised a calcium carbonate precipitation experiment 

(Gruzensky, 1967) to test the relationship between parent growth-water [DOC]aq 

and final [DOC]s concentrations contained in the calcium carbonate.  

The study precipitated calcium carbonate crystals in growth solutions containing 

varying concentrations of DOC (measured using conventional wet-oxidation TOC 

analysis, which was then calibrated against 3D EEM humic-like fluorescence 

intensity). The experimental growth solutions consisted of a control (0 ppm; 18 MΩ 

water), and peat water (collected at a depth of 30 m from Kopuatai bog, central 

North Island) diluted to 5 ppm, 10 ppm and 15 ppm DOC concentrations. Post 

experiment, the crystals were dissolved using dilute HCl, and their DOC 

concentrations were then measured via a calibration between TOC and humic-like 

fluorescence intensity (produced using parallel factor analysis of components 

(PARAFAC) (Murphy et al., 2013)). The study demonstrated a positive, linear 

correlation between initial organic carbon concentration in solution and final 

organic carbon concentration in calcite, with log Kd values of around 0.5. This 

experiment shows that speleothems are likely to reliably record DOC 

concentrations from their parent solutions and that 3D EEM fluorescence can be 

used to measure DOC concentrations from dissolved carbonates.  
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The study also tested DOC concentrations in flowstone dripwaters versus flowstone 

DOC (from recently deposited calcite) concentrations from three cave sites in New 

Zealand. This case study reaffirmed our experimental findings, i.e. that DOC 

concentrations in speleothems appear to reliably record [DOC]aq from parent 

solutions.  

Another important finding was that DOC concentrations have an important effect 

on crystal habit. From the control (0 ppm), carbonate crystals were white and 

rhombohedral with clean faces. From 5 ppm to 15 ppm, the carbonate crystals were 

progressively darker in colour, prismatic and had very clear unconformities, 

particularly in the crystals precipitated in 10 ppm and 15 ppm DOC solutions.  

 Testing the impact of climate on DOC on a pre-human 

landmass using speleothem archives 

This study utilised flowstones from three caves spanning a range of 7 degrees of 

latitude. Waipuna Cave is in the western North Island, whilst Hodge’s Creek is in 

the north west of the South Island, and Dave’s Cave is located on the south west of 

the South Island. A cave monitoring programme was undertaken at each cave, in 

which soil descriptions were made, and dripwaters assessed for pH, electric 

conductivity and DOC concentrations. Each flowstone was dated using the U/Th 

disequilibrium method via multi-collector inductively coupled plasma mass 

spectrometry (MC ICPMS) (Hellstrom, 2006). This study utilised the same 

measurement approach as in the carbonate precipitation experiment (i.e. dissolution 

of calcite in dilute HCl, followed by analysis of [DOC] and DOC characteristics 

using 3D EEM fluorescence. The study utilised the monitoring data and most 

recently deposited calcite to produce DOC Kd values, which were then applied to 
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the measurements of flowstone DOC in each setting, thus enabling the reproduction 

of dripwater humic-like DOC concentrations through time.  

Dripwater concentrations from Waipuna Cave showed a marked peak in 

concentration shortly after the Holocene climatic optimum, and a large increase 

from 4,000 years BP to present, coinciding with increasingly drier climatic 

conditions. Dripwater humic-like DOC concentrations from the more elevated 

Hodge’s Creek Cave and Dave’s Cave showed a strong correspondence with sea 

surface temperatures (Tasman Sea) (Barrows et al., 2007) and dryness through the 

past 14,000 years BP. DOC concentrations were relatively high during the 

Holocene climatic optimum (which was 1.5–3 °C warmer than today (Wilmshurst 

et al., 2007)) and declined through the period of climatic cooling which followed. 

Notably, [DOC] from Hodge’s Creek and [TOC] from Adelaide Tarn (both sub-

alpine sites located within Kahurangi National Park at 41 °S) showed extremely 

similar shifts through their records, implying that there was coherent regional 

variability, which was strongly influenced by temperature changes.  

Rainfall reconstructions (from ratios of Mg/Ca) showed a clear correspondence 

between drier conditions and higher DOC concentrations at each site, again 

indicating that climate has a very important role in the terrestrial carbon cycle (in 

the absence of human interference). The influence of drier conditions appears to 

confirm experimental findings that suggest DOC is mobilised to a greater extent by 

cycles of wetting and drying. 
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 Suggestions for further research 

 Further research of 3D EEM fluorescence in relation to water 

quality parameters and C cycling 

The relationship between 3D EEM fluorescence in contemporary water samples 

and in recently deposited sediments and/or suspended sediments should be tested 

further. Microbial reworking of sedimentary organic carbon may diminish the total 

DOC concentration and alter DOC composition. Therefore, the organic carbon 

contained in sediment may be degraded compared to organic carbon contained in 

surface waters (Meyers & Ishiwatari, 1993). A systematic evaluation of this 

diagenetic process is needed. 

Our study focused on lake water quality in a pristine lake (Adelaide Tarn) that has 

undergone no human interference. A further study should focus on testing test 

protein-like fluorescence intensity of sedimentary WEDOM in a New Zealand lake 

which has been subjected to human impacts (e.g. land-use change, high levels of 

nutrient input), and has thus transformed from a pristine lake into a heavily 

impacted lake. Such a study would be an important validation of the approach taken 

here. 

 Incorporation of DOC in carbonates 

Additional calcite crystal growth experiments from parent solutions containing 

organic matter with different molecular characteristics should be undertaken to test 

preferential adsorption of different molecular constituents of dissolved organic 

carbon. The calcite precipitation carried out in this thesis showed an absence of 

fluorescence peak A in the dissolved calcite, despite being present in the initial 

growth-solution. Therefore, further research on the incorporation of varying DOC 

isolates (e.g. fulvic-like, protein-like) should be undertaken. 
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Further, DOC has been shown to bind to trace metals in dripwaters (Hartland et al., 

2011).  

 Speleothem records of DOC concentration 

This study focused on the relationship between DOC concentrations and climatic 

shifts. A further study could take the opposite approach and utilise speleothem 

records to assess changes in DOC concentrations and molecular characteristics 

under heavily impacted sites (e.g. under farmland, heavily polluted sites or sites that 

have been heavily affected by atmospheric sulphate deposition).  

The findings of our study demonstrate a relationship between climate and DOC 

export, particularly at the high-altitude sites. Future research could expand upon 

this by utilising sites in other climatic regimes and at different altitudinal gradients, 

to determine whether this relationship is observable elsewhere. 

 Thesis summary 

This thesis addresses the impact of climate on terrestrial dissolved organic carbon 

concentrations on centennial-to-millennial timescales in the absence of human 

impacts. The research tested the viability of 3D EEM fluorescence methods in lake 

sediments and speleothems, and then applied these methods to these palaeo-

environmental archives. The main outcomes are that DOC concentrations are 

heavily influenced by climate (either directly or indirectly) in the absence of 

anthropogenic impacts, as exemplified through the past ~14,000 years BP in 

Aotearoa New Zealand. This research demonstrates that DOC concentrations can 

indeed be influenced by climate and that DOC concentrations in New Zealand 

appear to have been higher (than present) during warmer periods in the past. 
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